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Type d'énergie Sous groupe Type d’actionneur

Electrostatique
Champs magnétique et électrique

Electromagnétique
Electrique

Magnétostrictif
Forces moléculaires --------------- Piézo-électrique

Electrostrictif

Haute pression
Energie pneumatique -------------

Basse pression
Fluidique

Energie hydraulique ---------------- Hydraulique

Bi-matériau
Dilatation ---------------------------

Mono-matériau
Thermique

Transformation de phase ------------ A mémoire de forme

Forces électrolytiques ---------------- Electrochimiques
Chimique

Forces explosives -------------------- Pyrotechniques

.�/1032%4�5 687:9(;=<	>$>�? @�A$<'B1?DC�EGFIH�>8<�A�B1?DC�E
EJHLKNM$>OHLE8PQC�ERA�B1?DC�ESF�KTB1U$V
H*FXW$YHLEJHLMDZ'?[H\K]B1?^; ?_>%YH�H�`
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Lame piézo supérieure

Lame piézo inférieure

Générateurs
de tension

1 cm
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U4V	W8W8XZY<X7[7XZ\^]_ W`V�a _%b \ _ W�U<c b [7cdW'V	[7eJ\8XZV	fgU<X.]_%h V�i�]_ [ _�j \ b X7k^e _Cl�m V	X j X/[#n _6o1_�p U<[ _rq n esf _rp X j6b V�iDU<X7f j6_
b ]_ cC[7X7W^]_%_ cCeut�c�Y4V b c�\'V	X b8_>q n vIeJ\'V p c�\8X7k^e _wqJ_wx�_ W8cCfzyj V	f|{ j6} ��~<� e b8_ ��� �^�)��� _ \'\ _rp X j6b VCU<X7f j6_
_ W'\ j V	fsW'\8XZ\8e�]_%_MqJ_`qJ_ e orq V	X � \8W�c j \8X } WIk^esX�U _ e mC_ f�\�W8eJY<X b�qJ_ W q ]_6�<_6o XZV	fsW qJ_ �	�L� p W'V	esW qJ_ W
\ _ fsW8XZV	fsW qJ_�� ��� V	[Z\8W � t�c j ]_%b c p X7k^e _����4��_ W'\ j V	[7[.]_%_�_ fLY<X7[7c p�_ c mC_�jIq eL[7cCXZ\'V	f qJ_�p cCfsX#�_%b8_ �c
c p U<[7X ~ _%b [ _ W q ]_%} V b)p c�\8XZV	fsW q e ���4� �4��� cCk^e _�q V	X � \ qJ_ [7c p X j6b VCU<X7f j6_ U _ eJ\��_ \ b8_ cCW8W _%b8m X _ f
U4V	W8XZ\8XZV	fLc mC_�j esf _ U b ]_�j X7W8XZV	fFX7f } ]_%b X _ e b8_ �c �%� f p �^� f qJ_ W q V	X � \8W�U _ eJ\M]_ � cC[ _�p�_ f�\O�_ \ b8_ eJ\8X7[7X7W^]_
j V pLp�_`j c�Us\ _ e b�qJ_O} V b)j6_ U4V	e b esf j V	f�\ b �V	[ _ c j \8X }zqJ_ [7c�U b8_ W8W8XZV	f qJ_ W _%b8b c � _ �

���^�L���J����^���,�<�A� ���s¡*¢£����R¤<�%�R���,¥C�¦�,§¨�
� f p c�\^]_%b X7cCe p c � f�]_ \'V	W'\ b X j \8X } U b ]_ W _ f�\ _ esf _ U b VCU b X.]_ \^]_ W8X p X7[7cCX b8_ cCe o!p c�\^]_%b X7cCe o U<X.]_%h V�i

]_ [ _�j \ b X7k^e _ W l4p cCX7WI[ _ W q ]_%} V b)p c�\8XZV	fsWIV	f�\O[7X _ e©[ZV b W8k^e _ [ _Mp c�\^]_%b X7cCe _ W'\OW'V	e p X7W��c>esf j � c p U<W
p c � f�]_ \8X7k^e _ V b X _ f�\^]_ � t _ W q ]_%} V b)p c�\8XZV	fsW q e p c�\^]_%b X7cCe`W8esX mC_ f�\A[7c q X b8_�j \8XZV	f q e j � c p U<W p c � f�]_ i
\8X7k^e _ � t _ \ _%b8},_ fJV	[ªi¨«¬c qJ_ \ b �_ WdY4V	fsf _ W­U b VCU b X.]_ \^]_ W p c � f�]_ \'V	W'\ b X j \8X mC_ W ��® f¯VCYs\8X _ f�\ qJ_ W
q ]_%} V b)p c�\8XZV	fsW qJ_ � l °d±²_ \M[7c qJ_ fsW8XZ\^]_wq n�]_ f _%b � X _>_ W'\ _ f m X b V	f m X7f � \ } V	X7W`W8eJU�]_%b X _ e b8_ �c j6_ [7[ _
q n esf _Lj ]_%b c p X7k^e _w���4� � t�c j V pLp cCf qJ_ W _F} cCXZ\`U<c b£j V	f�\ b �V	[ _wq e j � c p U p c � f�]_ \8X7k^e _ { j6b ]_ ]_
U<c b esf j V	e b cCf�\ q cCfsW�esf­W'V	[.]_ fJVR³ ´ qJ_ � c�UsU<[7X7k^e�]_�_ \O[ _ W�\ _ fsW8XZV	fsW�W'V	f�\OX7f } ]_%b X _ e b8_ WM�c j6_ [7[ _ W p X7W
_ f�V _ e m^b8_ U4V	e b [ _ W j ]_%b c p X7k^e _ W�U<X.]_%h V�i�]_ [ _�j \ b X7k^e _ W � t�c j V pLp cCf qJ_�_ f©U4V	W8XZ\8XZV	frf _ U4V	W _ U<cCW
qJ_Fq Xªµ j es[Z\^]_ WOU<c b \8X j es[7X#�_%b8_ W j c b [7c b ]_ U4V	fsW _FqJ_ [#n c j \8XZV	fsf _ e b�_ W'\£[7X7f�]_ cCX b8_ � � V	e b [#n X7fsW'\8cCf�\ l X7[
_ W'\�\ b �_ W q Xªµ j X7[ _OqJ_ U b V q esX b8_OqJ_ Ww]_ [.]_�p�_ f�\8W p c � f�]_ \'V	W'\ b X j \8X } W��cF[#n�]_�j � _ [7[ _`p X j6b V	W j VCU<X7k^e _ � « _
U<[7esW l X7[ _ W'\�f�]_�j6_ W8W8cCX b8_OqJ_Iq X7W'U4V	W _%b�q n esfu]_ k^esXZU _�p�_ f�\�[ZV	e b)q�_6o \^]_%b X _ e b U b V q esX7W8cCf�\�[ _Ij � c p U<W
p c � f�]_ \8X7k^e _Cl<j6_ k^esX4U4V	W _�qJ_ W q Xªµ j es[Z\^]_ W�X p U4V b \8cCf�\ _ W/U4V	e b [#n X7f�\^]_ � b c�\8XZV	f �

���^�L���J����^���,�<�A�¶��1·,�^¥C�R�¦¤<�%�R���,¥C�¦�,§¨�
t _ W p c�\^]_%b X7cCe o ]_ [ _�j \ b V	W'\ b X j \8X } W/U b ]_ W _ f�\ _ f�\ qJ_ W�U � ]_ fJV p �_ f _ W�cCfscC[ZV � e _ W£�c j6_ e o VCY<W _%b8m ]_ W

U4V	e b [ _ W j ]_%b c p X7k^e _ W�U<X.]_%h V�i�]_ [ _�j \ b X7k^e _ W �z¸ V	esWI[#n _ a _ \ q n esf j � c p U¯]_ [ _�j \ b X7k^e _Cl esf _ U4V	[7c b X7W8c¦i
\8XZV	frX7f q esXZ\ _ c�UsU<c b cR� ´Z\ q cCfsW�[ _Op c�\^]_%b X7cCe ��¸ V	esW/[#n _ a _ \ qJ_�j6_ \'\ _ U4V	[7c b X7W8c�\8XZV	f l [ _�p c�\^]_%b X7cCe©W _
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g�hiMj=k'l$mni g
o'p
q(rsoErst m t?u i g i q k pvhi rso'qwu+tsxMt?u,hi 6�y k�z u(x k�mWmni rso9{5t�hiM|Mk�} hi r i xIu l tsxMt?u,hi'~ rK��hi r i xIu l+k qwu l tsxIu+t k p
i qwuno z q+q+t z p iI��i u�hi r i xIu l+k�m hi xMo'p
ts� zGi x k�z {5r�hi 63� i { i p
g
o'pUu ~ {5o l*k {
{ k q+t?u+t k p�o zP��m o�u,hiMl tso zP�
{5t�hiM|Mk�} hi r i xIu l ts� zGi q�� z t ~�z p i�j=k tsq�{ k rso l tsq,hi q ~ { l hi q i pUu i pUu z p i rstsp�hi o l t?u,hi g i r i�zGl(l hi { k p
q i�i p*u iMl$mni
g i g�hiMj=k'l$m o�u+t k p ~ r i q m o�u,hiMl tso zP� hi r i xIu l+k qwu l tsxIu+t j q[q k pUu�� z o'rst��!hi q�g i p k p�rstsp�hi o't l+i q ~ xMo l tsr�o�{ }
{5o l o�� �?u�� zGi rso]g�hiMj=k'l$m o�u+t k pBtsp
g z t?u i�i qwu�{ l+k { k'l u+t k p
p i rsr i o z xMo l+l hi g i rsoT{ k rso l tsq+o�u+t k p 6U� � i qwu�r i
xMo'q9g z�m o�u,hiMl tso z g z u��,{ i��P~ -����5�Y�P�������E�5�+����� � }��P~ 4 ��� y t � � ~ � zGi rK� k p�p k�mWmni {5r z q�q+t m {5r iI}
mni pUu �3��� 6 � o l o'tsrsr i�zGl q ~ r i qTx5hiMl o m ts� zGi qTg i u��,{ i �3��� p i { l hi q i pUu i pUu]{5o'qEr i {5��hi p k�m��i p i
g � �U�,u,hiMl+i q+tsq k � q iMl+¡ hi g
o'p
qBr i q ��¢ y j=iMl+l+k�} hi r i xIu l ts� zGi q 6 � o l x k pUu l+i'~ r i x$�
o m {£hi r i xIu l ts� zGi¤�o
o�{
{5rsts� zGiMl�i qwu!{5r z q!t m { k'l u+o'pUu!� zGi { k�zGl r i q ��¢ y ~Gm o'tsq k p k � u+t i pUuEg i q9g�hiMj=k'l$m o�u+t k p
q i p ¡ t }
l+k pYg i�zP��j=k tsqE{5r z q9t m { k'l u+o'pUu i qEo ¡'i x*r i q �3��� 6�¥ i u i�m {5qTg i�l hi { k p
q i[i qwu]g i rK� k'l g l+i g i rso
m tsx l+k q i x k p
g i 6�� i q m o�u,hiMl tso zP� q i�m � r i pUu%{ l+k�mni uwu i�zGl q({ k�zGl g i q%o�{
{5rstsxMo�u+t k p
q(g i u��,{ i�m tsx l+k�}
{ k q+t?u+t k p
p i�mni pUu ~�iI� t � i o'pUu �oTrso j=k tsq z p i u l��i q � l o'p
g i { l hi xMtsq+t k p i u z p i � k p
p i3l+i { l+k g z xIu+t � tsrst?u,hi
g i q9g�hi {5rso'x i�mni pUu+q 6

¦�§,¨B©�ªG«(¬§,­�®=ª5¯±°�«	²�§,­�©�³_©´¬§,µ�ª5¶(®=·±¯�§,¨
y k�z q±r i q m o�u,hiMl tso zP� q k pUu�q z	¸wi u+q±o z {5��hi p k�m��i p i g i g
tsrso�u+o�u+t k p¹u+� iMl$m ts� zGi 6�º t'rK� k p¹x k p
q+tsg �iMl+i

z p»hi r�hi�mni pUu[� zGi rsx k p
� zGi g i r k p � zGi�zGl]¼�~ i p j o'tsq+o'pUu ¡ o l t iMl q+o½u i�m {�hiMl o�u zGl+i g i � zGi rs� zGi q]g
t }
| o'tsp i q±g i g i � l hi q ~�k p k � u+t i pUu z p i g�hiMj=k'l$m o�u+t k p[g k pUu�rK� k'l g l+i g i � l o'p
g i�zGl ¡ o l t i"i pUu l+i3�P~ 7,6s4 �,¾
¿
À i u[Á 7,6s4 �,¾
¿ À 6±Â z u+o'pUu[g
t l+i � zGi r i q�g�hi {5rso'x i�mni pUu+q k � u i p z q�q k pUu�u l��i q j o't � r i q 6 � k�zGl u+o'pUu
i p�o'q+q k xMtso'pUu�g i�zP��m o�u,hiMl tso zP� g k pUu¹r i q¹x k,iIÃ xMt i pUu+q¹g i g
tsrso�u+o�u+t k p�q k pUu�g
t � hiMl+i pUu+q ~�k p�{ i�z u
k � u i p
t l g i q � tsrso mni q�u+� iMl$m ts� zGi q�� z t k pUu9g i � k p
p i q�xMo l o'xIu,hiMl tsqwu+ts� zGi q m hi xMo'p
ts� zGi q 6
Ä o'p
q!x i
xMo'q ~ r i q¹g�hiMj=k'l$m o�u+t k p
q¹{ i�zG¡'i pUu�o�uwu i tsp
g l+i 4 À o ¡'i x z p i g i p
q+t?u,hi g ��hi p iMl � t i g iW�P~ ÅYÆ 6 x mÇ¾ � 6
� o l x k pUu l+i'~ r i½l+i p
g i�mni pUu i qwu*tsp j hiMl t i�zGl��o 4 � À i u*r i u i�m {5q�g i½l hi { k p
q i g�hi { i p
g�q zGl u k�z u
g i q]{ k q+q+t � tsrst?u,hi qTg inl+iMj=l+k tsg
tsq+q i�mni pUu]g z qw�Pqwu �i�mni 6(È p m tsrst i�z x k pP�_p�hi'~ x i q[o'xIu+t k p
p i�zGl q]q k pUu
tsp z u+tsrstsq+o � r i q 6P¥ � iI�Pi�m {5r i � z t i qwu]g k p
p�hi tsxMt mnk pUu l+i�z pYqw�Pqwu �i�mni xMtsrso't l+i { k�zGl rsoWr k x k�mnk u+t k p
g � k � ¸wi u+q*É1x j 6 � � zGl+i 4�6 7�Ê$6�� �
o'� zGi xMtsr i qwu i p j o't?u z p � tsrso mni u+� iMl$m ts� zGi � z t i qwu]x$�
o zP� hi {5o l
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Déformation Densité d'énergie Rendement

( % ) ( J.cm    ) ( % )

Piézo-électrique (PZT) 0,2 0,1 > 90

Magnétostrictif (terfenol D) 0,2 2 60 ms

Polymères actifs (ICPF) 10 0,06 30 ms

Dilatation thermique (Al) 1 0,4 < 10 s

AMF (NiTi) 6 à 8 > 10 < 1 s

Actionneur Temps de 
réponse-3

µs
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egf�hbikj �!< lnm�o�<Cp j*q�r�sut�r'ikv(j	suj	w�v;tgx(j	hzybr!{!|j	} m x(vk~��ChbjFj	x(vu|j0f m }&j	suj	w�v�hbvk~�}�~�xC|j�t m i4} m s�~�q�ikr!{-tg~�wzq�j
wbj	hbikr!{�q��z~&i�hbikf�~�q m }&j]y4|j0�'j	}&r'tzt�|j0j`�m }P� � ����wzx(vk~&vkhbv��.�hbi���~�q�ikr�x(v(i�hb�Cvkhbikv(j	q��zwz~&��� ��ybj�� m i�}�x(i�hz�bjKq m i
}&j	x�y4|j0� m v(v(j	suj	w�vkx�y � r�hb�'j0ikvkhbikjXx(r�w�v�v(i	�j	x�xkhbt�|j0i�~&j	hbi�x m h���y4|j0� m v(v(j	suj	w�vkx�r'�zv(j	wChzx m �'j	q�hzw
s m vC|j0i�~ m hXq0} m xkxk~��Chbj��9q�� < egf�hbikj �!<��0��o�<

p � ~�wzyzhzx(v(i�~&j�x(t m vk~ m }&jaj0v�}P� m ��~ m vk~&r�w�hbvk~�}�~�x(j	w�vF|j0f m }&j	suj	w�v�}&j	x3�*����t�r�hbi�i�|j m }�~�x(j0i�ybj	x3q�r�wzwbj	q.{
v(j	hbi�xKybj�vkhb��j	x�j0v]ybj�vkhb  m h��[xkhbi]}&j	xnq0~&i�q0hz~&vkxn�� �ybi m hz}�~��Chbj	x�� m hbv(j�j0v]� m xkx(j�tzikj	xkxk~&r�w ¡�ybj	x
x( �x(v0�j	suj	x m hbv(r!{�y4|j	q�ikr�q�� m w�vkx��Chz~4i�|j m f�~�xkx(j	w�v¢�m } m v(j	sut�|j0i m vkhbikj <;£ j	xT|j0vkhzybj	x�x(r�w�vuj	w�q�r�hbi�x
t�r�hbi¤i�|j m }�~�x(j0iKybj	x m w�v(j	wzwbj	x m hbv(r!{�y4|j0tg}�~ m w�v(j	xKybj�x m v(j	}�}�~&v(j	x��Chz~Ax(j�y4|j0tg}&r�~&j0i m ~&j	w�vnhzwbju�¥r�~�x�}&j
x m v(j	}�}�~&v(j*s�~�x;j	w�r'ik�g~&v(j <bp � ~�wzyzhzx(v(i�~&j m hbv(r�sur'�g~�}&j*v(i m � m ~�}�}&j*xkhbi�} m s�~�x(j m h�t�r�~�w�v4ybj�x( �x(v0�j	suj	x
m w�vk~¦{�q�i m xk��q m t m �g}&j	x�y � m �gx(r'ik��j0i�}P��|j	wbj0ikf�~&j*j	w�q m x�y � m q0q0~�ybj	w�v0¡�y � m w�v(j	wzwbj	x�~�wzy4|j0�¥r'i�s m �g}&j	x��9q�� <
egf�hbikj �!< l � o ¡ar�hTj	wzq�r'ikjXxkhbi�ybj	x]f m ~�wbj	x�ybj§vkhb  m h��©¨gj��b~&�g}&j	x§�9q�� < egf�hbikj �!<��'�?m�o j0v�y m wzx
} m q�r�wzwbj	q�vk~��Chbjª|j	}&j	q�v(i�~��Chbj m �'j	q]ybj	x m wzwbj m h�� m hbv(r'�g}&r�q m w�vkxu�9q�� < egf�hbikj �!<��'� � o�<3« r�s�sujnr�w
t�j	hbv;}&j�q�r�wzx(v m v(j0i	¡b}&j	x4�*���[x(r�w�v�ybj*tg}�hzxaj	w�tg}�hzx;hbvk~�}�~�xC|j	xAt m i�}P� ~�wzyzhzx(v(i�~&j <'£�m wzx�}&j*ybr�s m ~�wbj
ybj	x;s�~�q�ikr�x( �x(v0�j	suj	x4ybj	x]|j0vkhzybj	x4x(r�w�v;j	w�q�r�hbi�x0¡ m eHw�y ��|j0� m }�hbj0i4} m t�r�xkxk~&�g~�}�~&vC|j�y � hbvk~�}�~�x(j0ia}P� �*���
q�r�s�suj�s m vC|j0i�~ m h m q�vk~&�¤t�r�hbi�}&j�s�~�q�ikr m q�vk~&r�wzwbj	suj	w�v < �*q�vkhbj	}�}&j	suj	w�v0¡�}&j�s�~�q�ikr!{ m q�vk~&r�wzwbj	hbi
�*���¬� m ~&v�}P� r'��­(j0vnybj�wbr�sn�zikj	hzx(j	x¤tghb�g}�~�q m vk~&r�wzx��Chz~asur�w�v(ikj	w�vn}&j	x�t�r�xkxk~&�g~�}�~&vC|j	xFr!®�j0ikv(j	xnt m i
q�j]v� Ct�juybj]s m vC|j0i�~ m h m q�vk~&� <�¯ w�ikj0v(ikr�hb�'j]f�|j	w4|j0i m }&j	suj	w�vK}&j]s�~�q�ikr!{ m q�vk~&r�wzwbj	hbi¤�*���°x(r�hzx�} m
�¥r'i�sujnybj¤eH}�x0¡zybj¤eH}�s�x�s�~�wzq�j	x�r�h?�g~&j	w?x(r�hzxF} m �¥r'i�sujnybjn} m suj	xFs�~�wzq�j	x±y m wzx±ybj	xFx( �x(v0�j	suj	x
~�w�vC|j0f'i�|j	x <

² ³¥´�³¥´ µ·¶�¸�¹�º�»�¼ ¸C½�¶-º�¾;¾A¿gÀA¹�Á[Â¼�Ã�Ä*Å¢µ·Æ

¯ wÇyz~�x(vk~�wbf�hbj�tzi�~�wzq0~&t m }&j	suj	w�v�ybj	h��Çx(r'ikv(j	x?ybjªs�~�q�ikr!{ m q�vk~&r�wzwbj	hbi�x©�m eH}�x§�*��� <FÈ r�hbv
y � m ��r'i�y ¡�q�j	h��§�Chz~�hbvk~�}�~�x(j	w�v4ybj	x4eH}�x�xk~�sutg}&j	x;v(i m � m ~�}�} m w�v�j	w�v(i m q�vk~&r�w�tghz~�x�q�j	h����Chz~ hbvk~�}�~�x(j	w�v
ybj	x�eH}�xav(i m � m ~�}�} m w�vAj	w�v(r'i�xk~&r�w ¡�r�h�j	wzq�r'ikj*ybj	xAikj	xkx(r'ikvkx <CÈ  Ctg~��Chbj	suj	w�v0¡�}&j�eH}z�*���¢j	x(v4sur�w�vC|j
xkhbi�hzw¢s©|j	q m wz~�xksuj�y4|j0�¥r'i�s m �g}&jur3�hªhzw`r'ikf m wbj�ybjui m tzt�j	}���~&j	w�v m xkxkhbikj0in} m y4|j0�¥r'i�s m vk~&r�w[ybj
}P� �*���É}&r'i�x�ybj	x�tg� m x(j	x�ybjXikj0�¥ikr�~�yz~�xkx(j	suj	w�v?�9q���egf�hbikj �!<��	Ê[m�o�< �F�'j	q�hzwËv(j	}*s©|j	q m wz~�xksuj'¡
}&j§q�r�w�v(i!Ìr�}&jXybjX} m v(j	sut�|j0i m vkhbikj�yzh©eH}��*���Zt�j	hbv�x(j§� m ~&ikj?ybj?yz~¦®F|j0ikj	w�v(j	x�s m wz~P�j0ikj	x0¡As m ~�x
y m wzx4} m s m ­(r'i�~&vC|j¤ybj	x�q m x±}&j�q�� m h�® m f'j�ybj	x;eH}�x;j	x(v m xkxkhbi�|j�t m i�j�®�j0vFÍ'r�hz}&j <�p ��|j0vkhzybj�� m ~&v(j�t m i
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Fil ou ressort AMF

Système de rappel)+*-, .�/10 243"0 .�576�598;: * 3�<10 =�24245">�/ 6 12 18 24 30 36 Temps (s)

Température (°C)

20

40
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Air ambient
Ventillation 1 m/s
Eau
Radiateur alu
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I)J	K6LNMJ'O+P�IRQSORJNTSJ�U%V W1XBY �HZ�[ J]\DJ'I'^H_ [�` J�ORJ'I)OR_�QSa-JNb]_ [Sc OR_ [ IdMJeP-QfLgOR_-hiU%jJ	K6J�TgQkORJ c OR_�l�Tgl `R` J	K6J [ I
b'P�O!b]J `m`)no` I'jJ	K6J `<` _ [ I ` _�QSa-J [ I!b]_ [�pb'Q ` LD_�QSO c _ [ b]IRl?_ [g[ J'O!TgP [g` TSJ ` KFl�U�l?J	Qoq>b]_ [ors[ MJ ` J'I
LDJ	Q>P-b'b]J `R` l?hiU?J `'�et V J ` I [ _-IRP-KFK6J [ IuU?JBb'P ` LD_�QSOuU?J ` b'P�IRv�MJ'I)J'O ` P-b]IRl c�`uw Qgl c _ [ IuU%V _-hox)J'IuTSJ
[ _�KfhgORJ	Q ` J ` ORJ	b+vSJ'O+b+vSJ ` P-Qzy�P�LD_ [{��| P�O}J]qoJ	K6LiU?J-^�~ ��� l�K�J'I ` _ [ MJ w Qgl?LDJ!I)O+P	a�P-l�U�U?J [ I ` QSO
Q [ KFl�b]OR_ob'P�IRv�MJ'I)J'O�TSJ � ^ � KFK�TSJFTgl�P-KmjJ'I)ORJ-^NjPuhiP ` JFTSJ r U�W1XBY�K6_ [ IdMJ ` QSOkQ [ J ` I)O+Qgb]IRQSORJ
J [ a-J'ORORJ]� ` l�U�l�b]_ [ J#��b c��Eri� QSORJ �������-�}� �-�H� ��� J `kr U ` W1XBY ` _ [ I�b+vgP-Qo\�MJ ` LiP�O�J]\DJ'I6y-_�QgU?JFJ'I�U?J
ORJ c OR_�l�Tgl `R` J	K6J [ IsJ ` I�P `R` QSOoMJ7LiP�O�b]_ [ a-J	b]IRl?_ [�[ P�IRQSORJ	U�U?J �	� J�I)J	K6L ` TSJ7ORJ c OR_�l�Tgl `R` J	K6J [ IsJ ` I�TSJ � ^ �
` J [ aol?OR_ [ ^ ` P [g`E� P-l [ J�J]qoIdMJ'O+l?J	QSORJ �H� _-O `Rw QSJ�U�P � P-l [ J7J ` IELgOoMJ ` J [ I)J-^�U?J�I)J	K6L ` TSJ�ORJ c OR_�l�Tgl `R` J	K6J [ I
J ` I6LiU�Q ` U?_ [S�S��Z�[�c P-l?I'^7U?JuORJ c OR_�l�Tgl `R` J	K6J [ I�TSJ `�r U ` W1XBY�J ` IFQ [ adO+P-l�LgOR_-hiU%jJ	K6JmLD_�QSO6U?J `
`)no` I'jJ	K6J ` TSJkI n LDJ�� ��b'P�IRv�MJ'I)J'O�P-b]IRl ce� �%�

� P [g` U?J�Km�J	K6J�_-O+TSORJ�T{V l�T�MJ'J-^o� � W�O+P-KFP��olSJ'I ` _ [ MJ w Qgl?LDJN_ [ I�T�MJ'a-J	U?_-LgLNMJ1Q [ b'P�IRv�MJ'I)J'OeP-b]IRl c
TSJ � KFK�TSJ�Tgl�P-KmjJ'I)ORJ-^oTS_ [ INU%V l [ IdMJ � O+P�IRl?_ [ J ` I�J [ b]_-ORJ1LiU�Q ` LD_�Q `R` MJ'J � � � �d� UiJ ` INb]_�K6LD_ ` MJ�T{V Q [
J	K6Lil�U?J	K6J [ I�TSJuK6_oTgQgU?J ` l [ IdMJ � O+P [ IFU?J ` W1XBY�^�U?J ` b'P�LgI)J	QSO ` TSJ}I)J	K6LNMJ'O+P�IRQSORJuJ'I6T{V P-U�U?_ [S� J]�
K6J [ I�J'I�U%V J [g` J	KfhiU?J�TSJ6U�P}b]_ [g[ J	b]IRl w QSJ!��b c��sri� QSORJ �����	���+��t vgP-b'Q [ J6TSJ ` I)OR_�l ` U�P-K6J ` KFl [ b]J `
W1XBY�T{V Q [ MJ'IRP � J�MJ	U�MJ	K6J [ IRP-l?ORJ�TgQ#b'P�IRv�MJ'I)J'O�J ` I�l ` _�U�MJ'J MJ	U?J	b]I)O+l w QSJ	K6J [ IkTSJ ` P-QSI)ORJ ` MJ	U�MJ	K6J [ I `
J'Ieb�V J ` I�Q [Fr U�K�K�QgU?IRl¡� c _ [ b]IRl?_ [ X � Yz��XBQgU?IRl¡� c Q [ b]IRl?_ [��¢[ I)J � O+P�I)J	T!Y�l�U�K � b]_�U�U�MJ ` QSONU%V W1XBY£J'I
b]_�KFKFP [ T�MJ�LiP�O1J]\DJ'Ify-_�QgU?J w Qgl¤P `R` QSORJ�U?J�b+vgP-Qo\{P � J6LiP�O�b]_ [ TgQgb]IRl?_ [ IRvSJ'O+KFl w QSJ�TSJ�b]J6TSJ'O)�
[ l?J'O �ot J'I)I)J�K MJ'IRvS_oTSJ1J ` I�I)O	jJ ` J]¥}b'P-b]J�U?_-O ` TSJ ` LivgP ` J ` TSJ1b+vgP-Qo\{P � J�KFP-l ` U?J�ORJ c OR_�l�Tgl `R` J	K6J [ I
TSJ�U%V W1XBY£J ` IeI)O	jJ ` U?J [ Ik�/J [ aol?OR_ [!¦�`�� J [ b]_�K6LiP�O+P-l ` _ [ TgQub'P�IRv�MJ'I)J'O�TSJf~ �g� l�K �o� J `)no` I'jJ	K6J
MJ'IRP [ I�I)O	jJ ` b]_�K6LiP-b]I'^dU�Pkb]_ [ a-J	b]IRl?_ [}[ P�IRQSORJ	U�U?JeJ ` I�K6_�l [g` J]¥}b'P-b]J w QSJ ` QSO7Q [F`)no` I'jJ	K6J1_�QSa-J'ORI'^
w Qgl c P	a-_-O+l ` J�U�P}b'l?O+b'QgU�P�IRl?_ [ TSJ�U%V P-l?O�J [ aol?OR_ [g[ P [ I�P-QSI)_�QSO�TSJ ` W1XBY �{� J�LiU�Q ` ^ib+vgP w QSJ£MJ'IRP � J
TgQmb'P�IRv�MJ'I)J'O�aol?J [ IeLiP�O+P ` l?I)J'O�IRvSJ'O+KFl w QSJ	K6J [ I�U%V�MJ'IRP � J�a-_�l ` l [ ^oLgOR_�a-_ w QgP [ I�TSJ ` T�MJ'LiU�P-b]J	K6J [ I `
w Qgl [ J ` _ [ I�LiP `�` _�QgvgP-l?IdMJ `'�

� P [g` hil?J [ TSJ ` b'P ` ^¤U%V l�T�MJ'J}TSJFhiP ` JFJ ` I ` MJ	TgQgl ` P [ I)J}KFP-l `f` _ [ l [ IdMJ � O+P�IRl?_ [ LD_ ` J�TSJ ` Tgl c �
r b'QgU?IdMJ ` I)J	b+v [ _�U?_ � l w QSJ `Bw QglkLDJ	QSa-J [ I£�J'I)ORJ�l [g` QSO+K6_ [ IRP�hiU?J `'�1t V J ` IBU?J£b'P ` TSJ U�P [ P � J'_�l?ORJ
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e,fg�h�g�iRj�k]k fg�glknm1oqp 0Pr�0<s g e]t2u]t j�v t2w g�v w j uxfg�y<z t k{g5| }�~�� 0P�K� t2e,fg�g e gE�nm w gWg w v e gWo fg�m�i t2w g�o,z u g u m��
��g�j t o>g9m��Qv t h�g5m��Qv t j u]u,fg�g9knm1o e g wE�l��� 0n� g e,fg���j u]w v�o m1v�g�z�o t2u]t v t m�ing w vl�Qj u]w v t v>z fg e � z u k]o>j1�Gi
m fg�o>j e��)u m�� t y<z�g w v>m u]e m1o e y<z t k{g�z�v w g e,fg��Aj�o ��g�o w z�o w mlknm1o>v t gqm1o>o tN�g�o>g���o1�m��Qg �m
i � m��Qv t j u�e g��Gi w
�l��� v�g u]e z wl�m�i � gQ�)v fg�o t g�z�o���g u �Qj u v>m��Qv e]t o>g��QvKm�h�g��Ei � g�m�z��.�Q� 0 �n��z�o>g (102(�3�� 0]� g�v�v�g e]t2w k{j w>t v t j u
k{g�o ��g�v e � j��]v�g u]t o
z u gZ�Ao fg�y<z�g u �Qg e � j w � t i2i2m1v t j u k]o>j)� ��g e g (�` ��g�o>v�������m1o9iRgZo>g��Ao>j t2e]t2w>w g���g u v
e za�GiMg w vlv�o �g w o m1k t2e g e m u]w i � g�m�z��{�a�g���g w>t iRg5� �]m�z)��m1��gZknm1o�gQ�{g�v
��j�z]iRg e g��&m u]e g e g5�Aj�o>v w
�Qj�z�o m u v wle m u]w iRg
�Gi �l��� 0G� u o>g�k]o>g u m u vE�Qg5�Qj u �Qg�k]v e g u m1��g�j t o>g e,fg��Aj�o �&m1�niRg��Gi � fg�y<z t k{g e g
p 0)r�0)s g e]t2u]t j�v t2w m t �&m1� t2u,fg�z u�w��)w v �g���g
v�o �g w m w v>z]� t g�z)�{�)�5z]iRv t � e g���o fg wqe g�i t �{g�o>v fg��)�Qj u]w v t v>z fg
e g�h�g�o>v �g��]o>g w m1o>v t ��z]i fg�g w �5z�g w knm1o e g w i2m���g w g uU�l��� �.�Q� 0 �n��z�o>g (10 '1`P� 0�� g w��)w v �g���g7g w v
m��Qv>z�g�i2iRg���g u v�g u �Qj�z�o w�e g e,fg�h�g�iRj�k]k{g���g u v 0��K� fg�v>z e g e,fg�v>m t i2i fg�g e � z u k{j t2u v e glh)z�glv>��g�o � t y<z�g
k{g�o ��g�v�v�o m e gqk]o fg�h�j t o�iRgq�Qj���k{j�o>v�g���g u v�y<z�gWi � j u k{g�z�v�g w k fg�o>g�oKj��]v�g u]t oKm�h�g��Ez u v�g�i w��)w v �g���g 0
  i�g w v �m�k]o fg�h�j t o e g��Aj�o>v�g wEt2u v�g�o m��Qv t j u]w g u v�o>g9iRg w i2m���g wW�l��� h�j t2w>t2u g w 0 �¡t2u m�iRg���g u v��niRg
knm w �
w m1��g e z w��)w v �g���g �m¢z u£e g���o fg e g5i t �{g�o>v fg�� �m��Gi �l��� �{m�z w��)w v �g���g5h�g�o>v fg��]o fg&�5z]iRv tMe g���o fg w�e g
i t �{g�o>v fg t2u v fg���o fg��G�5z]iRv t kni t gW��o m u]e g���g u vWiRg w�e]t�¤ ��z]iRv fg w v�g�� � u j�iRj�� t y<z�g w v>m u v w z�oqiRglkni2m u�e g
i2m
�Qj u �Qg�k]v t j u �<y<z�g w z�o�iRgWkni2m u&e gEi2m
o fg�m�i t2w m1v t j u g�v,i2m
�.m1�]o t ��m1v t j u 0��K� t2u v fg���o m1v t j u¢e g w �5z]iRv t kniRg w
� t �Qo>j1�¥m��Qv t j u]u g�z�o wW�l��� �{� t �Qo>j)��m1k]v�g�z�o wWe g9v�g���k fg�o m1v>z�o>g�� e g�k{j w>t v t j u g�vlm�z�v�o>g wlw��)w v �g���g w
t2u]e]t2w k{g u]w m1�niRg w m�za�Aj u �Qv t j u]u g���g u v��]�Qj u]w v t v>z�g u vWz u g
h fg�o t v>m1�niRg
�nm1o>o tN�g�o>g
m�z e,fg�h�g�iRj�k]k{g���g u v
e g w �.z�v>z�o w � t �Qo>j�o>j��{j�v w 0

¦ m u]w v�j�z w iRg w ��m w �{� �]m�y<z�g w��)w v �g���g t2u v fg���o fg �m§�nm w g e � �l��� m w m&k]o>j�k]o>g w k fg�� t �G� t v fgZy<z t
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fUg&h�i4j�klfUg&m�hon	kqp�i4h�i�rtsdn5uBvxwy{z g|hon	fM}�~n,m2g&h�sdm�n��dnM�7k��dnUhom2g5kqpo�>j5m2fUg&h�i4j�klfUg&m�hon	kqp�i4h�i�rtsdn5uB��w�
z g�hon	fM}�~n,m2g&h�sdm�n��dn��E~n,��sdhU�dnOhom2g5kqpo�>j5m2fUg&h�i4j�k{g5sqpoht~n	kqi4h�i�rtsdn|n,h\��wy�z g�hon	fM}�~n,m2g&h�sdm�n��dn|�7k
�dnYhom2g5kqpo�>j5m2fUg&h�i4j�k�g5sqpoht~n	kqi4h�i�rtsdn5u�g5slkqi4�5n	g5s��dnM��j�k�hom2g5i�k�hon\� K�� n z g�f|�n	fMn\fUg5kqi��n,m�nM������ u
�B�Y�� poj�k�h z n	p���j�k�hom2g5i�k�hon	p��dn��E~n,��sdh��dn z glhom2g5kqpo�>j5m2fUg&h�i4j�k�fUg&m�hon	kqp�i4h�i�rtsdn��Gv���� �Mn,h
g5sqpoht~n	kqi4h�i�rtsdn\�G�¡�¢v£�2u$�g z gYhon	fM}�~n,m2g&h�sdm�n¥¤ K

¦�§I¨�©\ª¬«¨­ª�®7¯>°�¨O±(¯Gª�²$³>¨�±	¨­´�±
µ nY��j�fM}�j5m�hon	fMn	k�h�n	pohU�g z�¶ j5m2i4·�i�kdn^�dn z�¶ g&}q}�n z�z g&h�i4j�k�¸ ¸Eg z�z i�g&·5n|�g�f�~n	fMj�i4m�nY�dn¥�>j5m2fMn�¹ ¹ K�º z

p ¶ j5�qh�i4n	k�hEp�i�fM} z n	fMn	k�h:n	k\�Gg5i�p�g5k�hIp�sd��i4mIg5s\fUg&ht~n,m2i�g5s z n`��»­� z n`h�¼dn,m2fMj�f�~n	�,g5kqi�rtsdn�p�sqi4�&g5k�h��G��� K
��·�sdm�n J&K ��� ��½

L J ½:~n,h�g&h z i4�qm�n*�dn`��j�k�hom2g5i�k�honM�G��¾À¿��`�g ÁÃÂÄ��Åy u�pon	s z n	fMn	k�h z�¶ g5sqpoht~n	kqi4hon���n	pohI}qm­~n	pon	k�honIÆ
L¡� ½�m�n,�>m�j�i��qi�p�pon	fMn	k�h�Ç�sqp�rts ¶ �g�ÁÃÈÄvxÅy u��>j5m2fUg&h�i4j�kU�dn�fUg&m�hon	kqp�i4hon�g5sdhoj&É<g5�,��j�fMj­�qg5k�hon�j�s
fUg&m�hon	kqp�i4hon�� ¶ j5m2i4·�i�kdn*h�¼dn,m2fUi�rtsdn*v � u���j�kqpoh�i4h�sE~n,n�i�kq�qiAÊ`~n,m�n	fUfMn	k�h[�dn	p ��� �&g&m2i�g5k�hon	pI�dn
fUg&m�hon	kqp�i4hon��G��� K ��·�sdm�n J&K ��� g�� K�Ë ¶ g5po}�n	��hbfUg5��m�j�p���j5}�i�rtsdnU�qs�fUg&ht~n,m2i�g5s�k ¶ ~n,�5j z sdnU}�g5p,u
z n	p��E~n,�>j5m2fUg&h�i4j�kqp�i�kq�qsqi4hon	p z j­�,g z n	fMn	k�h�}�g&m`�2¼qg5rtsdnb�&g&m2i�g5k�honbpon^��j�fM}�n	kqp�g5k�h�Æ

L¡Ì ½dg&}q} z i��,g&h�i4j�k�� ¶ sqkdn���j�k�hom2g5i�k�hon\� J ¿5¿��g J	Í ¿MÎ�Ï$gY}�j�sdm*sqk�Ð�i�¤�i>�[rtsqi7gY}�j�sdmEn�Ê�n,h��dn
m­~n,j5m2i4n	k�hon,m z g�fUg&m�hon	kqp�i4hon|g5sdhoj&É<g5�,��j�fMj­�qg5k�hon5u[j�kÑj5�qh�i4n	k�hY�dn z g�fUg&m�hon	kqp�i4hon�j5m2i4n	k�ht~n,n
vxwMrtsqi�}qm�j(�5j­rtsdn z n��E~n,} z g5��n	fMn	k�h�· z j5��g z � Í �gMÒYÓÔ}�j�sdm z n�Ð�i�¤�i>���G��� K ��·�sdm�n J&K ��� ����Æ
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�>=@?BA0C%D/A0E�F7GHF7I0IJC	K2C	L�MNGHO,PRQ'STVUXWY[Z]\^Z UXW_a` Q TVb E�L�MJA T F7L�MJC T�cHc Q7F7deO�fC%CgD T	h E�AiF7IJCjQlk T�cHc5TnmAiFoM0FoE�L GHFoA0C b MJC9G;C9K T A0MJC	LHI0FoMJCjE�AiFoC	L�MefC%C�p
�)q�?5QoC�PRQ"A0C c A0C	LHG I T QoE�L;r�O;C	O;AsF7LHFoM0F T QoC�QoE�AiI0deO;C \^t UXW_ �
u FvQ Twb E�L�MJA T F7L�MJC T�cHc Q7F7deO�fC%C T OxPRQvLyk C	IJM c5T IzI0OB{zI T K,K2C	L�M|r�A T LHG;C ` F7Q T�cHc5T A T~} � MzG;C�Q TK T A0MJC	LHI0FoMJC�M0�;C%AiK,F7deO;C�QoE�AiI�GHO>A0C%D/A0E�F7GHF7I0IJC	K2C	L�M|C	L�MJA0C�Q Twc � T IJC�=�C%M�q �@� T LHI b C b%T I ` Q TG�fC%D/E�AiK T M0FoE�L�O;M0F7Q7F7I T�� QoC c E�O;AsQoC�PRQy�g����C	IJMvF7L;D	fC%AiFoC	O;A0C|ST q���� �~� �

�g�����|����B�w�R�/�n�����R���� /��¡	�B¢�¡
£ k C*¤"C%MzK¥fC	K2E�FoA0C�G;E�O � QoC�IJC	LHI,D/E�L b M0FoE�LHL;C�I0O;AzQoC�K }C	K2C c AiF7L b F c C deO;C�Qlk C*¤"C%MzK¥fC	K2E�FoA0C

I0F7K c QoC�IJC	LHI¦ST Q T GHF§¤vfC%A0C	L b C c A	SC	IvdeO;C9Qlk �g���¥C	IJM b%T�c5T�� QoC9G;C9IJC9G�fC%D/E�AiK2C%AgG;C c5T AsQ7OHF"K }C	K2C `
b k C	IJM T GHFoA0C�G;C b ABfC%C%A�G;C@Q T K T A0MJC	LHI0FoMJCNE�AiFoC	L�MefC%C ` QoE�AiI�G;C	I c � T IJC	I�G;CNA0C%D/A0E�F7GHF7I0IJC	K2C	L�M ��¨ C	Q T C	IJM
c E�I0I0F � QoCvIJC	OHQoC	K2C	L�M�C	L Qlk T�� IJC	L b CjG;C b E�L�MJA T F7L�MJCjC%M T�c A	SC	I@deO;CjQoC�K T MefC%AiF T O T I0OHF h F5OHLzMJA T FoMJC m
K2C	L�M@M0�;C%AiK2E�K¥fC b%T LHF7deO;C � FoC	L c5T A0M0F b OHQ7FoC%A@deO;C9Qlk E�L T�cHc C	Q7QoC¦© ©�MJA T FoMJC	K2C	L�MgGyk�fC	GHO b%T M0FoE�L�ª ª �5£ C
MJA T FoMJC	K2C	L�M�Gyk�fC	GHO b%T M0FoE�L b E�LHI0F7IJMJCjST C*¤"C b M0O;C%A�G;C	I b*«Bb QoC	I�M0�;C%AiK,F7deO;C	IyGHO9M «ec C�K¥fC	K2E�FoA0C�I0F7K c QoC
IJC	LHI ` IJE�OHIgQlk T�b M0FoE�L�Gyk OHL;C b E�L�MJA T F7L�MJC ¬ b D � P5r�O;A0C ��� ����­ � � c A	SC	I c Q7OHI0FoC	O;AiI@GHFo® T F7L;C	IsG;C b*«Bb QoC	I `Q T b E�L�MJA T F7L�MJC c C	O;M }C%MJA0C�I0O cHc AiF7K¥fC%C2C%M¦QoC|K T MefC%AiF T O b E�L�M0F7LeO;C|IJC	I¦G�fC c Q T�b C	K2C	L�M0IVI0OHF h�T L�M9Q T
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`bac ` cPd
e�f�g
c	hCd
i�jkeYcLlmf	nLc	hPd
i�o^d
cGpXi�j\qro?s^ctf `ZuEv jkdYo?w^c5w^cPw,xcGpXiLe ` f3dYjki�s uEv o?qyezxc	w?o?jkd
c 2A{ ctd
e�fLjkd
cC|
` c	sQd,wm}�xc	w?o?hGf3dYjki�sDp.f	nLiLe�j\q
c v } f u?u f3e�jkdYjki�s'w^cyn3f3e�j\fLsQd
c	q,w^c ` f3eYd
c	s?qYjkd
c u f3eYdYj\hGo v j>~cGeYc	qUfLoDeYcGpXeYi�j�|
w?j\qYq
c ` c	sQd ` fLj\q,��o?j u c	o^nLc	sQd�q
c�ezxcGiLe�jkc	sQd
cGe�qYjEo?s^cJhCi�sQd
e�fLj\sQd
cJc	q
d�f u?uEv j\��o,xcGc 2Q{ }�xc	w?o?hGf3dYjki�s�w^c
v } �J����c	q
d�xcG��f v c ` c	sQd u i�qYqYjk� v cyc	s�p.fLj\qYfLsQd�qYo^�Ejke,fLo ` f3d�xcGe�j\fLobw^c	q�hC�zh v c	q u q
c	o?w^i3|3xc v fLq
dYj\��o^c	q 2
� s^crpXi�j\qy��o^c v c ` f3d�xcGe�j\fLo7c	q
dbxc	w?o?��o,xcLl v crpXi�s?hCdYjki�s?s^c ` c	sQd�c	q
d v c]qYo?jkn3fLsQd5�.hCp 2^� ��o^eYc 032 (�)L�A�

4 0 � w,xc u f3eYd�~f��������� l u ezxc	q
c	s?hCc�w^c v f ` f3eYd
c	s?qYjkd
c7dY�^cGe ` j\��o^c�cGdDw^c v f ` f3eYd
c	s?qYjkd
c
iLe�jkc	sQd�xcGc%�

4V(�� h��?fLoz�mf3�Lc�w?o � v ~f �J�¡��¢�£�¤�J�� l v } f u?u f3e�jkdYjki�s�w^c v } fLo?q
d�xc	s?jkd
c u eYi�nLiz��o^c v } cC�AcGd
` xc ` i�jkeYctw^c]pXiLe ` cLl v c ` f3d�xcGe�j\fLo u c	o^d�xcGnLc	sQdYo^c v\v c ` c	sQd���xc	s,xcGeYcGe]o?sbcC�AiLeYd ` iLd
c	o^eJo^dYj�|
v j\qYf3� v c u i�o^e v } fLhCdYjki�s?s^c ` c	sQd��

4V¥�� v iLe�qY��o^c��§¦¨�J�� l v } �J���©c	q
dyc	s7fLo?q
d�xc	s?jkd
ct�ª�
4¬«y� eYcGpXeYi�j\w?j\qYq
c ` c	sQdyw?o � v ~fD���¡�¦¨�­¦®���� l;f u?u f3e�jkdYjki�s7w^c ` f3eYd
c	s?qYjkd
c5dY�^cGe ` j\��o^crcGd
w^c ` f3eYd
c	s?qYjkd
c�iLe�jkc	sQd�xcGcyj\s?w?o?jkd
c u f3e v c,d
e�fLjkd
c ` c	sQdUwm}�xc	w?o?hGf3dYjki�sml�q
i�o?q1hCi�sQd
e�fLj\sQd
cys�o v\v c1�

4V¯�� v c � v eYc u eYc	s?wbqYf v i�s^��o^c	o^eyj\s?jkdYj\f v c v iLe�qY��o^cJ�§�¨���� 2
° cGd
d
c u eYi u e�j±xcGd�xc�w^c ` xc ` i�jkeYc�w^cbpXiLe ` c7w^i�o^� v cbq
c	s?qDf�xcGd�xc�cC² uEv i�jkd�xcGc u i�o^e'fLqYqYo^eYcGe v f

ezxcGi�o^nLcGeYdYo^eYc5w^c v f ` j\hCeYi u j\s?hCcr�J���³w,xcGnLc v i u?u xcGcb~f v } ´%µ%� { �.hCp 2m¶�032\032 ¥�� 2

·t¸;¹ªºU¸E»�¼�½z¹ª½z¾;¼Pº�¿	½zÀÂÁ�¸^Ã;Ä½zÅXÆ?¿G¼�ÇXÈ�ÀÂ½
É i�o^dUhCi `'` c v fJd
c `Zu xcGe�f3dYo^eYcLl v f�hCi�sQd
e�fLj\sQd
c u c	o^d u eYi�nLiz��o^cGe v f�d
e�fLs?qYjkdYjki�sPw^c u �?fLq
c 2�{ c	q

hCi�s?w?jkdYjki�s?q u i�o^e�iL�Eq
cGeYnLcGe�hCc u �,xc	s^i ` ~c	s^ctq
i�sQd v c	qyqYo?jkn3fLsQd
c	q5�.hCp 2^� ��o^eYc 032 (LÊ��A�
4 0 � w,xc u f3eYd�~f��Ë¦¤�J�� �.hCcGd
d
c�d
c `Zu xcGe�f3dYo^eYc7c	q
d � ²zcbw?o^e�fLsQdPd
i�o^d v } c	qYqYfLj � l#q
c	o v c ` c	sQd
v } fLo?q
d�xc	s?jkd
c5�§c	q
d u ezxc	q
c	sQd
c%�

4V(�� f u?uEv j\hGf3dYjki�s u eYiL�LeYc	qYqYjknLcPw^c v f�hCi�sQd
e�fLj\sQd
cLlmf u?u f3e�jkdYjki�s�w^c ` f3eYd
c	s?qYjkd
ctiLe�jkc	sQd�xcGc'��o?j
u eYi�nLiz��o^cZo?s^cPw,xcGpXiLe ` f3dYjki�s w^ctd
e�fLs?q
pXiLe ` f3dYjki�s�w^c u �?fLq
ctc	s uEv o?q�w^c v f�w,xcGpXiLe ` f3dYjki�s
xc v fLq
dYj\��o^c]w^c v } fLo?q
d�xc	s?jkd
c��.hCp 2^� ��o^eYc 032 (LÊ h � �

4V¥�� � s7w^crd
e�fLs?qYjkdYjki�sbw^c u �?fLq
cLl?q
c	o v c ` c	sQd v f ` f3eYd
c	s?qYjkd
c]iLe�jkc	sQd�xcGc5c	q
d u ezxc	q
c	sQd
cU�
4¬«y� qYo u?u eYc	qYqYjki�s u eYiL�LeYc	qYqYjknLc'w^c v fbhCi�sQd
e�fLj\sQd
cLl�w?j\q u f3e�jkdYjki�s�w^c v f ` f3eYd
c	s?qYjkd
cZiLe�jkc	sQd�xcGc
��Ìy�

4V¯�� eYcGd
i�o^eP~f v fPpXiLe ` c5j\s?jkdYj\f v c 2
° cGd
d
c u eYi u e�j±xcGd�xc u q
c	o?w^i3|3xc v fLq
dYj\��o^c�c	q
dUo^dYj v j\q�xcGcyw?fLs?q v c	q u j\s?hCc	q#s^c	o^eYi3|Íh��?jke�o^eY��j\hGf v c	q1w,xcGnLcC|

v i u?u xcGc	qr~f v } Î ÎXÏ
s?q
dYjkdYo^d#p±Ðo^e,��j\hCeYi�q
d
e�o^Ñ�dYo^eYd
c	h��?s?jkÑAÒ ÒEw^c�Ó]f3e v q
e�o?�^cLl�hGf3e v c	q%w,xcG�Ef3d
d
c ` c	sQdYq�wm} i�oz|
nLcGeYdYo^eYc'q
i�sQdrd
e	~c	q5qYo u xcGe�jkc	o^e�qrfLoz²�w,xcG�Ef3d
d
c ` c	sQdYq5iL�?d
c	s�o?q]f	nLc	hDo?s ` f3d�xcGe�j\fLoªh v fLqYqYj\��o^cb�.hCp 2
¶�032 ( 2\0 � 2
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M3NLOLP�QSR9T,OLP�UWV�UXQSUZY[P�R9\]QSR^PST�NLO
_a`'b�cDdZe^f*gJh `�i3jlk'mniBoDm$f
iBo�pF`�i�c<oDk'iBo<fqgnksr*tf[u�`'b�jlk1oDm$`�ivr^fwgJh xzyX{*|S}�b�mncamni�m$oDmnk'g$f
jAf
iBoaf
iC}9~�k'c<f

jlk1bDo<f
i�cDm$oDmndZe^f3bItf[`'b�m$f
iBoZtf[f'|�e�i^f�tf
g	tf[�1k1oDm$`�i�r^fAgnk�o<f
jA}wtf[b�k1oDe^bDfA�1k�}�bD`��'`IdZe^f[b�e�i^fApF`�iBo<b�k'mniBo<f
mnjA}�`'bDoDk'iBo<fl��f
iB�L0a/ &1� yX�"kv}�`�e^bqe�i��zmn��m���|^k1}�}�f
g	tf[f�pF`�iBo<b�k'mniBo<f�r^f�bDf
c<oDk'e^b�k1oDm$`�i��,pFu�0^�9��e^bDf
/10 %'& ��0^�*f[o<o<fs`'}wtf[b�k1oDm$`�i�i*tf
pFf
cDcDm$o<fze�i^fqu�`'bDo<f�tf
g	tf[�1k1oDm$`�i�r^f�gnk�o<f
jA}wtf[b�k1oDe^bDfsp[k1b*k'eAu,e^b f[o��k�jAfF�
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o9q6V�zS9t2Z2XsdbSWvHS	e�eYkIeYV9mS	hjS	ewXIzS9[2S9XseDdb|/\bS2�2\�q h�zS9VDrHZIvHSAmqyS-_TS9Vw��S	\bVDdbS9XweYS	hF|/\bS�VYX	mS	ewRaXDZ�hjS9VYVYS	UaeYS ��{ S	e
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Zone considérée?

i = 1

DEBUT

AMF

Transition de phase?

FIN

non

2

1 et 3

A fi  M

Calcul de      avec eq. 2.39 ikT,

Calcul de      avec eq. 2.37 ikz,

i = i+1

i > n ?

Intégration de kX,

Connection

Calcul de      avec eq. 2.35ikT,

0=ikz,

Calcul de      avec eq. 2.36 

non

oui

M → A

ikT,Calcul de      avec eq. 2.38 

ikT,

Calcul de      avec eq. 2.37 ikz,

ikT,

-!.0/)13254 +�+76987: ;"<>=@?0ACB"DFEHG"EI=�JE@K�<>: LMA0?N<>OPG"E@KQJE#R�LTS�A0?N<>OMKUG>L9DV<#G>L':WEYXM<>L':WE#Z



��� �����	��
 ��
����
Elément

d’ interface

Ta Ta

d1 d2

1 : connexion 3 : connexion2 : AMF

i

d3 

x

x1 x3
x2
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0 0
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¦����=§�0¨6�&�7�7���7�����©�*���,�	�|¨F§�0�a�&�7�*�7���7�*�������|�=�D�D����ª@���D���@�=�	�©�=§�0«����|��¨N�0�a�G�@�*�	���0�D�,���0�@���0�D���¬��¨6�&�7�7��� �*���M­�§�	®��D�&�7�����"��� ��¯ �6°���¨D�7�	�D�@�����*�	�F¨6�&�a�@� ¬�0�,�7�	�(���*�	���7��®��*�	�0�=�����=§�0«����|��¨N�0�a�G�@�*�	����@�D�,�	���©¨6�&�(���±�=§�	�,�����*�7�����²�*�	��§�	®��D�&�7�����D�(�D�©�|�=�D�D����ª@���D�����7�D���&�@��� ���|�W§�0�7³*�=�*�����D�W§�0�a��®��*�@��	�,� �,� ¬�	�(¨D�7�=�a³*���*���4�	���D�N�@�D�,�	���²¨6�&�(�����=§�	�,�����*�7�����²�@�D�@��´��7��®��*�G¤��4µ��*¶6«��*�7�������	��¥a�
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+-,/. 0�132#4�57698 :<;>=�8 ?@; , A
BDCFE G 1IH"JLK!MN8 O"PQ; , R ,/. 0�1TSL5 * K7O"P>8 :<; 0 R

U&CFE G 132LV KN2L8W2�KX;ZY�[�8 :

+ = 132#4�57698 :<;>=�8 ?@; , A
B&\ 1IH"]LK!MN8 O"PQ; , R

= 1^J * K�K7O"P>8 :<; 0 R
U�\ 1^JXV _�4X8W2�KX;ZY�[�8 :

`ba 1^4LK J * 4)MN8 O"PQ; , `dc 1^J�J)MN8 O"PQ; , e!f g 1IH K�K!MN8 O"PQ; , h ,�1 h
= 1iK'V *

jN,/. 0�132�K'8W2�KX; 0 : h 1iK'V SL5X8W2�KX; 0 : k = 132�K)698 :<; , 8 ?@; , k-,/. 0l1IH"57698 :<; , 8 ?@; ,

m = 1^_XV S	H�HN8W2�KX; ,on : 0 prq 1^4'2#s	t

u)v�wyx 4Xz 4�{b|L}L~W���'�����Q�'�^����D�F���>�D���"�D���N}L�/}L��������&�D���N�L�'��~W���d�#�L�'~W���N�L�'~W���
���L�Q�-�&���F�L�����~W�&�#���D�F���>�
�����#���o���

���W�7��� �o $¡�¢7£> )¤'£�¥7£�¦¨§�©�ª�«"¬I£®­b¯£Qª�¬°¯£N±�«"�o²�¢7£®¥7£�¦&³µ´9¶¸·
¹�ºd»>¼N½¿¾NºdÀ�ºÂÁ>ÃLÄ�ÃLÅ�Ä�ÃLÁ>ÆNºÇº#È/½É¾NºdÊÇË Ì"½/Ä&º�Ä�À�Ë ÊdÊÇº#Ì"½ÉÍWÃÏÎ�Ë�Ä�ÊÇºdÅyÐº�Ë Ê®Ðº�½/Ä�ÑWÒX¼NºÓ¾NºÂÍFÔ Õ×ÖÙØ

Ú ÃbÊÇË'¾QÑ�Û>º�Ä�ÍÜº¿À�Ë ÊÇÁ-Ë�Ä&½/º#ÊÇº#Ì"½�½&ÆNº�Ä�ÊdÑWÒX¼Nº�¾Nº¿À�º#ÍW¼QÑ�ÝoÀ�Ñ zQÞ ÌÏÈ/º¿Á>ÍWÃ�À�º¿ÑWÀ�Ñ-¾QÃ�ÌQÈ�¼QÌÏÀ�Ã�ÈlÑW¾!Ðº#Ã�Í-Ë�ß¼
ÍFÔ Ë ÌàÈ&¼NÁQÁ-Ë È/ºÇÒX¼NºÂÍFÔ º�á'½/Ä'Ðº#ÊdÑÜ½XÐºÓÍWÑÜ»QÄ&ºÇ¾Nº#ÈÉÀ�Ë ÌQÌNº�áNÑÜË ÌQÈ�Ë ¼@¾Nº#È¿ÛZÍWÈâÐº#ÍÜº#À�½/Ä�ÑWÒX¼Nº#È�ã�º#È/½äÄ&º#ÍWÑDÐº<ßÃå¼QÌ
Ä�Ã�¾QÑWÃL½/º#¼NÄ!½&ÆNº�Ä�ÊdÑWÒX¼Nº z ¹�ÃÉ½/º#ÊÇÁ�Ðº�Ä�ÃL½&¼NÄ&ºäÃ�¼'ádº�á'½/Ä'Ðº#ÊdÑÜ½XÐº#È�º#È/½�Ã�ÑWÌQÈ&Ñ>ÊdÃ�ÑWÌ"½/º#ÌX¼Nº×À�Ë ÌQÈ/½&Ã�Ì"½/º�ãyßÃ�ÍWÃ
½/º#ÊÇÁ�Ðº�Ä�ÃL½&¼NÄ&ºÂÃ�ÊÉ»>ÑWÃ�Ì"½/º prq z�æ Ë ¼NÄÉÀ�º�½/½/º�Ðº�½&¼Q¾Nº�ã�ÍÜº Ú Ë ÍW¼QÊÇº m = ¾NºdÍWÃÏÍWÃ�ÊÇºdÕ×ÖÙØ^À�Ë ÌQÈ&ÑW¾!Ðº�Ä'Ðº�º
º#È/½�ÊdÃ�ÑWÌ"½/º#ÌX¼ÙÀ�Ë ÌQÈ/½&Ã�Ì"½�ã-º�½×Ë ÌâÎ�Ã�ÑÜ½ Ú ÃLÄ�ÑÜº�Ä×È&ÃÓÍÜË ÌNÅ ¼Nº#¼NÄ j = z ¹7Ô
Ðº�Á>Ã�ÑWÈ&È/º#¼NÄ¿çä¾Nº�ÍWÃÂÍWÃ�ÊÇº�È�Ô
Ðº#À�Ä�ÑÜ½
Ã�ÍÜË�Ä�Èrè

ç 1 m =h j =
é 4Xz * 4 ê

Þ ÌëÀ�ÆNË ÑWÈ&ÑÜ½Ç¾rÔ ÃLÁQÁ>ÍWÑWÒX¼Nº�Ä�¼QÌNºÏ¾Nº#ÌQÈ&ÑÜ½XÐºå¾NºìÀ�Ë ¼NÄ�Ã�Ì"½äí = À�Ë ÌQÈ/½&Ã�Ì"½/ºâ¾QÃ�ÌQÈbÍWÃ<ÍWÃ�ÊÇº z)î ¼QÑ Ú Ã�Ì"½
ÍWÃdÍÜË ÌNÅ ¼Nº#¼NÄ j = ¾NºÉÍWÃÂÍWÃ�ÊÇº�ÒX¼NºÉÍFÔ Ë ÌÙÀ�Ë ÌQÈ&ÑW¾rßº�Ä&º�ãZÍÜº�À�Ë ¼NÄ�Ã�Ì"½×ÃLÁQÁ>ÍWÑWÒX¼!ÐºÉÃ�¼ÙÊÇË'¾Q¼QÍÜº¿½&ÆNº�Ä�ÊdÑWÒX¼Nº
Ã�¼NÄ�ÃbÁ-Ë ¼NÄ�º�á'ÁQÄ&º#È&È&ÑÜË Ì�è

a 1 í = c = 1
í = m =j =

é 4Xz * _ ê
¹�º#È�Á>ÃLÄ�Ã�Êìßº�½/Ä&º#È�ÒX¼QÑ-Ë Ì"½ÏÐº�½XÐºb¼N½&ÑWÍWÑWÈXÐº#È�¾QÃ�ÌQÈ�À�ºÉÀ�Ã�ÍWÀ�¼QÍrÈ/Ë Ì"½�¾NË ÌQÌ!Ðº�º#È�¾QÃ�ÌQÈ�ÍWÃb½&ÃL»>ÍÜº 4Xz 4XzQï ÍWÈ

Ë Ì"½ÇÐº�½XÐº�À�ÆNË ÑWÈ&ÑWÈ$Á-Ë ¼NÄ7¼QÌNºlÀ�Ë ÌQÌNº�áNÑÜË ÌëÐº#ÍÜº#À�½/Ä�ÑWÒX¼Nºlº#ÌÇÎ�º�Ä#ã º#ÌÇÄ�Ã�ÑWÈ/Ë Ìd¾Nº�È/Ë ÌÇÎ�Ã�ÑÜ»>ÍÜºlÀ�ËXº�ðÓÀ�ÑÜº#Ì"½)¾Nº
À�Ë ÌQ¾Q¼QÀ�½&ÑÜË ÌÓ½&ÆNº�Ä�ÊdÑWÒX¼Nº�º�½�Á-Ë ¼NÄ�¼QÌNº¿ÍWÃ�ÊÇº¿Õ×ÖÙØ®º#ÌåÌQÑWÀ&ñ�º#Í�Ý¨½&ÑÜ½&Ã�ÌNº z ¹�º#È�Ä'Ðº#È&¼QÍÜ½&ÃL½&ÈlÒX¼QÑZË Ì"½ÓÐº�½XÐº
Ë�»Q½/º#ÌX¼QÈ7È/Ë Ì"½!¾NË ÌQÌ!Ðº�º#È)È&¼NÄ7ÍWÃ�Û>Å ¼NÄ&º 4XzW2�HNzXò ÌÇÎ�Ã�ÑWÈ&Ã�Ì"½ Ú ÃLÄ�ÑÜº�Ä)ÍWÃ¿ÍÜË ÌNÅ ¼Nº#¼NÄ7¾Nº�ÍWÃ¿ÍWÃ�ÊÇºlº#ÌdÕ×ÖÙØ
º#Ì"½/Ä&º 2 º�½ 2#J ÊdÊìãrË ÌàÀ�Ë ÌQÈ/½&ÃL½/ºÓÈ&¼NÄÉÍWÃÂÛ>Å ¼NÄ&º 4XzW2�H »ëÒX¼rÔ ÑWÍyó<Ãå¼QÌNº Ú Ã�ÍÜº#¼NÄ¿Ë�ÁQ½&ÑWÊdÃ�ÍÜºdÈ&¼NÄäÍWÃ
Ä�ÃLÁ>ÑW¾QÑÜ½XÐº�¾Nº�À�ÆQÃ�¼'ôrÃLÅ�º�º�½7È&¼NÄ$ÍWÃ�½/º#ÊÇÁ�Ðº�Ä�ÃL½&¼NÄ&ºl¾Q¼�Ä'Ðº�Å ÑWÊÇº�Á-º�Ä�ÊdÃ�ÌNº#Ì"½�ã�Á-Ë ¼NÄ j = 1 * ÊdÊ z�õ Ã�ÌQÈ
À�º�À�Ã�È�ã�ÍÜº!½/º#ÊÇÁ>È�¾Nº!Ä'Ðº�Á-Ë ÌQÈ/º�Á-Ë ¼NÄyË�»Q½/º#ÌQÑÜÄ�ÍWÃ�½/Ä�Ã�ÌQÈ&ÑÜ½&ÑÜË Ì�¾Nº!Á>ÆQÃ�È/º!º#È/½$ÍWÃ�Á>ÍW¼QÈ�À�Ë ¼NÄ&½/º�Á-Ë È&È&ÑÜ»>ÍÜº z
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W.XZYN[2\^]�_�`Racb/dZe�f�gGdihOg�j�kmlFn#e$gmfEeokqp	fEesr�gutOpEesr�gmg�vmw#pEv�x	dZlFpEvyf�gGr<zm{�|g	pEk}|g#dZj�l6gmf�gGr<z~r<zEk~g	�
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,.-0/213�4�5 -�6 798;: <$=?>"@BA CED <�F G 8;: <$=IHJA CED 8 A KLD 8MF NMOMP
Q R =TSUA >"@9D

8�F 72V P Q R =?W�A C F

X0Y Z\[ 69] 5_^95 69] ` + X�a ` a0b c0a�a `2d e + A X�a DBf
` Y g - 5 /;h ^ i b"c0a X�X�X j�b"j e2d `2A X�a DBf
j2Y k 6 5ml24&3 i c e a j i e j i * X d e c A X�a DBf
bUY n 4 X#c�j ` a j'X�a X `�e `2d `2A X�a DBf

* Y o 5_p&q�3 [ i c'X�a c0a b�b i e2d c A X�a DBf
e Y r 3�4 + i * a b i b e a X d aUX A X�a Dts

u)v�wyx `2z j\{}|0~0�_���'�����9�'������M�?���B�M���"�M�$�U~0�;~0��������&�M�)�U�0�'���_�M���0� �L����&���B������~��U����M�?~0� ���U����� ������M���U�0�'�
�m~����0�9���&���?�0������_�&�#���M�?���B�#�

n ^�4&3 ]�- 4�� 6 3)  6 4 [ -�¡B¢ 6 4&3 `2z X�b p)3 /�= 3 F � 6 3 [ -�£B- 4 / 5m3)¤U3 [ -�] 3)� 6 5�3#  /�£ 4 h p�¥U3!¤U3 [ - p h ^9^U3�¦U5 h ^13 [ 3#p / 4�5_� 6 3 £ 3 6U/�§t£�h 6 4�¤U3# \l - [ 3 6 4� \¤U3©¨"ª«¤95�¬ 13�4&3#^ / 3# �¤U3 * ]�]­§ ^U3 £B-  �  6U® 5m4�¤U3 / 4 - ^9 &5 / 5 h ^
¤U3 £ ¥ -  ;3«¤ 6°¯�- 5 / � 6 3 [ -}/ 3 ]�£�13�4 -0/&6 4&3 § ¤ - ^9 �p�3# \± h ^U3#  § 4&3#  / 3©3#^E¤U3# &  h 6  \¤U3©²\³´ z¶µyh 6 4 6 ^U3[ -�] 3�¤ h ^ / [ 3�l h [ 69] 3�3#  / ¤ h ^9^ 13 § [ -�¢y13 h ]·13 / 4�5m3�¤U3�p�3 [_[ 3�p�5 -¸® 3 -�6 p h 6U£ ¤¶¹ 5 ]�£�h 4 /&- ^9p�3�� 69- ^ /\º-[ - ¤U»'^ -�] 5_� 6 3 / ¥U3�4 ] 5_� 6 3�¤ 6  ;»'  /�º3 ] 3 z k 3# �4 13#  6 [ /&-0/   £ 3 6 l�3#^ /�¼3 / 4&3#  6U/ 5 [ 5_  13# !3#^­p h ^9p�3 £9/ 5 h ^ §£�h 6 4 [ ¹ h�£9/ 5 ] 5_  -0/ 5 h ^½¤U3#  - p / 5 h ^9^U3 6 4�  Z , r º- [ -�] 3 § p h ]�]�- ^9¤ 13#  £B- 4­3�¬�3 /°¾�h 6 [ 3 z o h 6  £�h 6 4&4�5 h ^9 �3#^"l'5_  -0¢ 3�4¸5_p�5 § ¤U3 ] 3 /;/ 4&3«3#^ £ [ - p�3 6 ^U3 ]·13 / ¥ h ¤U3 § � 6 5�¤ 13 / 3�4 ] 5_^U3�4 - 5 / ¤U3 ]�- ^95 º3�4&3
 ;»'  /213 ]�-0/ 5_� 6 3 [ -}¢y13 h ]·13 / 4�5m3 h�£9/ 5 ]�- [ 3 §t]�- 5_ \p�3 /;/ 3 13 /&6 ¤U3©^U3¿4&3#^ / 4 - 5 /\£B-  \¤95m4&3#p / 3 ] 3#^ / ¤ - ^9 [ 3�p - ¤U4&3¿¤U3�^ h   £ 4 13 h p�p 6U£B-0/ 5 h ^9  zBÀ�- ^9  [ 3 £B- 4 -0¢ 4 -0£ ¥U3¿� 6 5¶  6 5 /�§'h ^° �¹ 5_^ /213�4&3# & ;3 º- [ ¹ 5_^'Á 6 3#^9p�3
¤U3 [ - ^ -0/&6 4&3J¤U3 [ - p h ^9^U3�¦U5 h ^ 13 [ 3#p / 4�5_� 6 3 z�À�- ^9  [ -   6 5 / 3 §!h ^ -0£9£ 3 [_[ 3�4 -  &5 ]�£ [ 3 ] 3#^ / p�3# 
p h ^9^U3�¦U5 h ^9  13 [ 3#p / 4�5_� 6 3# \Â Â ¡ [  �¤¶¹ - [ 5 ] 3#^ /&-0/ 5 h ^ÄÃ Ã z

Å�Æ_ÇÈÆ_Ç É�Ê$Ë�ÌÈÍBÊ)Î'Í�ÏÈÍÑÐIÒÓÊÈÒtÔ ÌÈÕ Í�ÏÈÍBÖ­×�ÐTÖØÏ�Ù_Ò¶ÐTÚTÛ½ÍBÊ�Ô�ÒtÔ ÚIÜ�Ê
Ý ^ ¯�- 5_  - ^ / l - 4�5m3�4 [ 3#  £B- 4 -�]­º3 / 4&3# �� 6 5�p - 4 - p /213�4�5_ ;3#^ / [ 3#  ¡ [  }¤¶¹ - [ 5 ] 3#^ /&-0/ 5 h ^ §)h ^ £ 3 6U/]�h ¤95 ¡ 3�4 [ - 4 13 £�h ^9 ;3 / ¥U3�4 ] 5_� 6 3�¤U3 [ - [ -�] 3 z2À�- ^9  [ 3\p - [ p 6 [ � 6 593#  / 3�¬�3#p /&6!13�5_p�5 §"h ^Þp h ^9 ;3�4&l�3[ 3©l h [ 69] 3©ß�ª©¤U3 [ -�] 3 §¶6U/ 5 [ 5_  13 -�6E£B- 4 -0¢ 4 -0£ ¥U3 £ 4 13#p 13#¤U3#^ / 3 /¸h ^ ¡ ¦'3�  - [ h ^ ¢ 6 3 6 4 º- ¨"ª©à j

]�]­z g 3Þp h 6 4 - ^ /«-0£9£ [ 5_� 6!13 -�6L]�h ¤ 6 [ 3 ¾�h 6 [ 3�3#  / Y�á à `2d * Z z g 3 /&-0® [ 3 -�6Ñ`2z j ]�h ^ / 4&3 [ 3# 
l - [ 3 6 4� �� 6 5 h ^ /�13 /213 6U/ 5 [ 5_  13�3#  £�h 6 4 [ 3Øp - [ p 6 [ ^ 69]·13�4�5_� 6 3­3 / � 6 5�p h 4&4&3#  £�h ^9¤U3#^ /Eº- ¤U3#  ¡ [  
¤¶¹ - [ 5 ] 3#^ /&-0/ 5 h ^.3#^ - [ 69] 5_^95 69]­§ 3#^ [ - 5 /;h ^ § 3#^âp 6 5ml24&3 § 3#^ h 4 § 3#^J^95_p&q�3 [ 3 / 3#^ ¯ 3�4 z g -Þ¡B¢ 6 4&3`2z X * ]�h ^ / 4&3 [ 3# �4 13#  6 [ /&-0/  ©� 6 5 h ^ /â13 /213 h�®9/ 3#^ 6   º-°£B- 4 / 5m4¿¤U3 [ ¹ 6U/ 5 [ 5_  -0/ 5 h ^J¤U3Þp�3# ©¤95�¬ 13�4&3#^ /  ]·13 /&-�6 ¦ £�h 6 4 [ ¹ - [ 5 ] 3#^ /&-0/ 5 h ^ 13 [ 3#p / 4�5_� 6 3¿¤U3 [ - [ -�] 3 Z , r z

n ^°p h ^9  /&-0/ 3©� 6 3 [ - 4 13 £�h ^9 ;3 / ¥U3�4 ] 5_� 6 3¸3#  / ¤¶¹ -�6U/&- ^ /\£ [ 6  �4 -0£ 5_¤U3�� 6 3 [ 3«p h 3�ãÞp�5m3#^ / ¤U3
p h ^9¤ 6 p / 5 h ^«¤U3 [ - p h ^9^U3�¦U5 h ^¿3#  /y£ 3 / 5 /�z g 3#  ] 3#5 [_[ 3 6 4� ¶4 13#  6 [ /&-0/  �  h ^ /yh�®9/ 3#^ 6   - l�3#p [ 3 ¯ 3�4�� 6 5 -[ 3 £ [ 6   £ 3 / 5 / p h 3�ãÞp�5m3#^ / ¤U3Èp h ^9¤ 6 p / 5 h ^ £B- 4Ä4 -0£9£�h 4 /¶-�6 ¦ -�6U/ 4&3#  ]�-0/213�4�5 -�6 ¦¿� 6 5 h ^ /�13 /213 / 3#  /213#  zÝ ^ ¯�- 5 /�§ [ 3 / 4 - ^9  ¯ 3�4 / ¤U3# !p - [ h 4�5m3# !¤U3 [ - [ -�] 3 Z , r £B- 4�p h ^9¤ 6 p / 5 h ^ / ¥U3�4 ] 5_� 6 3�3#  / ¤95 ] 5_^ 6!13 §
p�3�� 6 5 £ 4 h l h � 6 3�¤U3#  / 3 ]�£�13�4 -0/&6 4&3# �3#^­4 13 ¢ 5 ] 3 £ 3�4 ]�- ^U3#^ /�£ [ 6  �5 ]�£�h 4 /&- ^ / 3#  §U- 5_^9 &5¶� 6 3¸¤U3# 
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�ki>eXbkn>¡:a"f�m�nAfli>nA�kmla=a	b�gHa	bkgUf�b�jXaAi>gHa �s�&� f�bknAeXbk�:a	gNn-a	bkn-a"oX�DgHaAiNj&�aAadb � a	gHhW�DeXgUgH­\�7�aAhHi>f����:a � �\�:i
m � �kb:a&�:a	g[�ki>eXbkn>¡:a	gA��m�e��YoXiNhNflo�bSiNo��:ª�fla��k�S�2m�g � �aAhHa	bk�U�Dm��kgL�DeXg����:a�gN�:i�m � eX�:hHiNa ��� er�kf�gNgH­\�7�aAhHi>fla
g � f�b�jXaAi>gHa®mloXi>gN���:a�m � o�b^f�b�jXaAi>gHa¬mla®gHa	bkg"�k�¦n-o��:i>eXb�h"� ���&� +�IJ+A6@Z[8\<�;U]A<�0 n-oXiNiNa	gH�Yo�bk�¯¢e��kb
���aAª�e�ªXa	��a	b�h°�a	m(�a	��a	b�hNeXfliNa±� � �a	b:aAiNª�fla±nAeXmloXi>f²�2���:a®³ xA|�´ gN�:i"�kb:a��YoXiNhNflo�b^�:a¬mlo�b:ª��:a	�:i"³�µ�aAh
g � a-�\�ki>f���a"¢e=m � eXf��:aS�k�dn-o�a-p4nAfla	b�hrhN¡:o��=gHo�b�¶�u��k���=e�h��aAi>f�eX�Ew

³ xA|�´U� ¶�u � �S�D�2³X� � ��� � � �
� a	g[hHiNo�f�g[ªXi>eXbk�:a	�:i>g[hN¡:aAi>��o�£��a	mla	n-hHi>f����:a	gs���kfXj\fla	bkb:a	b�h�� �l·aAhHiNa	gs�ki\�a	gHa	b�h��aAa	g�f�nAfB� gHo�b�hs���aA�Ya	b\£

�keXb�hHa	g�mla	g��kb:a	g��:a	g�eX�:hHiNa	g �D« b"�Ya	�:h�iNaAhHiNo��:jXaAi�mla	g�a-�\�kiNa	gNgNflo�bkg����kfYmla	g�iNa	m�fla	b�hA��a	b¦�aAhN�k�kf�eXb�h
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irb#p8p8_Ik&b¢�Ib�£Vh8�&c¤_Ii&gN¥¤¦¡§�¨�©#ªP�6s6_ahIb#�ri)irk#�b#�!�*b�k&�El�k�cNe�`"i)��� _a`N�*l h8`"i)�Ib¢«'_Ib�i&gIb�k�cmlPnPob#pqb#fBirk�h8s6_Ib��
e�h8`a�&h's6_Ib¢�a_mf�_ahq«6k&bd�¡¬d� 5 ­ b�irb#p8p8_Ik&b��Ib�£Vh8�&c¤_Ii&g¤b#�ri$irk�e�hqi6ob��VePk®�Il��Ve � b��Ib�cNe�`ahT�b�k&bW�e�l�£airb#`ahqk
_a`H�rb#cNh�n¡fBl `a�a_afBirb#_Ikd�*l �&hqi&hq���1¯¤�4l _;`!ob � ePi&hq�°�1±H� 5�­ � b#`a�rb#c°£VpqbNfBl cm�*l�k&irb�s6_aePirk&b�²�l `afBi&hql `a�
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ob#pLob#cmb#`"i
fBb#`"irk�e�pV«Pe�_Ii)¨�· 56¸ ` � ob#`!ob�k�ePirb#_Ik��Ib4fBl _Ik�e�`"i!e�p8h8cmb#`"irb4pqb4cml `"i&e � bje#«�b#f�_a`�fBl _Ik�e�`"i)¦�b�i�_a`Ib
irb#`a�&hql `µ¬$¹¡º
º
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�&_Ikdp8e �V� _Ik&b 36587#9 £ 5 � `Hirk&l _I«�b¾p8e��V_ah8�&�&e�`afBbWi&gIb�k�cNh8s6_Ibm¿PÀd�ak�h8�rb~�e�p8e �rl _Ik�fBbNf�gae�_a�Ib���s6_ah
b#�rim�e�p8eNirb#cm��ob�k�ePi&_Ik&b°¨�·'��p8eN�V_ah8�&�&e�`afBbdi&gIb�k�cNh8s6_Ibd¿#§j�ak�h8�rb��e¾p8e¾�rl _Ik�fBb°�Ek&l h8�Ib���s6_ah�b#�riN�e¾p8e
irb#cm��ob�k�ePi&_Ik&b4¨�¶B�Ip8e°�V_ah8�&�&e�`afBb�i&gIb�k�cNh8s6_Ib4¿�Á8·°�ak�h8�rbm�eWp8e¤�rl _Ik�fBbjs6_ahVb#�ri°�e¤p8e°irb#cm��ob�k�ePi&_Ik&b�¨°�
fBl cm�ak�h8�rb4b#`"irk&b�¨�·¤b�i!¨4Â��afBl cm�airbjirb#`6_ �a_ � k�e��ahqb#`"i��Ib�irb#cm��ob�k�ePi&_Ik&bds6_ah�bB�Ih8�rirbjpqbjpql ` � �Ib#�
p8h8` � l�i&�!ÃÄb�i�Å°�'b�i�b#` � `�p8e°�V_ah8�&�&e�`afBb ob#pqb#fBirk�h8s6_Ib�Æ¢º
Ç��ak�h8�rb4e�_ � ob#`!ob�k�ePirb#_Ik4�Ib�fBl _Ik�e�`"i 5aÈ e�`a�
pqb�f�e���l��_ pT� l `�`!ob � p8h � bjpT� bB�*b�i�É�l _apqbm�El ` �&_I�a�*l �rb4h8f�h�s6_Ibjp8e°k'ob#�&h8�ri&e�`afBbµob#pqb#fBirk�h8s6_Ibj�a_�cml'�a_apqb
i&gIb�k�cmlPnPob#pqb#fBirk�h8s6_Ibdb#�ri�`!ob � p8h � b#eP£Vpqb����VfBb#���ah���ob�k&b#`"irb#� ob#`Ib�k � hqb#�����
ob#fBk�hq«�b#`"i�Ê
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.!/10)24365 3�798;:$<>=�?A@>BC@>DFE�<>GIHJGLK1B&HNMO@PE�<>M QAK1DR<>G�@>GS@>M T�K1DRU�QLHVH�K!MO@VE�<>M QAK1DR<>GWGXQ'=ZYHJB[DRU�QLH[\�] @>GAENM^H
_ @�EN]>Q _J` @>QJab@#c6H9H�K!] @>GAEdM^H _ @�EN]>QeB&H1f[BC<>DR]>DFE�E#HJ=VHJGLKhg
ikj
lm#n6oXp>q&rOs t i s tXt lm�m#t 365 u�uA5Lv m#w�xJs t i rOq&rOs tXw!p�o'y{z^r^|}rOqCm#w!w&oA~�z^pNqCm#|9� lm�~�p>q&oA~&m�wCs t"q lm�� p�zOm#|9m#t"q
r^tXx��Xp�tA� lm�m#w�m�q�wCs t"q i s tXt lm�m#wbm#t 365 u"�654v m#w lm#n6oXp>q&rOs tXw�w&oA~�z^pVxJs t"q&r^t6oXrOq lm i o��So'y i mNx��Xp�zOm#oA~#�
p�o�tXrO��m#p�o i m#w��Cs tXxJq&rOs tXw 3 m�q 7 �Lw j
lm#xJ~�rOq�|}p�r^t"qCm#tXp�t"q4�

���*�"�A� ���1�A�J�
�X� ����� ��� � � �1�"�>�>��� ��� ���X�

������ ���X�A�A� � �1�"�
�X� �

���X�A�A� � �1�"�	�
�X� � ��� �C� � � �1�"�>�#�C� ��� �C�X�

��C��� ���X�A�A� � �1�"�
�X� �

� 365   , �
v p¡wCs z^oAq&rOs t i o¢wC£'wCq�¤m#|9m ikj
lm#n6oXp>q&rOs t i r�¥ lm�~&m#t"q&rOm#z^zOm 365 u�u m#wCq i s tXt lm�m��Lp>~¦zOm�wC£'wCq�¤m#|9mikj
lm#n6oXp>q&rOs tXw 365 u6§"5L¨ tVx�p�z^x�oXzOmbzOm#w)xJs tXwCq&p�t"qCm#w ikj r^t"q lm���~�p>q&rOs tª© � � 5O5O5 � ©�«�m#tPoAq&r^z^r^w&p�t"q¬zOm#w!xJs t i r�­

q&rOs tXw®p�o'yªz^r^|}rOqCm#w 365 u"� m�q 365   , 5S¯ r^tXp�zOm#|9m#t"q�s t�s�°Xq&rOm#t"q®zOm�wC£'wCq�¤m#|9mNz^r^t lm#p�rO~&m�w&oXrO�>p�t"q*�
±�² © �Z³ ² � 365   § �

´ s oXw�zOm#w�qCm�~�|9m#w i m#w i r�¥ lm�~&m#t"qCm#w�|}p>qC~�r^xJm#wµm�q���m#xJqCm#oA~�wdwCs t"q i s tXt lm�m#w i p�tXwµz j p�tXtAmJy'm}¶ 5
¨ t{s�°Xq&rOm#t"q�zOm#w�xJs tXwCq&p�t"qCm#w ikj r^t"q lm���~�p>q&rOs t��Lp>~®r^t"��m�~�w&rOs t i mµz^p9|}p>qC~�r^xJm ± 5Xv p·~ lm��Lp>~&q&rOq&rOs t i m
qCm#|9� lm�~�p>q&oA~&mµw&oA~�zOmb|9s i oXzOmb¸�s oXzOm��6m#tV~ lm�� r^|9m��*m�~�|}p�tAm#t"q��'wCm�x�p�z^x�oXzOm9¤pd�Lp>~&q&rO~ i m�z j
lm#n6oXp>q&rOs t365 u6§"5�¹ t;�X~&m#tXp�t"q i m#wV�Lp>~�p�|ª¤m�qC~&m#w{r i m#t"q&r^n6oAm#w��)zOm��X~&s>ºSz i meqCm#|9� lm�~�p>q&oA~&m»m#tI~ lm�� r^|9m»�*m�~C­
|}p�tAm#t"q���s�°XqCm#t6o��Lp>~·z^pe~ lm#wCs z^oAq&rOs t i m#w lm#n6oXp>q&rOs tXw i o¼|9s i oXzOm{¸�s oXzOm���w&oXrO�>p�t"q·z^pe| lm�q&�As i m
t6oX| lm�~�r^n6oAm��'m#wCq�qC~#¤m#w��X~&s'x��Am i mµxJm#z^oXrSs�°XqCm#t6o{�Lp>~®z^pN~ lm#wCs z^oAq&rOs t{p�tXp�zO£6q&r^n6oAm � xJ½ 5 ºL� oA~&m 365 3�7 � 5
¾�¿ÁÀ�¿ÁÂ ÃÅÄÆXÇ"ÈRÉ�Ê'ËSÌ ÈhÍ�ÎÏÆAÐ$Ñ ÄÆXÇ"È�Ò¡ÆLÎ�Ì�ËkÓhÆ
Ô!Õ»Ö¼×kØ�Ù�ÚÁÕ»ÛbÕ'ÚFÜ�ÝÁÕ6ÞPßbà4á·âÕ6Þ>Ý1Ö¼Õ'ãSÜ	äLÚ

å s oA~N�>p�z^r i m�~NzOmP|9s i ¤m#zOmP�L�"£'w&r^n6oAmVn6oXr¬�'rOm#t"q ikjOæm�qC~&m{mJy'�*s w lm��$oXt�wC£'wCq�¤m#|9m{mJy'� lm�~�r^|9m#t"q&p�z
¤p lm�q lm�|}r^w�p�oW�*s r^t"q�� i mP|}p�tXrR¤m�~&m¦¤p�~&m��X~&s i oXrO~&m9zOm#wdxJs t i rOq&rOs tXw i m}½Ás tXxJq&rOs tXtAm#|9m#t"q i o¼|9s>­i oXzOm å m#zOq&rOm�~�¶bç ¯!5�è m}|9s t"q&p>��mVw j p>�X�*m#z^zOm}é é�zOm9|9s i oXzOm å m#zOq&rOm�~µmJy'� lm�~�r^|9m#t"q&p�z�ê ê � xJ½ 5 ºL� oA~&m
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4.6 4�d.e�6gf�hji*k#lnmpo5qRrsm&qRhnt lnk�u#vMw�l'xyonk#l'xjkFx'msu'zk#{:q_m.zk#rTo5ly{}|'o5l5~_k�vc~_k#rponk#l'xju�w�o5qRwQmsk#lnu�r�k#h�w�~Rl'�
{:qRh5qRl5{��.l5qMw�r&r&lnu&k#h"m!~_k�{:w�qRh"m&q_k#hJonkp~RwTmsk#{}i�zk�u�wQm&lnu&k�onk#r!onk#l'x��s| h5�Fm&q_| h5r��Iu&| qRonk#r - k�m)dj�w�~Rw
msk#{}i�zk�u�wQm&lnu&kTw�{��MqRw�h"mskp��� 6'��w�iMwQu&m&q_kpt w�l5���nkTonkA~�� k#h5rsk#{��M~_kp�F| l5~RqRr&rskpk�m�i*k�u�{}k�m�onkA{:w�qRh"mskF�
h5q_u�k#h�i5u&k#r&r&q_| h�vMiMwQuA~�� qRh"msk�u�{�zk#o5qRw�q_u&k�o�� l5hyu&k#r&rs|�u&m�v*~_k#r�onk#l'x�~RqRhnt�|�m&rponkEmsk#~R~Rlnu&k�onk��MqRr&{�lnm&�
w�qRh5r&q��.lnkJ~�� �p���!6g�Zk#r�o5qR{}k#h5r&q_| h5r�onkU���5w��.lnkU~RqRhnt�|�m�rs| h"mZ� -Q� �a�`�'� ���`�'� � {:{:��6g��lnu�w�h"m
~_k#r�i5u&k#{:q_k�u�r�k#r&r&w�qRr�vc~��
zk#~>zk#{}k#h"mT�Fk#h"msu�w�~�o5l�{}|'o5l5~_kU�2~��
zk#���5w�h"m&qR~R~_| hyk#h��p����eE�w zk�m.zk}u&k#{}iM~Rw��Mzk
iMwQu�l5h]zk#~>zk#{}k#h"m�k#hU~Rw�q_ms| h�6.¡)h:kF¢*k�m�vn�F| {:{}k�hn| l5r!~_k�£�k�u&u&| h5r!o5w�h5r!~Rw�r&l5q_msk�v"qR~5k#rsm!iM~Rl5r��2w���qR~_k
onkJrs| l5onk�u�~_k#r�~RqRhnt�|�m&r�onk:msk#~R~Rlnu&kJonk:�MqRr&{�lnm&�¤r&lnu�o5l<~Rw�q_ms| h¤�.lnkUr&lnu�o5l¤h5qR�&¥�k#~)m&q_m&w�hnk�6g�pk
iM~Rl5r�v �Fk�msmskArs| l5o5lnu&k��F| h5o5q_m&q_| h5hnk�msu#�k#r!�I|�u&msk#{}k#h"m�~Rw��.l5w�~Rq_m.zkpo5l:u&k��Iu&| qRo5qRr&rsk#{}k#h"m�onkp~��
zk#~>zk#{}k#h"m
�Fk#h"msu�w�~��.l5q�rsk�u&m:o��
zk#���5w�h"m&qR~R~_| h�6��Zk#r}msk#{}i�zk�u�wQm&lnu&k#rJ~_ka~_| hnt¤o5l]{}|'o5l5~_kUkFx'i�zk�u�qR{}k#h"m&w�~�rs| h"m
{}k#r&lnu'zk�k#r�w#£�k#��msu&| qRr�m&�nk�u�{}|'�F| lniM~_k#r��2���nu&| {}k#~�w�~Rl5{}k#~Ie)�.l5qZrs| h"m�o5qRrsi*| r.zk#r�v5r&lnu�~��
zk#~>zk#{}k#h"mpk#h
��l5q_£.u&ka�wUt w�l5���nk}i5u#�k#r�onkE~RwA�s| h5�Fm&q_| h - v�r&lnuA~��
zk#���5w�h"m&qR~R~_| h�k#h"msu&k}~_k#r��s| h5�Fm&q_| h5r�4Jk�mT¦Jk�mAr&lnu
~��
zk#~>zk#{}k#h"m!k#h:��l5q_£.u&k��wTonu&| q_msk�v i5u#�k#r)onk�~Rw!�s| h5�Fm&q_| h}dn6.§phnk���wQu&mskazk#~_k#�Fmsu&| h5qR�.lnk�rsk�u&m)o�� qRh"msk�u&�2w��Fk
k#h"msu&kj~_ka{}|'o5l5~_k�¨gk#~_m&q_k�u}kFx'i�zk�u�qR{}k#h"m&w�~�k�m:~�� |�u�o5qRh5wQmsk#lnuE�.l5q�i*k�u�{}k�m}onk�iMqR~_|�msk�u}~_ka�F| lnu�w�h"m
zk#~_k#�Fmsu�qR�.lnk:©pwQi5iM~RqR�.l!zk}k�m�onk:�2w�q_u&k:~�� w����.l5qRr&q_m&q_| h`onk#rTon| h5h!zk�k#r�kFx'i�zk�u�qR{}k#h"m&w�~_k#r�6��Zk#r�on| h5h!zk�k#r
{}k#r&lnu'zk#r�rs| h"mZ� ~_k#r�msk#{}i�zk�u�wQm&lnu&k#r�onk#r$msu&| qRr�m&�nk�u�{}|'�F| lniM~_k#rg��ª�«FvQ��¬'vQ��ª®­�v ~_k��F| lnu�w�h"m�wQi5iM~RqR�.l!zk
©�k�mp~RwEmsk#h5r&q_| haw�l'x��*|�u�hnk#r�onk#r�onk#l'xUu�w�o5qRwQmsk#lnu�r�¯g°!±�²�6

��w�³Mt lnu&kA4.6 4�7}{}| h"msu&kA~_k#r�{}k#r&lnu&k#r��.l5qc| h"mUzk�m.zkT|��5msk#h.lnk#r�w#£�k#�Tl5h´zk#���5w�h"m&qR~R~_| h�k#ha~Rw�q_ms| h
onkTo5qRw�{a�k�msu&k - v ¦:{:{µk�m�onk�~_| hnt lnk#lnu - v - {:{a6cf�hj�F| h5rsm&wQmsk��.lnkT~�� | hai*k#lnm��2w���qR~_k#{}k#h"m��2w�q_u&k
£QwQu�q_k�u�~RwJmsk#{}i�zk�u�wQm&lnu&k}onkE~��
zk#���5w�h"m&qR~R~_| h�k#h�~Rw�q_ms| h�r&lnu�l5hnk�iM~RwQt�kEonk�msk#{}i�zk�u�wQm&lnu&k}w�~R~Rw�h"m�onk
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NiTi f  = 0,8 mm NiTi  0,2 x 0,8 mm
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T° > 600 °C T° > 600 °C T° = 20 °C
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vZS8Q�]�^)Vq_�i aOXPR�X\y�T8Vqz\hOT8]�c5d2f�a\V<TURDTUR�jDVq{>|n}!V	d)^`_�eVG~�]�c5j6eVGV ��� a\cxTURFwZy�a\c2V ���U� hZTURDTUR�jDVq{>|n}
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V�W!X/Y[Z\�][\:^`_=acb\ed`X!f�Z\�][\gae_AhifM\2jk_Ad/b\eh�lm_=no\�p�d�_=fMV=h�pqd�h�Z\�pijk_=fmfQb\�_ArcfM\R\ed�p�\2d�h�_�sA_=lmfmfM\Lt*_=aelmfM\�j�\�]Jd .vu \
w V�lm]yxa:V�]g\edqfm_�jk_Ad�h�lma:\�p�V�]Jd�\�]z_=aelM\ehqp�d�_=]|{|_Ah�{ .

} w h�Z\�pqa:\ed�d�\R{[\�n!W[l�Z\�j�\ wc~ _=p�\=�cfm_�fm_=j�\ }���� \�p�d2Z_kfm_2t�V=h�j�\i�U]|_=fM\i{-� n[d�lmfmlmp�_Ad�lMV�] ./� f-t*_=n[d
\�]|p�n|lMd�\ w h!b\ w _Ah�\eh#n|][\ w \ed�lMd�\�p�n[h�t*_=a:\�{-� _=aea:h�V!a ~ \��/n|l!{[V�lMd w \eh�j�\ed�d�h�\�{[\�h!b\�_=fmlmp�\eh#fm_�p�V�n|{|n[h�\�Z_
f��
b\ed�_=lm]-�=\�]Jd�h�\�fm_�fm_=j�\�\ed�fm_�a:V�]|][\�a:d�lm�/n[\�\�]�aen|lMs/h�\ .J� \ed�d�\�V w b\eh�_Ad�lMV�]�\�p�d�h�\�]|{|n[\�d�h�Z\�p�{(b\�fmlmae_Ad�\
Z_�ae_=n|p�\�{|n wc~ b\�][V�jNZ\�][\�{[\ w _=p�p�lMsA_Ad�lMV�]k{[\qfm_ip�n[h�t*_=a:\q{|n���lm��l w _Ah#V�W!X!{|_Ad�lMV�]�]|_Ad�n[h�\�fmfM\�_�s=\�a
f�� V�W!X/Y[Z\�][\k{[\�f�� _=lMh��	� 0=�S. � lm]|_=fM\�j�\�]Jde�-_ w h�Z\�p w fmn|p�lM\�n[h�p�\�p�p�_=lmpe�-n|][\2p�n[h�t*_=a:\2{-� _=aea:h�V!a ~ \kp�_Ad�lmp�^
t*_=lmp�_=]Jd�\R\�p�d�V=r|d�\�]/n[\�p�V�n|p��Un!Wz{(b\�ae_ w _=]Jde�E_�s=\�akn|][\Lr|h�_=p�n[h�\Rfm_=lMd�V�] .Uu � V w b\eh�_Ad�lMV�]�pe� \:�v\�a:d�n[\
_�s=\�a�n|]gjklma:h�V2a ~ _=fmn|j�\�_=ngY�_A�:^SV�W!X/Y[Z\�][\ .vu \ip�n[h w fmn|p#{[\ifm_=lMd�V�]g{[\ifm_Lr|h�_=p�n[h�\�\�p�d�b\�fmlmjklm](b\�\�]
h�\�a:d�l	�Uae_Ad�lMV�]op�n[hin|]oj�V�]Jd�_AY=\kp w b\�aelm_=f��*a:t . �cY�n[h�\ ,/. 0/��.Eu _ga:V�n|a ~ \k{[\�fm_=lMd�V�]o�/n|l6\�p�d�fm_=lmp�p/b\e\
_ w h�Z\�pqf�� V w b\eh�_Ad�lMV�]z{-�
b\erc_�s!n[h�_AY=\=�U_kn|][\�b\ w _=lmp�p�\�n[hqlm][t�b\eh�lM\�n[h�\�Z_��A���Ej .

u _kY�b\eV�j�b\ed�h�lM\R�U]|_=fM\L{[\Lf�� }���� pe� V=r|d�lM\�]Jd w _Ah�j�\�n|fm_AY=\L{[\�p�\:W!d�h!b\�jklMd/b\�pi{|n �¡t�V=h�j�b\ w _Ah
fm_Nfm_=j�\=�E{[\kjk_=]|l�Z\eh�\oZ_NV=r|d�\�]|lMh�n|][\kp�n[h�t*_=a:\k{-� _=aea:h�V!a ~ \�{[\k�!� $£¢ �!� $ jkj . } w h�Z\�pi�U]|lMd�lMV�]
p�V�lMY�](b\e\�_=n w _ w lM\eh�{[\�s=\eh�h�\=�|fm_2fm_=j�\ }���� _2n|][\ifm_Ah�Y=\�n[h�{[\i�!� $ jkjN�!n|][\zb\ w _=lmp�p�\�n[h�{[\i�!� ¤
jkj¥\edqn|][\ifMV�][Y�n[\�n[h�{(b\es=\�fMV w|w b\e\2{[\ , jkj¥\�]Js!lMh�V�] .

u _ {[\eh�]|l�Z\eh�\kV w b\eh�_Ad�lMV�]¦Z_N\:�v\�a:d�n[\ehR\�p�dLn|]�h�\�aen|lMdL{[\kh�\�a:h�lmp�d�_=fmfmlmp�_Ad�lMV�]o{[\z�e�zjklm]/n[d�\�p�Z_
§ �=��¨ � p�n|lMs!lM\2{-� n|][\2d�h�\�j w \zZ_Nf�� _=lMh .6© ]�V=r|d�lM\�]Jd�_=lm]|p�lyfm_ w h�V w h�lQb\ed/b\k{[\kj�b\�j�V�lMh�\k{[\�t�V=h�j�\=�
p�_=]|pL_ w|w _Ah�lMd�lMV�]ª{[\�fm_ «�^ wc~ _=p�\o� ¤ § �S.�u _zfm_=j�\ }���� \�p�d2_=fMV=h�p w h�¬\ed�\ w V�n[h�¬\ed�h�\g_=p�p�\�jLrcfQb\e\
_�s=\�aLp�\�pqa:V�]|][\�a:d�\�n[h�p�\�]zaen|lMs/h�\ .

u \Lj�V�]Jd�_AY=\��U]|_=fE{|n j�V!{|n|fM\�­¦pe� V=r|d�lM\�]Jd w _Ahqp�V�n|{|n[h�\�Z_kf��
b\ed�_=lm] \�]Jd�h�\Rfm_�fm_=j�\�\�]N�¡\ed
fM\�p�{[\�n!W®b\�fQb\�j�\�]Jd�p�{[\�a:V�]|][\�a:d�lMV�] \�] aen|lMs/h�\i{[\Lfm_R�cY�n[h�\ ,/. � .

¯y°`±-°�² ³µ´¶c·A¸#¹�º=»Uº�·N¶[¼�½ ´¶|¾J¿`ÀÁ¶cÂ6º=»-¸�¼
�6V�n|pyfM\�p6\�p�p�_=lmp�V�]JdLb\ed/b\�\:�v\�a:d�n(b\�p#p�n[hyfm_ w fm_Ad�\et�V=h�j�\(\:W w b\eh�lmj�\�]Jd�_=fM\�{[\�fm_��cY�n[h�\ ,/. � .J� \ed�d�\

w fm_Ad�\et�V=h�j�\�p�\�a:V�j w V�p�\�{-� n|]RÃ � �/n|l!_=p�p�n[h�\�fM\�a:V�]Jd�hA¬V�fM\�\ed�f�� _=ae�/n|lmp�lMd�lMV�]L{[\�py{[V�]|](b\e\�p w V�n[hyfM\
j�V!{|n|fM\�­4Ä=V�n|fM\ .=u _�j�\�p�n[h�\�{[\�py{(b\ w fm_=a:\�j�\�]Jd�p�{[\�f�� _=a:d�lMV�]|][\�n[h�p�V�]Jdyt�V�n[h�]|lmp w _Ah�n|]2ae_ w d�\�n[h
fm_=p�\eh({[\ w V�p�lMd�lMV�] . �6\�a ~ ][V�fMV=Y�lm�/n[\�j�\�]Jde�!lmf[\�p�d w fmn|p�t*_=aelmfM\q{-� V=r|d�\�]|lMh(_�s=\�a�n|]�ae_ w d�\�n[h�fm_=p�\eh(fm_
{(b\:�c\:W[lMV�]gÅ/ÆeÇ È
É#{[\�f�� _=a:d�lMV�]|][\�n[h . Ã�V�n[h�a:\ed�d�\ih�_=lmp�V�]-�JV�]g][\�t*_=lMd w _=p(fm_Rj�\�p�n[h�\�{[\�fm_Lh�V=d�_Ad�lMV�]
Ê �=jk_=lmp w fmn[dP¬V=d�fm_ij�\�p�n[h�\�{[\�fm_i{(b\:�c\:W[lMV�] w _Ah�f�� lm]Jd�\eh�j�b\�{|lm_=lMh�\�{-� n|]�fM\es!lM\eh�_Ah�d�lmaen|fQb\L��h�\ w Z\eh�\ 0/�
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Microthermocouples
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K$\
S>h M�YQi
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p I�JLKDOfR*P5\1UR*i
M�S$R�abR�Y�\�cQR"PlM�cLKEM,\fR�JQPq\5rQR*PlaBKEI�JQR�g
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Y�\fPlM�KEY�\fRBcQR�V<R8WQK$X
Ysc�h R�Y�ZDK$P5X
Yut8v
w xzy{M[M�J|YLK$Z�R�M�JscLJs]8X
JLcQRbcQRbSEMeSEM�abR
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KEO�aBKE]8P5X�\5rQR*PlabXD]8X
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JLcQRAcQR�S>h } xz~�m:P5R*n3oR*P5R`t p g

� SEM1\fR�abn"UR*PlM,\5JQP5RT���TM�J�YLK$Z�R�M�J[cQR�SEMbaBM�O5OfRAabX�^<KES$RBm:P5R*n3oR*P5R �
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� Y�JQ\5KESEKEOfR�S$R�O{cQR�JDWT��SEO�cQR"]lrQP5X
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JQn<S$R�O3���{R*\�����nNX
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Y
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JLS$R �Lk YQRA]*M,P5\fR�c�h KEY�\fR*P5_�M�]8RT_:X
YL]8\5K$X
YLYLM�Y�\�R�Y abXDcLJLSEM,\5K$X
Y
cQR�SEM,P5i�R�JQP�c�h KEabn<JLSEO5K$X
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Y?cQRBSEM SEM�abRbX
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n<rLM�OfRAcQR ¥ h } xz~¦OfX
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w/xzy{M��

«¡¬8­� ©��,w/®�  « ¬8­¯ © ��° ®* 
± ¬8­� ©ªt ° ®   ± ¬8­¯ ©²w ®  

m ��� t p



��� �����	��

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

ss

T

Martensite

Autenite

A + M

ssoo

Ta
As A fM f M s

1

2

3 4

5

ss11

')(+*-,�. (�/�01(�232345,�6874
91(�9

0 5 10 15 20 25 30 35
20

40

60

80

T 2 (°
C

)

0 5 10 15 20 25 30 35
0

1

2

3

4

5

i(A
)i

0 5 10 15 20 25 30 35
0

1

2

3

d fle
c (m

m
)

temps(s)

s  = 140 MPa

';:&*<,�=?>@><74A4AB-4
C�D<74
0E. 234A>F91(�G 4AB

HJILK#M-NPO QSRUTWV?XZY[+\?]8^_[+`baEc&aL]�de`gfehi^jd�feh!k)[mlonpdeh!k)[rqW[?s�sFce]W`Pt&u�v

w�x�x�ybz|{ t@}
~��p���&�����+�F���������&�����)���������|��F���e���p���S�&�S�b�)�&�����m�������p���&� tF� Op�A���;���)�&�;���������F�P���U���e���b�)�)�P�J��

���p���+���������&�)�������-�|���p�|��F���;���p������Z�b���!�p���j�&������F���_��S�&���������;�|����� ���F�3�p���������p���J��F¡8�&���j�e���;���
�j�@¢p�)�j�&�;�m�p�S�)���)�&����£�¤�¥§¦L�+¡
O��b�e���+���p�����p�j�¨��_���b���)�3�p�S�i��_NZ���p���;�����)�e©&���&�j�����-ª
��F���e�
�p���)��«b©��p����NPO Qi¦L��¬�¬�O-­��®�e���b�)�)�P�p�����¯�������j�;�F�¯�����°p���;���i�p���+���p���&�����p�SNP� % £ �&�U���!�����;� l
±&�����;��¦L�+¡
OP«b©��p����NPO Q¯¦8�<¬�¬J�P���b�<�&�����m�)�S�������|��F���e���p����²-³��p����ª £�¤�¥´���Q $ t�� O � �F�����µ����?��F¶e�e���;���
�p���������|��F���e���p����������¶&�!�P�p���)�������&�����;���;���_�p���b°��&�����+�����b����F����·¹¸»ºo¦8�b�e���+���p���J�p��N¯���¼P¬5�F�
�p�����J�����!�����;�½�)���J��+¾b�+¢p�;���j¿PÀFÁ Â
Ã½�j�@¢p�)�j�&�;�3�P�p����ª ���Z�b���)�����J�&���������;�W��¶&������ª �&�+���;�����p���p��O&£���������
�+���p�b�p���j���Ä�+���p���&���SÅ��-²-³Z���F�����S�<�µ��¯²-Æ_���&���m������¶&�!�P�p�F���)�¯�����&�����;���;���ÄºÇ¸È·É�Ê�b���)���P�p�
²-Æ�ËÌ· �+ÍÀ ¦8�b�e���+���p�����p��¼���_Î�¬�Ob£��U�+Ï!�F�;�S�����;¶e�&���F���)���J��+¾b�+¢p�;���®�&�������P�p������������������<�F���;���&O

� ���������i�����P�Ð�p���¨�F�e���&�+�P��F���)�����)�P�p���¯�p���)�g�)�&����£�¤�¥J�|�;�����!�����;� l ±&�����;�i�P�����Ñ��F�P��
�!����&�)�)�P��_�)�F�5�-ª �����m�b�&�m�+���½Ò�F�Ä�<���p�m¡8�����+���;�����p�F�¨��¨²-Æj�Ó�&� tF� �Ê�&�Ô���;¶&���&�Ä�p�j�+���������&�)�����_�b��O
�A�r�<���p������¡8�����+���;�����p�F���+�&�������+�����������F�r�eª �����AÕ+��@Õ1���;���U��¨�����&����¡8�&���j�e���;�����p���b°��&�����+�����b����F���&�Ê���
²-Æ�Ö´· �+ÍÀ O×¤��&�)�����&�����+�Z�F�&�F�<�;�����F�&�)�F���)���+Ø<���+���J����m�&����°��e�b�;�����S���!����b����p�����F�-�<�F�����F�����������p�
���!������;���S���U�&�F�+�����)���������������p�S�)���b���)�����&���+�S�p�S��°��&�!Ø-�e©&�Z�p�_�e� Nj����¶!�;�����-�b�+���P���Ê���F���!������������
���®�+���p���&����ÅJ�p�SÎ�£ �&�U�)�;���®�p�SNP� % £SOb~����b�)���F�p���-�)���+���������&�)�������p�m¡8�����+���;�����p�����������b�&�����
���®�p�����������3�p�m�b�����F�&�3�Ê��®��ª ���¯¡L�&�;�|¡8�����+���;�����p�F����ª �&�+���;�����p���p�3��¶&���S��ª �+Ø<�F���Ù��������;�����p��¡8�&�����
�p���p�b�;���������F�P�)�b¡L�&�p�|�e�b�&�)�����F�|�����+�&��������¶e�&�����e©&�m²-Æ��F�3�p�������J��F�<�������F�|�����+�&�����b�)���#�-ª
����p�F��©��;�
�<���p���;����°��&�!Ø-�e©&���p����ª £�¤�¥JO

w�x�x�ybz|{ tFÚ
~��p���&�����+�F���������&�����)�Z�������|��F���e���p���S�p���)�Z�b������+�������¯��F©��&�;�����������p�S�&� t�� �F���+�F�����S¡8���)�F�!���

¡L�&�;�Ê¡8�����+���;�����p�F�Û��ª �&�+���;�����p���p�Û�&�;���F�����e���;¶&���������Û�<�������&���Û�eÜ&Ü��Û�+�����P����F�p���;¶&���F�&�)���e¡L�&�)���&���Û���p�b�;�
�eÜ��+Ï!�F�;���Û�p�J��°��&�!Ø-�e©&�|�F�½�p�#���F¡8�����)���)�������������#¦L�+¡
O�«b©��p���JNPO Ý&¬�O�­����+���������e���|�&�;�&���Û�P�p�J��ª �&���b�)�	Õ
�����p���p�m�J��F�b�e���������������P���b¶e�&�p�3�&�®�J��F�b�e����Ü!�)��ÎZ�j�Þ���)�j�)�P�p�������&©&���������;¶&�����������&�¯�+���p���3���
¡8�����+���;�����p���������½ß������P�-ª8���Ü!� Ü�Qj�j�®O×­��®�<�F���®�&�)�����-�b�)���|�p�S�)�������;���?��S���U�J��F�b�e���������������p���)�;�



��� �����	��
 ��
����

0 50 100 150 200
20

40

60

80

T 2 (°
C

)

0 50 100 150 200
0

1

2

3

4

5

i(A
)

i

0 50 100 150 200
2.4

2.5

2.6

2.7

d fle
c (m

m
)

temps(s) 0 50 100 150 200
22

24

26

28

30

32

34

36

38

40

temps(s)

T 3 (°
C

)
����������� ���! #"%$'&(*)%+-,.(*/103240�+65�/87�9:,;5	7�9=<>(@?BAC5�9=<>(ED�(%FGFH2�+#/�IKJ�L

MONQP�R4SUTVMCW�X6Y R4NCZ�[\W	]�T^R�T^SU_�]!Ta`	bW	cdcaW	]Oc^SUe1XUW@MCWfX>R\TaW	[\gihWH`GR�T^NC`^WfjlkVWHT�j�m � M�Y R�gO`	bW	cnXUW	c�`=hW	c^NOXUT^R�T^c
MONpoGqOR�g1SUTa`^Wsr�tlXUW	c�MCW	N=uvg1S>]Oo*W	c@W	]wX>R4SUTa_�]8rxWHT ��y _�NCW	]�TzXUW;`�{_�XUW.MCW;`GR4MOS>R�TaW	NC`fWHTphWH|�R4oHNCW	]�T
MCW.[;R4]OS6bWH`^WsS>[\g}_4`^T^R4]�TaW.XUW	c�oHR4XU_4`GSUW	c�MCWsX>R!X>R4[\W ��~ X#caW.Ta`^_�NC|4Ws��N�Y S>oHS�XUW	c�MCW	N=u�g1S>]Oo*W	cfca_�]�T
MCWn[;R4NC|�R4S>c#`GR4MOS>R�TaW	NC`�o*_�[\gOTaWnTaW	]�NQMCWnX>Rfg1NOS>c^c^R4]Oo*WQhW	XUW	o*Ta`GS>��NCWnS>[\g}_4`^T^R4]�TaWn��NOSOW	caTiMOS>c^c^SUgihWHW
MOR4]OcVX>R;X>R4[\W ��� _�NOcnR	|4_�]Oc:hWHZ�R4XUW	[\W	]�Td|=N:MOR4]OcVXUWzoGqOR�g1SUTa`^W'r;��NCWzXUWfgO`^_���X�MCWfTaW	[\gihWH`GR�T^NC`^W
XUWVXU_�]CZ�MCWnX>R�X>R4[\WV]�Y W	caT�g1R4c�o*_�]OcaT^R4]�T�WHT���NCWnX>RfTaW	[\gihWH`GR�T^NC`^WdMCW	c#W*u=Ta`=hW	[;SUT�hW	c�MCWnX>R�X>R4[\W�W	caT
S>]CP	hWH`GSUW	NC`^W�MCWdr4� IH� g1R�`�`GR�gOg}_4`^TdbR@j�� ��� ];W*�}WHTHtCMONC`GR4]�T�XUWVP-_�]Oo*T^SU_�]O]CW	[\W	]�THt�X>R@TaW	[\gihWH`GR�T^NC`^W
MCWVX6Y W	]OcaW	[�e1XUWVMON;[\_=MONOXUW ?�� _�NOXUWVcHY�hW	X6bWH|4WfMCWV��NCW	X>��NCW	c I	� o*Wn��NOSOgO`^_K|4_=��NCWnX>R@Ta`GR4]Oc^SUT^SU_�];MCW
g1qOR4caWi������MOR4]Oc�XUW	clg1R�`^T^SUW	clW*u=Ta`	{W	[\W	c�MCWiX>RnX>R4[\WiWHT�R4NCZ�[\W	]�TaW�R4S>]Oc^S����H� ����M�Y W	]�|=SU`^_�] � t � �
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T^qCWH`G[;S>��NCW�MCW#X6Y �n�¡ �¢ ¢ �K� ]dW*�}WHTHt£MOR4]OcEXUW#oHR4cEg1R�`^T^S>oHNOX>SUWH`�MONf[\_=MONOXUW ?p� _�NOXUW4t	X>RiTaW	[\gihWH`GR�T^NC`^W
MCWfX6Y �n�¡ ¤W	caTVMOS��soHS>XUW	[\W	]�T�[;RK{ ¥UTa`GS>c^R�e1XUWdo*_�[\gOTaW�TaW	]�N!MCWfTa_�NOc�XUW	c�g1q�hW	]C_�[xbW	]CW	cVT^qCWH`G[;S>��NCW	c
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S>[\g}_4`^T^R4]�TaW4t�XUW;o*_�NC`GR4]�T�M�Y R4X>S>[\W	]�T^R�T^SU_�]°hWHT^R4]�T�gO`^_=oGqCW;MCW.�Q� ��± S�X6Y _�]pca_�NOqOR4SUTaWwhW	X>R�`^Z�SU`fXUW	c
MC_�[;R4S>]CW	c�M�Y NCT^S>X>S>c^R�T^SU_�]�MCW�X6Y R4o*T^SU_�]O]CW	NC`	t�ca_�SUT�W	]\[;S>X>SUW	Nzo*_�]=��]�hW�_�N\c^S>[\g1XUW	[\W	]�Tlg}_�NC`l`=hW	MONOSU`^W
X>R8o*_�]Oca_�[;[;R�T^SU_�]¯hW	XUW	o*Ta`GS>��NCW4tiS>XVW	caTxR4XU_4`Gc.Ta`	bW	c!S>]�T�hWH`^W	c^c^R4]�TxM�Y NCT^S>X>S>caWH`.X>Rw[whWHT^qC_=MCW8� ��W*�}WHT
¨ W	XUT^SUWH`f¢ ¢Eg}_�NC`�XUWfo*_�]�Ta`�{_�XUW�MCWfX>R'TaW	[\gihWH`GR�T^NC`^WzMCWfX>R\X>R4[\Wf�n�¡  �
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Ê Wp[;S>o*`^_�ËÌR4o*T^SU_�]O]CW	NC`¤bRÍX>R4[\W¦bR«W*�}WHT ¨ W	XUT^SUWH`¤Î-_�N°[\_=MONOXUW ? ¨ W	XUT^SUWH`*Ï.W	caT:NO]ª[;S>o*`^_�Ë
R4o*T^SU_�]O]CW	NC`.MC_�]�TsXUW:o*_�]�Ta`�{_�XUWvMCW:X>R�TaW	[\gihWH`GR�T^NC`^WvMCW:X6Y �n�¡ �W	caTsR4c^c^NC`=hW:g1R�`.W*�}WHT ¨ W	XUT^SUWH` �
~ XEW	caT@o*_�]OcaT^SUT^N�hW\M�Y NO]CWzX>R4[\W'�n�¡ ÍW	] � S>Ð�S�S>MCW	]�T^S>��NCWxbRso*W	X>XUW'MON¡[\_=MONOXUW ?Ñ� _�NOXUW�WHTnP-_�]Oo%Ë
T^SU_�]O]CW@W*uCR4o*TaW	[\W	]�T@MCW�X>R;[x{W	[\Wz[;R4]OS6bWH`^Wz��NCW�o*WzMCWH`G]OSUWH` �CÊ R;ZlhWH_�[whWHTa`GSUW\MCW	cVMCW	N=u![\_=MONOXUW	c
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J*W�P�DxH AC	E�I8Q8J AC@C	J@[<I\n AC@D'E3fhC�J'KRQg^3E�P�D*CUN=W�PRJ'Q8J*D*C�oE�M�E3yRH,Q8m�KLC@HxIgC�H'C	PLMaW�H'D F AC	N@E�PRQ8m�KLC � ��W�KLHtN=C@D*D*C
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¢ C1f-I8KRJ@[]IgC	JwC	J'J'E�Q8JwH AC@C	I8JvW�P�D�FGW�P�D*H ACxm�KLC£IgC6H'C	PLMaW�H'DvN=W�FGfhW�J'QgD*C1PLC£J'KLfRfhW�H'D*CGf-E�Jwy-QgC	P�IgC	J
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D*H,E	^3E�Q8I8I AC@C �
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� x3v�x�y�y��'�w}$x3u���x3v��>x7�*�x3v�x3u����1�>x3uSz1��v�x���}~�x3u��@v�t>u�xO���1���1���'z|x��/t>x�}$x�t>v��@v�v�x��1���>u�x7z1��z1�'��x
����� .~ \¡ r'}�v��1�5t��¢x�y�v��@v�v�x��1��v£}$r�t>uS¤�¥§¦ 2!¨ % � �~z|r'u�y��/t>xOz ¡ xG�$x3v�©'r�t�z|xO���'��y£z|x���r!��t�z|x
�>x3�!�|x���v�}�u!�x3}$r����*�x3u��'��v5�>x3�@�'��v5z ¡ xG�$x3v5qsx�z|v��|x3u .`  �7v�x���}~�x3u��@v�t>u�x£�>xSz1�7z1�'��x�x�y�v5�'z|r'u�yª�>x�«
¬
­ � �®� ¡ x�y�v£������|u�xC¯'¬ ­ � x����>x!°������>x�z1�Sv�x���}~�x3u��@v�t>u�xS�'�ª�M�1�'��v�x . � �'x���t����Gr�t>u��'��v�¤w¥±¦ 2!¨ ¬
� �sr��9�@v�v�x��1��v��*�x
²c���t��>xSv�x���}~�x3u��@v�t>u�x��>x�z1�'��x��>x�« & ­ � .o³5¡ �@}�u��x�y�z|x�yC�3�'z1�3t�z1y5�/t��\r���vp�x3v/�x
�,�'�|v�y��'t������@}M�|v�u�xS¯/�sz1���/t��'z1�|v/�x���t�u�x3�Eu�r��1���1y�y�x���x���v�x�y�vªt���}$x�t�x����>x�y�y�r�t�y��>x��GxS�/t>xSz ¡ r��
}$x�t>vwx�y�}~�x3u�x3u{r'��v�x����|u{���'x��5z|x�y�´!y�v3�x���x . � x�z1��}�u�r��!�|x���v��>x�yo²�r����Gv��|r���ywv��>x3u���rs�x�z|x��Gv�u��1�/t>x�y{�/t��
r���v~t��>x{u!�x�y��1y�v��'���Gx�x����Gr'u�x�v�u�r'}l�x�z|x3�\�x3x'��z1�ª�g�x3v��>r!�>x��>x�z1�ª��u��'y�t>u�x{z1�'�|v�r��µ�x3v��'��vª��C�'�g�x�z1�|r'u�x3u .
¶ ��y�x5u�x������Gr���}�v�x��1�3���^�/t>x5z1�£�/t��'z1�|v/�xC�>x�y\²�r����Gv��|r���y{v��>x3u���rs�x�z|x��Gv�u��1�/t>x�y\²�r�t>xCt��Ou@·r�z|x5v�u��x�y
�1��}$r'u�v��'��vwy�t>u{z1���/t��'z1�|v/�x���t�u�x3�Eu�r��1���1y�y�x���x���v .

VXWY/Z\[^]`_�YOacb`Y/d@egfEhji`Y9¸k�nsY/_ WY/¹@b`Y!ºE[^]`_
¶ �£�@}�}Mz1�1�/t>x��1�3�^t���}�u�x����|x3u��x����>x�z|r����>x��Gr�t>u��'��v*¤»¥ 2!¨ ¼ � �/t��w�x�z��x3�'x�z1��v�x���}~�x3u��@v�t>u�x��>x

z1��z1�'��xs²�t�y��/t ¡ ���½ ¼ ­ � �,�G� .'� ��t>u�x &/.10'0���. ¶ �Cr'��v��|x���v\�'z|r'u�y\t��>xw�'��}Mz1�|v�t��>x~�>xw�*�xG¾MxG¿>�|r����>x�À 0
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�>x�z1��z1�'��x�u�x��>x�y��Gx����g��S¯ 0 ­ � . ¶ ��r'�My�x3u��'xªt��>x���r!��� � �3�@v��|r��7�>x�z ¡ �'��}Mz1�|v�t��>x��>xª�*�xG¾MxG¿>�|r��
� ¡ x����!�|u�r��9« 2 � 0 ��� . qsr�t>u£r'��v�x����|uSz1��v�u��'��y��|v��|r��µ�>x7}M���'y�x��Gr���}Mz��x3v�x����'��ySz ¡ ����� �*�1zwx�y�v
�*�x��Gx�y�y��'�|u�xO� ¡ �@}�}Mz1�1�/t>x3u�t��Á�>x�t!¿>���x���xX�x����>x�z|r��l�>x7�Gr�t>u��'��v�¤�¥Â¦ 2!¨ ½ � �/t��~}�u�r��'r!�/t>xOt��
u�x3�Eu�r��1���1y�y�x���x���vC�'�Gv��|���>x�z1��z1�'��x�x3v�}$r'u�v�x�y���v�x���}~�x3u��@v�t>u�xC²�t�y��/t ¡ ��O«
¯/� ¼ ­ � . ¶ �gr'�My�x3u��'x
�'z|r'u�y*t��>x{�'��}Mz1�|v�t��>x{�>x��*�xG¾MxG¿>�|r��£�>x�« 2 � % ��� ./  x��>x�t!¿>���x���x7�x����>x�z|r��£x�y�v~y�t��|�!��� ¡ t��>x�}M���'y�x
�>x�u!�x������'t!�®�@�'x£rj�t�z1��v�x���}~�x3u��@v�t>u�xS�>xSz1��z1�'��x�u�x3v�r�t>u��>x���7¯ 0 ­ � y��'��y���r!��� � �3�@v��|r����>x�z1�
�*�xG¾MxG¿>�|r�� .'  ���Gr�t>u��$x~�*�xG¾MxG¿>�|r��^Ã�v�x���}~�x3u��@v�t>u�x��>xwz1� � ��t>u�x &/.10'0 }$x3u���x3v»�>x~�!�1y�t��'z1�1y�x3uoz|xw�G´!�3z|x
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�����W� � f Z X bC_�[ V p m Z ��� R Z:� \ Z	d X!V]m*^jYZ:[ \ Z m []Z#`a ��� �:�h�KbCZ�k3_ m [Oa�d X a ^J^ b \ p m�YZ/a m l�_ RJm bCZcZ VNX
�����e�W� � f�� k n ��� � m []Z �����	E��O�I� dP_�� X]\ Z	d Xjm d*Zhk3_�lPlPa�d R Z!p mJ\;n a \CX�n _�dJk X]\ _�dJd*Z:[jbCZhl�_ RJm bCZh 
¡ Z	b X]\ Z:[P`a V aL[Oa ^;\�RJ\CX�YZ/lPa�¢ \ lPa�bCZ X _ m*X Z	dM��a,[Oa�d X]\�V]V a�d X b�a X [Oa�d V]\CX]\ _�d R Z ^;T a V Z/k3_�l ^ b8`Z X Z R Z
b S fhgMi �I� d#k3_�d VNX a X Z m d X Z	l ^;VeR Z£k U k:bCZ R Z£b S a�k X]\ _�dJd*Z m [ R Zc��� E VoV _ \CX Z	d�� \ []_�d � � E�¤e¥��
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\"]_^�`DaP^Bb�cXcOd-`_efcg\Ih�e_i d�^�e�d c
jfcgd c�kmlni1oqpsr�iOt�^�`Uu�cOvwu�h�x6j_x6i�i c�kmc�e�d 3�y
z h�{n^ z c�kmc�e�d z cHkmhDj_` z c
|~} c z d�x�cOu
c�i d
{nx�c�eZl z `_i z c�e�d��4`fc z c�kmhDj_` z c |�� h�` z c 3%�(���cOd�`_jfc�v/^�x�d cm^�`�\"]_^Blnx�d u�c?�?l%cOu"kmcOd
j � cI�Dl z x6�4`fcOu�\IcOd d c9j_x�a �cOu�c�e_\Ic 3_� cF\Ih4cI�q\Ox�c�e�dgjfcF\Ih�e_j_`_\Id�x�h�eRj_`qd c z6z `fu�c�jfc
{nx6i�k9`fd�]q�B^�`fd 5 t Q
d�^�e_j_x6i��4`fc�\Ic z `_xPj_`;\O`_x��4u�c��B^�`fd 2���Q43T� h�kml_d c�d c�e4`Zjfc z ^�vwh�u�d c�j_x6i�i�x�ln^Bd�x�h�eqd�]fcOu"k?x6�4`fc
ln^Bu
\Ih�e_j_`_\Id�x�h�e�j_^�e_i z c9\O`_x��4u�c�t z ^Ujf�De_^�k?x6�4`fcFd�]fcOu"k?x6�4`fcFc�i d �c z cO� �cOcmj_^�e_i z c9kmhDj_` z c |~� h�` z c 3
�X� c�i d z c�\Ih�e�d u"^�x�u�cZl%h�`fu z c�kmhDj_` z c |�} c z d�x�cOu 3�� cZln] �c�efh�kR�c�efc�^�l%h�`fuU\Ih�e_i �c��4`fc�e_\Ic�`_efc
u"^Blnx6jfc �c z��cO�B^Bd�x�h�e�j � `_efcmj_x���^�x6efcmjfcUjfcOb�u �c�i�jfc z ^�d c�kml �cOu"^Bd�`fu�cqjfc�i�lnx6e_\Ic�i�j � cI�Dd u �c�k?x�d �c�i9j_`
kmhDj_` z c |�� h�` z cF^ z h�u"iH�4`fc z����c z��cO�B^Bd�x�h�e�jfc z ^md c�kml �cOu"^Bd�`fu�c9jfc�iglnx6e_\Ic�i�j_`;kmhDj_` z c |[} c z d�x�cOu
c�i dgl_u"^Bd�x6�4`fc�kmc�e�dgx6efcI�fx6i d�^�e�d c 3

� ^�\Ih�kmln^Bu"^�x6i h�e�jfc z ^Zln`_x6i�i�^�e_\Ic �c z c�\Id u"x6�4`fcRk?x6i cUc�eZ� c�`Pt z h�u"i�j_`�u �cOb�x6kmcRl%cOu"k?^�efc�e�d
�^ *���� � t�i � cIa%c�\Id�`fcqv/^�\Ox z c�kmc�e�dFc�e�v/^�x6i�^�e�d z c?l_u�hDj_`_x�d�j_`�\Ih�`fu"^�e�d9^B{ni h�u�{ �cU XcOd9jfc z ^Rd c�eD¡
i�x�h�eRkmc�i�`fu �cOc?¢�£-¤�¥H^�`D��{%h�u"efc�igj_`RkmhDj_` z c 3f� ^?\Ih�e_i h�k?k?^Bd�x�h�eZj_`;kmhDj_` z c |¦� h�` z c�c�i dHjfc
��� Q km§¨cOd�\Ic z6z cmj_`�kmhDj_` z c |©} c z d�x�cOu�c�i d�jfc�r 5 km§ªi h�`_iFjfc�i�\Ih�`fu"^�e�d�i�j � ^ z x6kmc�e�d�^Bd�x�h�e
u�c�i l%c�\Id�x�v/i�jfc 243 )m« l%h�`fu z c
l_u�c�k?x�cOu�cOd � t r )?« l%h�`fu z cFi c�\Ih�e_j 3f¬ \Ox�t z c�u"^Bl_l%h�u�d�jfcF\Ih�e_i h�k�¡
k?^Bd�x�h�e �c z c�\Id u"x6�4`fc�c�i dgjfc 7 t 7 ^ z h�u"i��4`fc z����cOd�`_jfcFj_`�\"]_^Blnx�d u�c��9jfh�e_e_^�x�d�`_equ"^Bl_l%h�u�d�jfc 5�2 t ) 3
� c�iXl%cOu�vwh�u"k?^�e_\Ic�i
jfc z�� cIa%cOd } c z d�x�cOu
h�{_d c�e4`fc�i
c�e�u �c�^ z x�d �cUi h�e�d�x6efv �cOu"x�c�`fu�c�im�^q\Ic z6z c�i
�4`fc z�� h�e
l%c�`fd1c�i l �cOu�cOu�h�{_d c�e_x�u�tP�^�\O^�`_i c
jfc�i-u �c�i�x6i d�^�e_\Ic�i�jfc
\Ih�e�d�^�\Id�i �c z cO� �cOc�ig^�`�e_x���c�^�`�jfc�iP� h�e_\Id�x�h�e_i
d�]fcOu"kmh �c z c�\Id u"x6�4`fc�i 3
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GIH(GIHKJ LNMPO�Q�RTSVUXWYSZR+[�\TS)]
^`_babc/d)e)fg_ihkjl_	fgmong_3p@q(c�r)s:mongc�r)rt_buoetp@fg_bawv_	ab_yx)pzn�r)s3ngx{_"|�et_yfg_babc/d)e)fg_Y}~jl_	fgmong_3p�ay��n�u

uo�Yq(c�pzab_@�l�_3c�a��_3m�pzn�|�et_i_	u�m��{_	��e)s:c�etx$xZf�e)u���f�fgc�rt�l�_3_�p/�_	d)e)n�uo��r�m���n�r)uon�f+� _	r)s:c�a"�)po_	ab_	r�m�pz��d)n���f
� s:q��l�Z��etpo_w�����	���z��^�� etmon�f�n�uo�5mongc�r�d�� e)rt_Xf���ab_X�k����_	r�q(c�pzab_wdt_Xh"��e�f�ng_	e�d�� e)rt_�q(c�pzab_X_	r
�~x{_3pzab_3m�e)rt_"ab_	n�f�fg_	etpo_�m�_	r�et_ia��_	s3��r)n�|�et_id)ewpo_	rtq(c�pom�s:c�abx{c�uongm�_"��eBr)ng��_	��eBdt_	uI��c�r)s:mongc�r)u
�k�����K��_	��n+��^��>f���ab_Y�k���D_	r�h�_	u�mkc��)m�_	r�et_i_	r�e)rt_iu�_	e)fg_"c�x��_3pz�5mongc�r�����>xZ�5pomongpkd�� e)r$��f�dt_
 kn���n�dt_$d)n���aw�_3m�po_7�5� ¡¢aya£_3mbxZ�5pyd��_	s:c�etxZ�5��_��	��_	s$e)rt_way��sz¤)n�rt_���¥�_	fg_	s:m�poc5�5�_3poc�uongc�r¦�����f+�
�_3�/ngmo��r�m���n�r)uon�m�c�etm�_	u�fg_	u�c�x��_3pz�5mongc�r)u�dt_�po_	s:mon§��s3�5mongc�rw|�e�� n�fZq���etm�_:¨{_	s:moet_3p��	��_	s�f��Yf���ab_k_	rX�i�
© r7c��)mong_	r�mYe)r7h"dt_�d)n�ab_	r)uongc�r)u"�«ª¬�5� ¡«ª�­/� � aya®�	��_	swe)rt_��_3xZ��n�uou�_	etpYdt_�f���ab_�dt_X­/� ¡
aya � s:q��t�Z��etpo_"�����	¯��z����x)p	�_	u�f��Yd��_	s:c�etx{_"��eX��f+�tf��bf���ab_�uoet�Zngm�e)rXm�pz��ngm�_	ab_	r�m�mo¤t_3pzayn�|�et_@dt_
po_	u�mo��etpz�5mongc�rBdt_>�3­>ayn�r�etm�_	uY���¯5­�­�° ±k�Z^��y�)pz��uoetpo_�d�� ��s3s:poc/sz¤t_Y��e/²$dt_	e/²w_:²/m�p/�_	ayngm��_	u@d)ewh"��
�_3m��_>p/�_	��f�n�u��_3_&��X�Z��uou�_bm�_	abx��_3pz�5moetpo_>�	��_	sye)r¢��f�f�n��5��_>³/r)���wu�c�e)uk´�e/²&d��_	s3�5xZ��r�m"u�x��_	s3n���f�dt_bf��
u�c/s3n0�_3m��_iµ)¶/*z· < # <:= 45.08 ? ·�· E %+¸z*�,�%+45't1�¹z'�¸ F»º9��^`_	u�p/�_	uoe)fgmo�5mou�u�c�r�m�m�p	�_	u��{c�r)u�s3�5p�c�r>c��)mong_	r�m�e)r
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En fonction du type d’actionnement à
réaliser , il est préférable d’utiliser des

Fils AMF Formes
“compactes”

AMF

La température
ambiante est

fixe et
inférieure à M f

Il y a
possibilité
d’évacuer

facilement les
calories avec
un radiateur

On souhaite
réduire autant
que possible la
consommation

électrique

L’encombrement
ne permet pas
d’utili ser un

radiateur
volumineux

La température
ambiante varie ou
est supérieure à M f

(environnement
confiné)

On dispose
d’une

alimentation
électrique à
fort courant

débité

JOULE

PELTIER
JOULE

PELTIER

PELTIER
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