WATCH HAI RSPRI NG AND METHOD FOR MAKI NG SAME The present invention relates
to the regulating nmenber 5 in tinmepieces called a hairspring/bal ance
wheel. It relates nore particularly, on the one hand, to a hairspring

i ntended to equi p the bal ance wheel of a nechanical tinmepiece and, on the
ot her hand, to a nethod of manufacturing this hairspring. 10 The

regul ating nmenber for nmecharWXETH vEATRSRRING B¥posed of a fl ywheel,

cal l ed a bal ance wheel, an [ Wala |l ed a hairspring, fixed
POEFSE FOR WRKLEG, oAt

at one end to the staff o | "Jand at the other end to 15
t he bal ance bridge, called the cock, about which the balance wheel start

pivots. The hairspring/. : mﬂ&? iLha RN Arliig GRktBdPr T UM
position ?g?edgggggbgtfgﬂ%ﬁgﬁﬁFhe zﬁéﬁ%e£528ﬁ%heel Iggvéélthis osition
it arm$ t hinhaiimepieges Thialladateshairaprinpratangae wheeh; n the

bal ance whgel, Ls rgleas ar€?58§%£iyfetHﬁ” tRel tEn@qULAARr i Wiy pOsition

As it has acquired a certaln spee and therefore kinetic energy, it goes
beyond it shaengprspog 2musnded t ke opPolP t &heorhakaneet MQRd r Spritg st ops
it and ob]] | o] Lot ot dvechi-er THhHEd, the hairspring
regul at es %ﬁgﬁ%%%%%% o#g%géﬁ?fgii%ﬁbehﬁ{he bal ance wheel. 30 More
preci sel y, meheoBapneenwhastusgudpphaf RRATSREVBHents of nechani cal
matchq% at the present tine is an elastic netal blade of rectangul ar
cross section wound around itself as an ch?%nedeaf s% ral and

t

conpri si ngThe t FEERLA%WNE. TEMRRY| HOTr ecCBFFRANLFA ATER9%, ris%ri ng is
mai nl'y chargrbesbgedya i E3yvwREED! I R@1led a balance wheel, and a

spiral spring, called a hairspring, fixed at one end to
the staff of the balance wheel and at the other end to

15 the balance bridge, called the c¢ock, about which the
balance wheel staff pivots.

The hairspring/balance wheel oscillates about its
equilibrium position {or dead spot}. When the balance
20 wheel leaves this position, it arms the hairspring.
This creates a restoring torgque which, when the balance
wheel is released, makes it return to its egquilibrium
position. As it has acquired a certain speed, and
tnerefore kinetic energy, it goes beyond its dead spot
N5 until the opposite torque of the hairspring stops it
and obliges it to rotate in the other direction. Thus,
the hairspring regulates the period of oscillation of

the balance wheel,

30 More ©precisely, the Dbalance wheel equipping the
movements of mechanical watches at the present time is
an elastic metal blade of rectangular Cross section
wound around itself as an Archimedean spiral and
compriging 12 to 15 turns. Tt will be recalled that the

35 hairspring is mainly characterized by its restoring
torque M, expressed to a first approximation by the
formula:

M~ B/L (Wr/12g)
whare!



. torque M expressed to a first approximation by the formula: MNL
(Wt/12y) where! 2 E: Young's nodulus of the blade [in NNmi; t:
t hi ckness of the hairspring; w, width of the hairspring; L: length of the
hairspring; 5 y: angle of twist (rotatien ot the Pivot), it wll be

- readily understood that the spring constant or stiffness_of a hairspring,
C =My, which -ChEEaYb&thSSmbﬂ&erderthg bdadae[ﬁarNum?i;angle of 1Q

tw st nust be as ani% nt as ?dgh?hhalr rticul ar whatever the

tenperature and th ﬁgkngs g%P " used is therefore of

par anount i nportanwe. wﬂﬂthhefptheehaltspggngonplex al |l oys are used, these

15 being conplex b th&gggﬁﬂs§go&gghﬁalg f conponents (iron, carbon,

ni ckel , chrom um enum II|un1 ni obium etc.) and t he
netallu&gical prowesaeglenpﬁoywdstTH@OdeﬁnD@dOébﬁ@@tp@@Oﬁé ‘to obtain

aut oconpensation of the variations in the elastic 2U nodul us of the netal
by conbining two counteracting effects, nanely that of the tenperature
and t hat oEtthallnﬁymet@&@mbYrunﬁBQECPPﬁet@@ﬂrﬁhﬁl%ﬁfkﬁgnﬁ@ﬂéF?ﬁ bodi es

due Lo theoeonelif#hiay) . 25 CUbr ehbafbbgbiha sheiage/gre dibitnult o

manuf act ur 8 use of the conplexity of the processes
enpl oyed fohapaad&aﬂlﬁgst hehel kepsoring | FOFEWa ®SInedhiahi GRILT ofbrties O

the mefal @ gseot &%Sb@ntasf&eﬁgeaﬁtpr@ﬂuggsembwn tid aﬁ@fbﬁéulaecondl y,
t he 30 adj ustnent is the tech nlqge ¥§ed to e sure
whatever the temperature an magne 1c 1eld. The

material used is therefore of paramount importance.

At the present time, complex alloys are used, these

15 being complex both because of the number ©f components
(iron, carbon, nickel, chromium, tungsten, molyhbdenum,
beryllium, niobium, etc.) and the metallurgical
processes employed. The desired objective is to obtain
autocompensation of the variations in the elastic

20 modulus of the metal by combining twe counteracting
effects, namely that of the temperature and that of the
magnetoconstriction (the contraction of magnetic bodies
due to the magnetization).

95  Current metal hairsprings are difficult to manufacture.
Firstly, because of the complexity of the processes
employed for producing the alloys, the intrinsic
mechanical properties o©f the metal are not constant
from one production run to another. Secondly, the

30 adjustment, which is the technique used to make sure
that the watch indicates at all times the most accurate
time, is a tricky and lengthy operation., This operation
requires many manual procedures and a great deal of
defective parts have to be eliminated. For these

35  reasons, the production process is expensive and to
maintain a coastant guality is a permanent challenge.

Document DE 101 27 733 discloses a silicon hairspring
covered with a layer which may be made of silicon



. that the watch indicates at all times the nost accurate tine, is a
tricky and | engthy operation. This operation requires nmany mnual
pfocedures and a great deal of defective parts have to be elininated,

For there 35 reasons, the production @ocess is expensive and to

mai ntain a constant quality is a permanent challenge. Docunment DE 101 27
733 di scl ogesxadsi | i gl den r epynigricdeyeredl woh alltayee . whschiady be
made of silicon.dioxide, sjiii oxynhitride, sjlj ni.trid I.L{con

car bi de or Cgrg’%pi?necr’l: o éilpgg#lhc as%éi %;% t%%#r%%gestlatﬁ I ]lglile,ﬂnéi
particul ar byabt lhicgh tpapeiatlasly80DOChighHomemperathire té&ﬁ%?@he is too
enpi ri cal ref.qQrs i u Q. oW1t s ' ilon to
a wat ch hgpgfgggth %E%S%?%%ﬁ£%¥ ?%e%ggeggﬁF%ﬁﬁéﬁﬁééélFEQ?%fg?%vide a
hai r spr3 ngnohoye edisamsnaligl tto sakliew Avse appldloptipm dor reecveliChhan in
t he above ggﬁggﬁggn thereby allowing it to be used in watchmaking. nore
precisely, & Fnvention relates to a hai rspring intended to equip the
bal ance wheel of a nmechanical 15 tinepiece and in the formof a spiraled

rod cut fromean,gPOl) HeNOtRs Crestntsi{hcoR PRt & tBE oS which

have a width w and d thicknesst. According to the _invention, the rod
forming t hBaAXSPEARGNgWRESEt r tReTPRY Inbl i ehsiowdd B8Y8s £&RR+¥Ki ni ze
the tenper abi-ec2@asaihdd | vt YnkEhGeegl tdidrdrt, titesrety caelbiengnt (CO
and the second thernal cqefficient]éﬁig of its spring constant C. To
mini ni ze tB& ftPr &€ R #eschm@kdRE. the rod 25 conprises a silicon
core and an external layer of thickness 4 formed around this core and
made of a material having a first thernal Cfeff|0|ent OﬁaEQEBQiﬁg

More precigsely,” the invention relates tdo a
intended t¢ ogQuip the balance wheel of a mechanical
15 timepiece and in the form of a spiraled rod cut from an
{001} single-crystal silicon plate, the turns of which
have a width w and a thickness t. According to the
invention, the rod forming the hairspring is structured
and dimensioned so as to minimize the temperature
20 sensitivity through the first thermal coefficient (Ci}
and the second thermal coefficient (Cp) of its spring
constant C.

To minimize the first thermal coefficient, the rod

25 comprises a silicon core and an external layer of
thickness £ formed around this core and made of a
material having a first thermal coefficient of Young's
modulus E opposite that of silicon. Preferably, the
external layer is made of amorphous silicon oxide

30 (8i0;) . Ite thickness is about 6% of the width w of the
rod.

In order to minimize the second thermal coefficient
(Ca) ., the width w ¢f the rod is modulated,

35 periodically, as a function of the angle 8O that defines
the orientation of each ©f its points in polar
coordinates. The modulatien may also, advantageously,
be carried out in such a way that the local flexural
stiffness of the rod is constant.



. nodul ys E opposite that of silicon.: Preferably, the external layer is
made of anorphous silicon oxide 30 (SiQz) . Its thickness is about 6% of
tHe width wof the rod. In order to mininmze the second ther nal
coefficient (C2), the width wof the 4o0d is nodul ated, 35 periodically,
as a function of the angle 0 that defines the orientation of each of its
points in polar coordinates. The nodul ati on may al so, advant ageously,

be carriedmu t e al _.:SLj Ss t he
rod is cong@ékpelﬁ?%ﬁhéhﬁfﬁyééﬁg%her é€ﬁgéﬁéél%ﬁéo#a%ﬁgbkiﬂgsprﬁ%g, t he
t hi ckness thoftckriessr od, of t $hei drad .w, 1t dwidthdw, n mdinlagietheinf thiee

hai rspring t t kf th S C ayeryfaygeval ues
for which Pﬁ%?%he(?ﬁaléﬂé: §§S§r9{%g s%rrlﬁingt%%nghﬁ%%é mﬂﬁ'nl \rfnﬁm within
a given t@#ﬁé@ﬂﬂn@ﬂ*@mgé3Y$ﬁehﬂ“&nﬂﬁkﬂﬁ%l§@rr@hﬂ@% the athermad for
determ ning, ; Jf$ht$f‘ BRE BHRYTEAShOPENOf ct s Nal maRKRG LAt fiRSal UST

been deflne I's nmethod consists, In succession, in; - mathematically

expreSS|nggﬂWGDB¢ﬁFEﬁé§§u§ﬁ ARG eha] rspring as a function of its

thickness L, its width w nodulated in the plane of the hairspring, the

15 t hi ckness 4 of the silicon ox the elastic anlsotrogg of the
n

| aye
silicon an@beneTVERferR RSO - IGgPEEFa¥Pn@tﬂﬁ¥h%%r%%I geRgymapl
particup ar thiehesddinfim tabméMei ole 60ekhieciantsafiddhec sy i Rgs gapstant of

t he halrsp&:gg_&e néifQQHfor al.l 20 conbi nati,ons of os%;ble val ues of
the paranetd Eineghd Thieh e oG FaRstShser dtuse! OThnd ™Hdopt i ng
the t, w, 4 conbi naidtereaatdrcalliyc hestinees 4 freg mehedddfitff refs o heSethe
CoefficienEFI%E%gyﬂg aé a function of its thickness t, its width
w modulated in the plane of the hairspring, the
15 thickness & of the silicon oxide layer, the elastic
anisotropy of the silicon and the temperature;
- calculating the thermal behavior, in particular
the first two thermal coefficients o©f the spring
constant of the thairspring (b and ;) for all
20 combinations of possible values of the parameters t, w
and & within a given temperature range; and
- adopting the t, w, & combinations for which the
thermal drifts of these coefficients are minimal.

25 The invention will be more clearly understood upon
reading the feollowing description, given with regard to
the appended drawing in which:

- figure 1 shows a hairspring according to the
invention;

30 - figure 2 shows a segment of this hairspring, in
longitudinal section at a and in cross section at b, so
as to illustrate the references of the parameters used
in the description; and

- figure 3 illustrates the anisotropy of Young’s

35 modulus in the {001} plane of the silicon.

The hairspring according to the invention, shown at 10
in figures 1 and 2, 1is a rod cut into a spiral,
obtained by the machining, for example by plasma



25 The invention wll be nore clearly understood upon reading the
follow ng description, given with regard to the appended drawing in
which: - figure 1 shows a hairspring according to the invention; 30 -
figure 2 shows a segnent of this haiTspring, in |ongitudinal section at a
and in cross section at b, so as to illustrate the references O the

par anet er smasbdning,t hef descr { POl bn;s gl e- gyl 3SILLESNY aPL8tBhe
ani sot ropy,.qf .Y ' 3 | 13 it A t i egon. The
hai rspri nnggéo?‘%?%&ita& '?ﬁ'e I nve |é(}:nl,é1§11%cpvm0§%atpp%0 |ﬁ%?i€§?§%£?&and 2, is
a rod cut entloadlopsr AW MePUERSSUIBRG KESHECKPnbRg achidevedanpl e by pl asna
5 machining, of an (0011 single-crystal Silicon plate. This material is
nonmagneti ¢ and shapeabl e as required, and allows |ow nanufactufing costs
to be a&hi ondartsngnPdyt unatelshould stsul Bopatedi e SdB% hat itSis
difficult hi a &1 iGonshairgpri sWohh G Spitmwg &onst ant
C since th§9$§§E342 n&%tlus E:ﬂgf ?higqgégbﬁs gﬁ%atly ?ﬁ%lu ed hy the
tenperaturepnstﬂnts&ﬂﬂﬂﬂﬁ(ﬁQﬂS%ﬁﬁ%t¢a5195906ﬁﬁeﬁ9ﬂqgf%nm?éﬁiusl effect.

Wien the tgpenatdir eogens tirvé&myof i AR16EAGEAC pyStUnst tempesatudel ed, it
i's common practice to use the thermal coefficients of it sprkﬂg const ant
C such thailt 185 h&ParRiame nesRgnitidhal @%ri%%mQﬁnﬁﬁﬁﬁtyggf C = o (1 +
C AT & AlZfect,) . in which C(I is the nom nal value of the spring
constant C and Cl and C2 are its first and second thernmal coefficients,
respectively. Only the first two

When the temperature sensitivity of an elastic

structure is modeled, it is common practice to use the

thermal coefficients of its spring constant C such that
15 they form a mathematical series of the type:

C = Co(l + CIAT + CoAT . ..},

in which Cy is the nominal value of the spring constant

c and ¢ and O, are its first and second thermal

coefficients, respectively. Oonly the first two
20 coefficients are taken into account here, the other

ones being negligible.

It will therefore be understood that, in order to
obtain a temperature-insensitive spring constant C, the
25 aim igs to minimize the thermal coefficients G and Cs.

Tt should be recalled that single-crystal silicon
exhibits crystalline anisotropy. In the {001} plane,
the <110> direction is stiffer than the <100>

30 direction, which, of course, affects the flexural
stiffness of the hairspring 10.

The Young‘s modulus E® of the (001} plane of silicon
may Dbe oxpressed, like the spring censtant, by a
35 mathematical seriec of the type:
g® = g, @ (1 + By PAT + B, AT?)
in which E¢'*' is the nominal value of the Young's
modulus E'*, and E.'*! and E,
thermal coefficientse, recpectively. These three

8} Jre its first and second



» 20 coefficients are taken into account here, the other ones being
negligible. It will therefore be understood that, in order to obtain a
tenperature-insensitive spring constant C, the 25 aimis to nmninize the
thermal coefficients C, and C2. Tt shéukd be recalled that single-crystal
silicon exhibits crystalline anisotropy. In the (001) plane, the <110>
direction ¢sesfidients hamet mhowr00sn 3padicicvlipon, 1nhf tBUTSf 3 c88r e,
affects the flexural tif Ss ; LESpri The UNngrsa Modul us
E(') of thgm{%i?npl B of Hs'luglic%lbﬁgﬁt&%gﬁexprr%g?ﬁ?eliket%fheq"srgering
const ant, dyystaBbogmaplehataxes.series of the type: E(& -- EQa)(1l *

Ej (8 AT ~ E2( AT2), in which Eo(G- in the nom nal value of the Young's
nodul us n", and Ei (o) and E2 Ware_ its first and second thernal,
coef fi Gi erfflse rEEP2tti VReymaThecsef fhtbenkoekfi ci it s W SR it

part1 cul arb, 159URESS LA fNeegoni 06 LREuar I(BBGEL OG0 ggiaq Lo the
crystal | ographi ¢ axes. a5 e first"thermal coeffici egt Ej (% Qaf the
Young' s | thehazomimahh MR lHeg AT vEPRa R A BoUFCIBEUPPMY C) Y%ind t he

nomi nal vai?@ ﬁﬁatmﬁ YOl & 19 00 e s tHdrR) of Sthéd4§00Rg ipldrdee <TO>
direction of the (001) plane. The ,thermsl.drlft of a SL%'Con hqirsprlng
i's thus abBRErmal 15y iddcoRds/Haf wiChtn RRECIRE ERY [ dfge " BES 2RO Y 50¢

Thi s makes1 bt 5ASOARSY BBV ewdichinwateh wagth reasge of 28RiCch ar®°@round 8
Sccor di ng o1t ndWiancton {GOMBARIBIA o 5o 1T EGH "SoTE-Hg VT an out er
| ayer | d ngdecefadel2rotihd Bi sekoantibedawl coefficient E; Wof which is
hi ghly positive.
To compensate for this drift, the hairspring 10
15 according to the invention is formed from & silicon
core 12 and an outer layer 14 made of S510;, the first
thermal coefficient E;"® of which is highly positive.
It is about +215 ppm/°C and the nominal value of the
stiffness E,™ is about 72.4 GPa.
20
This symmetrical trilayer structure, obtained by
thermal oxidation ugsing any known process, thus makes
it possible to act on the thermal stability of the
overall ctiffness of the hairspring in in-plane

25 flexure.

It may be shown that, for a hairspring cut in the {001}
plane, optimum minimizatien of the first thermal
coefficient ¢, of the spring constant of the hairspring
10 oceurs when the thickness of the oxide layer 14
represents about 6% of the width of the hairspring.

According to the invention, the second thermal
coefficient C; may be minimized by modulating the width
35 w of the spiral, which is the dimension lying in its
winding plane, as a function of the angle ©0 that
characterizes the orientation of each of its points in

polar coordinates.



it is.,about +215 ppmi OC and the nom nal value of the stiffness BQ(b~ is
about 72-4 GPa. 20 This symmetrical trilayer structure, obtained by

t hermal oxi dation using any known process, thus nakes it possible to act
on the thermal stability of the overdl|-stiffness of the hairspring in

i n-plane 25 flexure. it may be shown that, for a hairspring cut in the
fQQ) pl ~agi sepwoptiomfiigrind i zatheo maduldmes da rmdy ther aahiegedf bjci ent
cl of the sgpring constant_,or the hainspring 30 ocgurs th L ckness
of the oxi HBE{F' %ﬁ? %éaﬁrreg§§nﬁn§ abidtt™ 8ok of 1 het 'dt%eggithgﬂ&

hai r spri ngdirActandi ngana t led@ldioneent i on, tdhe setess t drfdl  ¢080Fi ci ent
C2 may be mi,nim zed by.nmodul at. L.dt.h pi , ich is
t he di nensg‘éﬁelc);ilr?él'i nItfts}S \?ﬁlﬁg%ngggﬁghgb agéaw?ﬁﬁg%ggﬁgoff%et}gggl e 0

that char anieoitzepyt hefor sédtabnonanfl eabhadh i &s penatsnin lpeddr

coor di nat eg. M| I g s lafi I gyed by
maki ng the%lligl ngﬁ'l ?ﬁ%%%e% iﬁﬁghéaé}%%%fq?%iof}aé d??ggﬁégﬁ'%ara%&tﬁ%cker I n
the | ess selaStitadly dadencesh- It is thus POSSible to conpensate for
the 5 anisotropy of silicon and obtain a constant |ocal flexural
stiffness. The hairspring is then said to be elastically balanced. In
this parti @@ arhiésseparbieihgr weahe a AStSA&TceWo 1B @t hreferrece

hai fspi(’)é “gﬁiﬁéhh%fl%ﬂe} i 8 r i W _dE}IfEW[O[YPIZ Lﬁ:gaﬁé, achangtiden wf the

ongle 0 acording 10 U B M ch2 Ot Qecoratng to che
equation:
1 _.QZA - Eladﬂ
W= w1 - _9:11"’2 2 81, sin®(20) [in m]

in whieh §,, §, and ¥, are the three independent
15 elastic coefficients of silicon along the
crystallographic axes, which are known to those skilled
in the art, as defined 1in the publication by
C. Bourgeois et al., “Design of resonators £for the
Determination of the Temperature Coefficients of

20 Elastic Constants of Monocrystalline silicon” (Proc.
Slst Annual Frequency Control Symposium, 1587,
791-799}.

More specifically, it will be readily understood that
25 several parameters are involved interdependently and

that, for example, the improvement in the thermal

behavior obtained with a certain modulation of the

width w will not be the same for all the oxide

thicknessec and for all the crystalline orientations of
30 the hairspring.

To make it easier to determine the optimum values of
the various parameters, the method according to the
invention consists in examining, for example, the

35 variability of the thermal c¢oefficients of the spring
constant ¢ of a hairspring ag described above as &
function of these parandtéfs.



w- w '11.0 2 2 9~1.0 sin'(20) [in M in which A, -a,, and are the
three independent 15 Qastic coefficients of silicon along the
crystal | ographi c axes, which are known to those skilled in the art, as
defined in the publication by C Bouryjeois et al., ~Design of resonators
for the Determ nation of the Tenperature Coefficients of 2U El astic
Constants of anocrystalline silicon" (Proc. 51st Annual Frequency

Cont ol SYRSSIHTrdee 1907900, IO EPEELELRRhLY oMt ot d peereadily

understood everal "paranetérs are invo n endently and
that, for ehanﬁbangt'ﬁemqmlmserfen‘t dfh sihlel adrer ngtie Yeheyi Dronodedvfed with

a certain gosul g 8t Yt Gfcddi® ot Mot Wi e NBLoRE LR 3aMFLARE  BLLg T NE

oxi de thicknesses the cry ne orientati ons o
ha|rspr5n9111@Sﬁ§héedtl@aéﬂamrﬁo2detern1ne t he optinmum val ues of the

various paraneters, —t he;ogthd aggorgﬁepg Hal Adiiriqvent i @Aneeaststs in

exam ni ng, for exanple the 35 variability of the thermal coefficients of
the spring condifiefdt C of a hairspring as cles;cribecl above as a

function of thesewDar@Ng@mCoﬂstﬂ@ehggf FglﬁgsthWMéﬂxme}tbﬁane,

determ nation of C are the young's nodu E') of silicon, the Young's
nodul us E~ of diPi &dn oxide and the geonetrlcal quantities 5

il lusty@ted in Li QUEet31Ch1Ess bifi ekeessiab thecbastsaprting [Ga adnstant),
[in M - w=wdth of the hairspring in the 1001} plane, [in m
According to the multilayer theory, the equivalent
Young's modulus E in flexure of a silicon rod covered
with a silicon oxide layer may be modeled in a local
15 section by the following eguation:

E=(E("’-E“”(l 25) [1—-2-5]+E‘“

'S

Since in the case of the hairspring 10 §&/w « 1 and
£/t « 1, the equation becomes:

20 E = @ —(Em - H”{éﬁ + Eé]_
w t

The epring constant C of the hairspring and its first
two thermal coefficients C; and C; are determined by
integrating, over its entire length, the expression for

25 the local stiffness, which itself is a function of the
expressions for E, t, w and &.

it may be demonstrated thereforg that the first thermal
coefficient c; is essentially a function of §, whereas

30 the second thermal coefficient <C; depends most
particularly on w.

Next, there then remains only to calculate, by means of
a computer, the values of the thermal coefficients C;
35 and ¢ for all gcombinationc of possible wvaluts & the
parameters t, w and & The (t, w, L) triplets for whigh



10 thickness of the oxide (a constant), [in m. | According to the

mul tilayer theory, the equivalent Young' s nodulus E in flexure of a
silicon rod covered with a silicon oxide |layer may be nodeled in a | ocal
15 section by the following equatiom E=(E(a)-E(b) I-R _ 24 + E(h) W' (I
t ) Since in the case of the hairspring 10 4/w 44 1 and ~/t ~ 1, the
eauati on bebeneshegakE Ex)ft (H Ethe) ~8pring~)congtamhe Gppifngthenst ant

C of the hﬁ%{z}%gpiﬁ?’ggf%i tS did Shum t ¥R tgeégr?gncoﬁ;gﬂd 8% Crangd C2 are

det er mi ned ng, over its entiré |[ength, the expression for 25
the | ocal erefemtsecteid drom sdief sies QI POSEILER eofcorba nady®Nessi ons f or
E, t, wand ~. it nay be denonstrated therefore that the first thermal

coefficient cl is essentially a function of ~, whereas 30 the_ second
t her mal5 codkf L6 SMENCPaESIdNds tsthogne tihkel B¥1D1Ieh GPTRERPONEHBYe t hen

remai ns onl Fﬁa&ah&m&e&%ineym& obrifgCerpBtant (e ¥atuemingdt he
thermal coefficients C = 157and C2 for al qonhénatlons;éagifoss bl e
val ues of UNéngarth@et EPEMRLa WP, ahRwe( | 15, best ¢ spgE r “®Bi ch the

thermal dr igbliekd RSl pg16asiiam, C of the hairspring is a mninumin
a given tenperature range are extracted fromthe set of possible

conbinations. 5 it is then possible to choose the triplet corresponding
to thelpai FipEING, Whese Spaiingpeanst ankyC, bdet prodoedd usshggt heheor mul a

given above, S Destr Wrltd ded HIF crdeYned 4Rty appl ication.

Thus, a silicon hairspring is proposed  whose
temperature sensitivity is reduced to the minimum. It

15 is ready to be used and requires no adjustment, nor any
special manual operation.

The above description is merely one particular and
nonrestrictive example of a silicon-based hairspring

20 according to the invention. Thus, Jjust the thermal
compensation provided by the oxide layer is already
satisfactory for use in mid-range watches and the
modulation of the width w is optional.




. 10 Finally, the hairspring may be produced using the information

provi ded by the cal culation. Thus, a silicon hairspring is proposed whose
teénperature sensitivity is reduced to the mnimum it 15 is ready to be
used and requires no adjustnment, nor- dfy - speci al manual operation. The
above description is nerely one particular and nonrestrictive exanple of
a silicon-based hairspring 2Q accolld@& o the i nvention. Thus, just the
thermal conpensation provided by the oxide layer is already satisfactory
for use in md-range watches and the nodulation of the width wis

opti onal . GLAI I\/& hairspuingpdintendecendedenuipquile thelsafand@afleal  of

a nmechani cg %@@P t{héﬁfe.]ﬁ,erﬁh&f 18 §Hbr%§ﬁl éff %d s(pll(?.‘)al(é'dt from

an {001) S|ngle c&y silicon turns of which ave a wdth w
and a bhi glatess(i0) crﬁ%\*tactfe’frqﬂke@ri n (O0dt) s&ildadia-cadistedd 154 1i§omuct ur ed

and di mensipnac, s sot%?etocﬂﬁg Tige WG T Havd N MRlicaoel bi Cisgid O)_and
the second er na 10 coefficient (C2), of .its sprlnghconstant . 2. The

halrsprlngﬁh;QhQﬁﬁﬁxﬁinCBPHFﬁF?rlZEﬁaﬂ&cﬂ%Fﬂieﬂp%% LiconnIgfyéds t o

mni mze thefidsired NeharhifeaEibabaNko( A9 téahiniAdze0kpel Tarsa
silicon 15 core (12) and_an external | ayer (1%% of thICk es 4 fqrnmed
around t he 195%&h c6PEtAAGLiRREe ofC1d nefRPia enav??@o%l ert”ﬁ@r nmal

coef fi gpentegds fitinghtS (@Julofs i tepReSiineg tdmrst@fntsm i con. 20 3. The
hairspring as clainmed in claim21 characterized in that said externa

| ayer (14) is made of anorphous silicon oxide (Si02). 4. The hairspring
as claimeda.n cleen 3, hairspring as claimed in claim 1,

characterized in that, in order to minimize the first
thermal coefficient (C;), said rod comprises a silicon

15 core (12) and an external layer (14) of thickness §
formed around the silicon core and made of a material
having a first thermal coefficient of Young’'s modulus
opposite that of silicon.

20 3. The hairspring as claimed in claim 2,
characterized in that said external layer (14) is made
of amorphous silicon oxide (85i0.).

d. The hairspring as claimed in ¢laim 3,

25 characterized in that the thickness § of said external
layer (14) represents about &% Of the width w of the
rod.

5. The hairspring as claimed in claim 1,
30 characterized in that, in order to minimize the second
thermal coefficient  (Cz), the width of said rod is
modulated, periodically, as a function of the angle 0
that defines the orientation of each of its points in
polar coordinates.
35
. The hairspring as glaimed in claim 1,
characterized in that, in order t¢ minimize the second
thermal coefficient ({C3). the width of salid rod is



25 characterized in that the thickness ~ of said external |ayer (14)
represents about 6t of the width wof the rod. 5. The hairspring as
cllaimed in claiml1, 30 characterized in that, in order to mnimze the
second thermal coefficient (C2), thelldth of said rod is nodul ated,
periodically, as a function of the angle 0O that defines the orientation
of each of mpgimlpokdt ssbn tbetar1csorﬁonaﬂesflesuﬁalThethéfnspﬁlngSas
Clainod in_cl k é characterized in that, in order to mnim2e the
second thgpﬂg Q@ efficient (C2). the mﬁdth of said rod is ng~j ~a, grqc go
that its local flexural *tlffne5n in constant. 7. The hairspring as
claimed in,claimg, I zed.in J e ul at s e fected
accordi ng ?o the rnﬁiqﬁgyggéy ‘AQL—P944[:EQRIREH myﬁ é%&h@ 0 g 2 '9~1
0 sin' (20) charagtenized 'iur. t%m@ 1thear@QﬁM§QWW¥k |h%ep€ﬁé§ﬁ§e el astic
coef ficientasgtas hblggntﬁboggrhnqa.lo crystal | ographic axes. S. The
hairspring as c alne I n clai d in that, in order
to mnimze the first therndl cqeLfEnLenll(imy.and the Gocond thernal 15
coefficient (C2), the thickngss t ofsgthe rads,its, w h w in the (100)

pl ane and the thicknes¥ # Wi\t HheSTTTCOR OX|cIe5}%§ have val ues for
which the thermal drift of he spring constant C of the hairspring is a
M ni num  wiitihi whichi v8a .t efper @Rdr eSpangfee Agie three 1independent

elastic coefficients of silicon along the

10 crystallographic axes.

g. The hairgpring as claimed in claims 2 and 5,
characterized in that, in order to minimize the first
thermal coefficient (C;) and the second thermal
15 coefficient {Cy)., the thickness t ¢f the rod, its width
w in the {(100) plane and the thickness & ¢f the gilicon
oxide layer have values for which the thermal drift of
the spring constant. C of the hairspring is a minimum
within a given temperature range.
20
g. A method for determining the optimum dimensions of
the hairspring as claimed in claim 8, characterized in
that it consists, in succession, in:
- mathematically expressing the stiffness of the
25 hairspring as a function of its thickness t, its width
w modulated in the plane of the hairspring, the
thickness ¢ of the silicon oxide layer, the elastic
anisotropy of the silicon and the temperature;
- calculating the thermal behavior, in particular
30 the first two coefficients (Ci;, C2) of the spring
constant of the hairspring for all combinations of
possible values of the parameters t, w and £ within a
given temperature range; and
- adopting the t, w, & combinations for which the
35 thermal drifts of said coefficients (C; and <) are

minimal.



. 9. Anethod for determ ning the optinmum di nensions of the hairspring as

claimed in claim8, characterized in that it consists, in succession, in:
- mathenatically expressing the stiffness of the 25 hairspring as a
function of its thickness t, its width2 w nodulated in the plane of the

+ hairspring, the thickness ~ of the silicon oxide |ayer, the elastic

ani sot ropy1of t heesiettod asd dled teshpior atlaen 2, cahavdatenyze€Relfher nal
behavi or, i articular.,_30 t f ihF t fhcl S : oh Ofy t he
spring coﬁglf" ntltofc?lﬁ%lﬁglsfsgﬁpﬁélsér Jt(Q#)I E%g%%?'ﬁgt?? nstﬂ'%]iL WJEC)%ssi bl e

val ues of bliether spetreds att, awyapeiatwifrism the dorewloenperature range; and
- adopting the t, W 4 conbi nations rWnhcga the 35 thermal drifts of
said coefficients and cz) ar miniFme=t £2- 26> The nethod as clained in
claim9, characterizedgjun tiat_ it c&ngi st Sfing|fyegi n cal cul ating the
width w of the spiral "at afAy point fromthe fornmula: 1 1;2 0 1 -C44.0 w M

wo1l-_ - ;i 0.21];,-0sia(20).5 &n waich 1 Ndgépendkact he
t hree i%de&é‘nd@m’c{'lel Seti c SwoefPici 8at \QQJ(# stﬁ?t? cotrl}l&a e(zitngnt oo
crystal | 0gicaRkiG AXeScoefficients of silicon along the

crystallographic axes.



