Monolithic acceleronmetric transducer The present invention concerns a
nonol i thic accel eronetric transducer conprising a fixed part, a 5 nobi | e
mass part and a resonator having one of its two ends fastened to the nobile
mass part. The transducer is intended for a differential out put

accel eroneter, for exanple. In particul ar, the invention provides a
m ni ature acceleroneter ﬂL o? taggg&eg egglgsggahg gg¥|gat|on in
aircraft and helicopters, ing mssries and RESacti ve
suspension of terrestrial vehlcles for exanple. 15 The

resonator constituti t he respagnsiyve nber of the transducer f t he
invention is pref era%&fJ aﬁqeééjr%n Ilnv%} 1%y SPHEEDS vidr AWY L Hide  of
a piezoel ectric J@deid dmethite: Vi bsdd@def r eaupacs e8g0h triedd asterwr eahi ghly
sensitive to the tensile or 20 . conpression force exerted Iongltudlnally

on the bl ad® whéPRHeE BB P e PRESs t 3cHRSOPATOIN P AT nBREi AT nbsE i s

subj ected to acGglEraidPNEastdie @XENHOMEB 1 tdhanLHmpassi on of the bl ade
is converted into electrical signals that are picked up by el ectrodes 25

supported by the vibratory blade and connected to an oscillator circuit for
exanple. A signal is qodyuegfsahcelnes O'ihE'éhdeaf féf‘e Oéffféf‘éﬂflal

circuit, the frequency vari ations i gna bei ng
representative dﬂNHhUSea@beﬂﬁéom@@@Keraf¢¥N1eX3@P¢@nparédﬁtDaébhveh@ronal
accel eronetgic sgnso ﬁg ut p qﬂﬁ% r

vol t age), géceleronegéyghkﬁ?ﬁ requend% g& Qhﬁave van age of

potentially greated pestothahceaB5be sismce ﬁqreq'mnlcgﬁunson earm dyroratessed

in digital form &d helicopters, for guiding missiles and for the
active suspension of terrestrial vehicles, for
example.

15 The resonator constituting the responsive member
of the transducer of the invention is preferably a
flexional or torsional vibratory Dblade of a
piezoelectric material. The vibration frequencies of
the blade are highly sensitive to the tensile or

20 compression force exerted longitudinally on the blade
when the mobile mass part constituting the inertial
mass is subjected to acceleration. The extension or
the compression of the blade 1is converted into
electrical signals that are picked up by electrodes

25 supported by the vibratory blade and connected to an
oscillator circuit for example. A signal is produced
at the output of the oscillator circuit, the
frequency variations of the signal being
representative of those of the acceleration.

30 '

Compared to conventional accelerometric sensors
with an analog output (for example an electrical
voltage), accelerometers with a frequency output have
the advantage of potentially greater performance

35 since frequency is readily processed in digital form.



Anot her inportant aspect is the nonolithic nature of the transducer, which
enables mniature acceleroneters to be fabricated at relatively | ow cost by
chem cal machi ning and whi ch pronotes good 5 per formance since the
process of assenbling together conponent parts generally constitutes
a mjor limtation of non-nonolithic transducers. The materials nost
frequently used to fapri lithic tr cers_ar ua il icon,
whi ch 10 are appreggg?gﬁgforgﬁﬁgkggéglIé%#ﬁg#ébiﬁ?tyg%g th%ﬁ?iggg ani cal
characteristics. nAsudescsf bathe ntkErasdhcpat enthagipl ierathlers Noin2 2685964 i n
the nane of the applicant, the body . of 15 _.an ,acgceleraoneter. CA shown in
FIG 1 is nonoli ?EgeiﬁﬁametF? Pt zhene%abrfﬁate heﬁcﬁn&a%r‘?%%ﬁiyni Hr&w of
pi ezoel ectric cryskal pypusheRscqlamazhinitte Hody wofidhhepasnet es ogeioer CA
is generally parall el epi ped shape and cqurises g fixed Eass partthT
fastened to’a 20PerheEBapse SRS IFMGHREOHRIT 2F ARGSPPHIREI FGIFTRGEs
3[er] and 3[err] capgohwntl | exapte higeeRsA4Y, andoAd2itutbe acgel agat er
body CA" is symetrical about the central |ongitudinal axis z'z. The bl ade
3[err] is a beamlB&itA§ignsedl nopsmonpdithigutiprefyss§rsecti on and
flexional vibration ofnuhinhdrS 28%CintR8 PEALOGLOCEY 1 GBELY £BY fap it
el ectrodes 341 and 342 of opposite polaritieS. These el ectrodes are printed
by a phot ol i t hogrepkild thiccdsanmgusatse asa cawartz oAt gdilagengi adigh t he
bl ade and 3 term ngd] it LeX t 1
in two condg%tivgr%:a gg*%%f&%%%qggéqégﬁng%?%bigggt5%agﬁgg?9t%Fﬁﬁﬁh ggof an
oscill ator circumecheedcklbghamracserdfstitose conductor wires 39[err] and
392. An identical arrangenent of electrodes and plates is 35
provi ded on the blade 32 and the opposite face F2 of 2

As described in French patent application No.

2,685,964 in the name of the applicant, the body of

15 an accelerometer CA' shown in FIG. 1 is monolithic
and is obtained by chemical machining of
piezoelectric crystals such as quartz. The body of

the accelerometer CA' 1is generally parallelepiped

shape and comprises a fixed mass part 1 fastened to a

20 base ba, a mobile mass part 2, two vibrating blades

317 and 32 and two flexible hinges 447 and 445. The

accelerometer body CA' is symmetrical about the
central longitudinal axis z'z.

The blade 37 1is a beam having a small

25 rectangular cross-section and flexional vibration of

which is excited piezoelectrically by two metal

electrodes 347 and 345 of opposite polarities. These

electrodes are printed by a photolithographic process

onto the external longitudinal side of the blade and

30 terminate on the corresponding face Fl1 of the fixed

part 1 in two conductive plates 337 and 332 connected

to two first terminals of an oscillator circuit 57 by

means of two conductor wires 397 and 39;5. An

identical arrangement of electrodes and plates is

35 provided on the blade 37 and the opposite face F2 of



the fixed part 1, inrelation to a second oscillator circuit 52. The
outputs of the two oscillator circuits 51 and 52 are connected to a
di.fferential frequency 5 measuring device including a frequency
subtractor circuit 6 and a frequency neter 7, the frequency (fl- f2)
measured by the frequency neter 7 being representative of the accel eration

to be neasured. Wth.reference to the chani cal design of the. rior

art accel eronete eCAgl,x?(ﬁep?% #ﬂ nbgsrgftéﬁa %22 aarseeq-ﬁne%(ioo & |£n)a1f%‘g

sensi tive directdigredd$ @y pendicular to the md-plane pmof the body. | f

the accel eroneter is %;PjECt to an acceleration in Lhis sensitL¥§ d%rection
T St h

DS t he bl ades 31 and aPBtryts ehied 900 R¥MbtERLRE, CiFcyl are

subj ect to axialarfdr &8s hReOpPOShECLEdr &d | @nsdafdepenpoali onpégliéncyt he
accel eration. Thi s causes . frequency variations of opposite signs
for the twoSbl adt2SHENG f d9¥8 I8 HICAPEL Gl 2 dERERBERCY 1 BgebRRGLOT

variations 20  of pdif: SQNBLIBINY teigency Getde Pf hede herdu | pEs-i nput
magni t udes such as the tenperature generally have common nbde etffects on
the two bl ades &) catisaspreduertty vaheat iforegusmathe B@Rersi gh. Peing

benefit of the dféﬁf‘é%éﬂi@é’t&f‘t%%gfééélt#aeﬁdﬁ tS Bdaheddurey.

at t enuat es i nput magni t udes an the acceleration in the
sensitive direction DB.tiheeparenceal &o dthe rvackashept destibe mihgeke441

R L T o
the transducer pdfal |&tet ofldeilplat eipm tide semshbiveal dirdesign D8f
the —prior —arl accelLlofBletAnd'aRidSAMNENLA9%, Hfle PRLUSY! aLe
the accelerometer is subject to an acceleration in
this sensitive direction DS the blades 31 and 35 are
15 extended and compressed, i.e. they are subject to
axial forces in opposite directions and proportional
to the acceleration. This causes frequency
variations of opposite signs for the two blades and,
1f the two blades are identical, frequency variations
20 of the same magnitude. On the other hand, spurious
input magnitudes such as the temperature generally
have common mode effects on the two blades and cause
frequency variations of the same sign. The benefit
of the differential output (f1-f2) is that it
25 attenuates input magnitudes other than the
acceleration in the sensitive direction DS.
The particular staircase shape of the hinges 444
and 447 allows chemical machining of the body CA' in
a single step with the same depth of machining from
30 the two faces Fl and F2 of the body of the transducer
parallel to the plate pm.
The mechanical design of the  ©prior art
accelerometer CA' has disadvantages, in particular

with regard to vibration of the two blades 371 and 32.

35 First of all, mechanical loads such as the shear



with regard to vibration of the two bl ades 31 and 32. 35 First of all,
mechani cal | oads such as the shear 3 force and the bendi ng nonent
where -the two blades 31 and 32 are "built into" the fixed mass part 1 and
generated by the vibrations of the two bl ades cause | eakage of vibratory
mechani cal energy tomards the 5 base ba attached to it. Thi s reduces

the quality fact h V|br ion of each of th des 1

Secondly, the mé%ﬁﬁ% A %@_ %+%gtﬂ8@§nglg§8§ea he"bufﬂg%in Kol :ghe
nobi | e part 2 anthdgyepsr atred 'l!b’u:tiltel En¢obr alieonftaede mevsal | patbr atiaandl 10
di spl acenents of said bile part the. sane _frequency as the

vi brations of tt‘?@r’(ﬂ%&dg Be3gr rbfﬁ'ité'opésﬁﬁ sthey ﬁﬁehgﬁia@ﬁy cOUPIT ng
bet ween the vi briatdiense obrt hﬁlﬁmaﬂ@dﬁéchﬁm@aldleﬂw@s thabidwi bfed i on.
These two drawbacks affect the accuracy 15 of the measured differenti al

frequency ¥fl-foBse ahd ik the Lkal ue Thi st HEeHRER? etBE o%u%l%ﬂﬁ%ed

therefrom FIG g, shomsgacgeqad GPBPétthotfr@lﬁﬁPC&f %Qe Hisdosef |
pat ent applicati on WO 89/ 10568. The body of this second transducer nade

by chenical nachind ngeof &esianddan mﬁi%rm@@h@nm@% aopdgedhrra Phesan
inertial nass 2 dla%ﬁjeézhrﬁefl%ﬂ'@l Vﬁ@é'at oYe F ESQ0E: #@rsngtla ”51%&_ 23,

24 and 25 excite t herno-nechani cal neans exanpl e using
heat er el enents qemreratmﬁmbyobhannedlbyraltonm rqaltmﬂ anahl onikaghional

transducer 'Ps perbentt Sttty o the Pasds Bebing WaRERHE el tasna
the 30 transcuﬁxﬁqmeneyfmﬂcthenvmbrathoneapfcmmmlhﬁadascﬁltamd 37.
frequencies of t{ﬁiér”fﬁgé ggna{grsmgc anlcgf coupllng between the
vibrations of the two blades, which disturbs their
vibration. These two drawbacks affect the accuracy
15 of the measured differential frequency (f1-£2) and
therefore the value of the acceleration deduced

therefrom.

FIG. 2 shows a second monolithic transducer

20 disclosed in patent application WO 89/10568. The

body of this second transducer made by chemical

machining of a silicon wafer comprises a fixed part

21, an inertial mass 22 and three flexional vibratory

resonators (filaments) 23, 24 and 25 excited by

25 thermo-mechanical means, for example wusing heater

elements (not shown) obtained by ion implantation on

each resonator. The sensitive direction of this

second prior art transducer is perpendicular to the

faces of the wafer. The output signal of the

30 transducer is a function of a linear combination of

the frequencies of the three resonators 23, 24 and 25

independent of accelerations perpendicular to the
sensitive direction.

The major disadvantage of the second prior art

35 transducer is mechanical <coupling between the



i ndependent of accel erations perpendicular to the sensitive direction. The
maj or di sadvantage of the second prior art 35 t ransducer is nmechani cal
couplirng between the 4 vi brations of the three resonators, which
affects the accuracy of the transducer. FIG 3 shows the body of a third
monolithic 5 transducer obtained by chemical nmachining of a

silicon plate as_(disgcl.osed | . te i i J 314
The body of the th%)lrra& Ofnasn sd£ ctéﬁrgcto}pnxgerel s%e%squgsﬂuoglgéd r %ig\g? r%ﬁfé‘g‘ﬁ% h%T\]/? ng
flexible thin padduescylf arite ecragsahatear. in the formof a double 10
ended tuning fork constituted of two filanents 12 vibrating in antiphase

and two root portions 13 and 14 attached to the supporting frane.

The root portion 14 pis.coBneshédst ek f bvag paft al6tal rihemsnppothiag
frame and the other root portion, 13 is 15 connect ed o .,a Ushape
mobile par? 17TFASAIGRE supPbRITRG f P¥me CEERLCALUL | W her?’ al 2nass.

The fixed and nmbiile-Rargtatdd MUildcBsedoinegird pogshhespbyitheibhexible
portions 15 constituting hi ri%es. 20 A first disadvantage of the
third prior artNe@rads Bldoncerie t Redvnatbquidi®e &E8AfEneFERRSBRCERe

vibratory mechanigalr-£068 9y EHpbB?t&ﬁ?afgﬂaﬁi@EﬂﬁS Hedrirflf VETe {1514 Opp iRSS Of

the nobile part 17.° A second disadva e of the third prior art 25
transducer concep®wtiodrs| bzat dd of relenhitegedn1Shef fdvan igkerai dpubhss 17,

wnich i s prgl udl Shdla t @ i1 d NEOER” TRENAN e PEBBY! Qo Ol AR daNs gycer
jected to rapid varrations in tenperature. Tnthis case,
a difference wppestrsng batweddphatskee and two root portions 13 and
14 attached to the supporting frame. The root
portion 14 is connected to a fixed part 16 of the
supporting frame and the other root portion 13 is

15 connected to a U-shape mobile part 17 of the
supporting frame constituting the inertial mass. The
fixed and mobile parts 16 and 17 are connected
together by the flexible portions 15 constituting
hinges.

20 A first disadvantage of the third prior art
transducer concerns the inadequate confinement of the
vibratory mechanical energy in the two filaments 12,
given the low mass of the mobile part 17.

A second disadvantage of the third prior art

25 transducer concerns the location of the hinges 15 of
the 1inertial mass 17, which is prejudicial to the
thermo-mechanical behavior of the transducer when it
is subjected to rapid variations in temperature. In
this case, a difference appears between the

30 temperature 61 of the fixed part 16 and the
temperature €5 of the inertial mass 17, because
these two parts are connected by the resonator 12 and
the hinges 15, which can be regarded as thermal
filters because of their small cross-section. The

35 mean temperature of the resonator 12 1is then



30 tenperature J[err]1l of the fixed part 16 and the tenperature
[err]2 of the inertial nass 17, because these two parts are connected
by the resonator 12 and the hinges 15, which can be regarded as thernal
filters because of their small cross-section. The 35 mean tenperature
of the resonator 12 is then 5 substantially equal to that of the

hi nges 15 and is_suhstantially_ equal .to rrl]e + r h sjtion of
t he hi nges 15, psaur a‘<1'bﬁae(’%p aoﬁ%ees?%]gn%%t 5‘%%% Jlfs ts% s%‘%%élggl Il;g Saen?fi%%l ly in
line with the raibstantpallivreqdall tod (fhe+ Begofat orThansbsacton dofigl y
the parallel branches ,of the. U shape_ inertial ss 17.extend supstantially
the entire Ieng?ﬂ“%f ques&h;t opfgraﬁjﬁicot?%i %ey Jfltlﬁglteﬁlﬁls ggpaan‘T’on of
the resonator anghdtdhei supporvéngidéanne linareinet A th batiwecedoand

i nduce tensile or conpressjon nechanical stresses in the resonator with a
variation ih frefe tht i i A6 r EESPRAREer BRE eﬂcﬁgrghnﬁg?éel P&t on.
15 FIG darSIM¥B bFanRhic® off tthd €§0BRhEE fidrtdal haiaestapically
controlled oscillator featuring | ow power consunption_and rapid heating as
descri bed in Fr e¥Eeat efitPgppRFéatisn Nde 2, 86l 0854, lenghhi keok hetBei or

art accel erati Qsond fSPSAUCRES 6 rddRge Y, PethedBnal PTMAMSIoh bl Sthe
resonator is designed to deliver a S|gnaf havi ng a frequency that nust be
as stabl e as possedpratemd WAk hofusthe heueberdipg r ranevelly iaxeensptive to
accel erati qp. o 0. espn i f : m
fhose of thY 25 TTHd A e e B e R b e o
poi nt of view, téeressematdn shben inesen@tos conpth ses aveeatddnpain R
and a

frequency that 1is incorrectly interpreted as an

acceleration.

15 FIG. 4 shows a prior art resonator for a
thermostatically controlled oscillator featuring low
power consumption and rapid heating as described in
French patent application No. 2,688,954. Unlike the
prior art acceleration transducers described

20 previously, this resonator is designed to deliver a
signal having a frequency that must be as stable as
possible and which must therefore be relatively
insensitive to acceleration. Thus the functions of
the resonator are different from those of the

25 transducer of the present invention.

From the structural point of view, the resonator
shown in FIG. 4 comprises a central part Rl and a
peripheral part R2 forming a ring surrounding the
central part at a small radial distance and joined to

30 the latter by an intermediate part R4 wherein an
opening 1is formed. The peripheral part R2 is
connected to the central part Rl by a single
connecting bridge R3 which is constituted by the
solid part of the intermediate part R4 and which

35 extends over a small fraction of this intermediate



peri pheral part R2 formng a ring surrounding the central part at a small
radi al distance and joined to 30 the latter by an internedi ate part R4
wherein an opening is forned. The peripheral part R2 is connected
to the central part RL by a single connecting bridge R3 which is
constituted by the solid part of the internmediate part R4 and which 35
extends over a action of this internediate 6 part R4. The
central part R ‘constitutes the active vibratory part of the resonator and
t he peripheral part RBRhd s demdall | zedt n Rl camnag hutadg adties faxiinge 5
means R5 such as_ g cla | ocated i n_an area_of the ri_pher al [

opposi te the si rVglI%eracto%cP?ﬁ t?rﬁ d§8C RS SPEPR Ve ?‘g tﬁglea elﬁe&%%]f]%al

part Rl. This ergesti reentisu iningbSliwde aornnecd s gy oy doet adisevhef 5x tomduct ed
heat flux and provides_good 10 contigl of th%teterr.perature of t

resonator, by mEFRNDIRA FESPeP %l 2nEhEmRe 1258 gnﬁé}a‘?ﬁré‘rggnsoo{eﬂ?eat t he

|l evel of the conheetpnardy i ¢getR3R2 Jhsosttd vaneenksiablparéomheytbigt es in
shear in the direction of the thickness at a frequency in the order of 10

Miz. 15 The vidFEdeR Ricedai e el st EoniGsridtdh RAE Bhtral part

by virtue of the convgxy $hanso@iméit | faeh Qn%i(?fqltehecdrmécf‘@irﬁ% E‘)ﬁf@%eOf the
central part. The main object of this inventionis to renedy 20 t he

di sadvant ages othannels preerdugied t haasduddiuk prdd oRTgvidatri seadby
providing gqmonolithi gy tEANSHUICEL S dede i thd Nec pESREBL & i NmPaRLT cul ar

ﬁﬁﬁ}.
for differential acceleroneter, ]tc e geonetri ca? structure” of which
avoi ds | eakage off vabhaetemalelZhmentheRhaandaktempasagyprer eansexr rR5oaktor to

the fixed the level of the connecting bridge R3. The active

central part Rl vibrates in shear in the direction of
the thickness at a frequency in the order of 10 MH=z.
15 The vibratory mechanical energy is confined in the
central part by virtue of the convex shape of at

least one of the two major faces of the central part.

The main object of this invention is to remedy

20 the disadvantages of the prior art transducers
previously described by providing a monolithic
transducer as defined in the preamble, in particular

for differential accelerometer, the geometrical
structure of which avoids leakage of vibrational

25 mechanical energy from the resonator to the fixed
part of the transducer. The quality factor Q of the
resonator 1is not degraded and mechanical coupling

with another analogous resonator is eliminated, which

improves the accuracy of the accelerometer.

30
Accordingly, the transducer according to the
invention 1is characterised in that it comprises a
second mobile mass part fastened to the other end of
the resonator, a flexible frame around the two mobile
35 mass parts, a first connecting member connecting the



part of the transducer. The quality factor Q of the resonator is not
degraded and nechani cal coupling wth another anal ogous resonator is

el-i m nat ed, which inproves the accuracy of the accel eronmeter. 30

Accordi ngly, the transducer according to the invention is characterised in
that it conprises a second nobile nmass part fastened to the other end of

the resonator, a fle ie{r%e JH&8 eé{’g?ﬂg“#"se ﬁl&r}%%b. 1? ttﬁ5and”%55sé)@&tu§’ a

first connecting ne connecting e second nmass nobile
part and a secorzbrowlsictg ngemeabecotoraEdnignghehef fameetbo tthwe fixed part.
Thus, the flexihility of the frame and the 5 | ocation of the two nobile
mass parts wi t hiff e frame provi de a nechanical filter between the

resonator and the fixmdiartehef tfhedibdnddycensf t haef i fedmepaahd behag
subjected to practically _no vibration fromthe resonator. t%gere i

virtual ly nd 10 1o GFRatfonthe (HE qTQPidy 5R%Sr RIS t He ?onﬁft‘%r and

the accuracy of thanéreapubeiiBst R ovhél@akycdhe EramsguceetwedriTproned
accordingly. According to a prefered enbodi nent, the flexible 15 frame

is rectangul ar TeSRPIEDhpRRSedne ol xebpEbhsCSuldCarftianIGRE al FBE to
the resonator, apd:dao Qbher SEEIAONS ARG alty PyRerdiculiay taot he

resonator and respectively connected to the second nobile nass fart and to
the fixed part byieretiensfrop thgngesepsiercondaliong $revbetsalivienpi rst

connecting ,genmbese DAYL0g; &n Wh At bnkegiai iy the vy, d {he $8cBRdeBRbi | e
mass part, 1and t % secon%l connect %néﬁﬁenbgr ha\Fi ngtda]tc\sflmfdtﬁgl ess than the
| ength of the and the accuracy of the measurement provided by the

transducer is improved accordingly.

According to a prefered embodiment, the flexible

15 frame 1is rectangular and comprises two sections
substantially parallel to the resonator, and two
other sections substantially perpendicular to the
resonator and respectively connected to the second
mobile mass part and to the fixed part by the first

20 and second connecting members, the first connecting
member having a width less than the width of the
second mobile mass part, and the second connecting
member having a width less than the 1length of the
other sections, the widths being those in the

25 lengthwise direction of the other sections, at least
one of the connecting members preferably having a
cross-section in the same order of magnitude as those

of the frame sections.

30 To obtain maximal efficiency of the mechanical
filter, the two mobile mass parts, the resonator, the
flexible frame and the two connecting members have
preferably a common plane of symmetry perpendicular
to the plane of the frame, the two connecting members

35 being 1located at respective intersections of the



ot her sections, the widths being those in the 25 | engt hwi se direction of
the other sections, at |east one of the connecting nenbers preferably

havi ng- a cross-section in the sanme order of nagnitude as those of the frane
sections. 30 To obtain nmaxi mal efficiency of the mechanical filter,
the two nobile mass parts, the resonator, the flexible frame and the two

connecti ng nenbers have preferably a comon plane of symetry perpendi cul ar
to the plane of ‘{rﬁaé“% rad}fg,t%%é&t%e Conrre®iSig ¥enbers 35  being | ocated

at respective interseedddingy ©0b dJdte8 featuzee anfl the plrawnenofon,
symmetry. According to o res of the invention, the nonol ot hi c body

her , f eat
of the transducé#“%dﬂ%??i%%h%ﬁ0%8g§1éﬂ%rt%ﬁaﬁéénéaeﬁeﬁaﬁQﬂfﬁﬁﬁﬁ§fE&?ened

to the two 5 Pl dMS51 A SeabBSREFLhYEkYidsaFd stiesRRS &b aftes Ofwgach

side of the resonator. Theses bl ades can have_a |length substantially |ess
than that of théQRiskhahd$s PArBEdereEBeFESNBLY t REIctiERATR] DU ness

of the transduceéackh d1ge oPOShbi @Bsonftor.t RBesel! #edes iGanthave a

substantially in the mddle of the length of the resonator to prevent
rapi d vari ati on bngignpeylagtart iably i Fesunvizan dehaecdbintleal reseeates, In

order to machi ne. chem, cal ol k t.hi fi t @xﬁ@éj%c Ip.one
step froma pIaI%£o§P§§P kﬁakggpgﬁeogh%ni é?%?%ﬁ%gkﬁggg%gt e Iggegﬂgre
flush with one facEnsduserd plBhe, ipesitidmce ebmovhat |kbadeso the

D¢ ImegyP Sund R ERPIPL | Babl M g BN E e e PRapl ot
bl ades and the ressonedosr have pres@EMonrap i hvaribhéod refCt tempetathee
thickness of thein E%igénggganted mechanical stresses.
In order to machine chemically the monolithic
body of the transducer in one step from a plate of
15 material of uniform thickness, the blades are flush
with one face of said plate, i.e. a face common at
least to the mobile mass parts, the resonator 1is
flush with the other face of the plate, i.e. another
face common at least to the mobile mass parts, and
20 the blades and the resonator have a common width in
the direction of the thickness of the mobile mass
parts.
The fixed part can be inside the frame in order
further to miniaturize the transducer.
25
The invention also concerns a differential
output type accelerometer comprising two acceleration
transducers of the invention. The position of the
second transducer 1is deduced from that of the first
30 transducer by rotation of 180° about an axis parallel
to an axis passing through the ends of the resonator
of the first transducer, the fixed parts of the two
transducers being fastened together to a common base.

According to a first preferred embodiment, the

35 transducers are symmetrical to each other about a



parts. The fixed part can be inside the frame in order further to
mniaturize the transducer. 25 The invention also concerns a differential
out put- type accel eroneter conprising two accel eration transducers of the

i nvention. The position of the second transducer is deduced fromthat of
the first 30 transducer by rotation of 180[err] about an axis parallel to

an axi s passing through the ends of t reso ator e flrst transducer
the fixed parts B5f2 rt%gelp?%f}?g §8 gaﬁlﬁr g{] Fast ened Fogenfqn let olga %ommn
base. Accordi ng gaxriss foff sdaqi eﬁﬂartr}mi terdrogiuesnts . the 35 transducers are
symmetrical to each qther about_ a 9 I al | el pl.anar faces of
the nobile mass part(s)A r@@e}g otfot?neSFFgﬁa 5%? rL &o?“gﬁfglqldq%' s&R%nd
preferred enmbodigivie thes §OPhLEs BESBePaf-hfiest Aad e s al therts xed parts
of 5 t he transducers have copl anar faces, the transducers preferably

bei ng synmedri cathe ot 6ARECEREF BBBAL COR1ANPE FARI elthe ERRNEIRFaRST

faces. Qher feg fléférzﬁmﬂyaséilﬁ%ags%m@ftﬂl%%lpr@&eaacﬁoothlerfveam@@ $h!1  Dbe
apparent nore clearly from e rea.lpégof the foll ow ng detai

description of s¥Xksy aPardbbell nentthefcemeanayyefr¢eh- with reference to the
correspondi ng acconpanyi ng drawi ngs wherein: - FIGS. 1, 2 and 3 are
perspective views of 15 three prior art nonolithic accel eronetric
transducers already cothent dg¢agmres Bnd advankaged dlewtdbe appesentart

resonat or qbreadyn&QHPFQ$GQM9ﬁ_;bb Fggﬁaregt hére f%lé&?ﬁfe%&B%F thl €W

of an
reading of the following detailed description of

several embodiments of the invention with reference
to the corresponding accompanying drawings wherein:

- FIGS. 1, 2 and 3 are perspective views of

15 three prior art monolithic accelerometric transducers
already commented on :

- FIG. 4 is a top view of a prior art resonator
already commented on ;

- FIG. 5 is a perspective view of an

20 accelerometric transducer constituting a first
embodiment of the invention ;

- FIGS. 6A and 6B are front and perspective
views of the transducer from FIG. 5 wherein the
deformations of the transducer when the resonator of

25 the transducer is respectively subjected to flexional
vibration and torsional vibration, have been
exaggerated ;

- FIGS. 7A, 7B and 7C are perspective views of
the mobile parts and of the resonator of the

30 transducer from FIG. 5 showing mechanical 1loads
generated by each of the respective three spatial
components of the acceleration ;

- FIGS. 8A, 8B and 8C are perspective views of
accelerometric transducers constituting other

35 embodiments of the invention with the emphasis on the

10



20 accel eronetric transducer constituting a first enbodi nent of
the invention ; - FIGS. 6A and 6B are front and perspective views of the
transducer fromFIG 5 wherein the deformati ons of the transducer when the
resonat or of 25 the transducer is respectively subjected to flexional

vi bration and t or si onal vi brati on, have been exaggerated ; -

FIGS. 7A, 7B and_ 7 r.e. per ive Vi i parts and of the
resonat or of thénefg‘a%ﬁcragnsl%%g‘{e%ﬂnefesrson? %f tt]%% S ovﬁlrﬁd mechani cal | oads
generated by each of 4 G.esp8ébti viss t heee perspatttveapondmrvws obft hean
acceleration ; -  FIGS. 8A, 8B and 8C are perspective,views of

accel erometric 2CTFATRHE gE%ﬂ%?P?% inSgnSE6¥H5%n§5 & anbdbright s of

the invention widnbddigneiphas sthe thevdltion medtani ¢chle r elaphbséss ofi t he
transducer ; - FIG, 8D is, a perspective view of an acceleronetric
t ransducer %onsﬂ?%Q&ﬁﬁﬁf%F?ERQQEW embodi ment of the invention with the

enphasis on 5 mniatyigatigr ; isFlG@ p8Espk&tide PoFisfectiore aNiew
of an acceleronetric transducer constituting a further enbodi nent of the
i nvention, wth 35T RHRICI hERREARSSRI t FORKE LEMPARSI s Dn BUFFRRFonal

vibratory 10  rgsoh@m¥nt of Fte Inhvend iRRN,SRAAH VRivEEWM O andikiggenti al
accel eronet er of the invention conprising two transducers

substantial |y i desangalwittd ¢ fhe ofMPRESi8E Qi t 1 adde&ianad fvépteheyy
nmeasuring fpans ie§§ﬁ%€éE ; - FIG 10 is a perspective view of
a differentral acceleroneter constituting a different
- FIG. 9 is a perspective view of a differential
accelerometer of the invention comprising two
transducers substantially identical to that of FIG.
8E with associated frequency measuring means ; and
15 - FIG. 10 is a ©perspective view of a
differential accelerometer constituting a different
embodiment of the invention, obtained by machining

two transducers in one and the same plate of

material.
20
Referring to FIG. 5, an accelerometric
transducer TA of the invention essentially comprises
a fixed part 1, a first mobile mass part 2
constituting the inertial mass, a resonator 3
25 constituting the sensitive member, a second mobile
mass part 4, a flexible frame 5 and two connecting
members 6 and 7.
In the embodiment shown in FIG. 5 the transducer
30 TA constitutes a monolithic body machined £from a

single plate of a material such as quartz or silicon
with a wuniform thickness E, width L and height
H1+H7+H5. The transducer TA has the general shape of
a parallelepiped which extends vertically along the

35 heightwise  direction indicated by a central

11



enbodi nent of the invention, obtained by machining two transducers in one
and the sane plate of material. 20 Referring to FI G 5, an

accel eronetric transducer TA of the invention essentially conprises a fixed
part 1, a first nobile mass part 2 constituting the inertial nmass, a
resonator 3 25 constituting the sensitive nenber, a second nobile nmass

part 4, a flexihle f.ra 5.and it nnegi i ng nber, .and .7, e
enbodi nent shomﬁolr}gjﬁ lr}?]t haexjtsrmgzn‘s:%)'uceﬁlﬁg aQFi_ gozstgil%%t elgl Aaqnn%é]nol ithic
body machi ned fgleme aP8i b@l el apratoéd pamailteilaltcsuce afaquear tof ortheili con

with a uniformthickness E, .width. L and height Hl+H7+H5. _The ,trapnsducer TA
has the general S oalm(g bar & B8 %% RﬁFBﬁné&?‘é%?jE ver '?Eit}:eal §°%Y ong
the 35 hei ght Wseche dTaad.J OMhe igkhcatEsl is by plane efnéymhetry of
longitudinal axis Z'Z This axis Z2Z lies in a md- plane PMof the plate
paral l el to’the fidF®StUreETatter and in a plane PS perpendicul ar to the

faces of the plate. Thg pkaRedPYd:s a1pl adesoft seaekr Yp&fablelépeped
transducer. The fixed part 1 constitutes a parall el epiped shape

di sposed at one StARf thlpakl ddfBosRdt IRE Ry SPREREULiBASIEEEY Oafndg]i?%
adapted to be atﬁ@&@eéiftehéh%réhgag&giea% 3R eRgigied N whoye abiegeans

of 10 a case base BA. The fixed part 1 is fixed, for exanple glued,
to the base BA thethwbiteuguire of sarl enaire ebiedt getewn) | §y Uneangpef with

e, 119 BT €L el ShePOSRs LA chate the GEncabd, ongpruc na
t he example glued, to the base BA.

The mobile parts 2 and 4 are each generally U-
shape with the two parallel branches disposed
parallel to the central longitudinal axis Z'Z of the

15 transducer. The cores of the
U shapes of +the mobile parts 2 and 4 are
perpendicular to the axis 2'Z and facing each other.
The mobile part 2 is nearer the fixed part 1 than the
mobile part 4. In the embodiment shown, at least the

20 widths L2 and L4 of the mobile parts 2 and 4 are

equal.

In the embodiment shown, the resonator 3 is a
parallelepiped shape blade having a 1length H3

25 parallel to the axis Z'Z and a rectangular cross-
section defined by a thickness E3 and a width L3
which are respectively 1less than and in the same
direction as the thickness E and the width L of the
transducer TA, respectively. The ends of the

30 resonator 3 are fastened to the respective mobile
parts 2 and 4 and are situated on the facing plane
faces of the cores of the mobile parts. One side of

the resonator 3 facing towards the outside of the

body is coplanar with the corresponding large faces

35 of the parts 1, 2 ,and 4 of the transducer TA and

12



U shapes of the nobile parts 2 and 4 are perpendicular to the axis
Z'Z and facing each other. The nobile part 2 is nearer the fixed part 1
than the nobile part 4. In the enbodi nent shown, at |east the 20 w dths
L2 and L4 of the nobile parts 2 and 4 are equal. In the enbodi nent shown,
the resonator 3 is a parallel epi ped shape bl ade having a | ength H3 25

parallel to thelﬁéi ' e r Gl cgkoppdefingd byra
t hi ckness E3 and a Ivsﬁ%%xﬁe iggwgP%h(\ctg?:g%:é ggggtn%\slzqayé%eés t@Ran EJangicél n the
sane direction amttdreidalhi ckness E and the width L of the transducer TA,

respect Vel 1 prhe SaSon8lant 52 /A oTZSORRAEE, RuBE ARSRETRRLD L1e

respective nobil e pa d-ar acing pl ané faces
of the cores of dhiesimpiie partw€ibr@te sitdeivs treesonesandtmrqurraci amad

t ds th tsi f th dy i I ith th [ I
faces 35 B {RATRIAL §0 PonaoAnGrLPRo 14 aRRa R AR 425 CO Her of or e

of the correspongidgudee oﬁegbarphgte&frdmtteri al . Thbe res@RitYyr 3 has
el ectrodes (not shown) for causing It to vibrate at its resonint frequency

and 5 adapt eI HerRbANFAOEREES ahlBELPIRALBr Und TPESEoPPddYencdS

neasuring circuifge frequéhBiekes@ratosuc Pieberabbysvi kird eshifgxional l'y
or torsionally, as the frequencies of such vibrations are highly sensitive

to the tensile oPerdlipiessionthoreenaidbe el GOMPresntPR ulPHEF| §XBRTEAe
fesonator upen tengpthdfdPeP PA'tnd GARBELUY WhdandGhbb el e TRASS! S

subj ected to an acc ration. e resonator 3 can have other constitutions
part 2 constituting the inertial mass is subjected to

an acceleration.

The resonator 3 can have other constitutions
than that of the parallelepiped shape blade of the

15 embodiment shown 1in FIG. 5. For example, the
resonator 3 may be of the double tuning fork type
with two or three blades as described in the prior
art documents, U.S. Patent No. 4,215,570 (EER NISSE)
and U.S. Patent No. 4,594,898 (KIRMAN et al.).

20 With reference to the electrodes for causing the
resonator 3 to vibrate, wvarious constitutions are
possible depending on the nature of the material
constituting the monolithic body of the transducer.
In the case of a piezoelectric material such as

25 quartz, for example, it is advantageous to wuse
electrode configurations with two or three conductive
strips as described in French patent application No.
2,685,964 in the name of the applicant. Other means
of imparting vibration may equally well be used, for

30 example means based on the electrostatic effect.

With reference to the resonator 3 and the
electrodes for imparting vibration to it, it must be
understood that the scope of the present patent
application encompasses such variants and more

35 generally any others constituting equivalents.
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than that of the parallel epi ped shape bl ade of the 15 enbodi nrent  shown
in FIG 5. For exanple, the resonator 3 may be of the double tuning
fork type with two or three bl ades as described in the prior art docunments,
U S. Patent No. 4,215,570 (EER NISSE) and U.S. Patent No. 4,594,898 (KIRVAN
et al.). 20 Wth reference to the el ectrodes for causing the
resonator 3 to vibrate, various constitutions are possible depending on the
nature of the material constituting the nonolithic body of the transducer.
In the case of a pi ezmel®d rembodimsnal skoeh aa 25G. Guartie fiexibexanpl e,

it is advantageous 0, use electrode configurations with two or three
conducti ve stH[ﬁf%ﬁ?déseﬁ?béd4§?§Q49ﬁ§?$a.% € aFBPFRYEI GRINGES 2M388, 964

in the name of t}e appl i . sideker foRaRe Obyl NParil Ng1¥pbpadli OshaBY
equal ly well be used, for 30 exanpl e neans gased on the electrostatic
effect. Wth ref¥8@heds o Xlhe Pésonator F-and The elerdtddy f6f i Farting

vibration to it,sddefBisd Be whderss ood thakihle SCOPenel 2tHg pfeseshgpat ent
application enconpasses such variants and nore 35 general ly any others

constituting equihelentrecteqigulam chesembegtaens sioan dafimed by tae
Si des o med by RPN el ot e aihpe 81 Sdi Ghe oTIL, iByR (B
The length H5 refspetieivelyiomstihd dhdesions paf athelwidthhk ardstidez and
(et 1ot 3900 4 SL RTS8 AL SSRLARRY 1 COTIRA A INHECSS L]
and the 10 t hi skdeSs aoé the samastemethTA in The décécbhsn53fantde54
have the same lQQgéphLLigfjgiéﬁ{fgﬁééﬂhég {X? The section 53 1is at

the longitudinal end of the transducer opposite that

at which the fixed part 1 is disposed. The section

15 54 is disposed between the fixed part 1 and the core
of the first mobile part 2. The rectangular cross-
sections of the sections 53 and 54 are defined by
thicknesses H53 and H54 parallel to the axis Z'Z and
by a common width E in the direction of the thickness

20 E of the transducer.

The flexible frame 5 surrounds the mobile parts
2 and 4 and is connected to the mobile part 4 by the
connecting member 6 and to the fixed part 1 by the
connecting member 7.

25 In the embodiment shown in FIG. 5 the connecting
member 6 constitutes a parallelepiped shape Dblock
with dimensions H6, L6 and E in the directions of the
axis Z2'Z, the width L and the thickness E of the
transducer TA, respectively. The connecting member 6

30 is attached to the section 53 of the frame 5 and to
the mobile second part 4.

The connecting member 7 constitutes a
parallelepiped shape block with dimensions H7, L7 and
E in the directions of the axis Z'Z, the width L and

35 the thickness E of the transducer TA, respectively.

14



width L of the transducer TA. The section 53 is at the | ongitudinal end of
the transducer opposite that at which the fixed part 1 is disposed. The
section 15 54 is disposed between the fixed part 1 and the core of the
first nobile part 2. The rectangular cross- sections of the sections 53
and 54 are defined by thicknesses H53 and H54 paraIIeI to the axis Z'Z and
by a conmmon w d

d h h
transducer. The eﬁog}neeq‘q:raplrﬁra%%nlbbol?%%nf E t o %?SCS [chglr% ssezc cpl}?and is

connected to the frahid Ermrret 54ebyitﬁte trmﬂrfeciemg)amﬂhe.r 6 and to the fixed

t 1 by th od t sh
PPS 5 the conmont ot SR fu ZRa 28, %%Mﬁ%ﬁ%ﬁéﬁ@%ﬁ? k"

wi th di mensi ons d8&sh L& aHb E;drfhetdﬁrd; mestgeans @farddher.axis Z2'Z, the width L
and the thickness E of the transducer TA, res ectivel The connecting

menber 6 30° is attddfedPROLhEREECHOGY 5]F ofthenet ¥3LsRNGE BN d A A1FR

nobi | e second paffcrudeldie twoCONAESE i 881 ariﬁmeb lakar 411l &Siped@
paral | el epi ped shape bl ock with dimensions H7, 7 and in the directions

of the axis Z zshare phades 8hdams 82 iisppesthedle FOBf oRigh tSrJe#%d%er TA,
respectively. 14y Eégﬂﬁg?aﬁc ing rﬁ@&@?%ﬁet'h% g iaededgi oahhe sszecllEégn 54

of the franme 5 and to t Ixed part 1. T pl anes PM and PS are anes of
symmetry of eaclensdst hfagbanedt i rigp netﬂb@rsm@baﬁé 7.pEts 2 aTWe 4,

(r:rggloglngrl gaér?gld?/e d&?&di ducflé l@e@ ng %gﬁgegﬁé%ﬁégtéoﬁa‘%%gﬂgzsl de of
t he resonator:3paﬁa&1ebftohehbladess81'&nd383uba$ant1ally less than
the length H3 of the resonator, which imparts to the
blades a high flexural stiffness, promoting the
mechanical robustness of the transducer TA. The
15 length H8 of the blades is generally between H3/10
and H3/2.

The position of the blades 81 and 82 parallel to
the axis Z'Z is preferably substantially in the
middle of the length H3 of the resonator 3, so that

20 the U-shape mobile parts 2 and 4 have branches
parallel to the axis Z'Z of substantially equal
length. This position of the blades prevents the
resonator from being subjected to unwanted mechanical
stresses when the temperature of the transducer TA is

25 not uniform, as is the case when the case base BA is
subjected to rapid variations of temperature. In
this case a difference arises between the
temperatures of the mobile parts 2 and 4, the mean
temperature of the resonator being substantially

30 equal to that of the blades 81 and 82 and having a
value substantially equal to the mean of the
temperatures of the two mobile parts.

If the blades were not substantially in the
middle of the length H3 of the resonator 3, thermal

35 expansions, along the axis Z'Z of the resonator, of

15



ends fastened to the nobile parts 2 and 4, 10 respectively. The length
H8 of the blades 81 and 82 parallel to the axis Z'Z is substantially |ess
than the length H3 of the resonator, which inparts to the blades a high
flexural stiffness, pronoting the nechanical robustness of the
transducer TA The 15 | ength H3 of the blades is generally between

H3/10 and H3/2. The sition_of th ade nd. 8 aral | t axi s
Z'Z is preferabl esugﬁfagﬁtsi af”l'lg i?ft &’éern' lﬁagél%f ch%%tﬁoerﬁqg)tlﬁ%hg%: []E;ee
resonator 3, SO Bdladncdd. tIEhid) sbape omlsd etepails o2 eomprdsshane
branches parallel to the axis Z Z of substantially e | engt h Thi s

| ]
position of the ML FevefESHES esdRat or'F r orﬁeﬁg):#‘r%oﬁbj HiEBy 13

unwant ed ”EChani@c@fréé];SMﬁ‘igVmﬁﬂe&lﬂén&ﬁnpeéﬁﬁutﬁoﬁf thett r anseieerpdA is
25 not uniform as is the case when the case base BA is subjected to
rapi d vari ali onstRECEERet At dEerPreteq na$  aBas@ccederafiipfier encehe

ari ses  between,osithtod BAPesARESoPigdNesBPEd R PATTS 2n aPle 4mili§€e MEAN
tenperature of the resonator being substantially 30 ‘equal to that of the

bl ades 81 and 8X%nth@alepgth Udl € SSstRaRANAYIL cuRCEREFRCPeUALBf t he
t enper at ures of Eﬁpﬁf eﬁ@ﬁéﬂlx_ga@?"{&%tﬂ{st@fs%@%@a re not substantially
t he or t

in the mddle of engt e resonator 3, thermal 35 expansi ons,
along the axis Z'Z ofInhéheesembodiment i lustdetds adas BHE- ofS,t hehaobil e

parts woul donot pebal gpcegne  pilidediOyhd RHS8 ! eASL] £q Of SRATRILSEHEN
mechani cal stresses in he resonator wth a correspondi ng
frequency vari atexvethat wiultthebdodly ofHctheedidansduntesy priet edopdanaan

accel erati on. WE@E a face common to the mobile mass parts 2 and 4

and more generally to a face of the plate of

material, the side of the resonator 3 facing towards

15 the exterior of the body being coplanar with the

other face of the plate. The blades 81 and 82 have a

thickness E8 in the direction of the thickness E of

the plate equal to the thickness E3 of the resonator.

Moreover, the thickness E3 = E8 of the resonator and

20 of the blades is less than half the thickness E of

the plate. The thickness E3 = EB8 is generally
between E/20 and E/4.

The shapes and the dimensions of the resonator

and of the Dblades allow chemical machining in a

25 single step to fabricate the monolithic body of the

transducer TA. To this end, and prior to the

chemical machining, the two faces of the plate of

material are each protected by a mask having a

geometrical pattern that is the same as the face

30 pattern of the transducer. Accordingly, the fixed

part 1 and the mobile parts 2 and 4, the flexible

frame 5 and the connecting members 6 and 7 are

protected on both faces whereas the resonator 3 and

the blades 81 and 82 are protected only on their

35 faces which face towards the exterior of the body of
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positioning of the blades substantially in the mddle of the |Iength H3 of
the resonator in accordance with the invention avoids this disadvantage. In
t he enmbodinent illustrated in FIG 5, the 10 faces of the blades 81 and
82 facing towards the exterior of the body of the transducer are copl anar
with a face common to the nobile nmass parts 2 and 4 and nore generally to a

face of the plate of_mterial, the side_of the.resqnator .3 facj owar ds
15 the exteri (ﬁ‘eoftﬁ‘—ﬁés %?ﬁ/f bei ﬁaergﬁﬁﬁgng?c@lpﬁ thsot heern ?eafcf;eqco#eét{\ﬁe
pl ate. The bl adesinill Atk haveramt WaknessacE8 idf t hhediplectd onoofarn he

t hi ckness E of the plate equal to the. thickness of the resonat
NMor eover, the tlIfi (E%Dq‘%‘ Eééof' tEﬁé're ‘feorEgnaszgesso%S}\% Bg*%l’des is
| ess than half tdhe t&iekies§sdepeh tfe -pE3dte.is gdéeret htBkAeEY2 Bnd= E8

is generally between E/ 20 and E/ 4. The shapes and the di nensions of the
resonat or ahd offdIRFbinHes S iohFERdninate i} iPmeves 250 maFhiRe step

to fabricate thedmonotiddithdadcrdy tTcdt BaedUedm Jdkh fad&s &hHi€neend,

and prior to the chemcal machining, the two faces of the plate of
materi al are eadh 3ot ekeederympl gaBRtHaONN§he Febider kgt patard nthdat is

the same as theé@:ﬁ@ié@ 54 PRE LD fd r cer . Accordingly, the
the m)blli

fixed part 1 an e parts 2 and 4, the flexible frame 5 and the
connecting nmenbers 6 and 7 are protected on both faces whereas the

resonat or q?and t he bfﬁaede% %]ra%'l% 8t2ﬁgr ﬁ%}%ogt&%%%%uggt yeggr ;ﬁg%grﬁged faces

whi ch face towards the exterior of sducer.
Chem cal nachi nimext swiihbn reffeartne stouFT&8eotH yahd obBhotwh ifcdreshow t he

plate to an the advantages of the particular arrangement of the
mobile part 4, the flexible frame S5 and the
connecting members 6 and 7, and FIGS. 7A, 7B and 7C,
15 which illustrate the mechanical behavior of the
mobile part 2, the resonator 3 and the blades 81 and
82 of the transducer when subjected to three spatial

components of acceleration.

20 FIG. 6A is a face view of the transducer TA from
FIG. 5 when the resonator 3 is subject to flexional
vibration parallel to the faces of the plate of
material. The deformations of the resonator 3, the
flexible frame 5 and the connecting members 6 and 7

25 correspond to the amplitudes of the vibration and
have been exaggerated to make the drawing easier to
understand.

The interpretation of these vibratory phenomena
is as follows.

30 When the resonator 3 is subject to flexional
vibration at its resonant frequency, it applies at
its "built in" ends an alternating shear force R and
an alternating bending moment C to each of the mobile
parts 2 and 4 which are therefore subjected to

35 alternating displacements the main component & of
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etching depth (E - E3). Since E3 is less than E/2, the etching depth (E -
E3) is greater than E/2 and 5 accordingly sufficient material is renoved
to machine as far as the etched | ocations fromboth faces of the plate, for
exanpl e between the nobile part 2 and the section 54 of the flexible franme
5. 10 The operation of the transducer is described next with

reference to FI . d_6 e jyar ul ar
arrangenent of t écqnﬁblf%]ea ggﬁﬁgigglgphg T]‘thlql%qb?‘gg a?ﬁé ?ECEQ and E}ﬁ
connecti ng nmenbegrlate aM?peapdnahGSlai‘AtdBtlaedcéﬁtrlaa lcmgncltudmaljstrate
the nechanical __heh f _the bil.e part 2, t.he resonat or and the
bl ades 81 and 82*9f t raﬁ%dﬂég? &ﬁgndgﬁ Jltralgt ee(?stlgrthreeu%paﬁ%af &
conponents of aagts efﬁp]mnexﬂ-ﬁut 8 of thd @oliAd partfndmsimyernfshidien
transducer TA from FIG 5 when th reso or. 3 js subject to fle nal
e L A dteater f ohRe ahel AERe A naf opiBEatidey o7 OHE

def ormati ons of ddwprfsnnat orrm, réQh%WXIsblﬁsfm@&h Ssradidl d e teanness i ng
menbers 6 and 7 25 correspond to the a I|tudes of the vibration and have

been exagger at ec®$4rak@et FéSdr R nhPBaSOB 1o Ritflet st @ndlucthegreater

interpretation oéhatrheﬁﬁayl brakey FRSHAENA | STAS of Al - a Bfernating Wen
the resonator 3 is subject to flexional vibration at its resonant

frequency, it apbliselacamsnts Sp@f tthe mokdd carParter datang §he%<‘rlu$%$ce R
and an alte ﬁ”at'f&é@d‘d{ri‘ﬂr%%ﬂt gg < a_LCh rﬁélif‘@démgfl Héarffeglﬁ

whi ch are therefore subjected to ter I ng displacenents e ma n

conponent 8 of fivtame &hi thrionigh ttrtemsilatemnecrbaaayl off ttdhet h@omlaeetlmﬁ t he
member 6. Since the mobile parts are inside the
frame, the forced vibration of the frame is

principally of the deformable parallelogram type,
15 i.e. the four sections 51, 52, 53 and 54 of the frame
are essentially subjected to flexional loads, and not
to tensile or compression loads as would be the case
if the mobile parts were outside the frame. The four
sections being flexionally flexible, the fixed part 1
20 receives only very small alternating loads due to the
alternating deformation of the frame 5 through the
intermediary of the connecting member 7. The
alternating loads received by the fixed part are
principally a force r and a torque ¢ the respective
25 magnitudes of which are very much less than those of
the shear force R and of the bending moment C applied
by the resonator 3 to each of the mobile parts 2 and
4. For example, loads r and c one hundred times
smaller than the respective loads R and C can be
30 obtained.

Accordingly, the flexibility of the frame 5 and
the location of the two mobile parts 2 and 4 inside
the frame characterize a mechanical filter between
the ©resonator 3 and the fixed part 1 of the

35 transducer, said fixed part being affected very
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pl ate and perpendicular to the central longitudinal axis Z' Z. To nmake the
drawi ng easier to understand, the displacenent [err] of the nobile parts

has been shown 5 as greater than the anplitude A of vibration of the
resonat or. In reality, [err] is nmuch smaller than A since the mass of
the nobile parts is nmuch greater than that of the resonator. This smal |

alternating displ.acenent [err] _of the nobile parts 2 and 4 cayses 10
forced vibrati oﬁlg:ft%ﬁaw IYJ?}E’JH%Q{)?H‘? hg’%f Fg% BPEOPPERE 5, THFSUgh® t he
intermedi ary of drieafpmecpiagt beabey n6. deddatidre obbithe paudbitay e
inside the frane, the forced vibration of the fra is principally of the
def or mabl e par al 1% ath Rfpethes reqo.né.totrhea‘?%uftg‘éec‘i’?‘g%a%l, 052,“5% and

54 of the franme £ 855t abinbvsdlideched dre f kexineiRlceroads, eneréey to
tensile or conpression | oads as would be the case if the nobile parts were

out si de the5fran?'§éf.lprm(=,ecf-our sections being flexionally flexible, the fixed
part 1 20 receives Qnly V&l STJ @ IRfdatéAg 4ipadsodbrid® héfoers

alternating deformation of the frame 5 through the internediary of the
connecting mentlerand, 7 amgesgbiechatihgalteanstingcainfedebincipellyi xed

part are principally,a{ Oégf%xﬁﬁgoﬁst LQU§ 181t NG r@ﬁﬁe%ic\é% %ffor‘gléeR and

magni t udes of whi'ch are very ess than those of the shear
of the bendi ng nmiere Gfappltieed ady t hBhiesdmatlec8use edchhe shwibabile

parts 2 andg,4. For. .ex | e l,0oads_r...an ne,_hundr t.i nes | Ler than
t he respecgf)ve Roe ”ﬁ“g‘% Efcatnhebe%%tgng%?%?né:ﬁs ccsge% |1r?g Sy, %{‘Tﬁéfﬂ?
flexibility of tdwedframe.B) andft hehkocabnmectfinghe Membarsbi |@ pamds 2 and 4

o de e [1ane charsct el ge 8 MERIATLCRL 1)) ol et phen Lig Laspiator S
affected very l8ross-sections (L51.E), (L53.E) and (H54.E) of the
four sections 51, 52, 53 and 54 of the frame. As a
15 result, the connecting members 6 and 7 have a
flexional flexibility which is significantly less
than the flexibility of the frame but which
nevertheless makes a small contribution to the
effective mechanical filtering of the vibrations of
20 the resonator.

The reader will remember that the alternating
displacements and deformations whose amplitudes are
represented in FIG. 6A constitute the principal
vibratory phenomena operating in the transducer. In

25 reality, they coexist with other vibratory phenomena,
of lower amplitude, for example alternating rotation
of the mobile parts 2 and 4 about the central
longitudinal axis Z'zZ. This alternating rotation of
the mobile parts is caused by flexional vibrations of

30 the resonator 3 and is due to the fact that the mid-
plane wherein these vibrations occur does not pass
through the axis Z'Z which is a main axis of inertia
of the mobile parts 2 and 4. The alternating
rotation of the mobile parts generates alternating

35 torsion of the flexible frame 5 about the axis Z7'Z,
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little by the vibrations of the resonator. There is therefore practically
no degradation of the quality factor Q of the resonator and the accuracy of
the neasurenment provided by the transducer is thereby 5 i nproved. Still
referring to FIG 6A, the coupling nmenbers 6 and 7 are subject to
alternating and principally flexional deformations parallel to the faces of

the plate of gl doreiJhie ScRepsuseyolod Nenst Bl Mhandpottuges o

t he rectangul ar Cross-secii ons e connecti ng nber s
6 and 7 transverzel yheo fhxedxipmr® Zlandnihe a eveaygulavw crlossersscinons

(L51.E), (L53.E)_ and (H54. f the, foyr, sections 51 2,93 and 54 of the
frane. As a 15 t“ﬁé&@?ou?h ec%ﬁﬁh%c#i g %ﬂfﬁe?’?r%ﬁogn%orﬂu%}v%s a
flexional flexikidlyyawaeghigsbiegninfflemndey dresshehat felidid vellems bofity

of the frame ut whjch.neyert hel ess nmakes smal.l. contri bution to the
effective necharti Im?F"‘FQF'Fﬁ o#lh}trﬁe”tf?%r i ohRe ofV BFaAtIME [ 8BEondhDr. The

reader will renmatiindddt. t henhakt ergiatiidhgldi sppecenpnls ed sgpndiméd ons
whose anplitudes are represented in FIG 6A constitute the pri nmgal

vi bratory phenorgha™p& adeigiiln tReeingdsqticeln | Rh95 CORBaXFtyOLt Ry

coexi st Wi th ot heyyaidHAtl oFdbRNNAMENS ot doner anplitude, for exanple
alternating rotation of the nobile parts 2 and 4 about the central

| ongi tudi nal axis z' MoreThgsnareéliat itRFawraat Pén Wie t Rderdbilld tyares is
caused by f}exi L bnat sonsg.f tel NEFEESLRRL® d s g tget he

¥id
fact that the md- p?ane whérein these Vi %ratlons ogcurl goes not pass
t hrough the axi sti® Z alietndtsing netechaiiscaf |ileads a eferte@d bwbitke parts

2 and 4. Tqﬁobﬂé e%@?:ttianZ r %Hx%lt i gn OQ'I E:HS @&M@c@f‘t{é S ndfibR: At §5

al ternating
Nevertheless, for more effective mechanical

filtering, it is preferable for the mobile parts 2
15 and 4, the resonator 3, the flexible frame 5 and the
connecting members 6 and 7 to have the same plane of
symmetry PS perpendicular to the faces of the plate
of material and passing through the axis Z'Z, as
shown in FIG. 5. In-a variant wherein there 1is no
20 such symmetry, whether as a matter of deliberate
choice or as a result of imperfections of
manufacture, the alternating mechanical loads
transmitted through the fixed part 1 are of greater
magnitude than those corresponding to the symmetrical
25 implementation, but in general substantially lower
than the magnitudes of the lower alternating loads R
and C applied by the resonator 3 to each of the
mobile parts 2 and 4. The above remarks show that
the effectiveness of the mechanical filtering is
30 relatively tolerant to manufacturing imperfections
and that the transducer of the invention is well

sulted to manufacture at low cost.

The embodiment of the transducer shown in FIG. 5

35 can equally well accommodate a resonator 3 subject to

20



35 torsion of the flexible frane 5 about the axis Z'Z, 19 t he
torsional flexibility of the frane transmtting to the fixed part 1 only a
very l'ow alternating torque about the axis Z' Z. This very |ow torque has
only a negligible influence on the effectiveness of 5 the nechani cal
filtering of the vibrations of the resonator. This torsional aspect wll
be explained in re detall her fter dn t co t,of orS|o I _
vi bratory reson or oﬂ?bre geng)rgalﬁ% becauseq-'o éoeif eX|b é ané?l t he
frame 5, the | attireinsafdfrectliywedoy thd tfearcxesrms& tdfe tpfieat'ﬁl toeft Imt’aewgarﬂecham cal

| oads exerted by the nDblle parts 2 n onnec

Nevert hel ess, for 10 petdS C8FFect ﬁ%ﬁﬂ%ﬁ?‘%%l o ﬁ?@%"%gmf?a‘%
preferabl e for tapp Iy 118y petié Srésdﬁatoﬁnﬁo4théh&ob&&en@bmtsi%2 tdred f4 exi bl e
frame 5 and the connecti ng?rrerrbers 6 and 7 tq hav the sa Rl ane of

symetry PS per feili RaFat et the FveBlBRSt hE AUt SBFInER Bt Dassi ng

through the aXi & Z, 2880889M814N Fhibjezted N foVakmant Wr@l@éfhémﬁ@ i's no
20 such symetry, whether  as a matter of del | berate choice, as

a result of diSRIAIERENGhs thof Bauf KAMBAICNL ¢ 1R HiER nat$ nga
mechani cal | oads; {daNsivd tg6r d}%@ﬁ@HSHléPetU xafk PRited BKE t@Ie gbEAEET

magni t ude than those correspon to the symetrical 25 I npl enent ati on,
but in general substp@tents IovveiI'hﬁ-‘haght h&hgagrintgg@edifanhe dowethe

alternati ngo Illf)ad‘%1 (g%%lr% apRldash oYy t6he r@ﬁg%gt or rﬁaiﬁ? eagftg;_?é@ﬁngobl |l e

parts 2 an ve remar Ks show’t hat & ef Pectiveness
mechani cal filtetismlacemdnts r efattiheel pobbDle@r partst cavmauf atternaging

mper fections ang L hat LG, 5ANSEYCSEoPleddS dPVER Plek Y€ brane s,

the sections 51 and 52 of which are deformed

principally in bending parallel to the plane PS and
15 the sections 53 and 54 of which are deformed
principally in torsion about their respective central
longitudinal axes. The four sections 51, 52, 53 and
54 being flexionally and torsionally flexible, the
fixed part 1 receives only very low alternating loads
20 due to the alternating deformation of the frame 5
through the intermediary of the connecting member 7.
The magnitudes of the alternating loads received by
the fixed part are very much lower than those of the
loads applied to the mobile parts 2 and 4 by the
25 resonator 3. Accordingly, in a similar way to the
resonator subject to flexional vibration parallel to
the faces of the plate of material, the fixed part 1
is only very slightly affected by the vibrations of
the resonator so that there 1is practically no

30 degradation of the quality factor Q of the latter.

FIG. 6B is a perspective view of the transducer
TA from FIG. 5 when the resonator 3 is subject to
flexional vibration about its central longitudinal

35 axis parallel to the axis Z'Z. As in FIG. 6A, the
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® of the mobile parts has been shown as being
substantially as large as the amplitude Q of the
torsional vibration of the resonator. In reality, o
is much smaller than Q, as the rotational inertia of
the mobile parts is much greater than the torsional
inertia of the resonator. Through the intermediary
of the connecting member 6, this small rotation o of
the mobile parts around the axis Z'Z causes low-
amplitude forced vibration of the flexible frame 5,
which 1is deformed in torsion about the axis Z'Z.
This torsional distortion of the frame mainly
comprises, for each of the sections 51, 52, 53 and 54
of the frame, torsional deformation about its central
longitudinal axis and flexional deformation
perpendicularly to the faces of the plate of
material. The four sections being flexible in
torsion and in flexion, the £fixed part 1 receives
only very 1low alternating 1loads due to the
alternating deformation of the frame 5 wvia the
connecting member 7. The alternating loads received
by the fixed part are mainly a torque t the magnitude
of which is very much less than that of the torque T

applied to each of the mobile parts 2 and 4 by the
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par al

degradation of the quality factor Q of the latter. FIG 6Bis a
perspective view of the transducer TA fromFIG 5 when the resonator 3 is
subj ect to flexional vibration about its central |ongitudinal 35 ax
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In a similar manner to the flexional vibratory
resonator, it is also preferable for the mobile parts
2 and 4, the resonator 3, the flexible frame 5 and
the connecting members 6 and 7 to have the same plane
of symmetry PS as shown in FIG. 5, so that the
mechanical filtering of the torsional vibrations is
as effective as possible.

Thanks %o the flexible frame 5, leakage of
energy towards the fixed part 1 at the resonant
frequency of the resonator 3 (a few tens of kHz) is
reduced as much for flexional vibrations as for
torsional vibrations. However, the mechanical
strength of the transducer is not degraded in the
working frequency band (from D.C. up to a few hundred
kHz) .

FIGS. 7A, 7B and 7C are fragmentary perspective
views of the transducer TA from FIG. 5, limited to
the resonator 3, the blades 81 and 82 and the mobile
mass parts 2 and 4, the intention being to show the
main mechanical loads exerted by the mobile part 2 on
the resonator and the blades when the transducer is

subjected to each of the three spatial components of

23
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materi al . The four sections being flexible in torsion and in
flexion, the fixed part 1 receives 30 only very low alternating |oads
due to the alternating deformation of the frame 5 via the
connecting nmenber 7. The alternating |oads received by the fixed part are
mainly a torque t the magnitude of which is very nuch | ess than that of the
torque T 35 appll .each of_t nmohi | e part nd 4 hy the 22
resonator 3. Thé& eieedf 1 it Jfﬂéré:feoérege %&y@}éﬁﬁhtr‘??c}é?q]e Aed by
the vibrations afodd¥e &espted oby aﬂda t:h@bﬂeSphbrer@‘orEh@r palriteal thatho

degradation of its quality factor Still ref rri o FIG
6B, the conne@tqengn?i’énﬁ ¥, g earndth9 tixed Riftecl: S ng
deformation principa ly éﬁldtﬂlﬁél@ﬁanQHheEEQnQXm%mZeZs 6 athe 71 aigvonal
flexibility of the coupling nenbers, although significantl | ess t han

that of theS10 PHAGEMAILY raPeinfkiRBSea S8 LR MMPPLLE| BATLO 4 Hean
ef fectiveness tcﬂere?ﬂcﬂee béme%a!ra@h ﬂsf 'c‘ii@éé@ﬂy £Oke¥l At | OpS9fe t he

resonator. In a sim manner to the flexional vibratory resonator, it is
al so preferabl e fora thesewbi | e parts 15 2 and 4, the resonator 3, the

flexible frame 5 and the connecting nmenbers 6 and 7 to have the sane pl ane
of symmetry PS as shown in FIG 5, so that the nechanical filtering of the
torsional vibrations Refeasciafd ectd veF'd8. po3di bl &he20 acceleraftiamks ['{o the

(Lol BEaTe oo Bl BPPLAY ORI it at e

much for flexi omsdtestinint eppdias ftoy thesimmsainatddbr at |aon3;ong1tudtha®ver,

the mechanical tensile force P17 and, to each of the blades 81 and
82, a longitudinal compression force Qi, a transverse
flexion force N7 and a transverse flexion torque Vj.

15 Other mechanical loads (not shown) are exerted by the
mobile part 2 on the resonator and the blades, but
their role is not essential to the operation of the
transducer. These other forces are ignored here to
simplify the description of the phenomena.

20 The expression for the force P; is obtained by
solving a system of equations which represents the
equilibrium of the mobile part 2 and the mechanical
behavior of the blades 81 and 82, A force is
obtained proportional +to the acceleration Iy and

25 substantially equal to:

P = [HG/(E - E3)]M[y
where
- HG 1is the distance Dbetween two planes
perpendicular to the axis 72'Z, the first plane lying

30 halfway along the blades 81 and 82 and the second
plane passing through the center of gravity G of the
mobile part 2, and

- M is the mass of the mobile part 2.
The ratio [BG/(E - E3)1], the multiplier

35 coefficient of MI'{ in the expression for the force
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25 strength of the transducer is not degraded in the working frequency

band (fromD.C. up to a few hundred kHz). FIGS. 7A, 7B and 7C are
fragnentary perspective 30 views of the transducer TA fromFI G 5,

l[imted to the resonator 3,

the bl ades 81 and 82 and the nobile nmass parts
2 and 4, the intention being to show the main mechani cal
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respectively :

(AF)1 = kP1 = k[HG/(E -~ E3)]1 MI{
where k is a coefficient dependent on the nature of
the vibration of the resonator, for example flexion
or torsion, the geometry of the resonator and the
characteristics of the material, for example quartz
or silicon.

The variations in the frequency F are
proportional to the acceleration I applied
perpendicularly to the faces of the plate of
material. For example, it is possible to obtain a
frequency variation of 20 Hz/g for a resonator
subject to flexional wvibration at 50 000 Hz and a
transducer designed to measure up to 100 g. With
reference to FIG. 5, the dimensions of the monolithic
body of this transducer are Hl + H7 + HS5 = 6 mm, L =

4 mm and E = 0.4 mm.

Referring to FIG. 7B, the acceleration I’y
applied parallel to the axis Z'Z principally applies
to the resonator 3 a longitudinal tensile force P»
substantially equal to (1/2)MI' and to each of the
blades 81 and 82 a longitudinal force Qo
substantially equal to (1/4)MI's. These forces change

25

the

but their



obt ai ned proportional to the acceleration rl and 25 substantially equal
to: P1L =[HG (E - E3)]Merr] where - HG is the distance between two
pl anes perpendicular to the axis Z' Z, the first plane lying 30 hal f way
al ong the bl ades 81 and 82 and the second pl ane passing through the center
of gravity G of the nobile part 2, and - Mis the mass of the nobile part

2. The ratio H 3) ] e I | ier coef.ficl.ent of
Merr] in the ef{)r e%/scéﬁ?nl fwglrl_:er% ﬁehef acq;e]f?é O%[ err%r ]C%%éle?ﬁsbgjlétlse%eig T
several units, for exane einiar iManudd tre the ipoeddritded sitteaeebdpwres:sf on for

the force P1 is n al ge ralc eJ{)rIesthBé whi ch transl ates 5 . ﬁ

that the force LR e B DRI 1 Wi %Ce
conpressi on foras onh‘ihn ra&ﬂmabﬁr the reBefnatbhe cansed enatvariat bom |
changes di rectlon The, tensile or conpression force Pl which acts 10 on

the resonatdr caf¥ee JanvéFF‘affleéﬁnaPﬁF)ﬁr‘?%lané’ s oABNtPFEEGSENQF P an

increase or a defd@asfse ) esffisddtviateny {[err]F)1 = kP1 = k[HG (E - E3)]
Merr] where k is a coefficient dependent on the nature of 15 t he
vibration of the resonator, fofABkarpl’ePs 1%xf ol @Mi2rsion, the geonetry

of the resonator andqifie ﬁf@cﬁ@&ﬁ@;}'@éffét%nt%w?t 8K Qjenéxoilﬁ%aITQe@

quartz or silicon. The 'variations requency are
proporti onal ttdan t fde Haesgvensy ovaripgiop (éﬁbuueﬁor the Same

10 magnitude of the accelerations I'7y and I'p. Thus,
reverting to the previous example of (AF)q = 20 Hz/g,
it is possible to obtain (AF)s = 2 Hz/g.

Referring to FIG. 7C, the acceleration TI'3

15 applied perpendicularly to the plane PS of the
transducer principally applies forces N3 and V3
perpendicular to the axis Z'Z to each of the blades

but applies virtually no tensile or compression force

to the resonator. As a result there is practically

20 no frequency variation (AF)3 of its frequency F.

Knowing the variations of the frequency F of the
resonator for the three components I'y, I'>2 and I'z of
the acceleration, it is advantageous to combine two

25 transducers of the invention. The position of the
second transducer is deduced from that of the first
transducer by rotation through 180° about an axis
parallel to the axis Z'Z and the fixed parts of the
two transducers are attached to a common base. This

30 combination of two transducers in accordance with the
invention constitutes a differential output
accelerometer the sensitive direction of which is
perpendicular to the faces of the two plates of
material and has the advantage, compared to prior art

35 differential accelerometers, of eliminating
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perpendicularly to the faces of the plate of material. For exanple, it

Is possible to obtain a frequency variation of 20 Hz/g for a resonator

subj ect to flexional vibration at 50 000 Hz and a 25 t ransducer desi gned
to measure up to 100 g. Wth reference to FIG 5, the dinensions of the

nmonolithic body of this transducer are H + HZ + H5 = 6 m L = 4 mmand E

= 0.4 m 30 Referri . = , lhe . l; ti r]
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force P2 whch RIESWEHIN r e2BRat heCsdoLs a B i afFERYSY  CAF) 2FB% its

resonant frequengdcdlie@tidicr eRIVRD atHELELASR, I eIPRG VQEFSe&:t(s[ esf]F)2 =
kP2 = k(1/2)Merr]2 The frequency variation gAF) 2 is generally less, than
the frequency va#9mRIiBIG ARV figransfiicanife 26 theaghRYeReicnf ifhethis

accel erations [ed} 2 AbiSIdlted fUford Y& di Nthd & ifierduLvi ous exanpl e
of (AF)1 = 20 Hz/dg, 1t is possible to obtain ([err])2 =2 Hz/g. Referring

to FIG 7C, the acceleration r3 15 applied perpendicularly to the
plane PS .pf the tr uce rigei pal appli es for d
81 "o ERRSEEAPL! 88, PO ARG 2ol S8 MR Yoner

perpendi cul'ar to the axis Z o eath of 'th es but ap
no tensile or conpredEnemts orcde toanhhduresenatmr .accokslamaeeswulitht hthe i s

practically invention.

Referring to FIG. 8A, a transducer TAa differs
from the transducer TA of FIG. 5 in that a connecting
15 member 6a has a dimension L6a in the direction of the
width La of the transducer TRa significantly greater
than the dimension L6. The dimension Léa 1is
significantly less than the dimension L4a of the
mobile part 4a of the transducer TAa in the direction
20 of La. The benefit of this embodiment is the
increased mechanical robustness of the monolithic
body of the transducer conferred by the high
stiffness of +the connecting member 6a of the
transducer TAa and therefore +the higher natural
25 frequency of the transducer body. Counteracting this
advantage, the mechanical filtering of the vibrations
of the resonator 3a of the transducer TAa is less
effective than that of the resonator 3 of the
transducer TA, but nevertheless is significantly
30 greater than those of prior art accelerometers.

FIG. 8B shows a transducer TAb which differs
from the transducer TA of FIG. 5 in that a connecting
member 7b has a dimension L7b in the direction of the
width ILb of the transducer TAb substantially less

35 than the width Lb of the transducer. The advantages
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20 no frequency variation (AF)3 of its frequency F. Know ng the
variations of the frequency F of the resonator for the three conponents
[err], [err] and [err] of the acceleration, it is advantageous to conbine
two 25 transducers of the invention. The position of the second
transducer is deduced fromthat of the first transducer by rotation through

180[ err] about X] o _th 19%%5 VAR Lxe f the
t wo transducersacl’lglrd’ei %ﬁg@{ré%%?%e% (?tgm(?rcon agé};qh%gbégqﬂe%ng?%%ﬁ%gof t wo
transducers in ascotbanceanstducielre Thvemei gubstagdnistlityt ebe same as
differenti al ut put _accel eroneter th ensitiwv irgction of which is
per pendi cul ar totqlonsge f%éle eo:‘at]faﬁésqe erpﬁfﬁaeg?r(ﬁm r%g{%j'riggpf' and has the

advant age, conpared th pipplicatidbs wHetéertdet inechanicaccedenstrées s,

of elimnating 26 mechanj cal coupling between, the vibpations of the
resonat ors 2 i nclittled® n $IRER ]tra%%b%’é’r‘g‘?' usliaie‘?ier\lﬁ &t #bnstRo

| onger disturb eaggh &idiet, avhicehnisaREceyesTABE &6 CWhsyh ofint herdif fecenti al
frequency 5 nmeasurenent and therefore the accuracy of the
accel eration detiRERILR H¥RfFOMRECt 1 denbent bt sandf 7€ owbf nFhg FaBe

transducers of the,ioventign idhddis MRY RéRpEXPhai Bed dHb MEsndetatl
herei nafter. 10 FIG. 8A 8B, “8C, 8D and 8E show other
embodi nents of tTamsErerrEIGn 8Bcandaide womeatd nghwanrlesn. /Rep€rEhfag to

FI G 8A, a15ra”3@%%%%¢f@%di fEgpS f EQRLt he gr@ansduger T%Qgpg&gi"é%i’?htehat

a connecting 15 a has a dinension L6a in the direction o
wi dth La of the Mecmsnicel TAalseganbi cafi| ytlye eavébrefdonst heof di hbasi on

tLﬁ-e The dimepsion.5ra 3¢S o 9VHd CALGA83% 1 haR 1R dipBpgikgRel4a of
procured almost entirely by the flexibility of the
sections 51lc and 52c¢c of the frame 5c of the
15 transducer TAc alone, although it remains more
effective than those of prior art accelerometers.

FIG. 8D shows a transducer TAd more particularly
designed for applications wherein miniaturization is
an important criterion. The transducer TAd differs

20 from the transducer TA of FIG. 5 primarily in the
disposition of the fixed part 1d within the flexible
frame 5d and between the frame section 54d and the
mobile part 2d of the transducer TAd. Thus said
frame 5d constitutes the contour of the transducer

25 TAd. This disposition reduces the size of the
transducer whilst retaining a sufficient length HS5 of
the frame sections 51d and 52d for them to retain the
flexibility required to achieve very good mechanical
filtering of the vibrations of the resonator 3d of

30 the transducer TAd.

The effectiveness of the mechanical filtering of
the vibrations of the resonator is therefore due in
large part to the flexibility of the two flexible
frame sections parallel to the central longitudinal

35 axis Z'Z of the transducer, i.e. parallel to the axis
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nobil e part 4a of the transducer TAa in the direction 20 of La. The
benefit of this enbodinent is the increased nechani cal robustness of
tthe nonolithic body of +the transducer conferred by the high
stiffness of the connecting nmenber 6a of the transducer TAa and therefore
t he hi gher natural 25 frequency of the transducer body. Counteracting

thi s advantage, the .nechanical, filteri of e vibratiaons of onat or
3a of the transéﬁﬁ?ﬁnﬂé} E??%&stgﬁf%%?gv8ft%§ﬁ Eﬁ§§35¥2?he #%%Q%%‘%? 3 of
the transducer TA thi oeMert kebesedtsigiggmfi that fYeX@blegricainer dmdn

those of prior art acceleroneters. FIG BB shows a transducer TAb which
differs fromtru¥9%aﬁ@ﬁu@@Pn?ﬁtépgﬂmﬁmQ?q%Ttékﬁs% %89n§%¥%ﬁ§Qﬁa 2¥€7b has

a dinension L7b dxedther dirsetnoni©f ideradphde Lor ahediienisanssitieessdAb
substantially | ess 35 than the width Lb of the transducer. The

advant ages 27 caiPdi SXdvEhe agePFLIMS Phi r i@ nFERMEROTomp @Bt 0 t he

transducer TA ar&.sabist Bpl i @t YedCo kP Bon 1HPSEOT t fdesdud@s dygeEnd Aa
fromFI G 8A In applications where the mechani cal robustness 5 is_ an

essential critenention requipepeptcilgpstt dvwondilawdhle seeiruicef TAc
h i E , ' ' ; 7 th
as shown 1n A&St%l%ﬁ; a%}éﬁ%%ﬁ%%?@%‘d”g SRIDET S 1R 13 Eh%if e

sane shape as the connect he transducer TAa fromFI G 8A
and the connectihongermbdingb oéxése péraliednsdwcerthe TAxisfrpassifrgG

8B, respegtivel.y, chanical.  fil in th | j.ons onat or
3c of the ﬁﬁansdﬂ%@?&gic%ﬁg t‘%&e?%&% 8%03%F%d§%¥%§é€6%hti#g{ygﬁ§u§§g
flexibility of tﬂeamept$thléﬁctandhéZpenipmaﬁaIrpantSRZoéftbhelﬁrior
transducer TAc arI Orllr%’sonaalttoqougﬁowﬁt inr e%br.ls 4,m)¥ne1ght not lead to

correct operation of the transducer of the invention.

15 FIG. 8E shows a transducer TARe with a monolithic
quartz body. The means for imparting wvibration to
the resonator 3e in the transducer TAe are similar to
those of the vibrating blades 391 and 32 of the first
prior art accelerometer CA' shown in FIG. 1 and

20 therefore particularly suitable for flexional
vibrations parallel to the faces of the plate of
material. The transducer TAe differs from the
transducer TA in FIG. 5 principally in its disk-like
general shape, the part-ring shape of the sections

25 53e and 54e of the flexible frame 5e, and the U-shape
of the fixed part le. This fixed part includes a
base section 10e in the shape of part of a ring
running substantially along the section 54e of the
flexible frame and fastened to the connecting member

30 7e, and two branches 1l1lle and 12e in the form of
discoid segments extending substantially along the
sections 51le and 52e of the frame and from the ends
of the base section 10e, respectively. Accordingly,
the flexible frame 5e is disposed inside the U-shape

35 of the fixed part le.
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effective than those of prior art acceleroneters. FIG 8D shows a
transducer TAd nore particularly designed for applications wherein
mniaturization is an inportant criterion. The transducer TAd differs 20
fromthe transducer TA of FIG 5 primarily in the disposition of the fixed
part |d within the flexible frane 5d and between the franme section 54d and

the nobile part 2d o h rqﬁsgpqﬁr T, h i frqﬂﬁ 5 itutes
t he contour of the t&g%kgﬁ%g} /ké%h 1%%i§§ed?§%%thion ékéﬁ%%% t he
size of the trAnsdlcero whidaste rbetsad BA®g a sufficient length H5 of the
frame sections 51d and 52q fqor themjto retaipn.the flexibility required to
achi eve very good me@ﬁ):fni g’é‘lsq}amet er‘?%g et h l§?§ra??5 s of tt?eterets}b‘?'nator
3d of 30 the tgrisdliceir Tk Hhe ehtedbiluemesy Qfdvdia aRehamimedred

filtering of the vibrations_of the resonator is therefore due in_|arge part
to the flexibility BRet RerPdoSRrEPEC e FHaRf %gcf:?‘&nsﬁﬁéﬁ%l PRFtt d ¢

central |ongitudig@al 35 s ueedf the trepsducer, gnewnparallelifo the
axis 28 passi ng through the ends of the resonator. Conpared to the other
two sections of ¥ fl%exi ble frame and the two connecting menbers, these
two sections have greatgyy fLgxi hidrd YobBragspect of ofechidi cakest regses 5
caused by the vibrations of the resonator. More generally, correct
operation of thekarshsdncethich ttee | hvensduaereddier ebits teadihe vieaseexi bl e
sections of,sub tJal P ' Shape having their

| ongi t udi né? axzésﬁé;;air%rweﬁe tcgfﬁgeﬁé?ésﬁggesds'i ng 10 t hrough the two ends of
t he resonator. An annifl akt f tanvecessialkdr too iMtreped piter ahepani®@lof t he

prior art resona}%ué@&é@si&q}% éraﬁg&?éepf)tié ef‘éj ct,c())nvenient to use

two flanges that bear on the faces of the discoid

branches 1lle and 12e and which 1limit to a
15 predetermined value the displacement of the mobile
mass part Z2e;

- fixing the transducer TAe to the base BAe is
facilitated by the fact that, the center of mass of
the transducer being 1located between its surfaces

20 bearing on the base, it 1is not necessary to use a
device to retain the transducer on the base.

With reference to mechanical filtering of
flexional vibrations of the resonator 3 of the
transducer TAe, the effectiveness of the transducer

25 TAe 1is substantially equivalent to that of the
transducer TA, given the sufficient flexibility of
the sections 5le and 52e.

As shown 1in FIG. 8E, the means for imparting
vibration to the resonator 3e are in the form of two

30 metal electrodes 3le and 32e having opposite
polarities and exciting flexional vibrations of the
resonator 3e by piezoelectric effect. The electrodes
3le and 32e are disposed on the side of the resonator
3e facing towards the exterior of the transducer body

35 and their "three track" configuration is described in
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correct operation of the transducer of the invention. 15 FIG 8E
shows a transducer TAe with a nonolithic quartz body. The nmeans for
imparting vibration to the resonator 3e in the transducer TAe are simlar
to those of the vibrating blades 31 and 32 of the first prior art

accel eroneter CA' shown in FIG 1 and 20 therefore particularly

sui tabl e f or flexional vibrations,parallel 30 ce t he ate of
mat eri al . ThgTQHC sﬁﬁkﬁﬁt ?RﬁilSFFggPsw%W(éﬁ6%$2?%féﬁ§d%é§' %n FI G
5 principally inrf tthdisgplidentgenalsdctahiaged, ddmnquaritons rigetshegre e t he

sections 25 53e and 54e of the flexible frame 5e,_and .the U.shape of the
fixed part le. eelﬁﬁtsrqq%dgjpear?n‘flngéﬁdégdas gggdsefcetqog?qr@équ‘is t Eréoghape
of part of a ringhduniiw Swdstaséi Bhky akengrike dsectitonHetel @fel hef
flexible frame and fastened to the connecting. nenber 3kg\5< 7e, ,and two
branches |§e arfdd®2e 344 hdFRGHG d]i]secoiﬁi‘%eg]:%‘ns t RGP to
substantial ly alqng,dhe aectheps1 51ecardcs2e ffyd hesss amgnand Fgom she ends
of the base section le, respectively. Accordingly, the flexible frane 5e is

di sposed i nsi de sURstanthapll Borecspnghéari @PRsart A8 200Wn TRe Bi@nches
Il'e and | 2e are ég,xee'h?faétsiag%'g%uqiséedanMs@eca%@ Ras@BA’q e thehape

of the fixed part le of the tr cer TAe has the follow ng advantages
conpared 5 t orespeghied | elepi pedeshibe aidtiee fhvetespectivefmehe

overal | 5128 of SHREEr TREET A A en PRIV S kel AR PR o e
base 10 BAe i sfae eofl| edrd ynolefle@megart 4e, the flexible frame 5e,

the connecting members 6e and 7e and the base section

1Qe.

The electrodes, the connecting strips and the

15 contact pads can be obtained simultaneously by
etching a metal layer adhering to the visible face of
the quartz plate using conventional photolithographic
processes. The adherent metal layer may
advantageously Dbe that previously used as a

20 protective mask for machining the monolithic
transducer body.

The sealed feed-throughs of the base of the
casing connected to the electrodes 3le and 32e are
electrically connected to the two terminals of an

25 oscillator circuit (not shown) at the output of which
there 1s produced an alternating signal having
frequency variations reflecting variations of the

acceleration applied to the transducer.

30 As previously indicated, the invention also
concerns a differential output accelerometer
including two accelerometric transducers of the
invention, the position of the second transducer
being deduced from that of the first transducer by

35 rotation through 180° about an axis parallel to the
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- if it is necessary to increase the nmechani cal robustness of the
transducer, it is convenient to use two flanges that bear on the faces of
t‘he discoid branches Ile and 12e and which limt to a 15
predet erm ned val ue the displacenent of the nobile mass part 2e; - fixing
the transducer TAe to the base BAe is facilitated by the fact that, the
center of mass of_1the_transducer being.l ocated between its su C 20
beari ng on the REOLH p?fsfggnégrﬁggésg§F3 %%Pu 883 8%vﬂ%55t%e%é$%?§rthe
transducer on thehdaBixedVpdrts ebremeetws ot ramsdarecal beingt Sastignedf

fl exional vibratjions of the resonatqr of the transducer TAe, t
ef fecti veness of ¢ h@ FPQWQHU%@FGZS nTz@ei§ﬁ%%§ﬁﬂﬁé§ﬁi€h?%n %%upggﬁent to
that of the transdugerselA 8gj veD Wil SBH fi ehentbxfilsexddddiny ohrbligh

sections 5le and 52e. As shown in FIG 8E, the neans for jnparting_ |
vibration t& thethesen@s off sehareespnaher bf npaFatiwl 360 thetakis 2'2

el ectrodes  3leyraffe 32RndiRMEJI ORBESHHENROYA! liti BshaNdoRKEhht NEN
fl exi onal vibrations of the resonator 3e by piezoelectric effect. The

el ectrodes 3le a?fl B¥e &rengryfesed isn asrordanefvitie tesoravenrtientaci ng
o e et o] EnO ROk then | b20EACRECBANVL 2onsaRBE: D8] ek BB rEBACK

configuration is described In rench patent apphlcatlon No. 2, 685, 964
in the nane of thkatppki ¢aet fiEscthy captebhorcoifoddbetamtt t&e skést r odes

3le and 32q0and §§§£ffe;e§9'£$%039$§ ﬁngy shown) in the case base are
0 e

provi ded at 'the Teve I xed "branches |le and 12e, by
wel ding to respective netal contact pads 33e and 34e of substantially

rectangul ar shape. ﬁgfgpgfﬁgin @33 FIG. 9, a differential
accelerometer AD includes two transducers TAeq and
TAeo that are substantially identical to the
15 transducer TAe shown in FIG. 8E, the discoid branches
lle; and 1l2e; of the transducer TAe; and 1lles and
1l2e2 of the transducer TAe; being fastened to a
common base BAe. In the embodiment illustrated in
FIG. 9, the transducers TAe; and TAejp are symmetrical
20 to each other about a plane parallel to the faces of
the two plates of material. This arrangement
constitutes a special case of the arrangement in
accordance with the invention and must not be
regarded as limiting on the invention. Likewise, the
25 transducer TAe has been selected by way of example.
The scope of the present patent application
encompaéses the combination of two transducers
substantially identical to any one of the transducers
TA, TAa, TAb, TAc and TAd shown in FIGS. 5, 8A, 8B,
30 8C and 8D, respectively, and more generally to the
combination of any two transducers in accordance with

the invention.
Referring again to FIG. 9, the metal pads 33e;
and 34e7 of the transducer TAej are connected to two

35 first terminals of an oscillator circuit 917 by means
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8E, the netal pads 33e and 34e are connected to the respective el ectrodes
3le and 32e by respective netal 10 conductor strips 35e and 36e supported
by the visible face of the nobile part 4e, the flexible frame 5e, the
connecting nenbers 6e and 7e and the base section | Ce. The el ectrodes, the
connecting strips and the 15 contact pads can be obtained

sinmul taneously b hi tal r ,adherjng-t0 the,Vvi si of
the quartz platéo%sﬁﬁé é%%ﬁgﬁﬂgﬁﬁayl%%gt8?#t%ﬁg¥a% te p?%¥%5%§§8t38g§ The
adher ent nmet al arrdmyement mayf advhetbgedes) y cboenethang psevipss| gndused

as a 20 protective mas for chining _ . t. nolithic transducer
body. The seal ed“TREHCY hr B3§1s d?nthggﬁaséuggqFﬁﬁﬂgﬁiiggaSSnnéj ed£68 t he
el ectrodes 3le abthidléuese Bhestiscahl yetavhented sosébentvwestellbnaks of

an 25 osci l I at or circuéi (not shown) at the output of which there is
produced an’al t eFhatthly 2tgnal having frequency variations reflecting

variations of the accgherattgitaPBEi edel @woh irANTEICEr; 30d 91, arés
previously indicated, the invention also concerns a difféerential

output  accel er8p@ReFtedc| Gai ng t & Herandrignkt r feeqremnsducBr3IsSyringe
nventi on, the pasyiLgn splol e eCaNdd e ek Bk Rg: gpducet{somyphat of

the first transducer by rotation through 180[err] about an axis
parallel to the 81d a akregqpersy ngetieroudd, t faet woregrney t(Fe resépnat or

e crmbodi hint o SravTA 7 6L 5 g e R MY 7 83T BetRSC
t hrough 5 t herepdssentahéveegbnbheracseparatieh to baemeassrgdz
The operation of the differential accelerometer
AD is now described in relation to the previous
explanations with reference to FIGS. 7A, 7B and 7C.

15 Referring again to FIG. 9, the acceleration I'j
applied perpendicularly to the faces of the two
plates of material applies to the resonators 3ej; and
3es respective longitudinal tensile and compression
forces (not shown) which are of the same magnitude if

20 the transducers TAej and TAep are identical. These
longitudinal forces cause an increase (AF)7 in the
frequency F1 of the resonator 3eq and a reduction by
the same amount in the frequency Fp of the resonator
3es.

25 The expression for the frequency variation (AF)q
has Dbeen written previously as a function of

mechanical and geometrical characteristics of the

transducer.
The differential frequency (F; - F5) is
30 therefore subject to an increase equal to:

A(Fqp - Fp) = 2(AF)q
The acceleration I'ys applied parallel to the axes
21'27 and Zp'Zy of the transducers TAej and TAep
applies to the resonators 3e; and 3es longitudinal

35 tensile forces (not shown) of the same magnitude
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of the transducer. Accordingly, in the conbination of two transducers in
accordance with the invention, the position of the second transducer
deducéd from that of the first by rotation of 180 about an axis 10

parallel to the axis Z'Z. Referring to FI G 9, a differenti al
accel eroneter AD includes two transducers TAel and TAe2 that are

substantially

I . d TA Fl G
di scoi d branchesqrgéiqg%ﬁsiZQHE $%T%el?%%%€%%g§$§&@e§n ﬁ@g?FggeﬁﬁHaE e2 of

to

the transducer Theqberdpesdastened to a common base BAe. In the
enbodi nent |Ilustrated in FI G 9 t he trqghgrcers TAe and TAe2, are

symmretrica
two plates of

case of the arrangenent

to eHuts otierdbbbtrent

has been sel ected by yay qboetamakonThe; apoRed frpeddiurdiepess

pat ent appl i cati on enconpasses the c

i nati on of two transducers

is

t he

?ﬁH%ﬂ?%l ¥b thE2t at8sP8F the

s &t ato any va]Eh'a%lo%r MRNGAIRN L S OfIed | hutesedatPBAI al
in accordance with the invention and nust not be

regar ded a55I|n1EIng on the invention. Likew se, the 25 transducer TAe

substantial |y i delnei dado t ramy-ovse atceheratipsdutigrectionsAgloepAbnotAc and

TAd shown in FI

generally to the

cgk%%%ig Ionqgﬁ%udfﬁgfi of%ésrﬁép%ﬂé\@%ébnaég§g

ransducers |1 n accor dance mnih t he

i nvention. Referah@g3&gm|1H&)&4fks@ltthhenﬁt&hupa@seSSéh_anuismglanﬂ t he
OSC|IIator

transducer EAel
circuit 911 by

EhECEEOPECHY | SO Ei ol | L BRI O W) PSRk

i dentical arrangesent subjectct rodesanyonmextiaigict ri pelanddconi@ct thads on

t he non-visible

15

20

25

30

35

gggglgga£lon I's.

Accordingly, the sensitive direction of the
differential accelerometer AD is perpendicular to the
faces of the two plates of material.

Because of the effectiveness of the mechanical
filtering of the vibrations of each of the resonators
3e1 and 3ep, the differential accelerometer AD has
two advantages over the prior art accelerometers
previously described. Firstly, the quality factor Q
of the resonators are not degraded, and, secondly,
the mechanical coupling.between their vibrations is
eliminated. These two advantages improve the

accuracy of the accelerometer AD.

FIG. 10 shows a differential accelerometer AD'
includihg' two substantially identical transducers
TA1' and TAp' made from the same plate of material of
uniform thickness. The conformation of these
transducers is similar to that of the transducer TA
shown in FIG. 5. 1In the embodiment shown in FIG. 10,
the differential accelerometer AD' constitutes a
monolithic body which is generally parallelepiped
shape. The mobile parts 27, 47 and 25, 45, the
frames 57 and 52 and the fixed part 1' of the two
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transducer TAe2 is in relation to a second oscillator 5 circuit 912. The
outputs of the two circuits 911 and 912 are connected to a differenti al
fr-equency neasuring device including a frequency subtractor circuit 92 and
a frequency neter 93, the frequency (Fl1 - F2) 10 measur ed by t he
frequency met er 93 bei ng representative of the acceleration to be

measured. The operation of th i fferential,accel eroneter. AD1is
& Sp

ow
described in rel afF¥FCYE T fe evi o xplanat i ﬁ¥%Mt?93%ﬁ¥ﬁ%ncgaf85FlGS

7A, 7B and 7C. 1&oincidenRefwdrth nghagaiwo t akks & the astaterati Dherl

applied perpendicularly to_the faces of the two plates of terjal .applies
to the resonator%e%%magﬂﬂ 342 ¢ sEEEtfRH?qgﬂﬂﬁthd?%hf £8fsiy ahgadeg

conpression forces, (aad HWWNY £ Wiiheh @dree@ftksﬁsaaaermgi't@&i f14@9n the
transducers TAel and TAe2 are jidentical. These | ongi tudi nal forces cause

an increase3(AR)Mith PRe dfeqhBfckvel HceheofeddRatRbatRy &hBidaréduction

by the same a”UUBEeiPeEBHa£6§q§§U8¥,EﬁeOBtBBE £88R08LREr30R,'28nd the = The
expression for the frequency vafriation (AF)1 has been wittén previously as

a function of nethadeeaBlan@ngedias re€akhehdiactterizanadnesr thd1tr ansducer
A i nor ease equat TSN Pt (ihe SBlsrf3ERL of e TRisEES s Fube ity
appl i ed parall el agbst h&'axepazdlldelandtZ2' ZReof fialeest r anSdutkes PAeteand
122 20001 5P 12, Khfs ERROERsR, B Y 8 BRL Becerletihe
AD'. 1In the embodiment shown, the longitudinal axes
Z1'Z7 and Z'Zy of the respective transducers TAq'
and TAp' are parallel to the axis Y'Y and the
transducers TAj' and TAp' are symmetrical to each
15 other about the axis Y'Y, which constitutes a special
case of the arrangement in accordance with the
invention. In the illustrated embodiment, the fixed
part 1' of the differential accelerometer AD' has an
I-shape front contour with a longitudinal branch
20 centred along the axis Y'Y and one of the transverse
branches fastened to connecting members 71 and 75 of
the transducers TAj;' and TAp', respectively. The
benefits of this I-shape of the fixed part 1' are
similar to those of the U-shape of the fixed part le
25 of the transducer TAe shown in FIG. 8E: well defined
fitting plane, convenience of wusing two flanges
constituting abutments, and easy fixing of said fixed
part to a base.
As for the differential accelerometer AD shown
30 in FIG. 9, the sensitive direction of the
differential accelerometer AD' is perpendicular to
the faces of the plate of material and the advantage
of the accelerometer AD' over the prior art
accelerometers is its increased accuracy.

35 Compared to the accelerometer AD, the
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whi ch cause the sane increase (AF)2 in their resonant frequencies. Thus the
differential frequency (F1 - F2) is not subject to any variation related to
the acceleration 5 [err] The acceleration [err] applied perpendicularly
to the two previous acceleration directions does not apply any

| ongi tudi nal forces to the resonators 3el and 3e2.” As a result the
frequencies F1 and F2 and 10 therefore the diffegenti frequency. (F1 -
F2) are not sub}ré%?gr?a%lo%ngf \Fgrel aat(fcoeﬁlerroe ecaj‘iee% AI?O &ﬁfl‘ig aacgce‘?se? atton 3.
Accordingly, theimsehsiédyewhdichedtis oadvahtabeusi vhehenthial cadtekenonet er
AD is perpendiculgr fo,t ces of _the ates of, materi al

he 15 . f t |
Because of the ef éﬁ%?%%ﬁgﬁﬁz%?l?ﬁea%%cﬂgn %%Jg$%$t%¥?nﬁe5%s%ﬁ%'vibrations

of each of the resonag®rendedthad Badd,t htediddiirdmlt sac b engsetae AD
has two advant ages over theugélor art. accel ergneters 20 previ ously

described. 5 Fir2evY§ntese quafitereRtidto @ srelasdirdsongfor sthee nbto
degraded, and, sepgRdiycelbecBREBRBLERhGCUD! WAGHDaineesih hgkr FuikBhatli ons
is elimnated. ~ These two advantagés inprove the accuracy of the
accel eronet er ADMMREOFIIY MO2ASREAMEAt JREFRFRAY+ al accel eroneter AD
including two substantially identical transducers TA1l' and TA2' made from
the sanme plate of material of uniform thickness. The confornmation
of these 30 transducers is simlar to that of the transducer TA shown in
FIG 5. In the enbodinent shown in FIG 10, the differential accel eroneter
AD constitutes a nonolithic body which is generally parall el epi ped shape.
The nobile parts 21, 41 and 22, 42 the 35 frames 51 and 52 and the
fixed part 1' of the two 34

36



transducers TA'l and TA 2 have copl anar faces coincident with the two faces
of the plate. The resonator 31 of the transducer TAl' and the bl ades 812
and® 822 of the other transducer TA2' are flush 5 wth one of the two
faces of the plate; simlarly, the resonator 32 of the other transducer
TA2' and the bl ades 811 and 821 of the first transducer TA1l' are flush with
the other face of the plate. A centrabﬁgékg Y'Y parallel to the faces of
the plate 10 constitutes an axis of s y of the accel eroneter AD .

In the enbodi nent shown, the |ongitudinal axes Z1'Z1 and Z2'Z2 of the
respective transducers TA1l' and _TA2! are parallel to the axis Y'Y
and the transducers AR amiCFRDLItRIE sy CERMetE i6ach YBANSPWERF about

the axis Y'Y, whiddpeonsid tat esxagspaetal(1¢ase aforine adsangsaent (2n,
accordance with the invention. In the illustrated enbodi ment, the fixed
part 1' of the BH4de?ekesanraiesel SomAENAPIPafatve. S £29ReNeBnt our

W th a | ongi tudingl el Ao 20 nageiaed o pNOcdieacid s Xy aaccepe ol the

transverse branches fastened to connecting nenbers 71 and 72 of the
transducers TAl compriise®' a secopcimakdllye masgheppehef(idls Fstened | tahape

of the fixed pargyd’ oé‘ﬂérsl?_ﬁié' gﬁottﬂe.t Q%%}%&%ftgg"e(#,fr%gﬁ@iidﬁ?;?t Ebxgd part

l e 25 of the transducer wn in wel ne tirng pl ane,
conveni ence of ut¥ngatowend| bhgeswoonmsbiflet magsalpantent &, ahd, eas§ifski ng of

id fixed t I i h
S ¢TI XCpet gm0y Sl |BF ELLISLENY %ngoRPLRLOTE etoDshomm
accel eronet er ADsecengempssdmoblide parthd4f)gcendfa t hecephdt eonheatirngi al

and the advantage of L he; PCSSLELAIPEG ths £ LURL (5P PL Phe®Flxed part

(1) .

15 2. The transducer according to claim 1, wherein
the flexible frame (5) is rectangular and comprises
two sections (51, 52) substantially parallel to the
resonator (3), and two other sections (53, 54)
substantially perpendicular to the resonator (3) and

20 respectively connected to the second mobile mass part
(4), and to the fixed part (1) by the first and
second connecting members (6, 7, the first
connecting member (6) having a width (L6, L6a) less
than the width (L4, L4a) of the second mobile mass

25 part (4) and the second connecting member (7) having
a width (L7, L7b) less than the length of said other
sections (53, 54), said widths (L6, L6a ; L4, Lda ;
L7, L7b) being those in the lengthwise direction (L,
La, Lb) of said other sections (53, .54), at least one

30 of the connecting members (6, 7) preferably having a
cross-section (L6.E ; L7.E) in the same order of
magnitude as those (L51.E, H53.E, H54.E) of the frame

sections.

35 3. The transducer according to claim 1 or 2,

T



acceleroneters is its increased accuracy. 35 Conpar ed to t he
accel eroneter AD, the 35 integration of the acceleroneter AD into a
case 1s sinplified, which is advantageous when the criteria of

m ni aturization and of |ow cost are decisive. On the other hand, the

accel eroneter AD has the 5 advant age of enabl i ng sel ection of

t he two transd cers constitutl w_t h.the f rther_ i roving
neasur enent accl) §EF nSéH1 %ﬁ%&ﬁ% Tasi P%ﬁ%ﬁnif%néP gﬁgélerone ks
transducer conpr(3gi,ng thd i xAkgidle (Hrame o)l e ambs eyt c(o?b)ned:'tlngand a
resonator (3) havin oneg ends fastened tf t he b| | e ?% (2),
characterlzed |W rg ¢l bn%}igég €a 3 TP hoBr $8° nBSs ﬁ%ﬂ%ﬂ? % ened
to the other drite diasenater thd . paahkeximM)e Bfarﬂhe( S¥rameyndcidie two
nobi | e mass parts FZ 4), a first 10 connect i ng menber (6) conntieftl ng the

frame (5) td thEURESHdNRICnARHT el Gart) RBLnGNPeRteE G

menmber (7) conneGiddiGddis JdAMEo£5) the t e-drexedap@rt sf1y- %iane of 2. The
transducer according to claiml, wherein the flexible frame (5) is

rectangul ar and ssematies two sections (51, 52) substantially parallel to
the resonator (3), and two other sections (53, 54) substantially
perpendi cul ar to the resonator (3) and 20 respectively connected to the
second nobil e nmass pdrt A Hrarmshdar tduedidded gar tanyl)ony ehec¥aims hnd

10 to 3, comprising two coplanar blades (81, 82) each
having ends fastened to the two mobile mass parts (2,
4), respectively, and disposed one on each side of

the resonator (3).

15 5. The transducer according to claim 4, wherein
the blades (81, 82) have a length (H8) substantially
less than that (H3) of the resonator (3), preferably
between one tenth and one half the length (H3) of the
resonator.

20

6. The transducer according to claim 4 or 5,
wherein the position of the blades (81, 82) is
substantially in the middle of the length (H3) of the
resonator (3).

25

7. The transducer according to any one of claims
4 to 6, wherein the blades (81, 82) are flush with a
face common to the two mobile mass parts (2, 4), the
resonator (3) is flush with another face common to

30 the two mobile mass parts, and the blades and the
resonator have a common width (E8=E3) in the
direction of the thickness (E) of the mobile mass

parts.

35 8. The transducer according to any one of clalms
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second connecting nenbers (6, 7), t he first connecting nenber (6)
having a wwdth (L6, L6a) less than the wwdth (L4, L4a) of the second nobile
mass 25 part (4) and the second connecting nmenber (7) having a width (L7,
L7b) less than the I ength of said other sections (53, 54), said widths (L6,
L6éa ; L4, Lda ; L7, L7b) bei ng those in the Iengt hwi se direction (L, La,

Lb) of said oth ectJ ons , as ne f on ting
menbers (6, 7) S{ef8raﬂly V?nﬁ % cna%?%%c Fon (E%BE 18 %&é ?ﬁ% same
order of magnit ufiears {(F3dse (L51.E, H53.E, H54.E) of t he frarre sectlons. 35

3. The transducer according to claim1l or 2, 37 wherein the nobile nmass
parts (2, 3), the resonator (3), the flexible frane (5) and the connecting

menbers (6, 7) have & Com@®n Rt sa/mdynr%PcS) ey pengli 68l aLat@st he
plane (PM of the franme, the 5, connecti n(g 6 7) bei ng Iocat ed at
respective ?nterse&Piohrs Bhergins thee Hhxedapars ah]ee of N&@§mfet Pyshaprea

transducer accorgifsobhRd iy OREe Pfakd a(H8) ledbept t foB3. a COARRESEBEL YA
copl anar bl ades 81, 82) each having ends fastened to the two nobil e mass

parts (2, 4), reé Xi@@ﬂ?ecéﬁé dhcs dfdret osomaertinge nFmdie (€8dnat or
3). h bl ad
(3). 15 nJ Eﬁﬁ%ggg i& %ﬁﬁ‘i’trl‘i'rr”%ats% 4 A :hh W'Ha\%ﬂ?ﬁ Lades

(81, 82) have a stanti al l ess t
resonator (3), pned@#%&ﬂgoinnwmxnfaﬂﬁﬁnaﬂnItoan@hsneShabhdtheoneﬁgthHGFB) of

the resonatgr. 20,8, 1N¢ek| anSAHCEL AU 1A & 21 B O%Fadtened to
respective ends of the base section (10e) to fix the

transducer (TAe) to a base (BAe).

10. A transducer according to any one of claims

15 1 to 9, comprising two electrodes (31le, 32e)
supported by the resonator (3e), two contact pads

(33e, 34e) supported by the fixed part (le), and two
conductor strips (35e, 36e) sﬁpported by the second
mobile mass part (4e), the first connecting member

20 (6e), the frame (5e), the second connecting member
(7e), and the fixed part (le) for respectively
connecting the two electrodes (3le, 32e) to the two

contact pads (33e, 34e).

25 11. An accelerometer including first and second
monolithic accelerometric transducers according to
any one of claims 1 to 10, the position of the second
transducer (TAe, ; TA,') being deduced from that of
the first transducer (TAe, ; TA,') by a rotation of

30 180° about an axis (Y'Y) parallel to an axis passing
through the ends of the resonator (3e, ; 3;) of the
first transducer, the fixed parts (le,, le, ; 1') of

the two transducers being fastened together.

35 12. The accelerometer according to c¢laim 11,

| [T T



wherein the position of the blades (81, 82) is substantially in the mddle
of the length (H3) of the resonator (3). 25 7. The transducer according to
any ‘one of clains 4 to 6, wherein the blades (81, 82) are flush with a face
common to the two nobile nass parts (2, 4), the resonator (3) is flush with
anot her face comon to 30 the two nobile mass parts, and the bl ades and
t he resonat or Ve . i (E8mE3) t di LOp. t he

t hi ckness (E) o%%eelﬁflob?ﬁ%sag\gggﬁc{égs ?Ifgnl@l’ TP{%) %?gtéréﬁlg%ﬁgleggl
accordi ng to anytmoneach cbbhes Fbout lat gpplanehgragiallidle toxedophanafld) is
i nside the frane. (5d). g tThe trar}zducer accogdi %to ?ny one, of él aims 5
1 to 7, wherein tHETi XBd RS ORI RIS aPEF ﬁaB Caur r&undi ¥§2t hé et ame
(5e) except for &f feadte cecithont fadsjuacarmnected to the first connecting
menber (6e)_ and conprises an annul ar base section (10e) having a mddle
portion fastened to the second connecti ng 10 menber (6e), and two
branches (1lle, 12e) frestenad tHedawRelidier eadeordihe Basecsaghi oni(l Ce)

to fix the transducer (TAe) to a base (BAe). 10. A transducer according to
any one of clai gharein ghep gokyle BaAPSi Hagds t b efectfodeds) » (BhE,

32e) supported bﬁ’rélﬁ@sr%?ﬁag?f ahd€lhe [ ¥PxEQNLACksPACS, (33§, FAeine

supported by the fixed part (fe), and two conductor strips 35e, 36e)
supported by thetEIteceddi |(EPahss paft' ) 4BpVet eeplarar cdase® i nghaenber

]?ioxe q (63 ilot?leegfﬁr?%?ué%% 1 e%%‘iéa\féf&l&ﬂg CRONRSt | SomMELPELal T8 o @RER the
P other aboutpan axig (Y'Y) parallel to the coplanar

faces.

15
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connecting the two el ectrodes (3le, 32e) to the two contact pads (33e,
34e).. 25 11. An acceleroneter including first and second nonolithic
accel eronetric transducers according to any one of clains 1 to 10, the
position of the second transducer (TAe2 ; TA2') being deduced fromthat of
the first transducer (TAel ; TA1') by a rotation of 30 180[ err] about an

axis (YY) parallel to an axis passingaﬁ$§ the ends of the resonator
(3el ; 31) of the first transducer, thé fixed parts (lel, le2 ; 1') of the
two transducers being fastened together. 35 12. The accel eroneter

according to clai 11 9... Wherein the.transducer TAel, TAe2) are
symmetrical to each fgne 65&ﬁcaﬁ59%%§ﬁ&5%5ﬁ5§:%H?Q§JQé§zﬂC?@ﬁ§%§%ﬁ t he
mobi | e mass partas i2eld dedt, 23, mébdd)leomeachpafts hantr ansthmmistod 13.
The accel eronmeter according to.claim11, wherein.the mbile ss parts (21,
41, 23, 42y heHReEndia L aRERed ] fr i PRI RETHL 2 TRCHAD e
transducers (TAYame abAind hae werphdbld aeests, tER o dd S
preferably being symretrical to each other about an axis (YY), parallel
to the CoplanarIW¥wR§§s 1§°onpecting the frame to the second mobile
part and to the fixed part. The frame provides a
mechanical filter between the resonator and the fixed
10 part which is not affected by the vibrations of the
resonator. The quality factor Q of the resonator is
not degraded and the measurement provided by the
transducer 1is more accurate. In a differential
output accelerometer, the position of the transducer
15 is deduced from that of another, identical transducer
by rotation of 180° about an axis parallel to the
resonator, the fixed parts of the transducers being

fastened together.
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