: DESCRI PTION This invention relates to a force sensor of the kind that
conpri ses ‘a resonator having a‘fréquency which varies with the intensity of
the force having to be neasured and including an oscillatory bar, and a
pair of anchor nenbers that are rigi'dly connected each to a corresponding
end portion of the bar and which serve to%apply the force having to be
measur- ed to the bar. Such a sensor f I nstance described in Patent
US-A- 4 372 173. In this specification the resonator is nade of a thin
plate of quartz that is photochem cally nmanufactured and havi ng the shapeof
ei ther a baprsgripTIONUbI € tuning fork. The advantage of this kind of
resonator iS that 1t has a high quality factor and great sensitivity to the
application of a force. Accurate measurenents can as a result be made.
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sensitive tedtbahappln.cati on of an axial force, but also reacts to forces

that induce flexion or twisting of the sensor. In nost cases, only one
conponent of the $eehce sensgr imfer dnstance desaribed dot |Hﬁ'§ela‘§<|ué‘r$'y of the

r egonat or t ] f Lhe jnvention is to rov i de .a force sensor
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- Accurate measurements can as a result be made. Moreover, since the in-

formation associated with the frequency of the resonator is processed by.
an electronic circuit, it can be supplied in digital rather than analogical
form, a feature that has many advantages. Unfortuhately, because use is
made of a quartz resonator, the sensor tends fo be rather delicéte, which
is why, to this day, such a sensor has primarily been used in a laboratory

environment,
N An object of the invention is to provide a force sensor that can also

be used in a more demanding or rigorous environment.

Additionally, the above kmd of sensor not only is sens1t1ve to the
application of an axial force, but also reacts to forces that induce flexion
or twisting of the sensor. In most cases, only one component of the force
is of interest, i.e. that acting axially of the resonator bar.

Another object of the invention is to provide a force sensor of the
above sét forth kind whose relative directiohal,sensitivity is enhanced
axially of the bar, |

To these ends the sensor is provided with a tube that surrounds the

resonator and which is rigidly secured by end portions thereof to the anchor

members.



Figure 1 is a perspective view of a sensor according to the inven- tion;
Figure 2 is a diagramsetting forth the nechanical characteristics of the

sensor shown In Figure 1, Figure 3 is a graph illustrating how frequency
can vary in a sensor in which sone conponents are subject to flow and
Figure 4 is a graph illustrating how the sensitivity of the sensor shown in

Figure 1 evolves with tube thickness. Jige-device shown in Figure 1
conprises a resonator 10, a pair of supports 12, a tube 16, a
diagrammatically illustrated control and nea- surenent circuit 18 and | eads
20 connecting resonator 10 to circuit 18. Resonator 10 is of the double
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formed with a hole orce nmay be apptied to the sensor and
nmore parti Ghloawn jn Riguesanavolvekdwithufsbel #icknes®f generally

paral | el i pi pedi ¢ shape, their width being substantially equal to the
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wher eby a gPRer sa\]c}?hga %%gehéaéb%%%dggtbéﬂgﬁﬁiﬂe to bars %1 ‘and 102
and to whi giretiemtidiricait 1gididyleaisuzedonnettingarabonator difsto Eibeuit 18.
16, supports 12 and the adhesives_used for asse_nblg ci)ur 0Ses .
Resonator 10 is of the double tuning fork kind and includes a pair of bars
101 and 102 whose opposite ends are connected by bases 103 and 104
respectively. Bars 101 and 102 carry diagrammatically illustrated elec-
trodes 105 for sustaining the vibrations of resonator 10. Base 103 carries
output terminals 106 which are connected to electrodes 105 and to which

are soldered leads 20 thereby linking resonator 10 to circuit 18. Each

N support 12 has a first, cylindrical portion 121, having a diameter slightly
less than the inner diameter of tube 16, which is bonded with adhesive to
the inner surface of tube 16, at a corresponding end thereof. One portion
121 is formed with a hole 121a which extends parallel to the axis of tube 16
and through which leads 20 issue from the interior of tube 16. Supports 12
further have each, adjacent portion 121, a semi-cylindrical seating 122
for supporting resonator 10,. with bases 103 and 104 each being bonded
with adhesive to a corresponding seating 1.22. Supportis 12 additionally hawe
each a lug 123, formed with a hole 124, whereby a force may be applied to
the sensor and moré particularly to resonator 10. Lugs123 arée of generally
parallelipipedic shape, their width being substantially equal to thediameter
of cylindrical portions 121, and are located outside tube 16.

Supports 12 and bases 103 and 104 together form anchor members



imust satisfy certain conditions so as not adversely to affect the accuracy
lof the sensor. Mire exactly, resonator 10 nust not be subjected to stresses
‘ot her than that exercised by the force to be neasured. This involves elim
inating or at |east conpensating the stresses generated by flow or expan-
sion of one or other of the sensor's conponents. To understand how these
stresses may be generated, reference shoyJd be nade to Figure 2 which is a
di agram of the mechanical principle of fHe sensor. In this diagramthe
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forces Tl and T2 ar ined by the elasticity of bodies El igd 52, t he
defor mat i oni®e disgrenyefithe mechapicad| mineinls P deesensor « Indhis f1rg e
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i nduced by T1 on F1 and by T2 on F2 and F3 are_gq then Tland T2 re-
mai n const aFd. issmounted inseries with floying ??Wﬁnunﬁ—?‘ftﬁﬁﬁmﬁf c -u‘ssegl%“rﬁed
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mounted in parallel and are rigidly secured to Al and A2. Elastic bodies
" E1 .and E2 respectively represent the elastic characteristics of resonator
10 and of tube 16. Flowing bodies F1, F2 and F'3 respectively represent
the flow characteristics of the layer of adhesive that bonds resonator 10
to seatings 122, of the layer of adhesive that bonds tube 16 to portions 121
and of the material forming tiibe 16 itself.

When # force T is applied to anchor members Aland A2 (acting
force and reacting force), it can be resolved  into two forces T1 and T2
(with one being applied to limb E1, F1 and the other being applied to limb
E2, F2, F3). |

On applying force T, forces T1 and T2 are defined by the elasticity
of bodies E1 and E2, the deformation of these bodies through elongation
necessarily having to be equal as both limbs are mounted in parallel on
anchor members Al and A2,

Applying forces T1 on F1 and T2 on F2 and F'3 causes them to flow
and elongation of limbs E1, F1 and E2, F2, F3 ensues. If the elongations
induced by T1 on Fl1 and by T2 on F2 and F3 are equal, then Tl and T2 re-

main constant. But if T1 causes a greater flow on F1 than T2 causes on



'rease in the eI astic elongation, as also in the flow speed, the latter
‘tend- ing asyntotically towards-the flow speed of linb E2, F2,F3. As a
result the foice T1 that is applied-to resonator 10 is no Ionger
proportional to the ratio between the resistance of elastic bodies El and
E2, but addition- ally brings into play the resistance of flow ng bodies
F1, F2 and F3. Wen force T is cancelled el astic bodies.El and E2 tend to

return to thei gsition rest. Howev since the elo o flow
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The graph of Figure 3 shows how frequency will vary with time and

with the force being applied, in the above set forth hypothesis.

When no force is being applied, the frequency of the resonator will
be 0. Wheﬁ, at time t0, a force T is applied to the sensor, the frequency
of the bar increases abruptiy to f1 because of the elongation of the reson-
ator.

e The frequency then drops progressively to level out, at time tl1, to
f2 which correspondstoanidentical flb'wspeed inboth limbs E1, F1 and E2,
F2, F3, As long as the forces being applied to the sensor are not modified,
the frequency remains constant at f2. At time t2,force T is cancelled. The
frequency then drops abruptly to £3. This latter frequency, which is below
f0, indicates that the reéonator is being subjected to compression. ‘Because
of the flowing of bodies F1, F2 and F3, the frequency of the bar tends to
levél out asymptotically to f0.

The difference between f0 and f1, which is equal to that between £3
and f2, is proportional to force T being applied to the sensor, the coeffi-
cient of proportionality bringing into play the elastic resistance of bodies

E1 and E2 and not the flow phenomenons.



dynami c reactions that disturb the neasurenent, with the result that the
Ifirst nmeasured values are not very accurate. Besides, with such a device it
‘woul d be inpossible to neasure a force that varies randomy with tine.
Moreover, as is known, the quartz plate in which the resonator is nmade is
so thin that it is liable to buckle under the action of a conpressive force
that is even |l ess than the- naxinun1al|em&b4e tensile force. This neans that
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F3 or, better still, that there shou e no flow at all.

This problem may be resolved by é.pprop_riately choosing

the means for assembling the resonator and the tube with the supports,
and the material for making the tube.

Flow of the tube and/or of the adhesive can cause a distribution of
the forces being applied to the tube and resonator, in a ratio other than that
between the elastic resistances of the tube and bar. A modification in the
distribution of forces can also be brought about by a change in ten;perature,

N if the coefficients of expansion of the tube and resonator are not the same.
Such a modification in the distfibutioh of forces may be corrected by the
control circuit, insofar as it includes a temperature measurement circuit.
However, in practice, it is best to select for the tube a material having a
coefficient of expansion as close as possible to that of the material used
for the resonator. This choice will have to be all the more stringent when
the temperature range in whiéh the sensor is expected to work is broad.

To demonstrate this, tests were conducted with a double tuning
fork quartz having the following characteristics:

Size.: _ 15x2.9x0,175mm

Frequency: 47000 Hz

Elongation: 0. 46/an/N



Supports_ 12 are nmade of ZI OCN18-8 type stainless steel, with portions 121
having a dianeter of 4nmm Tube -16 is al so made of ZI OCN18-8 steel, with an
i-nner diameter of 4. 0lmm -an outer diameter of 4. 06mm and a | ength of
21lmm Such tubes are for instance nade by Medel ec (Switzerland). A sensor
conprising the above conponents had the follow ng charac- teristics; Size:
27 X 4.06mm Tensile strength (break): ~ 630N Sensitivi ty: 70
Hz/ N Resol ution: Tensile strength (bréf9Q POi N4y.tArgRTPari son of the
characteristics of the resonator as such and of the sensor shows that the
sensitivity of t8engidividy: is reduced three2p0FE/Mhere- as the measurenent

range i s correspgndi nal.y increased, thus | png.resolution largely

unaf fected. The %%ﬁﬂ?’%%g%‘f the resonator a g“@)fp_%?ﬂgs'tub_e to the supports
was tested with spgeyts 89aed @kt PNBCRYSBOZHE WrhtnlddB RELMESwi thNgorteshs
results were achieved with the cyanoacrylic adhesives, those sol d

under t he fdshaving ardianyaiss| oft 4pan. Dupe éﬁdszﬂgowa@ﬁegé%m&m—a& steel,-
, Si y | bj i .
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This type of adhesive 1 s however to use: ondi™n ube to

t he supp- length béduam.oSuthduloe e are Specihstsnadmate by Meel yere(Swieserldind) .t ube
can al so satisfagtorily be bonded to the supports w th_epoxy. adhesives
filled with quart? cFompriingthe abeve e t5 baq the fpllowing charac-

practical k¥ridtagsf | owi ng. Tests conducted with a sensor as described above,
in which the tube was bonded to the supports with epoxy adhesive sold under
t he designation $zgtdite by C ba-CGeigy AG 26w 4Abthand) ni xed with quartz

powder and in mhfg%sﬁggﬁt;ﬁ%ag&%gﬁ_s bon to the supports with Siconet

40 adhesi ve, showe e of 1 0 20N is applied to the sensor
for 300 hours, tdemsitikigthi on in frequency 7@Hz[®ss than 2 Hz. The
sensitivitiy of the sensor being 70 Hz per N, such a fluctuation anounts.
-7- to the appl iBe89lyfiost a force of 0. 03@00speints.result may be deened

satis- factory. Alae b HHeEnd:Rbtor St foRLROr diddae ANABLACELS

wel ded to the _
the sensor shows that the sensitivity of the latter is reduced three fold where~

as the measurement range is correspondingly increased, thus leaving
resolution largely unaffected.

The bonding of the resonator and of the tube to the supports was
tested with epoxy, anaerobic and cyanoacrylic adhesives. The best results’
were achieved with the cyanoacrylic adhesives, e, g. those sold under the
designations Cyanolit 101, 201 and 202 by the 3M Corporation (USA), and

A Sicomet 40 and 85 by Henkel KGaA (Federal Republic of Germany). This
type of adhesive is however difficult to use for bonding the tube to the supp-
.orts because of the great speed at which it polymerises.

The tube can also satisfactorily be bonded to the supports with epoxy
adhesives filled with quartz powder. By so filling the epoxy resins, the
latter practically stop flowing. Tests conducted with a sensor as described
above, in which the tube Was. bonded to the supports with epoxy adhesive
sold under the designation Araldite by Ciba-Geigy AG (Switzerland) mixed
with quartz powder and in which the resonator was bonded to the supports
with Sicomet 40 adhesive, showed that when a force of 10 to 20N is applied
to the sensor for 300 hours, the variation in frequency was less than 2 Hz,

The sensitivitiy of the sensor being 70 Hz per N, such a fluctuation amounts.



supports. This method woul d however be nore costly. Tests were al so nade
‘W th tubes made of al um ni um and magnesi um Theresults were not
satisfactory because of thée high propensity of these faterials to flow As
stat ed abovetests conducted with a resonator as described, in a tube having
a wall thickness of 0. 025 mm have shown that sensitivity to traction was
reduced by a factor of about three (see figure 4). Sensitivity to parasite
stress es, jn_ particular forces agplied at right angles to the axis of :
pul I, is requtisyappli a?’é’P ofr adoere oft @3N ASpgh asreguli maysbe deemed satis-
torque or afajg%,c})e.ndi cular force, applied to the sensor may be resolved into
two conponents Wwth one acting on the tube and the other acting on the
resonator. Thus, @he ¢eodasmd tee tebsepuld alsd wdth widtantageube wékled to the

surrounds the resonatar and, i s fi to the supports, .fhe sensitivity of
the rejsonatscl)lrpptog%gtrgélfé’g‘eglb?f?iw ﬁﬁﬂ‘%"ﬁ?eb?i’gﬁr%ﬁ?«?ﬁ*han the nor mal
direction of pullTests keréesdsodirdel WitheHiedd nadSofal @R bm ahd mdgheld Pbm,
necessary to take part- icular steps for the. apgltl ed force to be perfectly

al i gned wi tTheTRsuls werre pehsatisfeatoryroecansae obthwr high prapensityaobtiesea he
quartz hel ; he latter fromdust. and other forns of agression
to which i?ﬁﬁ%%lggogﬁgio‘%éct ed. In the above exanple, sensitivity is

reduced by a facths sthtexbabbvd,tbytd bendeetedl witht 4@ sbastdig avadd serdbed > im
thick. As is parent from Fi gcure 4, the sensitivity of the sensor

decreases {in! S heving # 'l thicknass 5 OnfigiRrnpn ihawe, Shown that sgpsitivity to
sensi tivi t Yrid&tibR dHELeeBicad 10 Pachir babYhEmMA | é@mﬁgﬁgf@'éist&%iﬁﬁfy

previously stated, tenperafure variations can adverse
meaSUur enent® pargsitigesineSaesi on paetitularefarsesfappited @t arighbanghes ¢6 thee

tube are ngt.. ched. . The .mater,i al .used for the tube nust .therefore
careful Ly BEILRLEAT 36 FogBeRdde  riSianett shfanty K crasO BURa such as
sati sf act oaytokgas!drsaVpérpendiHIe 101eRY, adpple dto 3he BEhsIFIAIY bb FENYIFET €.
-8- A sensor intended to operate in nore extrene tenperature condi- tions

i s best priVPdate gpmpananisavithdqnepetingmrethatub@enddthe ethent actingtorthe
e.XpanSI on ﬁé@éﬂﬁm‘l aﬂnys,l qgl%t ﬂ)é:(?z{usteotl-}eh g&n&;r EQ ‘%1&833 erzl. grt'ube that surrounds

the resonator and is fixed to the supports, the sensitivity of the resonator

to stresses applied in a direction other than the normé.l direction of pull

can be very greatly reduced. As a result, it is not necessary to take part-

icular steps for the applied force to be perfectly aligned with the axis of

measurement. Further, providing a tube around the quartz helps to protect
P the latter from dust and other forms of agression to which it may be sub-
jected.

In the above example, sensitivity is reduced by a factor of about 3 by
the use of a tube having walls 0.025mm thick. As is apparent from Figure
4, the sensitivity of the sensor decreases when the wall of the tube is made
thicker. For instance sensitivity is reduced by a factor of two when wall
thickness is doubled.

As previously stated, temperature variations can adversely affect
measurements if the expansion coefficients of the resonatorand of the tube
are not matched. The material used for the tube must therefore carefully
be chosen.

A tube made of Z10CN18-8 stainless steel gave satisfactory results

with a sensor operating at around ambient temperature.
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flma first nodified construction, tube 16 is made of quartz or glass. This
i.s costly and can render the sensor. highly fragile. In a second nodified
construction, tube 16 is nade of. ZI2CNKDW2O steel sold by AFNOR (France).
The coefficient of expansion of this steel is 13.9.[err] per degree
(quartz: 13.7.[err] per degree). Sensitivity to tenperature is thus

consi derably reduced. The rendining erBors may be corrected, if necessary,
by electronic cirgcuit 18 which j r ef er apl aced insi de t ube 16, either
on base 103 or 1645€BFO 5r1mge ‘{]ﬁ‘#%tgpﬁ’?% é"g' 8?44%%‘%’@%]’?@“1‘2‘2 coppli-

tests weretishdeisvbést proeied wikhvi 1 Ingde beSCrh-ABREA h&‘@mrg P%_}% e
16 and supports 12, ich is not sealed. This need not be e case us,

with a sendbexpaasionssubsiaagiadly !Qﬁfél@ﬂrt‘m@la} qfothmreaomim's pher e it is

best to isolate 0 ' sSp t. |tsfre uenc

nodi fi ed by the %rg%] ﬁ?%gg églé% sgoﬁ CHeR ?ﬁlg’feogédsc?ﬁﬁﬂﬁe‘? flvay ‘P’éd t he

i nt er nal pgbssur'@hrmyshmsﬂ}duned:ahheéxﬁim- tHEDEONS O hiBR1yOS GhaLALOr Y
conditions for tg}e resonat or It shoul d however be noted fThat variations
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In the described exanm en the sensor 1s,at uar Z 1S
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béing bonded, Resonator 10 i$ made of quartz,;but other materials my be

resorted iBSigfefthe 16 sithereonrbaseoloder 104, or/nB surfaca povdidedeorsor

conpri si nglﬂlerregggﬂhgr,fhlp) having a frequency which varies in function of
the intensity o orce to be neasured and including an oscillatory

bar (101, 102) 'Bh@&eetmﬁvea-lecﬂmﬂenwrﬁw[ $ehddr hbing Hidenélidiied ¥pa@dngeted
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surround-
: phere, it is best to isolate resonator 10 in a sealed space lest its frequency

be modified by the polluting agents. When the enclosed chamber is sealed
the internal pressure may be reduced thereby improving the éscillatory
conditions for the resonator 10. It should however be noted that variations
in ambient pressure (barometric variations) and in the pressure inside the
enclosed chamber (e.g. by heating) induce a parasitic force on the sensor.
In the described e:kamples, when the sensor is at rest, the quartz

" is in principle not under permanent stress. But this need not be so, in which
case the measurement limits could be shifted. Thus, for instance, the sen-
sor may be designed to measure compressive rather than tensile forces.
To this end, a force should be applied to supports 12 while the tube 16 is
being bonded. Resonator 10 is rﬁade of quartz, but other materials may be

resorted to whether piezoelectric or not.



|ng said resonator (10) and rjgidly secured by each of its end portions
to one of said menbers (12). 2. -A force sensor as in claimi1l,
characterized in that said resonator (10) includes a second oscillatory
bar (102) al so connected by its end portions to said anchor nenbers (103,
104) and oscillating in phase opposition wth said first bar (101) to form
a double tuning fork. 3. A force senso8 -as in claim2, characterized
in that each anchor nenber (12, 103, 104) includes a first portion (103,

104) which is inﬁegral with said bars (101, 102) and which forns a base for
one of the tweL g forks defining said double tuning fork, and a second
portion which provides a support (12) for said base and said tube (16),

sai d support (12) being,r Sldly secured to said base and to ? t ube
(16). 4. A force seﬁsS rog” FRANEPL; RPAPTiEHAE ot BPFOBALOrL (R4t haxine

bars (l?l 182) faaqueacy bﬁhﬁ&h(iﬁﬂleslﬂﬂ)fuﬂéﬁlbﬁgefhe?efOﬁﬁﬁdnbit§ of
uartz plate co t thigkn e trol el ectrode
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said bar (10)to be measured to the bar (101, 102), characterized in that

said force sensor moreover comprises a tube (16) surround-
(, ing said resonator (10) and rigidly secured by each of its
end portions to one of said members (12). |
2. - A force sensor as in claim 1, characterized in
that said resonator (10) includes a second oscillatory bar
(102) also connected by its end portions to said anchor
members (103, 104) and oscillating in phase opposition with
said first bar (101) to form a double tuhing fork.

_ 3. A force sensor as in claim 2, characterized in
that each anchor member (12, 103, 104) includes a first
portion (103, 104) which is integral with said bars (101,
102) and which forms a base for one of the two tuning forks
defining said double tuning fork, and a second portioﬁ
which provides a support (12) for said base and said tube

o (16), said support (12) being rigidly secured to said base
and to said tube (16). '
be A force sensor as in claim 3, characterized in

that said bars (101, 102) and said bases (103, 104) are
together formed by a quartz plate of constant thickness
fitted with control electrodes (105).

- 5, A force sensor as in claim 3 or 4, characterized
in that said tube (16) and said double tuning fork have end
portions +that are bonded with adhesive to corresponding
ones of said supports (12). '

6. A force sensor as in anyone of claims 1 to 5,
characterized in that the coefficient of thermal expansion
of +the tube (16) is substantially identical to that of said
‘bar (10). —_—
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