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WD 2004/ 104539 PCT/ S&2004/ 000118 A Fi ber Optic Force
Sensor for Measuring Shear Force This invention
wo edoatiess3s o a fiber optic force sensor for neaBCr/B6GL04/000118

shear force. 5 Background of the Invention Shear
force sensors are used in a w de range of disciplines.
For exanple, they are wused as slip sensors in robotic
arnms, tactile feedback sensors in bionedica
engineering or frictional force sensors between two

A FiB& 0580 Forte!SdfildH 19t MRLGITRIY ShehPFGEKI | engi neering. 10
D fferent types of shear force sensors are conmonly
avai |l abl e. Such sensors usually nake use of

i TR LR AT b RURTECE Srsc BB PR RRES 1

magnet o- reS|st|ve sensor, a displacenent of an object

attached to a nmagnetic material of the sensor causes a
Bac L {he Inveatiomgnetic field. 15 This change in the

magnetic field in turn causes a change of resistance

of a resistive elenent in the sensor, which is

pr Bpar foregrrghsorsare needsh e avidd rangeof diwixdinca pBaiexample, they are

used%g 5‘1? se{nso%s i r%g?tlcaa?rrélg,e[zécgff efeggba]cﬁ) §eﬁleor§ é‘h§18?n%§183 ?eﬁéﬁx&egmg or

fnctﬁﬁw fmbameomﬁemaamd afeentistuqiapgémnennal citiDedgh@erizd)
shear force. Silicon/sen conductor sensors belong to a
new trend of shear sensors using mcrofabrication

t EORRAINP Wypes U s%eéryﬂé?ce C’Jen&?s[1 §1‘3r coiBKEIYS9aiible. Such sensors
i ezoresistive effect in licon for” detecting shear

usually) image usG o\magRdieTeSistES el@@ﬁgt@r eppaativy ploments oo vemigprductor
elemgrﬁp%d HeXs%ré ghe@ ﬁ)%ers Ilyaagrﬂgédﬁ&)qeg ﬁ‘%fg‘eﬁgoﬁlng %1885%\,%%1}] of an

rise to 1 naccurate ear orce readin
ob;e&Mtaqhsd for ememtetic mutpriebafahe sehéte cawsks avimangé éathe hmgmaic field.

be ex on_ these sensors a
This el @tee TARE THRREICBRT i SR aRToR G en O fessBatSEEh trsgive
elemﬁiﬁ&ﬁﬂkls&&oﬁ Reddh ik pfopBrtioNal i B¢ ¥head orsd.r uct ur es whi ch
may exert a shear force |arger than 100N on the

sensor. 1
In a capacitive sensor, a shear force exerted on the sensor causes the capacitance

of a capacitor of the sensor to change. The change of capacitance is proportional to the

shear force.

Silicon/semiconductor sensors belong to a new trend of shear sensors using
microfabrication technology. This type of sensor make use of piezoresistive effect in

silicon for detecting shear force.

All the shear sensors described above are sensitive to Electro-Magnetic
Interference (EMI), giving rise to inaccurate shear force readings when EMI is present.
Moreover, the maximum shear force that can be exerted on these sensors are in general
less than 100N, making them unsuitable to be used for measuring shear force in heavy

structures which may exert a shear force larger than 100N on the sensor.



WO 2004/ 104539 PCT/ SG2004/ 000118 Thus it is desirable
to have a shear force sensor which is small in size,

wo powmnetsso external interference |li ke EM andP@¢ESGmo€000118

to accurately nmeasure even |large forces exerted on the
sensor. 5 Summary of Invention It is an object of the
invention to provide a shear force sensor which can
operate with high accuracy and sensitivity in a w de
range of shear forces including forces well above
Thusl R0 dedifhbEN® RRjeL khdap f0:ehiseNRE wiicH ResthdlD@l 2Ot infmune to
force sensor for neasuring shear force according to
extemnpleinferfaencedsedIME #l ik able e peserately mepswee evop &dree faseps exerted
nbodi mrents of the invention are defined in the
°““%é%§§%ent clainms. 15 The fiber optic force sensor
according to the invention conprises an optical fiber

havi at. | east one fiber core. Afirst portion of
S §mﬂ§ﬁﬁﬂgﬁﬁﬁégﬂlfiber i s enbedded between an upper
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anchoring | ayer and an upper protection |ayer, a
~second portion of the optical fiber is enbedded .
It is s tohgseinofath dvientiemtchpiovidg a shearr forgechensor gviaeh panoRReEats with

T N . : .
i B4l B0 SBRL FSTRELAE RO ReShogh DR BBy e
100Nporti ons of the optical fiber. The upper anchoring and
protection |ayers, which constitute a first stack of
| ayers, are arranged above the | ower anchoring and

The Ql?jéﬂt @CdchRPed BYME Siber WYHCGHrcE MISb1 fotinBasdrif€ SiRALforée R6d ding
of layers, wth the upper anchoring |l ayer directly

to the fedtergs of te indppendeah elapns. nBrefeaipd embppigeatsopfethe fpygntion are
ddi%ﬁhﬁ%@ﬁ&%ﬂ&&ugﬁﬁﬁion of the optical fiber extends
et

ween e upper and the [ ower anchoring |ayers. 25
In particular, according to the invention, the upper

chot.i | ayer and.the lLower _.anchori | aye ch. -
he FG 5: B G0 GG UL onuR CARRAPE p B BB hogine
at ledsh Gnﬁfdiﬁdé cade. Af] filse poritisn oh e agechl fideoiy gmbeddedbetvecen an upper
provided in the upper anchoring |ayer and _apchored .
anchRERg\BFF TIPS PRYOTIOB XS ARFORMENGIOPIY ¢ %9@?939 K is
embdd¥8d IREARH P AW OB Rbrihd QayR2Ptdn@34 lower protection layer, and an

intermediate portion of the optical fiber is extended between the first and the second
portions of the optical fiber. The upper anchoring and protection layers, which constitute
a first stack of layers, are arranged above the lower anchoring and protection layers,
which constitute a second stack of layers, with the upper anchoring layer directly facing
the lower anchoring layer. Therefore, the intermediate portion of the optical fiber extends

between the upper and the lower anchoring layers.

In particular, according to the invention, the upper anchoring layer and the lower
anchoring layer each has a hole provided through them. The first portion of the optical
fiber is threaded through the hole provided in the upper anchoring layer and anchored
between the upper protection and anchoring layer, and the second portion of the optical
fiber is threaded through the hole provided in the lower anchoring layers and anchored

between the lower protection and anchoring layers.
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30 fiber is threaded through the hole provided in the
| ower anchoring | ayers and anchored between the |ower

w@e@taetsson and anchoring [ayers. 2 WO 2004/ 10BGBSG2004/000118

PCT/ SG2004/ 000118 The upper anchoring and protection
| ayers can be noved with respect to the | ower
anchoring and protection |ayers, exerting a strain,
and thereby causing a change in length, to the
intermedi ate portion of the optical fiber between the
anchored first and second 5 portions of the optica
fiber. The optical fiber conprises a Bragg gratin
The ippeo rqnghcamgomdnprpwgtm broerscesnebd moged avithi Wﬁ%ﬁ‘rcﬁé%lltgét dower
anchc%gor%réaz{ g g e doq%ctlton ag%l%% ']E rgc%%%énd a ﬁxsfsetﬁy 'ggl%fn o Ocrhggge in length,
to th@ Qﬂit&ﬂn&ﬂiﬁt@f)ombﬁ obplid cpticaf fibarbetwWira the hechocal Grshasd aecond
ber OptIC? axis and 10 the Bragg grating having a
W““@ﬁéﬁﬂﬁdm iplitd8 axis is arranged within the fiber core
of the optical fiber such that the grating optica
axis is coaxial to the fiber optical axis. The Bragg.
The gptical rfipehsemprissd et Sraien erttiogtipeoaporied e the diber jcare in- said
a [
imer@e A o Sl FFEA TR 1€ B SR BRI T atfored
first mm\/s&b@mgidﬂucﬁis of tlier @sioainiibeng The fibevi @ee hassa f:ﬂmﬂocpdczﬂ\ axmsand

ted t he. f ol ti
the B G o o e dpliet i ARl oyigin e pBE i o e
optlcfil' f?&rr sudNBaPNRNRARIROsHHERASHA] Redakiyl tot the fRbOVStiAN et de

known as the Bragg condition, and Xb is known as .
Bragg neatlsg hasppredetermined gphcal progeitienay prgowlpareliesied addtapsmted

propé@“e# a8 ?aﬁrfe%! hﬁ’é} by the Bragg grating, and |ight at

engths will be transmitted therethrough
W t hout significant attenuation. Therefore, the Bragg

ratin be seen to,operate as..a arrom&
he JiSis GHER W LA FIPER Mise BPAGY r a1 PG 8 periof>A, as
reré%ﬁé@%ﬁ%&mﬁ@ﬁﬁg%mw&oho any stress or straln applled
thereon which will cause its length to change. Any

changes in the length of the Bragg grating caused by
2 =Shness or strain exerted thereon results in a shift of
e“Bragg wavel ength Xb of the Bragg

wherein n. is the effective refractive index of the fiber. The phenomenon described by
the above equation is known as the Bragg condition, and Ay is known as the Bragg
Wavelength. Light having the wavelength A, will be attenuated by the Bragg grating, and
light at other wavelengths will be transmitted therethrough without significant
attenuation. Therefore, the Bragg grating can be seen to operate as a narrow-band

wavelength notch filter.

The Bragg grating is extremely sensitive to any stress or strain applied thereon which will
cause its length to change. Any changes in the length of the Bragg grating caused by

stress or strain exerted thereon results in a shift of the Bragg wavelength A, of the Bragg

grating.
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30 grating. 3 WO 2004/ 104539 PCT/ SG2004/ 000118 This
wavel ength shift can be detected in either a reflected

wGer@aab4s8y a transmitted signal of an input siPCEEG2004/000118

the optical fiber according to the invention. Since

the measured information is wavel ength encoded, which

is in absolute power, the resultant acquired output

signal (i.e. the signal reflected or transmtted by

the Bragg grating) does not 5 depend directly on the
This W@@Engtﬁ Sk chibENtd kel in ABKR 2 FeMQteliQignBlor NWABKItRA sighal of

shear Tovenent of the upper protection and anchoring
an nipay @igvalniot thertumpdcflbqr ccedrding oigethe gresnéen.i ovinggnthe measured
1nf0r ﬁ{)]l? rbslnn 1{3‘%@ %:P %Zl%%f %b‘étl{l %b{blﬁtg r?toafgr tié%%ﬁ%ﬁ%g 'aé&u%ed
0utp1ft| sﬁ%ﬂal el mecpnal poetiedos traidnifisd Syrthe Wrage igrtiagl Heasgeot

gth in the interpediate portion of the optical

dePe’Fq @)‘é‘?ﬁlﬁﬁﬂ the{giab st ‘FisHYe in length in the Bragg

grating contained in the fiber core of the optical

fiber. The change of length of the Bragg grati ng
Accqrdheg fto lleer inyemtenph sheps r@ﬁmem@at of iligerppe pEdeCtion pn Iischormg
layerg ngﬂl ]fEFpeCp ?({ ﬁ‘l% 1%\?‘?/611 hrg%lf\:gl@(;et{ %Iﬁlﬁl?&@l?g #’gl% (‘ﬁlﬁfl%%%l S],Cd‘aﬁfa OI éﬁe
inter@edihte PArtiohhs this 6pmfal ﬁﬁ@@gtv@ﬁmthenzglch(rredi fifdt lnad sctmnda pafions.

an optical fi be éerm ni ng the shegr fortc f.}g}as d
AR IR riscPCigh B UigaQiepgl F an
henc@ Rt AAARAn MBI il 16 BRRo SdlinddéRAhdd i8She BBerQdord BEHBIOpEEal

grating change at | east subst anti aI ly in a linear
fibermanner in response to strain (i.e. a change of FBG

| engt h) exerted on the Bragg grating The fiber optic

force sensor according to the invention is very snall
The tlangé atlengipéttedrage gratiyg bf the fberecoresofi the opticah fiberemavsss.sn

as the Brag rating. | engt be bet
torn, ZcPhaRRg il %ﬁ%ﬁlmeﬁwﬁ@ SPoifiedinih 205 Bfinecur eRpRRFS. of
the &irpgrel | sized shear sensor is thus suitable to be
used for neasuring shear forces in snmall devices |ike
el ectronic circuits or Iarge structures like bridges

The ?sre & #rli%é 1E lzlrf d;%?tﬁ@alsfﬁ)@@fo %&@ﬁﬂﬁmg‘%ﬁ'é)srhgi\mrce

as t nt age that 1t
has the advantage that the shear force can be easily obtained since the optical properties

of the Bragg grating change at least substantially in a linear manner in response to strain

(i.e. a change of FBG length) exerted on the Bragg grating.

The fiber optic force sensor according to the invention is very small in size compared to
any of the existing shear sensors as the Bragg grating length may in general be between
100 micrometers (um) and several centimeters (cm). Such a small sized shear sensor is
thus suitable to be used for measuring shear forces in small devices like electronic

circuits or large structures like bridges or buildings.

Furthermore, the shear sensor according to the invention has the advantage that it is not
affected by EMI, which is a serious problem present in the existing shear sensors.

Furthermore, the use of Bragg grating allows an absolute measurement of the change in
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30 affected by EM, which is a serious problem present
in the existing shear sensors. Furthernore, the use

wo@RooBneFae grati ng all ows an absol ut e neasur enePCT/66G2004@00118

change in 4 WD 2004/ 104539 PCT/ S&004/000118 optica
transm ttance and reflection which is independent of
other factors like scale resetting and input signha
intensity variation that affect many ot her existing
sensors. Mdreover, the sensitivity of the sensor
optlc\ﬁl\‘lﬁﬁg’r{sqhﬁ%cé Hhx%ﬂécﬂ%ﬁ LD YaRich Qe 0006 RIERENike scale
en conpare to existing capacitive,
resettimpandtinput eignaltintessityndristidni tbas ntfoeigemy oittea exisigngsonsors.
The stability of the sensor according to the invention
al so makes it suitable to be used for long term
Mord(‘SQéH thelskmtgtivaly sthBadentfab@3ding to e inRdii@r e i fond &y 18 Iigher
abs in civil structures. In_an alternative
wherermmééﬁ r«Xlérmg PGV FRABBHO-TeRFgH pRd glicanyhsged shear sensors.
The § tﬂ'o@ 'tl{%gseffi‘s woﬂ!hh 0 tﬂ% inbEntion®o HAEE R sﬂﬁ%lfpﬁ) Bésiﬁgd for
nt enbo ragg grating can be arranged
long tenmenamiitorifg bﬁshemtﬁos:.es &twceel adfpsegpn@ete siaboinantil gisictyfes.
these Bragg gratings are used to neasure the sane
shear force, the shear force can be determ ned by
In arSlfERla)ive BinBbdilneft Sintha vekeadd, valoptcal Gibeit &tmtailﬁﬁgl b tpdurhlite rof
t he change of opt|cal properties of the rgg )
fiber gprep Mgy de usef]- slnthis gmbgdiment, gne,Hrage LEAAE £l by g‘é%ﬂgﬁ@ in each
fiber <P a€§1 Qe he o g{}@al gt OF e 'BRRE IfAIngé hﬁeﬂsed\’td Reflte/the
one e 1s used. According to a preferred
sameahbmdmmerthe Sh’ealt fioecei can be détenminadiy sipplarobipting awasterage value
anchori n t r
of ] K5 s b o A R REEE U AR PHECRAR
a motOigRoRid eadiag eompatd toatht ciso wéryd aoopviealt filer ehithrpds ond Hher
in cost and are 20 easily available. It should be
“HSHBF@g that” the anchoring and/or protection |ayers may
also conprise other materials, for exanple, glass
fibers. According to a preferred enbodi nent _ of the
Accardipg i p acferied) embodimphicot] the s entions theapppet) and, IwsE dAchogiae
p I
tayeld B 8 s M5 O PO B BYER Sobiprist Cliet TREShubdats.
Carbdmfmwnarnhposhtag/ are maigtatthte ¢rvwenmpntalt eemgesn lamdn cost and are
easﬂg]ra]n%} ila Ig,p gt T}V}ﬁ be r?olté gtttﬁee %nh %8{11?%51&#& e ﬁlioglqlaferss In%? I5130

one OVG

~ comt kb othienBateriol, ﬁ)hexalxrmkeglas@ﬂiberi he internedi ate portion

of the optical fiber between

According to a preferred embodiment of the invention, a deformable layer is arranged
between the upper and lower anchoring layers in such a manner that the upper protection
and anchoring layers, the deformable layer and the lower protection and anchoring layer

altogether constitute a single stack of layers lying one above the other.

In this embodiment of the invention, the intermediate portion of the optical fiber between
the anchored first and second portions of the optical fiber is entirely embedded inside the

deformable layer. Therefore, if a shear force is exerted on the sensor according to the
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the anchored first and second portions of the optica
fiber is entirely enbedded inside the 30 defornable

wo 200eno43Therefore, if a shear force i s exert edPORSGIIO4/000118

sensor according to the 5 WD 2004/104539
PCT/ SG2004/ 000118 invention, it is ensured that this
force is applied to the Bragg grating incorporated in
the internmediate portion of the optical fiber in a
uni form manner. The deformabl e | ayer serves as a
1nve1§f ot £4d ér@ﬁ‘reh R thi Bred R&p ﬁﬁ&ﬂt@ B¢ B}dgﬁ%rﬁﬁlglﬁﬁé‘d?bﬁgteﬁ M€ the
upper and | ower anchori | ayer at di stant” from
intermadihte pofiion ofithe optical élbashlanlgllfbm mBnmgg grating.

Further, the deformable | ayer also allows the
sensitivity of the force sensor to be controlled. In
The BefbinabW AYer sehes bt ghedicithon 16Rsifst o Bragy giatisg lmu(edspmg the

used for the deformable 10 |ayer, the 4 mg?%%
uppes awfkiopey chorns ke al @rflignt Sewoiah et 80 AR ronbangthe Rrags
grati tihd should be noted that the sensitivity of the sensor

actcording to the invention is the highest when no

def or mabl e Iayer is used, neaning that the

B, 0 the. o f Al

rrtch B BRI RYY Mo Aeln dug Wi lio bE B 1O E0L B ve
controll&d. L!ﬁ@ﬁftlcalﬁd tIlehlﬁ:ighcﬁ\i&l‘ﬁdr resﬂﬁﬁ‘d&(ﬂf itiegmbtanidnsed foheie deseshable

to neasure a shear_ force between a to and
layerg the Jowes i sepHBViY oidhe ssrRcEATn g {Rthe ixventen. gﬁcﬁi‘salwbs noted
that %ﬁéesehgmvfé} b $ie bhs@n dedohtEngs &F aRdintRfda Rf the | AYRES whén no

tached to the bottomstructure. By this arrangenent,
defom@lef layen isaufgdi maryeg dhal the infermediste payionsoiathe apsigel fiber

conta%lﬁgg the érgg‘g gr%gp%er é’(‘f ) ﬁeg%ﬁé&g)ga{geﬂ ugé g@PSﬁd @01

Eeen Itrvity of
anchbiisy ﬂayerse Sdrs arseddo cm@hsmg & ehdah éoncm\bemdeuna nmy and bottom

further be controlled.b the th ss of
srochlh Pt Saiagiryere ic Peddd S FTOR 00 i e sack of
layerd 6§ @200l 19 thevGtom Basctare NBYNEK as@fgentienyithe/ fitshamd the second
force sensor having a thinner defornmable |evel

stacks @ﬁbﬂyerﬁﬂteéiepfaapaﬂzf@m gackosher with theginisaments P@HIOB&? “Fr?aflcal

ﬁbm@kﬂ@k an the material as such and the thickness of
%efornable | ayer, other paranmeters which affect
the range and sensitivity of the force sensor

The Iﬁggi iy Qy ?f tb%fog(%rh%ﬁs%lr afc%gdéﬂgg)ﬁp%qwt%ﬁ n%dfuﬁﬂér%% Wntfolled by

materi a
the thickness of the deformable layer. The force sensor with a thicker deformable level

has a higher sensitivity than a force sensor having a thinner deformable level of the same

material.

It should also be pointed out that other than the material as such and the thickness of the
deformable layer, other parameters which affect the range and sensitivity of the force
sensor include, in general, Young’s Modulus and Poisson’s Ratio of the material as well

as the length and the width of the deformable layer.

In a preferred embodiment of the invention, the Bragg grating is arranged in a middle

section of the intermediate portion of the optical fiber in the deformable layer so that the
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as the length and the width of the deformable | ayer.
30 In a preferred enbodi nent of the invention, the

w@e@ggo4sat i ng is arranged in a mddle sectioPCD8G200€000118

intermedi ate portion of the optical fiber in the

def ormabl e |l ayer so that the 6 WD 2004/ 104539

PCT/ S&004/ 000118 center of the Bragg grating is at

| east substantially at an equal distance fromthe

upper anchoring layer and the | ower anchoring |ayer.
centdr Qb BragdOfrftg 1t RE1BEAABstATAILY RPak Squal GisBABE GolNth @per

so-cal l ed neutral |ayer of the S|ngle stack of |ayers
anchgfing ﬂwes end te lgwenb prihagng dayehe Ih witentvoads, th Braggugratang is

arranL%B% put thg %(I) ng]éed rtletfff'tra'inlagrn A o‘tbgylgélle E&?ﬁ I)f lggen? &t t‘ﬁ@ gé’hsglrftcordmg

to tht ayentiad, tiengen®dniyeh h&ng ea &dd/«ﬂdﬂlagg@o%imah bamfeen de upper and
endicular to th irectio

havi ng. a _co ent of _a
loweg ﬁé%lwrmwé? This H‘E 4 EHET eTprngemert hasy{fe 5@%@%#@ feforce

havnll%‘X %5ﬁgo&ﬁ€5érfétdfzmat ttﬁthte Qtlh@amaedﬁoghewtce (@ tpeHRhGEN T 1o
he optical fiber and cause a

the phine off éwdm@ Iqxq‘rted@fl thﬂhf@r@rsawr wavidinehdafprnp e Bragg grating in
when th d th
the e rirerg sty SERR Bl GRS o "o

t he upper anchoring | ayer than t he | ower anchorlng
| ayer (non _neutral _ 1|ayer), y. force exerted

Accqs@ms@nwbermhs Bragg gratingps We%mth%%f@ﬁdlﬁ‘ﬁé’og&ﬁ‘é’é the,gpfical
f1be et 18 tgec' v\g% RndtRdrin b Gayk Q% @15 E}B\kf&gancﬁ@ﬁ;dgl fa&r&g(n'oﬁ neutral

esire l'ength™shift. Is to be noted
layexa,ngnykiom mrtq:rhp@mndicumm@ fthej Blammserfm deho scmsghml} cause a

straql (E;? e %r%g &ozf 1nﬁ,er%§ult%{lga P%ﬂﬁe gd Hlﬁseqe ﬁg{ ﬁhtlt?e def or mabl e

erra ‘used for the
defornable Iayer since the structure of a polyner

. provides he d bl e .pr opeyti for he def or mab
e 5 e oter el oL FEEE WB6h ¢ e hgeThE MOy Pdor
straiflBdrBd wkd Fdr R d¥Rirabbleitiyen exhi bit deforrrable .
properties can also be used to formthe defornmble

| ayer according to the invention. The deformable |ayer

A pc?grggﬁ@mq&nths %oﬂﬁkﬁlﬁrhfsEd Rk eéf%ﬂnmgﬁagw%% e stiture of a

ention I's an ast onmer ayer tomer 1s any
polymiemjromfdesrate elefoamalily properties fanshet deformmbliedayerallt shhald é)e anted
S|1 0NS

T S TR
be udeld@o BirmQle @Gofainably 1gyey Gﬁco&hﬁg@dhenngaftioﬂr t he shear
force is renoved which is
The deformable layer according to a further preferred embodiment of the invention is an
elastomer layer. Elastomer is any kind of material that returns to its initial shape and
dimensions after being deformed by any stress or strain. The use of the elastomer layer
ensures that the Bragg grating gives a reading after the shear force is removed which is
the same as the initial reading prior to the application of this force to the Bragg grating.
Therefore, the sensor with an elastomer layer as the deformable layer can be used in

applications where shear forces are applied intermittently to the sensor, or can be reused

in other devices, without having to re-calibrate the sensor.
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the same as the initial reading prior to the
application of this force to the Bragg grati ng.

wadbenaé4sse, the sensor with an el astoner | ayerPEESGI04/000118

def ormabl e | ayer can be used in applications where
shear forces are applied intermttently to the sensor,
or can be reused 30 in other devices, wthout having
to re-calibrate the sensor. 7 WO 2004/ 104539
PCT/ SG2004/ 000118 Any kind of elastonmer material may
AnyPEnd D8 d1k@met H8atGaR QMR ude@VBF theT818st6ME @ferOf The choice of
el astomer material depends on the desired range and
elastomas mafetipk depordstondhesdesisest rangerand sensitinityrd thegersoer r ed
enbodi nment, the el astonmer |ayer conprises carbon
conposites. 5 Since the carbon conposite layer is
In oﬁ@ﬁirmbﬁpﬁefMdenﬁmﬂlﬁemt (Ila: elhsh@m&e]lagértdouiphyesofartsmaimn@osites
Qrce . sensor xi mum.f.orce t

SIIICE e qgg)og)&gmpgﬂteolﬁyeg eﬁ:rﬁmga%té?] §183]ar P(gcev en tllvdw of such a I’orce
sensOCHR W] m“keeraﬂl@m{mdrﬂ drBemaPéRlRr ket dsRdh IRMsoPls very
the invention, the elastoner [ayer 10 conprises
highsi | i con rubber. Silicon rubber allows a good bal ance
bet ween strength and sensitivity of the sensor, and
hence, is suitable to be used in many practica
Accafifagitc ahéthelsﬁlrthértprsthmm emibelimetted thdmvemiphethe elagstmentayer

terLaI [ r ubber be used
compRtes SHIsEop gHvers Srn Bvbe: HoS t Gond Bhlahie fetdn Sraaty Shd
sensﬁfv1t§1 RE the B M -hed®, [R8RRIMIE RObOIBl menﬁ@pbﬂaetadal @ppmﬁuons
force sensor accor di ng to the inventi on,

t he
It Sh@ﬂé@? aated t@éﬂ@ﬁhﬁ@ﬁt‘éﬂ%*’éﬂ}a&llke PPRer bytpapbbsr as% aEP be used
as thlgfakfaﬂxer &g@r A5 % pl%fegrea gmli%ealga %.!g%f ulefengbl e | ayer
| It IS e e

ot nece ormabl e layer to
return to its orlglnal shape and di nensions after a

' ed or. on n_ahso] u e
Dep%fltgeo? 3{1‘? Spplbcé 1?‘33 sureefgrcez% %%C%F TG Jt o{hg lp%e? {él? rBdo™
elas@ﬁi@ﬂdtfﬁﬁﬂébl@hatdmel iLify elbén glass drhEefion} earnrmgh bd eseﬂab tfoxam the

opt.i cal fi ber ed inside th
defoae%? Ter ¥ it HyRAt ngessary ?fﬁgtﬁ% 39&%%&111% 10 TR {oyiis original
shapRla@d Bimddkiohd) @fte'i\ RGAGH ifdree Isav@bfred WGily b BbsolkeitRBdoRESs to
portion of the optical fiber is inclined at an angle
ben“ﬁﬂﬁﬂ}espect to the anchoring | ayers, a shear force
causi ng the deformabl e | ayer

According to a preferred embodiment of the invention, the intermediate portion of the
optical fiber is arranged inside the deformable layer at an angle with respect to the plane
of the anchoring layers. When the intermediate portion of the optical fiber is inclined at _
an angle with respect to the anchoring layers, a shear force causing the deformable layer
to deform in a direction which stretches the intermediate portion will cause the
intermediate portion to be stretched more compared to the case when the intermediate
portion is arranged perpendicularly to the plane of the anchoring layers. Accordingly, the
sensitivity of the force sensor according to this embodiment of the invention is increased

without changing the material used for the deformable layer.
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25 to deformin a direction which stretches the
intermedi ate portion will cause the internediate

WEHiles3e o be stretched nore conpared to the PEBEEGWOEN0118

the internediate portion is arranged perpendicularly
to the plane of the anchoring |layers. Accordingly, the
sensitivity of the force sensor according to this
enbodi nent of the invention is increased wthout
changing the material used for the deformable | ayer.

1t shifld 8e Weled YA ORI Seier caEIGALARE: H@ablel ﬁea&ﬁé&%oﬁ‘reﬂ%ndmg

noted that the force sensor can still produce reliabl

to sheas deficerfesas Blersewheshad ithryinteomerhade portign @é teopyeal dibersis Stretched
whet he j e i f]

o BT hREAH JEf BB PRk i s e
direction of the shear force applied on the sensor. 5
However , nor e accungte and g{edlctable rea

n
Howgyer.o? fstie ﬁﬁ%ﬁatwe iRy rsdde SR whey ﬂ‘@ ’%&E‘F“&‘HP“"

portibh Bthe bpticl FiBLGH §Qetcﬁgheffﬁfn‘éfo$e in%r@&qg loblath Qﬁfoﬂa‘ iﬁ:cﬁate and
nore accurate and reliable read Ing of a shear force

reliable rérdiniy ofi @ gbaar dorse in hothsdipsghiense twpsenrazite optieat Sibpistwitlna
Brag% g?é{gl%% %c%g[}o?zfqﬁd q‘nf LRIF AL ?ﬂeﬂnﬁdﬁ?eclgbrﬁénsté}ghé {‘ﬁe“?r ﬁﬁ&' @h%e

er optics can
used! C aﬁ ehis tche, thmm@p«bptmaﬂ flbfelri)ﬁ’rosldsbm airghgleé ancomplgmentaty angles
| ement a y anggss 10, with each of.

. her, such that
with gh ofhcensieh’ fiaF den < SOEAT (RIS 5 PRECT & GBS Je SPUsop e
interinBdiSe PHMA! 6 BRE bf okt SfticRNAb&fis tshBtcART whatead tHRCiterBediate

stretched whereas the internedi ate ortion of the

portion b theshar oaticalifiber isi compensprde sEig reswits in thakisresrective of the
d1rec¥191‘ffl of thé sl efﬁ}c'ev gofntetnlﬂgdlatg ﬂo?t‘f& 8P ofé B&l;tfﬂ:% rl% always

the I ntermedi ate portion one optic
stretéhsd athmmadmgs:tf rvéticthemh, therhke takerd amg:cofata/\tmﬁaﬂuremmt vhin Sb@r
fOrctaken as accurate neasurenent of the shear 15 force.
%n an alternative enbodi ment of the invention, the
deformation | ayer conprises a first el astoner Iayer

a partition Ia er and a second el astoner. | a
In any piteapatiyg embped %‘f@h of thepjigyqntioy, a@% rdefgma%tf%lr Hﬁ?fv @WP&% a figst

elast&rﬁéltlaﬂretr &ﬁd?tl@@n M?@rdanﬂ Q sfet%ﬂ’eﬁtst‘bﬂie@ taydef Ohd R afap@y®uch a

when a thick Single-layered deformable |ayer is
multdiawf:d: deformabledsyerisahatat ch bk ased t9pun mathick defgrajable layer

whed GSH&S slil1etadridd &etifiant taydrt ¥ Qlerble 1 CdhiRvE ENACkhicker

deformable layer results in a higher sensitivity of the force sensor.

Furthermore, the multi-layered deformation layer also has the advantage of reducing
hysterisis loss and hence, giving a more accurate and predictable reading corresponding

to the shear force to be measured by the force sensor according to the invention.

In this alternative embodiment of the shear sensor according to the invention, the
intermediate portion of the optical fiber in the deformable layer is threaded through a
further hole provided in the partition layer wherein the portion of the optical fiber in the
hole through the partition layer is surrounded by the material of the first and second

elastomer layers. This is achieved by dimensioning the diameter of the hole in the
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Furthernore, the nulti-layered deformation |ayer also
has the advantage of reducing hysterisis |oss and

wheeer0458% vi ng a nore accurate and predi ct abl ePCE&G200¢000118

corresponding 25 to the shear force to be neasured by
the force sensor according to the invention. In this
al ternative enbodi nent of the shear sensor according
to the invention, the internediate portion of the
optical fiber in the deformable |layer is threaded
partlttl(;}f BY9NaBer tilb&rthg‘ @lanfet: &f ﬂ{eQ%f)'tlgﬁCﬁHef‘ By'¥@isPafahkdh@R the hole
l'ayer wherein the portion of the opti'cal fiber in the
in th@parhigdrelaydrvall ght atfest gralrinder iﬂmrchh@p@zf ldngthscn;frth@emweblﬁhvy and
theref))é € S%gér%rfllng accé%o]éll kg lb‘fr’lerfrg é%ﬁ%ou%llﬁﬁ%%n% This means,

fsi oni ameter
in de@iils,tthe affﬁ&tﬁ)nl betvidea theQedg@oEﬂh@ A@éﬁﬁéﬁ) B\%Hﬁ?ﬁlﬁ@&ﬁ@ﬁ&@ pfalriddd
partition er | arger that the diameter of
thereaquéhq om ber ggn bhpreverisda fyRiAsh: It o dsp f equﬁnfﬁfhElat the
optlcQPﬁﬂek fd a@ﬁ‘xéd%‘ ?Hat Videl of @ﬁg pa?t"itfcﬁxque? Hmhﬁ 3 rcultnlfge}tn%ﬂﬁﬁ‘ 9plied
[ 'ength he optical” fi ber, hereby the Bragg
to thg smglers@achwé dmmdwhgdmtahéacémrmg th rse@d@ @k:ophbmggw thi anvention.

he piRaSigl OrpOT Adtsion P Retast 8bven uhd B opg HRcAle
edge [of mélpdﬂﬂhoﬁ ldyleedetiningathel hble @hedgih Ilsmaipoftmh&ii oflanndido negatively
prevent ed. S|g1larl , it can also be prevented that
influgne thegpading0T the $5850Ti s affixed to that edge of the
partition layer during the curing process applied to
the single stack of |ayers when manufacturing the
The ensiespomding porisipiige face srasoriy 8ns dltpmative pabedimgBlnabepngise
t
the d?ﬂf'ﬁ?&t %éafrt]%iaﬁfieg&lbgg qﬂ ?4 (%ﬁlge?%glﬁﬁ?@hegﬁ }ﬁﬁ?@rabﬁfé %l?ﬁ%l%gfﬂl of
the firttenths¢cond kiasteinar layers ripsiticcantibben, orddbe nrateriat of the anchoring
i vel infl.uen
tyers B0 s, PolSGHAR NS R OB (R ST BES- o ThE A AR oG using
thesedhdteridlodre WR sefbadhifray deRpbaiamprd.se the different
materials described in the earlier enbodi nents.
Preferably, the material of the first and second
Fumﬁk a&t&my thHEH §nd' s%ce%id dlfsRnek WyBRhav&ihd shile tﬂiain%sl d the
he anchorlng | ayers and’the protection | ayers
portmls of:&lr: tophcdl ifiver cmmm the Bragpresatingviain thyewiddle sesiiongof the

nerk5 B 948 IS, “MAFg, ALSAEY HEALELAAE none

the fahhtst e rnd diye m&thhm/ eerittak pedior it hthe hnleswithianide tpikame of the
parti ongltailq%g Ii(l) fg‘ns} ;P{%ng S%F Er%gzﬁrzﬁg%q%#ns*ﬁ 8eutr ?layer a%gdescnbed

above, and will not be affected by any force component perpendicular to the shear force

exerted on the sensor.

The invention further provides a fiber optic force sensor array for measuring a plurality of
shear forces, comprising an optical fiber having at least one fiber core and a plurality of
Bragg gratings incorporated into the fiber core of the optical fiber at a corresponding
plurality of portions of the optical fiber. The Bragg gratings and the fiber core each have
an optical axis wherein all the optical axes are coaxial to one another. Each Bragg

grating has different predetermined optical properties.

10



10

15

20

25

30

20 internedi ate portion of the optical fiber.
Therefore, the Bragg grating extends through the

wo eoosherssihol e and lies with its central porti oPCT/8G200€000118

hole within the plane of the partition layer. In this

arrangement, the Bragg grating is in the neutral |ayer

as described above, and will not be affected by any

force conponent perpendicular to the shear force

exerted on the sensor. 25 The invention further

provi des a fiber optic force sensor array for

nmeasurin lurality of shear forces, -conprising an
At eaﬂhtﬂOdiﬂn ibep et 0 thetoptiea dibenerataining pach dreg sgrting, a first

s Pl S RO P o

secod sthek d)ﬁlyye@tf cq:mprtsingnslo&fer tahchofipg Ila;rai arfd :bEiWer 'ﬁl’t&edﬁbﬁggrer

i hgs and th fiber core e e 30
are Pa%liedvﬁ'é\eg 15 siack of R ?%%I}gegﬁg% hesecand siag ?QaWéWlth
h t Br Bfeafig factipdhd RYeh@RnE) &nt
the uphét o Rforing A alcRlfac 5?%pe?’t6| ARGl AT 4/ 104530
PCT/SG2004/000118 At each portion of the fiber core

eal £ . . N

c fl, BRa LG M BIGRD UIDAREREL £10089 DA, T

providay ér tha mﬂpea rncippiag laee ttobd aghdray detweam the alppmh(ﬁhng layer
tack of ing Iomer nchor.i

and Shef et Pror NG TwEn Taybrecond pRien, o Mg tca e s dnended
throu%haa%l@f)rok/ﬂ)é@ S the Jowér’ ABGhgARAY Qo bB AnERENELLGEACKe Mwer

'ayers with the upper,. anchorlng | ayer directly facing
anchemizg lagereand dbe lowier REptechipn dayeptand b BRieg gaatieas iafrgnged in an

interglleﬁgt{e é)BRfoh 'o@ﬁl % tl&lh ﬁbﬁfﬁ:&e‘t&&ln tﬂé %ranhﬁorécl?(ﬁﬁgl%qh&gﬁto ugh

provi in the upper anchoring Tayer
anchor ed betmeen t he upper anchorlng | ayer 10 and the
rotectian [ rtiop of.t
tm 30 PP i REory 36 s ot R BBl bt ot e
Bragg laeatingy\ e sane b diffengt bﬁyleténiilﬁed)ﬁlhwl dhdiietraped pieelityt dfghear
| ower anchoyi er and th

I t ect | a
forces can pg, alesﬁuaegfgusgl?gaqrﬁ% gng ngle Paﬂffé gﬂwgrnaﬂﬁﬁgaqe ﬁx Iér%’p%’élﬁ %F?éder
unit. PPHel daPbitgy of Hﬁu l@l?dhtyf bfq@rﬁ %Eﬂa\ﬂﬁé&n aﬂﬂf‘enﬁé’\*ﬁaﬁﬂg hpigslity

portl ons her eof orce sensor arra
of shgardeice smons @ntaﬁﬁlgierﬁt@nd pfawtlcelhi’éve@ pedosding fortbpi @wm@m 1efults

malgre e?er Q@ostﬁé’r %&E@%ﬁtﬁﬁﬁnare set to a different

m ned I's way, a plurality of shear

With such an arrangement, it is also possible to have a two dimensional matrix of sensing

points to both measure the value and position of the shear force at that sensing points.

Preferably, the fiber optic force sensor array further comprises a deformable layer
arranged between the upper and lower anchoring layers at at least each portions of the
optical fiber comprising the Bragg gratings. The advantages of the deformable layer are

the same as that provided in the fiber optical force sensor as already described above.

Brief Description of the Figures
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forces can be neasured using only one single optica
fiber and read by a single decoder unit. The

we@apahidssey of having a plurality of Bragg grapCTig62004/000118

and hence, having a plurality of shear force sensors
on a single strand of optical fiber according to the
invention results 20 in a reduction in the cost per
nmeasur enent point. Wth such an arrangenent, it is
al so possible to have a two di nensional matrix of
FiguReNSHRG anPQiplided RwooH the TRaSHFCo tRE bl HiRticPdhdaPdfde! deRddr
of the shea? force at that sensing points. 25
accoidingfte tkeeldhyentipihe fi ber optic force sensor array further
conprises a deformable | ayer arranged between the
upper and | ower anchoring |layers at at |east each
Figuie@ §liodR3s @bsstsbetionalptiew alf the filssr opricphidas forge sdnsorBiecagding to
.gratings. The advantages of the deformable | ayer are
the iIfVERIQane as that provided in the fiber optical force
sensor as already descri bed above. 30 Brief
Description of the Figures 11 WO 2004/ 104539
FigueGTyHe @3 0t pedive aiewp‘gupp diber gpingheatriong sees@e dcoprding tf the
mvm&gg structure of the fiber optic shear force sensor
according to the invention. Figure 2 shows a
cross-sectional view of the fiber optic shear force

Figuisdy Vs 6 P8 LR BT TRRSPFB SR bR FeerEarhe g Be BRRRe
layera QR HbDplie 1drBE senkdVRBIIIRS. to Fouré JUS BefbrniddOnRlcAard hsied
view of the fiber optical shear force sensor wherein

sheartfarcedef ormabl e | ayer of the fiber optic force sensor
according to Figure 2 is defornmed under an applied
shear force. Figure 5 shows a side view of the fiber
Figue$t showk a side aiewf afitlxefitee nptical steapiorisagsor vampEspw wosepat8e
.og#ical fibers. Figure 6 shows a graph indicating the
opHCRlALES onshi p between the wavel ength shift of the
sensor according to Figure 1 and the shear force

. applied thereon, 20 Figure 7. shows an_expl oded, view 0
Figute{ o Shoys e gl s e TelHORSHIA betyesciie savelgreth ébl?tn‘gf tge

sensor according to Figure 1 and the shear force applied thereon.
Figure 7 shows an exploded view of the structure of the fiber optic force sensor having a
multi-layered deformable layer structure according to an alternative embodiment of the

invention.

Figure 8 shows a graph indicating the relationship between the wavelength shift of the

sensor according to Figure 2 and the shear force applied thereon.

Figure 9 shows an example of an application of a fiber optic force sensor array according

to the invention.
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mul ti -1l ayered deformable | ayer structure according to
an alternative enbodi nent of the invention. Figure 8
WG bowgo#3gr aph i ndicating the rel ati onshi p bet MEESG200€000118

wavel ength shift of the 25 sensor according to Figure
2 and the shear force applied thereon. Figure 9 shows"
an exanple of an application of a fiber optic force

sensor array according to the invention. 30 12 WO

2004/ 104539 PCT/ SG2004/ 000118 Detail ed Descripti on of

DetallEDELENEI T SYnEPRAMTRRbSIRENS BEHe M RRLbLPN | N the

folTow hg, preferred enbodl nents of the Invention wll
be described in detail with reference to the

o o SRTBAL IR By PN BEBb b

referées € fhe Acconipanpindhedgsed enmbodi ment of the i nventi on.

The force sensor 100 conprises an optical fiber 101,
a deformable |ayer 102, an upper anchoring |ayer 103,

Fig. lashl)Q/ngﬁ e%ﬁ gr\g of Y Structdr@4f 2 8Be rforQE QLG 10@hccording

ower protection |ayer 106 wherein al

to a pﬂa@rﬂedymbsdmzb@t aff e anveatigye dThenfoacesseagk @0 £pmarigps e roptical

nbadi f th
s .S S RO 0y Y S0 ek e
104, anlbfiRE protéttion R errUshad an@virgyeeaiohQdyet @96 afickeinhdl the layers

protection |ayers 105,106 are carbon fi ber

are apraREse 47 ¢ glacked Hrramgemet or nmbl e | ayer 102 is enbedded

bet ween the upper anchoring layer 103 and the | ower
anchoring | 104. The anchoring |ayers 103, 104 and

In thistpaefduéde @entagféhe igentioar te idaformalie dayise 8ot apelasiater
layer Qfe sM?&e Eub%ﬁxd m;lﬁ]‘a:"ﬁlé r_a?%l?otlrﬁl(étz%%}s 1@1‘-,%@2 ajngsth&%%ﬂe&lotnhﬁyers

as s

105,106 are carbon fiber composites.

The deformable layer 102 is embedded between the upper anchoring layer 103 and the
lower anchoring layer 104. The anchoring layers 103,104 and the deformable layer 102
are in turn embedded between the upper and lower protection layers 105,106 in the

manner as shown in Fig.1.

A first hole 107 is provided in the upper anchoring layer 103, and a second hole 108 is
provided in the lower anchoring layer 104. A first portion of the optical fiber 101 is
threaded through the first hole 107, and a second portion of the optical fiber 101 is .
threaded through the second hole 108.

The first portion of the optical fiber threaded through the first hole 107 of the upper
anchoring layer 103 towards the upper protection layer 105 is secured (or anchored)
between the upper anchoring layer 103 and the upper protection layer 105. In the same
way, the second portion of the optical fiber threaded through the second hole 108 of the
lower anchoring layer 104 towards the lower protection layer 106 is secured (or

anchored) between the lower anchoring layer 104 and the lower protection layer 106.
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A first hole 107 is provided in the upper anchoring
| ayer 103, and a second hole 108 is provided in the

wo owennogschori ng | ayer 104. A first portion of P€T18G2004/000118

optical fiber 101 is threaded through the first hole
107, and a second portion of the optical fiber 101 is
t hreaded t hrough the second hole 108. 25 The first
portion of the optical fiber threaded through the
first hole 107 of the upper anchoring layer 103
towards the upper protection layer 105 is secured (or
anchored) between the upper anchoring |ayer 103 and

Fig.% apd Kiggethop e derce senspia Wh@sthe differeiet copipeneniiy gesciippd in
n, of ti h

coni IEAE P i3 pRRTER Ty 08T dTEREASEY O dBeren

compkmdnts ofvthedsrce Isensoo W 1npol&tae¢11ringrthd af}iam hbberi \Ehlsletsursedjfor

r nchor ween t he C
the dyfimaflE TGP B RN ke SFTopo e S8R bEP foeagnd
also PBlh&HIHRE46 BRALHE anliil@ve? anét@rifig tiydrsab9wps.he force
sensor 100 when the different conponents described in
conjunction with Fig.1l are assenbl ed. The process of
Duri g T oSt GaBb Boer S AS B Bt b layer 103
also sttaebesfitself 5o tlhtelppafpmmmndayea}l@ﬁ th@eby Seoerimgithe igst pomon of
.0 auses th si.lico er har den and S
the BT FBE Y ESCpr B s SubHRERind Sl A2 cBRpo: SFume
lowel atRofng Qgerl 0ok albdlitiadBestiRelf ¢ fherlgwpr SroR8Gon laper 108 Heftby
osites of the upper anchoring |ayer 103

fiber co
securgstge wgga@éwv pide Pt il‘PFé%E‘Wé? thePOARYSH | ayer
105, thereby securing the first portlon of 10 the
optical fiber between these two ers. Simlarly, the
Therefgren 0 ghiclss radb@mp@gtet@sdqﬂfto taﬁﬁémlblﬂ/\%ﬁ forpe Brasom0l darever,
0
adhegts o3 B0 LE BEY oS8 or AR O PUBEoR bl 0 B it
desirept i cal fiber between these two |ayers. Therefore, no
gl ue or adhesives are needed to assenble the force
sensor 100. However, 15 adhesives |ike epoxy gl ue may

It cal®e Y&irdRIFiAD tthad il Bﬁgg @fhnﬁg fm@ isSRtorpOrARAriant & intermediate
together if desired. an be seen fron1F|% 2 that a
e

portigg afgg fihpraa0re (pot slepwng of Ht?cﬂpasafl dtbet 19hbewash tha dst ped seaoad

anchored portions. In particular, the Bragg grating is arranged in the fiber core in a

middle section of the intermediate portion of the optical fiber 101 in the deformable layer
102, and, therefore, is substantially at an equal distance from the upper and lower

anchoring layers 103,104.

It can also be seen that the intermediate portion of the optical fiber 101 in the deformable
layer 102 is arranged at an angle less than 90 degrees with respect to the planes of the

protection and anchoring layers 103,104,105,106.
When a shear force 120 is applied to the force sensor 100, the deformable layer 102

deforms in the direction of the shear force 120 as shown in Fig.4. Since the first and

second portions of the optical fiber 101 are anchored, the intermediate portion of the
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portion of a fiber core (not shown) of the optica
fiber 101 between the first and second 20 anchored

w@eookilorss? I n particular, the Bragg grating i SPEr/S8GrY&000118

in the fiber core in a mddle section of the

internmedi ate portion of the optical fiber 101 in the

def ormabl e | ayer 102, and, therefore, is

substantially at an equal distance fromthe upper and

| ower anchoring |ayers 103,104. 25 It can also be
opticgle@Bert 121 Beh@ednNtRr MRSl aatior@P Poit@hs Of dtheched! tkalting in a

fiber 101 in the deformable Jlayer 102 is arranged at
lengthepingh 9f ehe edicelh fikend 2H egde asCcarflinglyr @8 pde t Bragg ¢ grating 109
. Bsepdipt he protection and anchoring |ayers
lnang%%elgf,i%5,106. When a shear force 120 is applied to

the force sensor 100, the deformable |layer 102 30

eforns in.the directi of .t he shear force 0 as, .

he {85 RO SpiCa gt 10 oo mpE B Hlee e BB g in o
chan®f oft A€ FR¢d GaAVelbdduen, b heasR REed9. tBE supplying an input
. %ter rredip%g_te portglkﬂgnbof t he g%%§2004/%4%p3?9y g. P
signaP ) ts@xoepticaloiiie: 801 eyt mersirifg the watddngsleoiverslecthdsigyad 131

hor [t i I ched, .resul t.in
P S0 REh] 99 o SaPb PR coRE51Pnlf o, B Empes g e
lengthbf theeopBraigipegrnal,idangd bt the neghinaleadfabe thvar &ree 1), Thebe
| engt heni ng of the optical fiber 101, and hence the
‘k“”%Pﬁag grating 109, results in a change of the Bragg
wavel ength Xb of the Bragg grating 109. By supplying
_an input signal 130 to the optical fiber 101 and
Fig.5rphawtipn pgbedimenaiche iyeriions whererr the deree) seisginhi0 aogaprises a
. o m .
ot e W hinE U Elore 130 (ol RO ko lipncy 150, e
interroqatiate abrtion bl df0the optichl Hiberc B0t sestiewber] heeinothe tiltermediate

.sh rc 20, .can.be Q0 determned. Fig.5 sho n
porih £ o B opu g 15T s STRGRERR T ofh Joik. DGR
signall ¥} @@ERFondBg t@ thefrefiddarwaplehglshifi dfatie dfridal MeeN0t Raised

shear force 120 is appljed to the force sensor 150,
to detepppine fhgmeaeRiteieAtdhe, g8t 19% of the optical fiber 101

is stretched wherein the internediate 15 portion 152

of the further optical fiber 151 is conpressed. In
Howeviaf, svhen gshear erce ésf apphiedeiel anopperdle dirsationothe éjparediatrgpardon

152 otlfgfie fugﬁa%li@aﬁgl HEY Qs ROl R WheRln hB§n@RidatR pddiBE 21 of

the optical fiber 101 is compressed. In this case, a reflected signal 153 corresponding to a

reflected wavelength shift of the optical fiber 151 when an input signal 154 is applied to

the optical fiber 151 is used to determine the magnitude of the shear force.

A force sensor 100 according to Fig.1 having a length of 5 cm, width of 2 cm, thickness
of 0.1 cm and a Bragg grating length of 1 cm has been tested. The relationship between
the wavelength shift of the Bragg grating 109 of the optical fiber 101 and the shear force
120 applied to the sensor is shown in Fig.6.

Based on the test results, it can be seen that a good linear relationship exists between the

wavelength shift of the Bragg grating 109 and the applied shear force 120. In other
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to determ ne the nagnitude of the shear force 102.
However, when a shear force is applied in an opposite

wa@looeao4sen, the internediate portion 20 152 oPCT/B&2004/000118

further optical fiber 151 is stretched wherein the
intermedi ate portion 121 of the optical fiber 101 is
conpressed. In this case, a reflected signal 153
corresponding to a reflected wavel ength shift of the
optical fiber 151 when an input signal 154 is applied

wordsOwhéhe @ppliedahedr fofk 126 3s inSrebeadiht Qradelestiishigt éfMBe Bragg
magni tude of the shear force. 25 A force sensor 100

gratipg d0 dshigcreasering Hngsaamita | ength of 5 cm width of 2
cm thickness of 0.1 cmand a Bragg grating | ength of
1 cm has been tested. The relationship between the

Fig. Ivaheve ngtdxpk)ldbd tviof dthe tBrcag@ngrr a2(00ngecb@ding fto t dve alternative

and th forc 120 plied to
emb@fige 3t tlsieoodp Bt p it RS EL ot RE bl PR, et
results, it can be seen that a good |inear
relat|onsh| exi sts between the wavel ength shift of

The defprnppledayeg r19¥~ Phire forge seg0r 398 capprises @ fgﬁe’é%stqmﬁr dayenpl, a
ldd\kﬂ gﬁﬂﬁph gl? 1Y 200463 ﬁc’? %%SPB% $#P%42 Ooﬁklgastw@&d Biyers

i ed shear orce 120 I's increase
111, mm efithe mllﬂﬂlfdm&@'s athheDnBTrag gilicgr mbb«ﬂgalﬁiﬁﬁe pdr§gon layer 113

' nne a |, oded
compyRE, EEPSE b, BB, TBOG ncet bk B SRl PorgER e
elastbmerthyegd MEt120f the invention having a nulti-Ilayered
def ormabl e | ayer 102. The defornmable [ayer 102 of the
force sensor 200 conprises a first elastoner |ayer

In adiltfon B th&eEdIHB1PEIA hdd QRod@NRE 189 Brd¥ibddin SRE BPSEr anchoring
el astonmer |ayer 112. The el astoner layers 111,112 are

layerok03tané insémiowdriapehesing laiet 1@ mspectizelyi 2 thirdrhoteiddp prozided
I
in th{e: Eﬁ%‘osu { géﬂ ﬁ$h The Il:%?ﬁb%ro (ﬁqgﬂ{r a}ig& iﬂgréﬁeg%tgaglgsg%&e 107 of

e p ion ayer
the uppéeehoritgelaye| HSt drmﬁlrst elyeomerllifer 11112, thHenthixdidiotel A dfothe -

partigiClay e 3mSR P el Bk R i

108 éfayeEloweDhchbdgpaegdriiogel y, a third hole 114 is provided
15 in the partition layer 113. The optical fiber 101

is threaded through the first hole 107 of the upper

Acccﬁ'&lﬁg @4 'ﬂ?g aiﬁ%’l}{gfviﬁéjﬁ%od‘irﬂ&tfﬂhﬁ Hraf) 85485000 2¥8Es dtdugh the
hi
third hole 114 with its central portion lying in the third hole 114 within the plane of the

partition layer 113.

The optical fiber 101 is only anchored between the upper anchoring layer 103 and the
upper protection layer 105 as well as between the lower anchoring layer 104 and the
lower protection layer 106. Since, the diameter of the third hole 114 through which the
Bragg grating extends is larger than the diameter of the optical fiber 101 containing the
Bragg grating 109, the silicon rubber of the first and second elastomer layers 111,112 fill
up and surround the portion of the optical fiber within the third hole 114 during the

curing process. Therefore, the optical fiber is prevented from being attached to the
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partition layer 113, the second el astoner |ayer 112
and finally through the second hole 108 of the | ower

w@ewhoodsey | ayer 104. 20 According to this altRPeraG200€000118

enbodi nent, the Bragg grating 109 extends through the
third hole 114 with its central portion lying in the
third hole 114 within the plane of the partition

| ayer 113. The optical fiber 101 is only anchored

bet ween the upper anchoring |ayer 103 and the

part1ﬁkﬂpﬁ5lerﬂflﬂt:l€%hﬁlnoth%elag%éta ﬂ% %ﬁ’ﬁﬂeée i?gsﬁ,‘rﬁ; YERR B{}g% grating

| ower anchorin ayer pr ot ec
109 Wipahe 905 om0 tphbectioamloe sofsot .1 hi Fd hol & 114
t hrough which the Bragg grating extends is |arger
.than the diameter of the optical fiber 101 contai ning
Since tveo elEBtagey lgy&ii: lareQustBdthe tfbie SkisbE€ 200 ﬁébbﬂﬁﬁ% of tHid Elternatlve

fLr?% and @& el astomer_layers 111,112 fill up
embogdifpend haxe prmsilediayer fhandpe fare sepsasd 00 wredsling ttchElg 1,

and hefdelt %Hépke%sﬂﬂ*ﬂy 4 dregr fbhe 136 Cur i ng process.

Theretore, the optical fiber is prevented from bei ng
attached to the 16 WO 2004/ 104539 PCT/ SG2004/ 000118

A BRI 0 L0480 T AL, BLBFTS 3 SAST A, g

of 0. ]sbmand facBreg gxaﬂng Rnglmpiflleﬁi 1{a® btdietedied. CEnS R RN Between
the force sensor

the 3l Aot A watng APRH 6 Shouichpioc omp RaSndhe

sensot DOEH fhovweinaipebl e | ayer than the force sensor 100
according to Fig.1, and hence higher sensitivity to a

shear force 120. A force sensor 200 according to Fig.6

Base(r| @H'tﬂeg 1t Iré%@lgst Ht fn Be GPin \éﬁ G If'ha? f %(}o%n?ln gaf I¢ ' léfg(gléﬁlp Sists

.1 cmand a Bragg gratin 1cm
betweteegheemve‘rdmgthr shlifaof tresBriage pating 609 ariDtht mppﬁmlﬂiean@td& 120.

i ou3 s i P eSS LB 130

Bragg fretingeH9 alseShdréses inta sﬁﬁdﬂa@ﬁllﬁﬁﬁﬂr agakdr. t hat a good
linear relationship exists et ween t he wavel ength

shift of the Bragg grating 109 and the applied shear
r
It shobRIfegnoledQhat abSorling % Qﬁdthéi‘@ﬁﬁi)%dm%@& til%:: V%H[?éﬂ ﬁ‘lgresthﬁ%)v

force 120 is increased engt
clastogiep kgery peetusedytoreghicns ary dthes desired shickness andbdhiesefiore Adehsitivity

of the dA&R" F'gP%‘ﬁ{ple the deformable layer 102 may comprise of three elastomer

layers, with two partition layers alternately arranged between them.

According to another aspect of the invention, several force sensors may be provided on a
single optical fiber to implement a fiber optic force sensor array according to the
invention. In this case, a plurality of Bragg gratings, each having a different Bragg

wavelength Ay, is provided in each force sensor along the same optical fiber.
Each force sensor comprises a deformable layer embedding the Bragg grating of this

sensor, a first stack of layers comprising an upper anchoring layer and an upper

protection layer, and a second stack of layers comprising a lower anchoring layer and a
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It should be noted that according to another

enbodi nent of the invention nore than two el astoner
WO 200ene453r € used to achi eve any ot her desired p¢i/e&mnes800118

and, therefore, sensitivity 20 of the sensor. For

exanpl e, the deformable |ayer 102 may conprise of

three elastoner |ayers, with two partition |ayers

alternately arranged between them According to

anot her aspect of the invention, several force sensors
lowed otp&oﬁrlé’})ékdﬁe Qﬂstastacﬁ'dfi‘ hRrPRUIGAbedl ARGE 12 second stack of

I rpl ement "a fiber optic force sensor array accordi hg
layetspwiththe dgf@rmahlematmnbelddedbﬁt\seanah@n a plurality of

Bragg gratings, each having a different Bragg

wavel ength X b, is provided in each force sensor al ong

Thud, heco&ﬂﬁ% tOfid &pectldfiRE inveidh, hf§Re SGREQMarE ﬁﬂiﬂéﬂnéﬁéd 8n a
def or l e | ayer enbeddin t he Bragg grating of this

singleesiand of Aptical Sibes pdka 6 easﬁélpgte@:@ or éransgmaﬁd @pm;t signal
corr@PGIiRe 10 9ne @%%fengﬂ]dshﬁ% ofRR % theelgrag% g}aﬁﬁég R S bneaiglgut

a second stack ayers co Wer anc
signdlafhe owtput sxgnal:LC‘zln‘b@deﬁmpne@ékBaﬁl BT SGANE4 160ddrl 8

| oner protection layer. The first stack of layers is

arranged above the second stack of |l|ayers, with the

Suchda@f admgbment iRk caiboaREa cREAME®D ubbed folAUS two-dimensional
according to this aspect of the invention, nultiple

matrXSRes9F VhgFean p ﬁzm gw@aalép]apamg@f gheﬁs@ng fgqcp gagbeggbtained. In
otheORSAIE Bhe kifRBlive @ nﬁdébﬂ 11%5 Lot ﬁgc&ﬁ Qésgéctlﬁre positions of

transmtted out pu S|gna orrespo Ing t
an argi¢aa beslgtermisgkd by suchfa sqdor affanghmeBr agg gratings results
fromone input signal. The output signal can be
demul ti pl exed and read by a single decoder. Such an
Flgu&rSr shogye ae example bhams agptoattinna tibaasptia féroe Ristis@ehyta@cording
to th forma two-di mensional 10 matrix sensor, wherein a
o the {P¥EMO”ensi onal nappi ng of the shear force can be
obtained. In other words, the respective nmagnitude of
the applied shear force at respective positions of an
A Pl'éﬁa’é%( of derce sensats 309 ih papvided lang eorisenending seetiong ofien optical

fiber B0QUTRe ﬁrc%@@ﬂ&%r@gbo%@mgn%e@ bn ?fglﬁ%?%b f@q{‘l%ag{;&ﬁlghﬁ)eglj B&E of

optic force sensor arr ay acco
the congretpiblasks 308 plagedadn the sehisoi3@kos ﬁres;dﬂars 302. iThe shear force

Y | COLrespo E ng sect.i n,opti
exertf B 5305 8 o o SERETEY PRSBE P porfucons Bos.
plllars 302 for neasuring shear force of
To prevent possible slipping between the upper protection layers of the sensors 300 and
the concrete blocks 303, and/or between the lower protection layers and the pillars 302,

adhesive (for example epoxy glue) may be used between the contacting surfaces.

To detect any wavelength shift of an input signal 310, input at one end of the optical fiber
301, caused by a change in length of any of the Bragg gratings due to-shear force, a
decoder 311 may be arranged either at the same end of the optical fiber 301 to receive a
reflected output signal 312 or at the other end of the optical fiber 301 to receive a
transmitted output signal 313 reflected or transmitted, respectively, by the Bragg gratings.

18
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the concrete bl ocks 303 placed on the sensors 300 on

the pillars 302. The shear force 20 exerted on the
w@Eengn453800 nmay be caused by an expansi on of PEESG2004/000118

concrete blocks 303. To prevent possible slipping

bet ween the upper protection |ayers of the sensors 300

and the concrete blocks 303, and/or between the | ower

protection |ayers and the pillars 302, adhesive (for

exanpl e epoxy glue) nmay be used between the contacting

It is Q4 fpagsitsie actordif: fethe Ghveatlyn WP eMOddeo8dti F1ll Pfanddl between
i nput signal 310, input at one end of the optica

any fWCb @fagg:matmgé deday tl@ymépué twighgle3 1 transpyitad iof thaihsecBen phehe
386 IERHi Y5 d NG A | Ogfthe3

Opmg{ arr angeég1 g%tehgfe é\l?[plt&hsgg]gaér%ga gﬁcih%fse?tﬁ&] 8*{3 he %@lcg@ﬁber

compriseebotB it ttapsmitice hndtha refteefel] eompaohentstof the mplg mfgnaBSm or
at the other end of the optical fiber 301 to receive a
30 transnitted out put signal 313 reflected or

The biitpitSiginal B0k, is [de SRAGHIeXE] By thhYeddatr Briag Feidide ri&&vaveﬁﬁgth
WO 2004/ 104539 PCT/ SG2004/ 000118 1t is al So possib

compaReRip.AnH o (COMPHE 40K \OresroAding Waaclength shifiscbrsed o mhlch the

. corre@%cf ﬂ}%%ﬂea?%r\@@s%e d&gﬁfmﬁé’ép Br agg gratings to tap the

signal 314 transmtted in that section of the
opt|cal fiber. In this case, the output signal 314 |n

ctlo .of .th tical ber ses _both t
whih Bhedfthimtnd 1E BOeRton hiG esh TRaiBE (RE i ety
111us1$at@6 af th3 @ﬂmmﬁleg' bEthe idviehifionS | @] embbdinentsthRd T gtﬂitﬁﬁﬁﬁ fhay
y. the decoder 311 to determne its wavel en

{
be dEY}?ﬁS‘oW%‘t‘% deggfting Jroup i SRITASY the AFvERERIh ARt ghe scope of the
appeh@dl£Agt h shifts, based on which the corresponding
shear forces are determned. 10 Wile different
enbodi nents of the invention have been described, they
are merely illustrative of the principles of the
i nvention. O her enbodinents and confi gurati ons may
be devised without departing fromthe spirit of the
i nvention and the scope of the appended clains. 19 WD
2004/ 104539 PCT/ SG2004/ 000118
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What is clainmed is: 1. A fiber optic force sensor for
nmeasuring shear force, conprising: 5 an optical fiber

w@ovpni#ssng at | east one fiber core having a fPOESG2004/000118

optical axis; a Bragg grating being fornmed in a
portion of the at |east one fiber core of the optica
fiber and having a grating optical axis coaxial to the
fiber optical axis; a first stack of |ayers conprising
an upper protection |ayer and an upper anchoring 10
What i@¥8Imedd0d a second stack of layers conprising a |ower
anchoring |ayer and a | ower protection |ayer; 15
~wherein the first stack of layers is arranged above
the .second.stack of. | ayers w;t e anchoring
L | S EPSREE SRR e P sa ik JolctolbRShe? 01
first portion of the optical fiber is threaded through
a hole provided in the upper anchorjn a¥er_t he
arfarfptied) fibex cRawsisingat lspgiape g%r%’iei &mgg;flé]ﬁ awwafﬂ%sz 20
upper protection |layer, a second portion of the
optical fiber is threaded through a hole provided in
t heeBraggegratingcredng frgmbdijren potioneoidhe lableast onst fiess eoehel the

. r _anchoring layer. .an he. .l M. .on |ayer,
opticy W NG e Plign 388 bl SHE B HuRE LR ver -
ot fireBdtackiold &fyes @bMptisihg an tfper Bosegton Rfergind tan gpdrsinchoring
arranged between the anchored first and second
layerp@id j ons of the optical fiber. 2. The fiber optic
force sensor according to claim1, wherein the upper
and the |lower anchoring |ayers conprise carbon fiber
c openoind estack30f dayemsheomprisitg @plower fagehasingeliyey and a lower
cording to claim1, wherein the upper and the | ower
p““%ﬁ%f%@%ion | ayers conprise carbon fiber conposites. 20
WO 2004/ 104539 PCT/ S&004/ 000118 4. The fiber optic

- ViR e SRR 5 ARt Abotsaht e B i B
the u?%&fﬁﬁ&ﬂoﬁﬁg 3vemciag thetlbwer @eringMalyr i ng | ayer, wherein
e

def ormabl e | ayer enbeds the portion of the optica
fi ber conprising the Bragg

wherein a first portion of the optical fiber is threaded through a hole provided in

the upper anchoring layer to be anchored between the upper anchoring layer and the
upper protection layer, a second portion of the optical fiber is threaded through a hole
provided in the lower anchoring layer to be anchored between the lower anchoring layer

and the lower protection layer, and

wherein the portion of the fiber core of the optical fiber comprising the Bragg

grating is arranged between the anchored first and second portions of the optical fiber.

2. The fiber optic force sensor according to claim 1, wherein the upper and the lower

anchoring layers comprise carbon fiber composites.

3. The fiber optic force sensor according to claim 1, wherein the upper and the lower

protection layers comprise carbon fiber composites.
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5 grating. 5. The fiber optic force sensor according
to claim4, wherein the portion of the optical fiber

W@ vpno4ssng the Bragg grating is arranged in tPEI/SG2004/000118

defornmabl e | ayer substantially at a sanme di stance
fromthe upper anchoring |layer and the | ower anchoring
10 layer. 6. The fiber optic force sensor according to
claim4, wherein the deformable layer is an el astoner
| ayer. 15 7. The fiber optic force sensor according to
claim6, wherein. the elastonmer |ayer conprises
silicon rubber. 8. The fiber optic force sensor
4.  acBsriengpticdorce senspuaccopdingdp slath d, fwathen ompsising pedeforpable
; L : g )
tayeriffafecl belin PRV RE! ch il JERTRNA SlTeh R Al S Rt
the deforimableilagd ahbeds the@bsioni dfhtheesypiedlt fibar tdmeprisiments Bfagg
.the anchoring layers. 9. The fiber optic force sensor
gratilgcording to claim4, wherein the def Ormable |ayer
conprises a first elastonmer |ayer, a second el astomer
| ayer and a partition [ayer, wherein the partition
5. | alherfihes opibdenve sepwr weending do fclaimt 4, evhesein be ppgiparof the
. nQ. a . . e
opticf ok $oREEARE FLPBLARChyia i SHEhged My BEPATLHRRNG Javer
substpitially aha edmd Histancpfromahe dppse andhetinge bayert dned the idwar @dchoring
first and second portions is threaded through a'hole
layeryr ovided in the partition layer, and wherein a section
of the optical fiber in the hole 30 through the
partition |layer is surrounded by the naterial of the
6. f j Fhetfibgheptiofarcs sersqraccarding tg faim 4g Vapigin the dgjprmable layer is
an el QQ&A%%%QBQ PCT/ SG2004/ 000118 11. The fiber optic
orce sensor according to claim 10, wherein the first
and the second el astoner |ayers have the sane
7. E: o %ir( 1 ge? Sﬁ)&ti? Ecgrc%:s]grbsgp Eécloocfilrl%){o (t,llz'ﬁ%) %pwagrglnsﬁ% Ee?;{shoarll%er tlﬂreer

grati IS arran

-compBiseggli@haitbeg ext ends through the 5 hole and lies with

its central portion in the hole within the plane of
the partition |ayer.

8. The fiber optic force sensor according to claim 4, wherein the portion of the fiber
core of the optical fiber comprising the Bragg grating is arranged in the deformable layer

such that it is inclined at an angle with respect to the planes of the anchoring layers.

9. The fiber optic force sensor according to claim 4, wherein the deformable layer
comprises a first elastomer layer, a second elastomer layer and a partition layer, wherein
the partition layer is embedded between the first elastomer layer and the second elastomer

layer.

10.  The fiber optic force sensor according to claim 9, wherein the portion of the
optical fiber between the anchored first and second portions is threaded through a hole
provided in the partition layer, and wherein a section of the optical fiber in the hole
through the partition layer is surrounded by the material of the first and the second

elastomer layers.
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12. The fiber optic force sensor according to claim9,
wherein the first and the second elastoner |ayers

W@ oupno4589 si |l i con rubber. 10 13. The fi ber optPCI/$G200£000118

sensor according to claim9, wherein the partition

| ayer conprises carbon fiber conposites. 14. A fiber

optic force sensor array for neasuring a plurality of

shear forces, conprising 15 an optical fiber having

at least one fiber core; a plurality of Bragg gratings

incorporated into the at | east one fiber core of the

optical fiber at a corresponding plurality of portions
11. of ThenEbespenticaforge; sapor ygsendienior Haim 20, whergig e diringpd the
secoa rd,la%tpﬁte{wiaggfrs HaQt §né @'ﬁﬁb t%e@na&m i b the fc?l' fiber

optical axes are coaxil a 0 one anot

com@isthgathe Beagly gBrtaxggs gmatged guchitha techisog gmtmgyxtcmimhnosgsthe
sta

25 a firs; k of l.ayers. conpri.sing an uppert.

vole i fiscfiohs FAG poing e BIOTIR LRaths! Earion ivgr o
second stack of | ayers conprising a | ower anchoring
| ayer and a | ower protection |ayer; 30 22 WO

12. 200 filta gpter focse/seuspn ogyoubue toeFlaimy i MiETein the first pad the segord
elast81§1e111§¥’e}‘§sr§brﬁ 1s§§ﬂ1@&ﬂﬁﬂb@rbove the second stack of |ayers
er anchoring |ayer facing the | ower
anchori ng Iayer wherein a first portion of the

op, i s threaded .t hrough a,hole pr
13. 2P Ihee Bl e iR ottt TRy S Smon Rorell e uREdich D
comptRRSEarbiCieE chfipdsayer and the upper protection |ayer,
a second portion of the optical fiber is threaded
through a hole provided in the | ower anchoring | ayer

14. 1 OAbELANGHRT RO QLWBE R h{ G0l %ﬁrﬁi@cb YrheaGty! 8Y Shear ks,
the I ower protection |ayer, and

comprising

an optical fiber having at least one fiber core;

a plurality of Bragg gratings incorporated into the at least one fiber core of the
optical fiber at a corresponding plurality of portions of the optical fiber, wherein the
Bragg gratings and the fiber core each have an optical axis, wherein all of the optical axes
are coaxial to one another, and

at each Bragg grating, the sensor array comprises

a first stack of layers comprising an upper protection layer and an upper anchoring

layer; and

a second stack of layers comprising a lower anchoring layer and a lower

protection layer;
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10 wherein the portion of the fiber core of the
optical fiber conprising the Bragg grating is

wa@emangse bet ween t he anchored first and seconPCT/SG2004/000118

portions of the optical fiber. 15. The fiber optic
force sensor array according to claim 14, further
conprising, at each Bragg grating, a defornable |ayer
arranged between the upper anchoring layer and 15 the
| ower anchoring layer, wherein the deformable |ayer

tehm%n theerilOdtddkT 1 erst B arr@ipled aBdve the BLONE HAIK dfSlayt@s with
e Bra rating
the upper ancho%gg ayer facmg the lower anchoring layer,

wherein a first portion of the optical fiber is threaded through a hole provided in
the upper anchoring layer to be anchored between the upper anchoring layer and the
upper protection layer, a second portion of the optical fiber is threaded through a hole
provided in the lower anchoring layer to be anchored between the lower anchoring layer

and the lower protection layer, and

wherein the portion of the fiber core of the optical fiber comprising the Bragg

grating is arranged between the anchored first and second portions of the optical fiber.

15.  The fiber optic force sensor array according to claim 14, further comprising, at
each Bragg grating, a deformable layer arranged between the upper anchoring layer and
the lower anchoring layer, wherein the deformable layer embeds the portion of the optical

fiber comprising the Bragg grating.
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