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The invention relatequé
to a fibewqaplkff orce sensor for neasuring a force exert ¢greany@sy optic

fiber.
I nvention to provide a device for

SUMVARY OF THE I NVENTION 10 It is an object of the present
measuring a force exerted upon an opti cal

fiber in an especially reliable and robust way. 15 This object is achieved
by a device according to any of the independent clainms. Adv

enbodi nents are defined in the dependent clains. The pr esenammm@ mw“m

provi des a force sensor for F4d8& QptdcoBorcs Sen&0& t ed upon
~fiber, the force sensor conprising: a fiber Bragg grating conpriSi#§ an

opti cal

in a por?%@%p%ﬁu¥%e

fiber having%a?%% £l
p a

nd having a grating optical axis 25

par al | el Fi®LD her f Ther INPENTAONaxi s, wherein the Bragg grating has a
predeterm ned optical transmttance and reflectance, and a plurality o
stacKed | ayers, wherein at least that portion of the optical fiber
conpr i si ‘Biye t lrvenbgon gral #hgsi 5o ewbbdeed dipteehoBCE 09RRSPRAYEIT 30

ar rangengil s ¢OMpL 1 $1 Agréé éﬁé@%e@“@p&&WQH &ﬁWféanfiﬂérp|Ura|lty of stacked

| ayers and an upper |ayer arrangenent conprising at |east one upper |a

of the plurality of stacked |layers, such that a force exerted ﬂ&ﬁ

optical gipmeiry noR Predeternrned direction of force results in

tion of the predeterm ned optical
grating. WO U2/ ~Gr12

vari
Br a

15

20

25

30

35

It is an object of the present invention to provide a device
for measuring a force exerted upon an optical fiber in an
especially reliable and robust way.

This object is achieved by a device according to any of the
independent claims. Advantageous embodiments are defined in
the dependent claims.

The present invention provides a force sensor for sensing a
force exerted upon an optical fiber, the force sensor
comprising:

a fiber Bragg grating comprising an optical fiber having
a fiber optical axis and a Bragg grating being formed in a
portion of the optical fiber and having a grating optical axis
parallel to the fiber optical axis, wherein the Bragg grating
has a predetermined optical transmittance and reflectance, and

a plurality of stacked layers,
wherein at least that portion of the optical fiber comprising
the Bragg grating is embedded between a lower layer
arrangement comprising at least one lower layer of the
plurality of stacked layers and an upper layer arrangement
comprising at least one upper layer of the plurality of
stacked layers, such that a force exerted upon the optical
fiber in a predetermined direction of force results in a
variation of the predetermined optical transmittance and
reflectance of the Bragg grating.

f
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transmttance and refl ect ancecwad* t he

iberygﬁtiggl axi's and a Bragg grating being forned
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2 PCT/SE 11 /(1U23") The optical fiber including the Bragg grating is
enbedded into ( a stack fornmed by the plurality of stacked |ayers. The

force is ﬁ@ﬂbh@ﬂzto the optical fiber not directly but vigachRgophdsk - of
| ayers. That 1s, the force is exerted upon said stack of 5 layers. In

consequence, a strain or stress is transmtted to the Bragg grating. Due to
said strain or stress, the Bragg gratiné is deforned. In reaction to this
deformation, the optical transmttance and refl ectance of the Bragg grating

h d. 10 .,Due to, the, pl it f stacked | . d t h
opti cal FrBePPRdFRtgE WRSEuiBALRATBE ERE PEAGE SXerLaH iBoR CHECGR PRAP
. fiber isapeeuert edrmeanbequnst byurtie¢tfoofessacked dhyehs.i Mrentboaei s
par el 2l LoegRea L ebpebley 15,50 8y RerYeLs 630, BReosh glod

such thatSt rc pr ermned propérties suc
_ sensi tivbfylaelrsreSpett itp the force ie bsencaduunpdp sabdesshckhefforce to

be measuhgg, and i beALLANeAL NG LRLESn! 8rDEr PEASULEd e r8sMis0ed to
t enper at ure effects upon the ?fber ragg grating can be mnimzed by using
t her mal | $hienBupaui agakaneri BPS tA SREA| &FERSD 95 ThECFAvertCoRTAERt her

provi desgaa tonhee i§eRE@brABHRAY InCOBRELSbAJLBNLRPS i 88FotinBeiong Rhurality of
Bragg gratings_incorporated into_the ggt%cal figﬁg at_a _corres ondin?

pl ural i t §P&ACHSr tFBREMGFERRES 3B Bpt FEAPCEPBER, OhnePEi REFHE BFE53"gr &F Pngs
and the epkngeld.fi ber each have an optical axis, wherein all of the optical
axe re parallel, and wherein each of the Bragg gratings has a

pre ermned optical transmttance and refl ectance, and for each Bragg
grati ng, Dael apethaspénpbyityhefl ayeck88 isyenblyacdapapsi #g: theplurality of
stacked | LS [ . e specti e [ h At Lgal
fiber cor rﬁgﬁ%g%gﬁénggg%nb %%%EF?%%?Egcgglghé g@%%éc%%i?%f%lgggl ltrating
i s enbed@etisedwddhes Lewerevaperdar FRRGEABARRtLBPFPE| HETSE FERSPTORE | ower

layer of thae iphandlibhy i6f pstackedalrayersband anduppeiabager arrangement
conprising at |east one upper |layer of the plurality of stacked | ayers,
suc

Further, the layers can be selected such that the force sensor

has specific predetermined properties such as sensitivity with
respect to the force to be measured, range of the force to be
measured, and direction of the force to be measured.

20
Also, temperature effects upon the fiber Bragg grating can be
minimized by using thermally insulating materials in the

layers.

25 The invention further provides a force sensor array,
comprising
an optical fiber,
a plurality of Bragg gratings incorporated into the
optical fiber at a corresponding plurality of portions of the
30 optical fiber, wherein the Bragg gratings and the optical
fiber each have an optical axis, wherein all of the optical
axes are parallel, and wherein each of the Bragg gratings has
a predetermined optical transmittance and reflectance, and
for each Bragg grating, a layer assembly, the layer
35 assembly comprising:
a plurality of stacked layers, wherein at least that
respective portion of the optical fiber comprising the Bragg



5 that a force exerted upon the optical fiber results in a variation of the
predeterm ned optical transmttance and refl ectance of the Bragg grating.
Accor di ngwiRdephef erred enbodi ment of this force sensor gchRGiMascordi ng
to the invention, the Bragg wavel ength val ues of the respective Bragg
gratings of the plurality of Bragg gratings are set differently. By this
arrangenent according to the invention,3it is not only possible to neasure
the force exerted upon each of the Bragg gratings, but it is also 15
possi bl e based on the rgflgcted and/ or transgitted Iight to assign the
measur ed9¥ BFLRIVAF UBTPRAERE BPLHGDr at FAYCLehdY R ERFSNFOPERE and,

t her ef oreompPigehgr atnkebbe grenkbdwecalajyecadbfonhefplireasengedtforce al ong
t he opticgl %ige;. I n thiﬁ way _a gevige .S Prgxided @hégg %s C ag e of
mappi ng ACFOFEe 20YFHRdTAT ofy PRRSbpt €&l 1 berIchnpri ST Ng the"daf'a Bragg

. gratingsledspravei sppbeut Layeat obntbé sluhaditdpvofestacked. lapeneasswmehand
nmoni t-or for a b i ke : r e I { ch_device is
enbegdedgﬁgg %Rﬁéﬁkgngg%E§$C§§§§ #hé Eﬂ%&@ﬁ%ﬁ?%ﬁagrg?%ﬁgﬁ%uéﬁa?fiber Bragg
grating wadiatsoppefathagerpedateprenedhepsifaaki guaesnatsaees andchematic

view of the)bbbehcBrag0tBEabiNgy &HGUiggl b shows an input signal, Figure 30
| c shows a reflected signal and Figure ?d shows a transmtted signal of the

fiber Bragg grating. Figure 2 shows an expl oded perspective view of a force
sensor desc@n@ingotoper ptefasrad sémbbdivensosf whesefsrddesdower 3bragqyer
arrangenent and the u r.layer.arrapngenent ea rise e sa nber
of ﬁgyer%?c%fgﬁpgiﬁa Eggaﬁn%%%%h?%éngg%ng%ggp&ggégggé%ge%%?%ﬁg gFV@%6

02/ 6712 dePeH¢BOre1BLad¢ 1380t fgsref Sthhopdunal ekyl oflcbir peg speatives vi ew of

a force éfé‘sgétqﬁﬁﬁgfgn{?ﬁgﬁg?%ﬁi Safr BhESALHE QEcStaphy seneRs according

to the present invention, the | owe yer arrangenent and the upper
| ayer artByigeheal  edBhi8oRPki Q1Y BHPFFLPLAL S HERDEFe of ¢ af@FSe according
to ? L uaé%@ftéabegbﬂea;c@fo}f h@h?rgﬁg@g @ﬁ&ﬁﬂﬁ?@ﬂ-}ﬁﬁ%eié_ shews a]p_
expl.oded perspect]ve view of a ce,_sensor,, further conpri si a first

of orlgat ROSTIPLSaPPagHeant 018 FFT LEC 100 oRAOLPT | FEARIPLE SEnbtF It EAr &
first enaseighhenh8rmggsgradi igrcandabusetonthel Bngggegirating stknached to a
second epdl; Of ¢b08e O6E. BEDEQFor8CC06 AaBEe R flol UALNELofIbORL BNt Of the
present 1nventron. Fi gure 5a shows an expfo%e per spective view of a
four uniletytieoncefsthsosedeed ghetce oabpedatkeaqphladlt af ogenshr , thv@rein

el ongat ega{i hegsvoteeashpt¥pi SHESRHVER! 1§ a¥8HSLDE épuﬁalb?yﬁg Sa af&rdé i gned
mut yal |y garallel, accordlnagio agfurther enbodi nent of .t he present

i nvellt i oh22%02£PREr EPSeRRLART aft RRPI GOBBE pEFEHetRP VR VT W d99a two uni-ply
force segsetingsi gregraotbdpel ateidszatsdnabh seosos,dewmbeei s ed omgated

fibers Ofellfrl e, URSAIUED! (haYELRQM 100 bAYE Sedh® AILANAIptLALLY
paral l el , "according to a further enbodi ment o e present 1nvention.
Fi gure cledhois whiekptiedéee pes spekeddedyvi ew of a cross-ply force sensor,
wherein elongated fibers of each two subsequent | ayers of ten |layers are

ali%ned nut ual | orthogonal
5 BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows a fiber Bragg grating and its operating
principle, wherein Figure la shows a schematic view of the
fiber Bragg grating, Figure lb shows an input signal, Figure

30 1lc shows a reflected signal and Figure 1d shows a transmitted
signal of the fiber Bragg grating.

Figure 2 shows an exploded perspective view of a force sensor
designed to operate as a strain sensor, wherein the lower

35 layer arrangement and the upper layer arrangement each
comprise the same number of layers, according to an embodiment

of the present invention.



30 according to a further enbodi nent of the present invention. Figure 6b
shows the force sensor of Figure 6a in an assenbled state. 35 WO
1?2/ . 11714,P0 PeA{,SCA / 1111239 DETAI LED DESCRI PTI ON OF THE R
ENBODINEN%éﬁgggTzE INVENTION In the followng a detailed e?ggﬁpeloﬁ of
preferred enbodi nents 5 of the invention will be given, referring to the
drawi ngs. Figure 1 shows in Figure |la aé4fiber Bragg grating, in Figure |b a
spectrally resolved input signal lin input into the grating, in Figure Ic a
spectrally resol ved reflected signal Ir, and in 10 Figure Id a spectrally
resolvedFﬂgaﬁgnﬁtﬁ@@m§i@@aﬁxpﬂOéﬁdt@erﬁpgéﬁlsﬁaggeyragiﬁgf0A§ec&ﬁn5@rseen

. from Fi guees gnkd 4o Spetaddl iakelh Bragguekabirngthrsi@sgenkbal k¥carding

wavel engt h-sél ective filter. A fiber Braggﬁgra ing will reflect |ight that
has a VeFEl ShGt REEEERTD TEIRELF8ndIHGTeoRt i Ce LPVETpARYEH ALAUBEBited by
- 15 the ekhacthee upplraqlaves aftaxgehehieebicherongifisthat dili€epeapagati ng

node sees. =~1b = 211neff 2Q This.is called the Bra ondi.tion, d (err)b
is cé?le&upﬁgergg a%ﬁ?@Veﬁﬁfﬁ?% Pahgoa gPﬁgreﬁa$§g8 éP%EEwF?It§§
transm t peesenthdntvesitgoinf.i cant attenuation. In other words, the grating
operates as a narrow band wavel ength notch filter. 25 Any force or pressure
or strain or stress applied to the fiber Bragg grating results in a shift
in the BFagyradelS&oysh aleeXPiosrdt RETSBRSSH Y OWNi-EH égnabéoééﬁeéﬁééan
ei ther thgrigbheetnh:Sisdmdy a0k ispecknvRyhtear sitRibhatthansa tbed sigial or
spectrumlt. Slnﬁg the neasured information is e co%egadlrectly into 30

t

wavel @ngPRY @i ERE LOTTeL58550 e BEREr & £RESteER: 8 §t 3748qui red does
not dependadiihegt layndor tsheond alohigghed Btenp bytachedHosses sacoadneador s

or on the_source paower |evel. _For this reaso f r_usi a
fiber Brgﬁg%éFatPﬁS% §GE%FFV03 gPFglpﬁsgﬁs%t?35E?§reghggﬁgﬁgggt8#igg%tions
such as. p3&searti anvems-iom.t he |ight intensity or light |osses. Therefore,
the force sensor according to the present invention is particularly
reliable and robust. V1' O 02/ A712 6 PCT/SGOL/ 1111239 In the above Bragg
condi?i of19UKE Bradd Wy &le SFPH OCEFr PETEPSG ta¥FeNdsoRTt Re TPBRPEPATENY of
the fiberoBraggedicaid s igheidefter epeirtities apr ef ettradnt eehberpalzhgredsul at e

the fiber, Braded #igs LAMeat €Y' LABIRALent"15YRR" 82CRL,ENYEPLLAM
are aligned mutually parallel, according to a further
embodiment of the present invention.

20

Figure 5b shows an exploded perspective view of a two uni-ply
force sensor designed to operate as a strain sensor, wherein
elongated fibers of the two subsequent layers of two layers
are aligned mutually parallel, according to a further

25 embodiment of the present invention.

Figure 6a shows an exploded perspective view of a cross-ply
force sensor, wherein elongated fibers of each two subsequent
layers of ten layers are aligned mutually orthogonal,

30 according to a further embodiment of the present invention.

Figure 6b shows the force sensor of Figure 6a in an assembled
state.

35



5 be achieved by using thermally insulating materials in the |ayers
enbeddi ng the Bragg grating. Figure 2 shows an expl oded perspective view of
a force sgpsplfigsi gned to operate as a strain sensor accegdjsedybsan 10
enbodi nent of the present invention. The strain sensor conprises an optical
fiber 203 conprising a Bragg grating 204 therein, four |layers of a | ower
| ayer arrangenent 201 and four layers of an upper |ayer arrangenent 202.
The Bragg grating 204 and the optical fiber 203 forma fiber Bragg grating.
The Bra rating 15 204 has [ tical axrs araIIeI to a fiber
opti cal %I@D e GptH TN fqlhg? C%&FFPHD@ EMg 284 T enbedded
. between tnveENOMRr | ayer arrangenent 201 and the upper | ayer arrangenent
202. The layers 20 of each of the |lower |ayer arrangenent 201 and the upper
| ayer arrangenent 202 are stacked in parallel. In this enbodi nent, the
.l ower | ayertlar rfaidendnly AOHeaacl1ehedeppempta<ymroﬁrpaetge:meed ediddHaents
COMPLT S€, ¢ NG, SAE, AWTNG! 8022Rcl BYGLR, Loforfs AUMDET 0l dotfsdqyers. Such a
forceé sensor having an equa ayers arrange ower |ayer
arrangenment 201 and in the upper | ayer arrangenent 202 |s aI so called a
strain sensgfe WIRIRIWL Ue #i e BrA00 ﬂil@éﬂ Ngd agrfﬂtgfgd, i teheueutiAl
| ayer of t force sensor, Accor di int enbodi ment of "Figure 2,
the | owet PBSRFTa}HANERRRRYSS0INRHE neapefn | BJRRC alPERgAREN (TR Nehve
arrangedisyrmgiréd cat | 3 wipkktredpgcirelsolisee Breffg@ogreatt isngyrizQ4,1,50 ahdatint he

Bra ting 2 IS enbedd bet wee e .l ower r rya ge nt,_,201
andggh Eﬁﬁplé'r% g@eﬁ a??%%%’e Eﬁﬁogyﬁ’?rettr |a61§f‘fl;7%§ t% I?flaeut r?ar ay&® Al
of the Iﬂmxms EU&QgﬂQIEﬂﬂ@gJCKSﬂC@a|b9 Beenedrom WV@M@EBClbzla PSﬁbSG@ll

100239 Al grgta leptﬁatnttm 203 Difa Pl ESRL DALl er
t he Iower ayer ar rrent 01 or |l ayer arran e In a
di rect i ofilgferf-orca ndBeadGr grating Wlpﬂa#QﬁquRal Eh@%ngéﬁe@ts

does notydratdard i 88HFL688hdEhGNGS @fuéétel@aotp@aioa N SR 1 GR RNy
reflectance of the rag %F%ratr ng@ since the_ fi n‘%g’%% gratin 1S ar.r anged
e

in the ndf r fffegrdveof TEALAFELER sERSDE |9Ftﬁi meRese |ERET ¢ &
strai n sergEgafing guwde 2ekavi ng the fiber Bragg grating 10 arranged in the
neutral |ayer of the strain sensor is insensitive to a force applied
perpendi cular to the fiber optical axis and the plan of the |ayers of the

| ayer arrangenents; such a strain §enso2ﬁnefonly sensitive to a force
(stress or strain) applied anng the fiber axis, or npre 15 generally, to a

force aﬁﬁﬁied in a direction ly % wi t.hi.n the pIane of I %Sx
arré Fentalisg ﬁﬁﬁeBréﬂﬁarﬁndééﬁQBV apfgdwe 1§ aﬁ FirGEEd
per Spetha&ﬁaMrﬁ;}l’imf alf;nrtceaﬁen@pmeﬂes»agzmmg&h@pewatte abe a fyrassiirttcand

strain Ses accordl 2Q fur di p e
i nventi off- snﬁﬁ 8&%86?%%%& |a§:at§elnrlrl1 ttar ton}[:) e® d| ne {E’eshég\% Pit aIi:mfx;r
Wi th theomsadms @s ﬁh@@rwwy-b@wdrWaa?éﬁnathanQEanleO$rand t he upper Iayer

arrangenent 202 each conprise a different nunber of |ayers, i.e. t he | ower
| ayer arrangenment 201 conprises two 25 | ayers, and the upper | ayer

ar r aRgenit  DRECR opr PERESBIGhPT| 78RN ShcRTESFSr @PPIRSorrohdfend iber
differ erErd't}tjfb@fa‘@indr ayessles r anged shifithdn oy Brygd wavelwsyenta2@F and

in the %Bpersenggr, which can be detected in either the reflected signal
or spectrum I, or in the transmitted signal or spectrum I,.
Since the measured information is encoded directly into
30 wavelength, which is in absolute power, the resultant data
acquired does not depend directly on the total light intensity,
on losses in connectors or on the source power level. For this
reason, the force sensor using a fiber Bragg grating is
particularly insensitive to exterior deteriorations such as
35 wvariations in the light intensity or light losses. Therefore,
the force sensor according to the present invention is

particularly reliable and robust.



30 arrangenent 202 is also called a pressure sensor wherein the fiber Bragg
grating is arranged away fromthe neutral |ayer of the force sensor. In the
enbodi menfyosBA¥A2i N Figure 3, a force exerted upon the 35pepikicephokd ber 203
by pressing upon either the | ower |ayer arrangenent 201 or the upper |ayer
arrangenment 202 or both of themin a predetermined direction of force |eads
to a strain in V1' O (12/-11712 8 PC ¥ /SGE1100239 the Bragg grating 204
and in consequence to a deformation of the Bragg grating 204. Therefore,
the exerted force results in a vg&iation of the predeterm ned o tic%

I
transmi t}anddCan@OPEe | EHEHL e COPUFHERr add Syr EFRAG 26AVESEAHE eftor &159
. force sedsgendiavidy tberefi bempBraggrgr abingtaer afgés rawardgqomddee inejut r al

| ayer c be used i.n partic t0 ure f or i perpendj cul ar to
thocti et SR ok SRy e R B fa T h oL iFufEPy B B B A
 arrangengratsind fauh iiss teheriefosmentsapabtbet preavesur eneept bysurteh iex erared

UpOnsei Ler G efbdl Ny | AYEIn ' LARIFERALS 1 AGNEE 1M1 AR IRLESSH € the
sensor. is pressure Sensor tan neverthel'ess be used also to neasure a
stress okay¥arsienhedsimed the BFadel §58tsRJt he | ayer arrangenment and, in
particular in the longitudinal direction of 15 the optical fiber.

Accordingly, this sensor can Isod[be used as stain sensor. Generally
speaki ng‘:,gl@l‘ﬁfee for EBOYENEHr eﬁ%&‘ﬁj& REGFSASSE1ERA G- Y 2 F ng EPBEF SRTERFed
bet ween ddeidrater dayesperatangerenta 2Gk 20 mnddrimruppaicdaper ardoangeirent

202 .accordi hg. to.the inventi re an,indirect s i ng device. In
complr + b RSty B h e LR o O F i "R il es
i ndi r ectarsenpthgatieviiberarP3 echmpyleing eh@dapeengranineg dAndgheredmbedded

FBG of f eféulselvﬁfe?és sk ANt AGRS, ei;é%éﬂf ardhriRRerd 2 IPTERE WiSARsRrs of

according to the 1 nvention, wh grce IS aEpr ied to the pressure sensor
by neansifURPSF atBYBF &rEPRIPTEREnE Odeardie (Rragy e@kdeing o20et 8RR fdea

cont act é}ft%aqu ﬂihféﬁlolmse Mﬁ]nb a{e,flsmecxtl Erﬁaéd’legﬁtqsrﬁ}lr err’geerm&rg_,gl igrating anOI
uppest o owest | ayer. s allows the pressure to be easily.esti.nated.
SEedRd, 1 it S SRHAL B R A0Sl 0 @ i APt o S
strai n sefistdre apadradilng ibert R@3i.nventi on, the range of forces that can be
applied to the FBG with no permanent damage to the FBG Furthernore, the

response of the enbedded fiber 35 shows better stability with respect to
time as Tempdredat ograbingf 4tk B& ceTPEIdedd hatwaad dithect Lewesi Adgyer

techni querradfdheritaid il tahd ScdSasyad & r5tattdeinen® O .S T8RP 184 s0
botB t he ~ 0 Qg/@ﬁlZ 9 PCT/SGL11 /gl 239
0 of each o e lower layer arrangement 201 and the upper layer

arrangement 202 are stacked in parallel.

In this embodiment, the lower layer arrangement 201 and the
upper layer arrangement 202 each comprise the same number of

25 layers, i.e. a number of four layers. Such a force sensor having
an equal number of layers arranged in the lower layer
arrangement 201 and in the upper layer arrangement 202 is also
called a strain sensor wherein the fiber Bragg grating is
arranged in the neutral layer of the force sensor.

30
Accordingly, in the embodiment of Figure 2, the lower layer
arrangement 201 and the upper layer arrangement 202 are arranged
symmetrically with respect to the Bragg grating 204, so that the
Bragg grating 204 is embedded between the lower layer

35 arrangement 201 and the uppér layer arrangement 202
symmetrically in the neutral layer. All of the layers are
mutually identically formed.



bare and enbedded FBGs and the drift in the axial strain is observed over a
period of time. According to the invention, the optical fiber 203 can for 5

exanpl e hgygrasihameter which is conparable to a thlcknes$quGg@gﬁ3§ayer
al though this is not necessary. The optical fiber 203 can

acryl ate-coated, polyimde-coated or uncoated, which is sel ect ed according
to which naterials are 10 contained in The layers. The coating, if such is
provi ded has a thickness of typically 10 ,um In the enbodi ments of Figures
2 and 3, each layer is made of a conposite material conprising a pol yner
material and el ongated 15 carbon fibers being arranged in parallel wthin

. eia;:h I a%/tsr fo@%‘%h d:aefed Subbﬁr lm&iel yopbdcgl e(ﬂlbb%aul% i t»fgzuIbp'.xtetsta(.:tnc_;tt nug()jonf
alternativye e me ea ayer _can co gl ass f.ibers ins of or
' o PURRED (e CAPBBR 1 BEPE S AP B NP Al 1o natl% e SBREG HANTE an
. epoxy reatrfam@émsntl 202 arpohyedtrectiesai rofmfercal pespesddcuharhed ayees s.
Pr ef rabl i f at | east. r r f 2

conp | Si R%/F‘r& 8ng§th§d B%?sér %e %‘Eﬁ%l é‘? % flo ggﬁgs ﬁ:‘o d‘?a %EH TR is
consi der abalygde aw@etrhet mmzaazaih amanEmidit aniee @mdngéiééctab§€50fThh€ Pragd des
a snoot het ,den '”%191 th%heptff@érf'd%t g2 03rabegddeds b%ﬂﬁ@?};e@e hOV‘@Hie

| ayer arfangenent 201 and the upper ayer arrangénent. 202 0 Figure 4
shows ann%‘kﬁ%eﬁa}pﬁ sPécthfe fPFER SETEOToride WETS AL th DpetiR e as

a pressugerSens HerdHOr difNgriguirbe preseping nuaid | @ibefrur Blaaggcogmtsmgng a
f|r toel on ated strlp 481 atta herdl' tg a flrst e g}?of t.he force sensor, near
st %% df the B ﬁggnﬁP G¥eTandta ond® H oMyat TP i prS02

at t ac hedlh@exasi;enmd tend aof folreef oapplseahsmrerpﬁmmcd] t doa thet hélber

enbodi ne sept 4in / 1 12 The
first st?tgtlé% gighegéecoﬁgg ?’ ) 40 are atta(]:aﬁlég"gr %?e 1lélga)terlne gfg ée]pof
t he presenr@ncs@rms, |guahi & %mum NeRRSOX hey erly atensheivatte ke foure

layer ar{appes®ento 20k Alitgr nabbyeky, hD6NgS ©ah e it ached, at ok-hemspper
| ayer_ arrangenent 202. The firs rip 401" a the secaqnd strlp 402
ar r aRgedIpRPEREY / t BOeBcH VIR h%PH’]anéF igng ﬁ&&&ﬁ&l %t Yo th &' ¥ 5 bt %b?l cal

axis of pbenepdf cete fidesr 203 anlfbment, hence the name “strain” sensor.

Figure 3 shows an exploded perspective view of a force sensor
designed to operate as a pressure and strain sensor according to

20 a further embodiment of the present invention. This embodiments
is similar to the embodiment shown in Figure 2, with the
exception that the lower layer arrangement 201 and the upper
layer arrangement 202 each comprise a different number of
layers, i.e. the lower layer arrangement 201 comprises two

25 layers, and the upper layer arrangement 202 comprises eight
layers.

Such a force sensor having a different number of layers arranged
in the 1lower layer arrangement 201 and in the upper layer
30 arrangement 202 is also called a pressure sensor wherein the
fiber Bragg grating is arranged away from the neutral layer of

the force sensor.

In the embodiment shown in Figure 3, a force exerted upon the
35 optical fiber 203 by pressiné upon either the lower layer
arrangement 201 or the upper layer arrangement 202 or both of

them in a predetermined direction of force leads to a strain in



Each of the first strip 401 and the second strip 402 is made of carbon
fiber. In alternative enbodi nents, the strips 401, 402 are nade of a netal,
e.g. alum of sone other sufficiently rigid materi : o Strips
401, 40 irnr?%@@c??{%y a force | ayer arrangenent perpendi cul as’lqrg@@-&g)
sensitivity of the strips 401, 402. 2 enhance a deformation of the Bragg
grating or pressure applied to any one ®f the |ower 201 and the upper |ayer
arrangenent 202 the | ayer arrangenents. Therefore, the pressure sensor is
further inproved by the Figure 5a shows an expl oded perspective view of a
so- cal | ebhe oBFagsi IAtiNTDrd safsdn §ORSEANRECEota P URERRFMRRHRRI Yenthef

. the 25 pseseqt graventi @adesrignestde openat @ @steld afdrsengesuldde it rain
sensor conprises four |ayers, t | ayers .in the | qwer, | ayer, arrangenen

201, and’#wPFESRrsOFn itﬁ@ uppERS ngeyr ar?é’g:ﬂ'é: Zd:fa’ﬁséWt(ﬁnct%e Ier s
I S made ©&fhedBhirte Af aEpBraigyy gelaeigat @d4car bon fibers (indicated by
stra%}ght 30 parallel lines) which are arranged in parallel within each

| ayer. The elongated fibers of each two subsequent |ayers of the four

| ayers diremdfgned rut Ualdce paealsios] . hivang sthehefobéent Bragy ofratieng

el ongat e I L N} r f e Thi i,ggﬂg_rrent
is al so %Eﬂi%%lg%ééé %ﬁ?yplf%/&gg]c g%rg_%gg%%t .qgig—ziegurc 31956:] egﬁ%rvid ah&eé%f%{ el

per spect ¥¥eM@REWrSf 8a RASFuARPIied peppepdryuban 1tpcthsc(hifer] 1928 Flor ce

sensor aggps dang tRrpchdithearenodinenl ohet Be RheSENydNVeRtdfertasigned
i is simlar to that of Fi

to gﬁgr ate_as strain sensor. This enbod nent Jure
5b. TPowed tRe st?’re&e OL8ns§PR i HBRTF TRt s PESFSHT Se SXGHET G WP

| ayers. &ithemrenéaocfhohs huyexphodaedgerespect e i gve alame s'Op0addwck”
Cross- P'é’er§$<5£e %Eﬂé%rgggﬂ!ég' %%ﬁts% a I t e SROAJENL . Of L Re aﬁrs%seJEr
invention. Th this enbodinent, tThe force sensor conmprises ten |layérs. Two

| ayers areapnosi dedtiresshed owkeraimyererbedr dangadveenplang, odndhei ghiydrayers

are provigded iandhe upper;l ayere asfangeiet h 0o LeEUMNND! YirddHiDn of
enmbodi nent of "the force sensor is sensitive for forces exerted

per pendi &t aPPEéCthef Preihe AFCAHEL NS or H A RFEFI 88 tdiato e L5t &8
Sensor caabpesaisomS pressure sensor. Each |layer is nmade of a carbon fiber
15 reinforced plastic (CFRP) conprising elongated carbon fibers which
extend parallel within the layer. The el ongated carbon fibers of each two
subsequedené¢nykbly sbebkéngen flmyeforaee sdnspredhautngl |Yher thbgondtadthat

I's, the &Fé@ﬂﬁgt (PBG Pf ehBEagb@NPRLGE AT REES 1icwed! LGfyRAL I G My AR rde T ReS
fromlayer to 20 layer. This arrangenent is also cal'led a cross-ply .
ar r gendd . tEpgUPEREh 18KBHs AERENEEREE ts @0 EPrTELG r & B athe HH HE s I ed

state. Theprssenbd eth figiddessensensisgvaeyieenpact and insensitive to damage
by exterior influences. Al so, the Bragg 25 grating 204 and the portions of
the optical fiber 203 surrounding the Bragg grating 204 are protected

agai nst Tanegepail sdough & e recds seplsyinjodegisensnd hashbéems degor ikmatk as a
Pressur ex8ensphe hayhngedhies Hiaage, Galicw agvelanmae seutia!sAbdanst . 1t
can _al so have 1ts Br thin the_neutral Tayer, In

a ratin
con??a_di %%%%t?%n?fﬂliﬁcgc}gﬁéig@r?godﬁ%ﬁtss S@Velrﬁéuf"‘éga%ﬁag‘ﬁ%' 6bF1¥Her ey case
oper ati ngf ag Siésdirs itor Qeddiviitighed hasdindetBion| ywhet ce sefEOrisLan
al so have |%s &r ggg ar at |rn%ﬁawgy from.the neutral ayer, i.n {milar
cont r adi 3PP HEET ohiCt GEhETERSTIP SRS Ogf Oy means o plate or simi
‘plane means, it 1is easier to determine a contact area of the
plate with respect to the pressure sensor, i.e. to an uppest or
30 lowest layer. This allows the pressure to be easily estimated.
Second, the embedded FBG extends, both in case of a pressure and
of a strain sensor according to the invention, the range of
forces that can be applied to the FBG with no permanent damage
to the FBG. Furthermore, the response of the embedded fiber
35 shows better stability with respect to time as compared to that
of the bare FBG used in the direct sensing technique. Such
stability is observed when a static force is applied to both the



35 Figures 5a and 5b, thereby operating as a pressure sensor capable to
sense both pressure and strain. WO 112/ A712 12 PCT/ SGO 1/ 011239 The force
sensor ac@ey@iqento the invention can have an outer shape pphisghiih@zfdapt ed
to a means which is used for applying a force to the force sensor. For
exanple, if a front surf ace of a plane circular disk is used to apply a
force to the force sensor 5 designed as?pressure sensor, the force sensor
can have a plane surface which is suited to contact the entire front
surface of the djsk. WO 02/-1C712 13 LEGEND OF REFERENCE SIGNS Figure 2 5
201 | onePaFay&ndar embRAdRtht FBO2 Gmskrthay 8riditr diyehfit 2%08 lopt it f iber

. 204 Br agg@bgeavédgoddr R gl RET/S@kll /(10239 401 first elongated strip
402 second el ongated strip WO 112/-4(i712 19 PCTI SGO /0(123

According to the invention, the optical fiber 203 can for

5 example have a diameter which is comparable to a thickness of

each layer, although this is not necessary.

The optical fiber 203 can be acrylate-coated, polyimide-coated
or uncoated, which is selected according to which materials are

10 contained in the layers. The coating, if such is provided has a
thickness of typically 10 pm.

In the embodiments of Figures 2 and 3, each layer is made of a
composite material comprising a polymer material and elongated
15 carbon fibers being arranged in parallel within each layer. Each

layer is thermally and electrically insulating.

In alternative embodiments, each layer can comprise glass fibers
instead of or in addition to the carbon fibers.

20
In further alternative embodiments an epoxy resin material or a
polyester résin material is used in the layers.

Preferably, if at 1least part of the layers are made of a

25 material comprising elongated fibers, the optical fiber 203 has
a diameter which is considerably larger than a diameter of the
elongated fibers. This provides a smoother bending of the
optical fiber 203 embedded between the lower layer arrangement
201 and the upper layer arrangement 202.

30
Figure 4 shows an exploded perspective view of a force sensor
designed to operate as a pressure sensor according to the
present invention, further comprising a first elongated strip
401 attached to a first end of the force sensor, near a first

35 end of the Bragg grating 204, and a second elongated strip 402
attached to a second end of the force sensor, according to a
further embodiment of the present invention.



What is clainmed is: . 1. Afiber optic force sensor for sensing a force
exerted upon an optical fiber, conprising: a fiber Bragg grating conprising

an opti calygf j2R@F12having a 5 fi ber optical axis and a Braggcqfsghhfgspei ng
formed in a portion of the optical fiber and having a grating optical axis

parallel to the fiber optical axis, wherein the Bragg grating has a
predeterm ned optical transmttance and% efl ectance, and a plurality of
stacked | ayers, 10 wherein at |east that portion of the optical fiber
conprising the Bragg grating is enbedded between a | ower |ayer arrangenent
conprising at |east one |lower |ayer of the plurality of stacked |ayers and
. an upperThayéiratrangépemmlcandwﬁhﬁr&paﬁnd(stnipOMGZUpperatﬂyehedfohhﬁhe

plurality gl stagked lakers..shch Wald 15 fonee exglledupon Lhe, opty cal

fiber in & prédeterm ne &St on of Torce res Inavariatro
~ predet er athadhegt atathe r bewen tlayase auvdngsileadt aﬁée alteheaBiugdygrhéng.

2. The fé’éﬁebée%@écﬁ&&%@'ﬂget rp@ra'l@y%r 20 rWhgEREALt B2t hi ckness of at
| east one out of the plurality o tacked layers is selected such that the

force sensor has a predeterm ned sensitivity regarding the exerted force.

3I ThF fﬂ.omge ﬁﬁfﬁ@rds&;iﬁ@r i oy Ta@de| ahmdlsecfcﬁudmh@lteu tm nreer aptahfed

pl ura |t a cted such.that .the rce s nsor as
predeter KF%l@P 6 ﬁ% Fg q&%ﬁﬁd?ﬂa (HEDege gd'?%r &e 4fh?ﬁé
force seqpbxcahcmxdsngftthaﬂqptmdal Iibstre2d®id3n the | ower | ayer arrangenent
and ji;he upper |ayer arrangement each conprise the sane nunber of |ayers. 5.

The orce sensor according to claim4, wherein the |ower |ayer arrangenment
and t he Epperofaybe ésratrahgemeﬁela@@dathgng@@og@nﬁ@mxpc@w yisi made eshect

to the Braggodr aliiv.. S tmefrr@cﬁf@ggn@éaiméwtés @H@e@@%%eetmen ife
| ower %er ar r angenent anggﬁgﬁ upper | ayer arrangenent O 02/ C712 15

PCT/ SGll ¥€119998 sPhmedri ran@ *Such A YFe  pr&det®r ni $RIEL opt el
transm t$adtec ottt ef tbgidnesefialhe Bragg grating are not influenced by a
for ﬁ exerted upon the optical fiber in a direction of force perpendicul ar
to the plane of the layer 5 arrangenents. 6. The force sensor according to
cl ai m 1, Threpstsirapehd Olowd 02| @ydrnger angafammadniont lod upgperBragyergrating
arrangenﬁ%u@é&hbgoaprﬂo%eeao@ irkeireNWERAl ol thakehSonkd Jr e {Qh&e
sensor accordin oclaiml
layer arrangement 201 and the upper layer arrangement 202
perpendicular to the layer arrangements. Therefore, the
20 sensitivity of the pressure sensor is further improved by the

strips 401, 402,

Figure 5a shows an exploded perspective view of a so-called four
uni-ply force sensor according to a further embodiment of the
25 present invention designed to operate as strain sensor. The
strain sensor comprises four layers, two layers in the lower
layer arrangement 201, and two 1layers in the upper layer
arrangement 202. Each of the layers is made of a material
comprising elongated carbon fibers (indicated by straight
30 parallel lines) which are arranged in parallel within each
layer. The elongated fibers of each two subsequent layers of the
four layers are aligned mutually parallel. That is, the
orientation of the elongated fibers is uniform throughout all of
the 1layers. This arrangement is also called a uni-ply
35 arrangement.

Figure 5b shows an exploded perspective view of a two uni-ply



wherein each |ayer is made of a conposite material conprising a plurality
of elongated fibers being arranged in parallel within each respective

| ayer. 15w 02/igei2f Orce sensor according to claiml, whereipgraigol/fnsé one of
the |l ayers conprises a polynmer. 9. The force sensor according to claim1,
20 wherein at |east one of the layers conprises an electrically insulating
material. 10. The force sensor accordi to claim1, wherein at |east one
of the layers conprises a thermally 25 insulating material. 11. The force

di t t t f th [
i poxy TRET nRRCRFT AECGF AP o oct of CFERPT, FAPGHRARN S SR OrED
. sensor atmweenthontdesignen |to whieerite add sfrabe Beyeos aTh15uémbbﬁyment
Ldent i cal 4y hatHRD. 32 chde WP FORGE, SBBS0LOARGALALAL 1O GlA oIS
or eas one

for at |east one ayer 0 the | o ayer arrangene

. layer ofthhe eippedinents comprisgsypnly rve ieyPCS.SG | 1/ (111239
arrasggenment, the elongated fibers of the different |layers are aligned
nmut ual l'y_paral | el and parallel with respect to the fiber optical axis.

14. The FHPEe® s&fsof AW 0B @31&4%. RPIBPeGREVRi Yifest Pho 3 a%r%alah%cent
to the Bsvggsgbhy i fgridesalangadasbidiief scofat hertner dehbeaafdnd ayer shar e

al igned utually papahlel, andrparglliel Wb giesnect tolhefiber o optical

comprises ten layers. Two layers are provided in the lower layer

10 arrangement 201, and eight layers are provided in the upper
layer arrangement 202. Accordingly, this embodiment of the force
sensor is sensitive for forces exerted perpendicular to the
plane of the layer arrangement so that this force sensor can
operate as pressure sensor. Each layer is made of a carbon fiber

15 reinforced plastic (CFRP) comprising elongated carbon fibers
which extend parallel within the layer. The elongated carbon
fibers of each two subsequent layers of the ten layers are
aligned mutually orthogonal. That is, the orientation of the
elongated fibers is alternating by 90 degrees from layer to

20 layer. This arrangement is also called a cross-ply arrangement.

Figure 6b shows the force sensor of Figure 6a in an assembled
state. The assembled force sensor 1is very compact and
insensitive to damage by exterior influences. Also, the Bragg
25 grating 204 and the portions of the optical fiber 203

surrounding the Bragg grating 204 are protected against damage.

Although the cross-ply force sensor has been described as a
pressure sensor having the Bragg grating away from the neutral

30 layer, it can also have its Bragg grating within the neutral
layer, in contradistinction to the embodiments of Figures 6a and
6b, thereby operating as strain sensor. On the other hand, a
uni-ply force sensor can also have its Bragg ¢rating away from
the neutral layer, in contradistinction to the embodiments of

35 Figures 5a and 5b, thereby operating as a pressure sensor
capable to sense both pressure and strain.



15. The force sensor according to claim7, wherein the elongated fibers of
each two subsequent |ayers are aligned nutually parallel. 15 16. The force
sensor acGeffifshto claim7, wherein the el ongated fibers pf/@A¢00LBWO
subsequent | ayers are aligned nutually orthogonal. 17. The force sensor
according to claim7, 20 wherein at |east part of the elongated fibers are
carbon fibers. 18. The force sensor accordi ng to claim7, wherein at |east
part of the elongated fibers are glass 25 fibers. 19. The force sensor
according to_.claim1, further c risin first elongated strip attached
Lo a 11180 chG76F (5D PO TRalhe fPETERR RN MEVE: dg Jotet
_grating, shape awaechnd selaclagated tot A mexrtsaciteidit o= wsmdnfoensppliyilmg &orce
sensor, pear a, se nd.end_o Br S n o
sensi t|V|?y of t?hgg o?gggge%gég& ﬁgghgksﬁ?ﬂg sgﬁs%rf%(g%{érgﬁﬁgg 0 Qf
19, 35 whéaré¢nciheularsdiskrip usafl the gudond Sorice dpethet égh@d @ﬁns@e
same ssi dgefi 408 Lar ?ce%%ﬁ§@r seﬁbb?er tle HE-deOWRIN Y &1a A ARG taRE at
t he upper ?/er ar r angenent 1Gr12 17 PCT/ SQ01/ 00239 21. The force
sensor a%‘é’é?%l‘F‘HgWPéCEI éﬁmSPQte\%héﬁoelch“cwtf ithg anting JfePiheSwetenRl Qfrip
are arrapgeddpexallel to at |east one of the |ayers and orthogonal to the 5
fiber optical axis. 22. The force sensor according to claim



wherein the direction of force extends parallel to the fiber optical axis
of the optical fiber. 10 23. The force sensor according to claiml1l, wherein
the direciygpg/Rh12f orce extends perpendicular to the fiber pRlidcGloa%¥is of
the optical fiber. 15 24. A force sensor array, conprising an optical
fiber, a plurality of Bragg gratings incorporated into the optical fiber at
a corresponding plurality of portions of t he optical fiber, wherein the
Bragg gratings and the optical 20 fiber. each have an optical axis, wherein
all of t i cal | el , and wherein each of the Bragg
gratingsﬂﬁggﬁ% %?e%gfgg%ﬁgg Ical transmttance and refl ectance, and for
~each Bragg grating, a |ayer assenbly, the |ayer assenbly conprising: 25 a
pIuraIityigﬁ Stacked layers, wherein at |east that respective portion of
the optica ¥|ber conprising the Bragg grating is enbedded between a | ower
_layer arrangenent conprising at |east one |lower |ayer of the plurality of

stacked bgyer$oaad BAyHPPEFriRY&fer®! rangenent conprising at 30 | east one
upper |layer of the gl@urality of stacked | ayers, such that a force exerted

upon theggﬁtiEEPeFi YoF 8% 3RI8%EY vari ati on of the predeternined optical

transm t2apceophdcaef Eepséance of the Bragg grating. 35 25. A force sensor

array acg 5dig9 to CLath24, wherein the Bragg wavel ength of the respective

Bragg gratings aFe det t7different val ues.
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5 fiber optical axis and a Bragg grating being formed in a portion
of the optical fiber and having a grating optical axis parallel
to the fiber optical axis, wherein the Bragg grating has a
predetermined optical transmittance and reflectance, and
a plurality of stacked layers,
10 wherein at least that portion of the optical fiber comprising
the Bragg grating is embedded between a lower layer arrangement
comprising at least one lower layer of the plurality of stacked
layers and an upper layer arrangement comprising at least one
upper layer of the plurality of stacked layers, such that a
15 force exerted upon the optical fiber in a predetermined
direction of force results in a variation of the predetermined
optical transmittance and reflectance of the Bragg grating.

2. The force sensor according to claim 1,
20 © wherein the thickness of at least one out of the plurality
of stacked layers is selected such that the force sensor has a

predetermined sensitivity regarding the exerted force.

3. The force sensor according to claim 1,
25 wherein the number of the plurality of stacked layers is
selected such that the force sensor has a predetermined

sensitivity and range regarding the exerted force.

4, The force sensor according to claim 1,
30 wherein the lower layer arrangement and the upper layer
arrangement each comprise the same number of layers.

5. The force sensor according to claim 4,
wherein the lower layer arrangement and the upper layer
35 arrangement are arranged symmetrically with respect to the
Bragg grating, so that the Bragg grating is embedded between
the lower layer arrangement and the upper layer arrangement
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The force sensor according to claim 1,
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7. The force sensor according to claim 1,
wherein each layer is made of a composite material
comprising a plurality of elongated fibers being arranged in

parallel within each respective layer.

15
8. The force sensor according to claim 1,
wherein at least one of the layers comprises a polymer.
9. The force sensor according to claim 1,
20 wherein at least one of the layers comprises an

electrically insulating material.

10. The force sensor according to claim 1,
wherein at least one of the layers comprises a thermally

25 insulating material.

11. The force sensor according to claim 1,
wherein at least one of the layers comprises an epoxy

resin material or a polyester resin material.

30
12. The force sensor according to claim 1,
wherein all of the layers are mutually identically
formed.

35 13. The force sensor according to claim 7,
wherein, for at least one layer of the lower layer
arrangement and for at least one layer of the upper layer
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wherein the elongated fibers of each two subsequent

layers are aligned mutually orthogonal.

17. The force sensor according to claim 7,

20 wherein at least part of the elongated fibers are carbon
fibers.
18. The force sensor according to claim 7,

wherein at least part of the elongated fibers are glass
25 fibers.

19. The force sensor according to claim 1,
further comprising a first elongated strip attached to a
first end of the force sensor, near a first end of the Bragg
30 grating, and a second elongated strip attached to a second end
of the force sensor, near a second end of the Bragg grating,

so as to increase the sensitivity of the force sensor.

20. The force sensor according to claim 19,
35 wherein the first strip and the second strip are attached
on the same side of the force sensor, either at the lower

layer arrangement or at the upper layer arrangement.
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22. The force sensor according to claim 1,
wherein the direction of force extends parallel to the

fiber optical axis of the optical fiber.

10
23. The force sensor according to claim 1,
wherein the direction of force extends perpendicular to
the fiber optical axis of the optical fiber.
15 24. A force sensor array, comprising

an optical fiber,

a plurality of Bragg gratings incorporated into the
optical fiber at a corresponding plurality of portions of the
optical fiber, wherein the Bragg gratings and the optical

20 fiber each have an optical axis, wherein all of the optical
axes are parallel, and wherein each of the Bragg gratings has
a predetermined optical transmittance and reflectance, and

for each Bragg grating, a layer assembly, the layer
assembly comprising:

25 a plurality of stacked layers, wherein at least that
respective portion of the optical fiber comprising the Bragg
grating is embedded between a lower layer arrangement
comprising at least one lower layer of the plurality of
stacked layers and an upper layer arrangement comprising at

30 least one upper layer of the plurality of stacked layers, such
that a force exerted upon the optical fiber results in a
variation of the predetermined optical transﬁittanée and

reflectance of the Bragg grating.

35 25. A force sensor array according to claim 24, wherein the
Bragg wavelength of the respective Bragg gratings are set to
different values.



