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-1- “STRAI N MONI TORmm@<&ENSCR Thi s invention relates to Strain nonitorg
serisors and nore particularly to optical fibre sensors (OFS) for strain P cory
moni toring applications. 5 Advanced fibre reinforced conposi tes
(AFRC) have been utilised to an increasing extent in industry in recent
years owing to the superior specific properties of such conposites when
conpared to conventional materials. Owi.ng t% the nature of the AFRC -
materials, 10 nmeasurenent of the intérnal state thereof is required.
Conventional nethods for this p&EBALIN MONITORING,SENSOR: strain- gauges,
val uation of acousti Chim 4sivemnt idnt fcaa@me@ geatirad naidoiadiraggaphi ¢
t echni ques. These_are not,. however . . sui e for in. S|g |tor|n of a 15
structure fornegegﬁogﬁcﬁngbﬁfg?'Pg LieR gf?@hﬁfbo 513 g %Fﬁblem
consi der abl e reé@ESdhf@kf@ttahasmbaaMOdungca@@lu@wan@msnnn|tor|ng i nt er nal
changes in ag AFRC usigseabedded S%i%%r?éah c%ﬁlgn@qnz%snﬁmgmﬁw s

pi ezo-electric trans ucers an optical fibre sensors. An advantage of
usi ng embedded been utilised to an increasing extent in industry in

recent years owing to the superior specific properties

of such composites when compared to conventional

materials. Owing to the nature of the AFRC materials,
10 measurement of the internal state thereof is required.

Conventional methods for this purpose include the use

— " . of strain-gauges, valuation Qf acoustic emission,

ultrasound scanning and radiographic techniques. These

‘are not, however, suitable fbr in situ monitoring of a
15 structure formed of such composites.

In ‘attempts to overcome this problem, considerable
research effort has been directed towards monitoring
internal changes in an AFRC using embedded sensors such
as shape memory metals, piezo-electric transducers and
20 optical fibre sensors. An advéntage of using embedded

sensors is that they enable mechanical properties of
engineering materials to be detected while éausing
minimal interference with the bulk matérial properties.
A number of researchers have reported the
25 successful use of a variety of optical fibre sensors as
in for example the embedded Fabfy—Perot fibre sensor,
fibre Mach-Zender, Bragg~gratings, microbend sensors
and polarisation measurement techniques. However all
such sensors have drawbacks among which may be '
30 wmentioned: .
(i) Interferometric sensors rely on
fringe counting from a known stfain state on
the sensor. If the movement of fringes is
too rapid, then the 1nstrumentatlon loses the
35 areference and the latter is lost The cost
of 1nstrumentatlon requlred is hlgh
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sensors is that they enabl e nechani cal properties of engineering materials
to be. detected while causing minimal interference with the bulk materi al
properties. A nunber of researchers have reported the 25 successful use of
a variety of optical fibre sensors as in for exanple the enbedded
Fabry-Perot fibre sensor, fibre Mach-Zender,_Bragg gratings, mcrobend
sensors and pol ari sati on neasur enent techniques However all such sensors

have drawbacks anong. whi chiimay be 3G dd rely on ltMeerferonmetric
sensors rely on fringe countin fron1 WN straln st te on the sensor. If

t he novenent of fringes i "S53 qlﬁquﬁﬁﬂ%J d® 1Poses the 35
reference and the latter isigmesit frthet ensit ialg ietsitfadraRitat ithe rfadda.ed is

hi gh; -2- (i1) Bragg ggatln ué%lon o§|¥iese sensors is an
5 - expensive process and the necessary
instrumentation is expensive:
(iid) Polarisation techniqués rely on the
use of relatively expensive optical fibres
and couplers although the measurement
10 - - instrumentation is relatively inexpensive.
Moreover a method was sought that could be

U implemented at or immediately after the manufacturing -
stage of the fibre to adapt the fibre for such use. It
was thought that a fusion splicer would be an ideal

15 means for deforming the structure of the optical fibre.
However, in practice, both the core and cladding were
to be deformed by this process.

The structure of the-optical fibre can be deformed
if the fibre is redrawn in one region when it is in a

20 softened state. -Hence multiple deformation may be
obtained by periodically (along the length of the
fibre) redrawing sections of the fibre. Alternatively,
such effect might be obtained when manufacturing‘if a

_ variation in the draw-rate could be imposed.f _

N 25 The principle underlying the operation of these
periodically deformed sensors is normally treated in
terms of purely geometrical optics. Some prototype
sensors have béen fabricated using -a BICC fusion
splicer and tested by surface mounting on composite

30 specimens. Such sensors are however restricted in’
their capabilities in that they are limited in size to
standard communications fibres. .

It is an object of the present invention to
provide a sensor for strain monitoring applicatibns

35 which can be very easily fabricated and which is
essentially not limited in size.



nmeasurenent of the spectral change in a signal froma grating etched into
thé fibre. The production of these sensors is an 5 "15Qﬁﬂﬁﬂﬂﬂ?‘"*1
process and the necessary instrumentation is expensive: (i|‘P“35HEETHASBEH“,
Pol ari sation techniques rely on the use of relatively expensive BP+AEER
fibres and couplers although the measurenegt 10 I nStrunment at 1 on
Is relatively |nexpenS|ve Nbreover a nmethdod was sought that coul d be

i npl emented at or rggg% t8e t stage - of;dhe fibre to
adapt the fibre for such use: 'Ta(g was ought ﬂﬁ%ﬁ%{%y on s%l I cer would be
an i deal 15 nedrECYiiedcd oFrFain thenLEoinq rdevice Hehiph | cemprispe an

Hoyvever in praéid t@%iﬁii@l&?r and pleuldi L yer e toi e def ormed by
this process. The,s ture of tﬂe qgtlcal fibre_can be defornmed if the

fibre is redraMPd In AP (Wi |3 RYSRPLRPRIRGRAd state. Hence
nul ti pl e def®r metemanycde bl at tetkip perd Ot qad::kmcﬁml@mglﬁﬁelémh of

the fibre) redraw ng &;eféioor?sls()fet{[lp Wddd & A r::r']aetnltﬁ/faé/ement on or

within a material which is to be subject to strain, a

source of energy transmittable down the radiation
guide, radiation output measuring means associated with
10 said portlon and means for convertlng a measurement
obtained by such measuring means to a strain
o measurement in accordance with a predeterminable
correlation relationship between radiation output and
such strain.
15 This invention provides, in a second aspect, a
method of monitoring strain in a material which
' comprises emplacing on or within a material which is to
be subject to strain a portion of an elongate radiation
guide at which the cross-section of the radiation guide
20 is modified in accordance with a predetermined
mathematical relationship, transmitting energy along
the radiation guide, measuring the output of the guide
downstream of said portion and utilising the output
. value to determine the strain to which the material has
e 25 been subject in accordance with a predetermined
correlation relationship between energy output and
strain.
In preferred practice, the sensing region of the
radiation guide will have its cross-section reduced.
30 In its simplest form, there will be merely a conical
' tapering'of the radiation guide. The attenuation of
the radiation output is then merely a function of the
reduced cross-section and the rate of cross-section
reduction within the sensing region.
35 The radiation guide can be designed in its
modified portion so that there is decreasing
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such effect m ght be obtained when nanufacturlng If a variation in the
drawrate coul d be | nposed. 25 The principle underlying the operation
of these periodically deforned sensors is nornally treated in terns of
purely geonetrical optics. Sone prototype sensors have been fabricated
using a BICC fusion splicer and tested by surface nounting on conposite 30
speci mens. Such sensors are however restricted in their capabllltles I n

that they are | Lgkbatlabd i A ck0 s gﬁoafi%ar B 1630! QPGS ppld 1S an

obj ect of the present I nvention sensor for strain nnnltorlng
appl i cati ons 350W9ﬁ§hS@&ﬁlm@adeﬁye@a§ﬁlﬁuﬂbbﬁhéétééeam@dﬂﬂl@Wlume

essentially not shificidd NeSiiffa regidn ARERETNE WddleBi@gent |nvention,
there is provided a strain nDn|tor|ng device whi ch caonprises an el ongate

radi ati on gui de dWFbEdbytdon decedatiyedy: Loy a{§ee Figure 3 of the

5 accompanying drawings). When undergoing stress, the
. modal volume (cross-sectional area) will reduce but the
transmitted radiation power will have negligible
change.- The rate of cross-sectional reduction reduces
with increasing stress leading to an increase in the
10 numerical aperture of the radiation guide and a

_ decrease in attenuation.

N The sensor can alternatively be designed such that
there is an increasing attenuation with applied
longitudinal stress (see Figure 3, again). The cross-

15 section in the sensing region should then be such that
the modal volume supported is in a region where the
modal power distribution is relatively high. Under
positive stress, the cross-section reduces, reducing
the modal volume supported and leading to a significant

20 reduction in the'transmitted radiation power.

In the preferred embodiment of this invention, the
radiation guide is comprised by an optical fibre. The
sensing element, that is the modified portion of the
radiation guide can be manufactured either during the

- fibre production process or post production.

Fabrication of such sensing element when forming part
of an optical fibré can thus be carried out during the
fibre drawing érocesé by introducing a change in the
draw rate of the fibre. Fabrication of the sensing

30 element post production may be carried out by a variety

of methods which will reduce the core cross-section at
a specified position along the fibre. This may be |
carried out by softening the fibre and redrawing that
section to a different diameter.

35 An optical fibre sensor embodying this invention

allows, in practice, the use of any diameter glass or .
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composites so ibre sgﬁsors, when
embedded will be totally compatible with mechanical
properties of the material of the composite.

The sensitivity of an optical fibre sensor _
embodying this invention may be adjusted by selection

of cladding material mechanical properties such that

"ithe relative stiffness of the cladding to the core is

decreased whereby a higher strain range may be obtained
up to the failure strain of the core material. More
particularly, with sensors according to the invention
which utilise optical fibres, the sensitivity may abe
adjusted by a selection of the cladding material
optical properties such that it has a high stress-optic
coefficient such that a cladding undergoing strain
would further modify the numerical aperture of the
fibre, leading to a change in the attenuation.

Greater flexibility in operating in accordance
with this invention is achieved when the -sensing
portion is produced post-fabrication of the radiation
guide, Thus where optical fibres are concerned, in an
initial step, an optical fibre is stripped of its
sheath in the region which it is to carry out sensing.
The fibre is then placed in a fusion splicer and are
initiated after which the fibre is drawn.

In experiments, the fibre optic strain sensor has
been surface mdunted on, and also embedded within, a 16
layer cross-ply carbon/epoxy laminate, in particular a
16 ply T300/920 composite, and testing has then been
carried out to’ show the response of the sensors with

increasing stress. The response of the sensor has been
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25 _been subject in accordance with a predeterm ned correl ation

rel'ati onshi p between energy output and strain. In preferred practice, the
sensing region of - the radiation guide will have its cross-section reduced.
30 Inits sinplest form there will be nerely a conical tapering of the
radi ati on guide. The attenuation of the radgation output is then nerely a
function of the reduced cross-section and the rate of cross-section '

reduction withi RdnpRuSRNINEHAYIOKtaided from Brediafighiges ewidlarcan be

designed in its dified porti sp that there is gﬁgneas' w - 4- _

attenuation witfF S 1 %’(ﬂ ﬁgrﬁeﬂ??g 25 5 &;ﬁfé%& 1%6fal area is
such that the noesults s o eepact iive mesegiremeante tedtheguesal power

O oy e g SHE ARG U it SAERABGAL

5 optical fibre sensors which have been developed, the
use of intensity sensors embodying this invention
enables the monitoring of rapid strain changes without
.loss of the reference level. In addition to this,
~unlike the majority of optical'fibre sengsors proposed

10 for use within the materials industries, sénsors
embodying the invention utilise relatively simple and
inexpensive instrumentation.

In the following, reference will be made to the
accompanying drawings wherein:-

15 " Figure 1 is a graph showing the relationship
between amplitude of a surface feature of an optical
fibre and distance along a fibre length for a
sinusoidal surface profile;

Figure 2 indicates a tapered clad core in the

20 region in which stressing thereof takes place during
testing; '

Figure 3 is a graph Showing how attenuation of
power output is a function of mode number;
Figure 4 shows the signal response of a sensor

o 25 employed in the practice of this invention applied to a

composite as the composite undergoes loading;

Figure 5 is a graph showinglload and unload
responses when-the composite has been loaded to a
higher level;

30 'Figure 6 shows the load and unload response when
the composite has been loaded to an even higher value;
and _ |

Figure 7 shows the response of the sensor when it
has been loaded/unloaded and reloaded to a higher

35 wvalue. ‘ ’



nodal vol ume (cross-sectional area) wll reduce but the transmtted

radi ati on power will have negligi ble change. The rate of cross-sectional
reduction reduces with increasing stress leading to an increase in the 10
nunerical aperture of the radiation guide and a decrease in attenuation.
The sensor can alternatively be designed sgch that there is an increasing
attenuation with applied |ongitudinal stress (see Figure 3, again). The
cross- 15 section inThberyenndaglyéggonhibomhdenbéonbwiimchoWhhe t he nodal
Vol ume Support SdebSalifed 1A0LATaLNERCLbNEREOL M PAET (LR bEDUELEE-! S
relatively high der®posrtive stress e cro S-section reduces, reducing
t he nodal volunéegﬁppaﬁ etodafiratipngheseinsrgntempiatedo ravedyion in the .

transm tted radbﬁhﬁ@BlHQﬂeﬁavénfBPE @éééeﬁiédrénﬁﬁdbﬂeats@EtiBhsoanEnt'0“
the radiation guide is conprised éean opt 1 cal e senS|ng el ement

that is the ﬁDdPPFéHaboﬁPPBﬁ 8Rdt h rﬁﬁﬁﬁFFoﬁngPa§ e&nlp8hkanuf act ur ed
ei ther during tBEtaﬁuaELbhewﬁéﬁdaCﬁ\aﬁérDémCQﬁswﬁﬁ.choﬁhepfﬁﬁﬁét ien.
Fabri cati on of g%ggd8385|ng eLJec ghggrgggnlng part
' The deformation to which the sensor is subject
when the material in which it is embedded is subject to

10 strain can be described in geometric terms as

(see Fig. 1)

N | ' y'=.A.sin(2';'l)

wherein

is A amplitude of surface feature

periocdicity of topography
distance along fibre length

L
1
y height at particular position

20 The average slope of the deformation may be expressed

as follows:

Average Slope =-£ié

From Ehis, the average slope angle can be . found:

- A
- 6=tan1(4.—-)
_ I
25
However, if the sensor is subject to strain, then the

average angle will alter whereby



of an optical fibre can thus be carried out during the fibre draw ng
process by introducing a change in the draw rate of the fibre. Fabrication
of the sensing 30 el enent post production may be carried out by a variety
of methods which will reduce the core cross-section at a specified position
along the fibre. This may be carried out hw-softening the fibre and
redrawi ng-that section to a different dlaneter An optical fibre
sensor enbodying this invention allows, i act ce, t he use of any

di aneter gl ass or pol ymer fibr@ annpf -i#%%LThe sensitivity of
such a sensor may be adjusted by use of a c@addl erial, whether one is
usi ng extruded polyner fibre or drawn gl ass flbre IS possible to
produce 5 sensors with the sanme di mensions as those of reinforcing fibres
in advanced fi bggaggi Nforced conposites so that the optical fibre sensors,
when enbedded m@ll ggrgotally conpati ble wth nechani cal

4 = Poisson ratio

As a result of the chahge in the average slope, there
is effectively a reduction in the critical angle in the
region of strain by the indicated amount.

N~ 10 The maximum gradient which will be achieved for
the sine wave defined above will represent the maximum
value of the derivative of the wave equation which will
be as follows: '

dy _ 2.m.A.1
ax L

2.1.1
. cos
-

15 .
- The maximum value of the gradlent will occur when
= L/2 and thus ’

. | . max gradlent-anAcos(n)

20

More particularly, foi a clad optical fibre with a
tapered section, there exist a set of relationships
which confirm how the relationship between power output

25 and load. exists generally. Thus, referring to Figure 2
of the drawings, the symbols shown thereon represent
the following:- '



properties of the material of the conposite. 10 The sensitivity of an
optical fibre sensor enbodying this invention may be adjusted by sel ection
of cladding material nechanical properties such that the relative stiffness
of the cladding to the core is decreased whereby a higher strain range may
be obtained 15 up to the failure strain afgthe core material. Mre
particularly, with sensors according to the invention which utilise optical
fibres, the sedgjtivity may akeoradjdisiedelky a sel ection of the cladding
material optical properties sugh that it _has a high stress-optic 20

coeffi ci ent su?ﬁ‘that a €l addicﬁjlqﬁi&(ﬁ’gr&& %ﬁrr ain would further nodify the

nuneri cal aperty,e of the fi brere didimegetro ia chpeged nedienat t enuat i on.
Geater flexibiglity in operati ' CCQr Wit RS 4 Lon is

achi eved when t @ sensing 25 Egrgtd:dgr?%i ?8&%&%&e%p%§’- adr ir}\cég[iltoon of the
radi ati on g&i d& Thus where opengih pifbtepexed gegdomed, in an initial
step, an optical fibre is strippad @ff ithpegheath in the region which it is
to carry out sensing. The fibre~is then placed in a fusion splicer and are

In indicating the various .quantitative features of
a tapered optical fibre section, the following
10 assumptions may be made:-

w (1) L Angular power distribution is even.
(idi) Core is deformed in same proportion as
. cladding (in tapered region).
15 (iii) Step index fibre
(iv) ' Taper slope is a constant angle.
Of the aforementioned parameters, d, and d. will.'
be known, as will the numerical aperture, NA, and the
20 . refractive index n, of the fibre, d., and L, are
measurable and d,. and 8, can be determined-as follows: -
' d;co = % 'dtcl
), ' _ (1)

25
assuming the core is drawn in the same ratio as the
cladding, and '

= - dtco_dco ‘
8. = tan 1(71:—;
(2)

30



30 initiated after which the fibre is drawn. In experinents, the fibre
optic strain sensor has been surface nounted on, and al so enbedded wi thi n,

a 16 layer cross-ply carbon/epoxy |am nate, in partlcular a 16 ply T300/ 920
conposite, and testing has then been 35 carried out to show the response of
the sénsors with increasing stress. The reipense of the sensor has been
conpared to that obtained fromstrain gauges and an extensoneter. Good
agreenent was oBSghmétgbthfeanglesikt sonsbanthevesspbet ensireasaperent
techni ques. Moreepgthicularly, unlike nost interferonmetric 5 optical fibre
sensors which have been devel oped, the use of intensity sensors enbodying
this invention enables the nonitoring of rapid strain changes w thout | oss

of the reference | evehe tBnaddhti anglie bii ﬁapew,ll ke iferemgos i tiye of
opti cal flbr £9 E grog ﬁd 1% for use w,t c terlalsllg ustrles
Sensors enbo yi fi 8 & PhveRgiEnoht Pl Fe¥ FEF&FF9§|9nsug%|8°£ﬁéc
interface by 6.. Therefore, for the taper region, the
critical angle for a ray incident at the interface is
given by:
Or = 6. = 8, ' (3)
10 )
where 8, is the critical angle for the optical fibre
given by the relationship

B, = sin’l(ﬂé)
[~ 4

(4)

15 If the angular poWer'distribution down a fibre is
assumed to. be constant, then the attenuation due to the
taper may be calculated:

Pour . O
P, 0

€

Attenuation =
(5)

20
The present invention takes account of the fact
that the angle.§, changes with strain. Thus if one
assumes that the length of the'tepered region at any
moment is given by the relationship
25
L = L. (1 + €)
(6)

. where € = strain and L, is the length of the taper
after strain € and the diameter of the core at the end



i.nexpensive instrunentation. In the follow ng, reference will be nmade to

t hé acconpanyi ng draw ngs wherein:- 15 Figure 1 is a graph show ng
the rel ationship between anplitude of a surface feature of an optical fibre
and distance along a fibre length for a sinusoidal surface profile; Figure
2 indicates a tapered clad core in the 20-ngegi on in which stressing thereof
t akes place during testing; Figure 3 is a graph show ng .how attenuation of
power out put iscodf ftiwecttiapered mede omuiize kivieng bive thes hedsttilbashignal N
response of a sensor 25 enployed in the practice of this invention applied
to a conposi-te as the conposite undergoes |loading; Figure 5 is a graph
showi ng | oad and unl oad responses whe thqlpggpqﬁfte has been | oaded to a
hi gher | evel ; 30 " Figure 6 ¢fws t'fe T'oad and unl oad response m@gp t he
conposite has been | oaded to an even hi gher val ue; and

5 where 7 = Poisson ratio for the material, then the
" taper angle change obeys the relationship

di.,. (1 ~€.7)
8, = tan™} —tee
te ( 2.L.. (1 + €)
. (8)
N
10 Once 8., has been calculated, then the relationship
between power and strain in going from an unstrained
taper to a strained taper is given by the relationship
of Greoll = €M)
0 tan i g
Attenuation = -2 = — ( RILR )
ac . tan-l( CCZO T CO)
b 4

15

Finally it is possible to determine the
relationship between power and strain in going from an
20 optical fibre which is not reflecting any strain to a



Figure 7 shows the response of the sensor when it has been | oaded/ unl oaded
and rel oaded to a higher 35 val ue. -7- Theory underlying this invention
will now be explained in relation to the sinplest formof cross- sectional
nodi fication herein contenplated, nanely sinusoidal wave form (see Figure
1) of a section of an 5 optical fibre and.ife effect of this on |ight
attenuation when a material in which the fibre is enbedded is subject to
strain. The defstrainhea tapshi ¢h sBeopeasee wstBUbheCtoWenihge material in
which it is enbedfeg;is ﬁubject to 10 strain can be described in geonetric
terns as [err] FE+@t1O0N8MIP (gee Fig. 1) wherein 15 A = anplitude of surface
feature L = periodicity of topography : .

af decoll ~ €.1)
1, tco
, tan ( 2.L,(1 %8 )
Attenuation = =

c sia{ 22

Beo

5 The following loading tests were carried out on a
composite to show the relatiomship between change in
powér output and applied load tests.

Sensors embodying this invention were surface
mounted on 16—p1y‘T300/920 composites and tested to
10 show the response of the sensors with increasing
stress. Sensors utilized were found to have a . gauge
factor of between 3 and 10. A conventional strain
gauge usually has a gauge factor of 2. Monitoring of
N the behaviour during loading and unloading gave the
15 results shown in Figures 3 to 6 of the accompanying
drawings. The response of the sensor remained
repeatable with there being a little hysteresis during’
loading/unloading of the sensor.
Testing of the aforementioned composite was
20 carriéd out under the following regimes:-

Test 1 _
The cross-ply T300/920 composite was subjected to
25 gradual loading to 10 KN and the resultant signal



1 = distance along fibre length y = height at particular position 20 The
average sl ope of the deformation may be expressed as foll ows: Average Sl ope

[err] Fromthis, the average sl ope angle can be.found: o = [err] (4 A 25
However, if the sensor is subject to strain, then the average angle wl|
al ter whereby [err] where e = strain u-z3Poisson ratio 5 As a result of

the change in the average slope, there is effectively a reduction in the
critical angle respbasecgiforhef sensamwayg detecteéidcat Stheamboatight line

‘nature of the signal response shows its direct
relationship to the loading which took place (see
Figure 4).

Test 2 _
The composite subjected gradually to a loading of
10 KN in Test 1 was then unloaded. Figure 5 shows that
" under such éircumstances_the respoﬁse of the sensor
10 agreed fairly closely with the results of Figure 4 but
some hysteresis was displayed during unloading.

Test 3 _
The procedure of Test 2 was repeated with loading
15 téking place to 18 KN. The results obtained are shown
in Figure 6.

Test 4
After carrying out the procedure of Test 3, a
20 further loading to 18 KN was imposed on the cross-ply
composite. There was no noticeable difference in the
loading response of the sensor other than for slight
hysteresis (see Figure 7).



10 The naxi num gr adi ent which will be achieved for the sine wave

defined above will represent the maxi mum val ue of the derivati ?H fs,,{E HASBEEN '.

wave equation vmmtm i"lollows [err] [err] 15 -The ma
of the gradient ” Jmﬁﬂm = L/2 and thus nmax gradient=
cos ([err]) 20 Noré€ partfcufarly, for a clpg optical fibre with a tapered
section, there exist a set of relationships which confirmhow the
relationship betugengpower output 25 and | oad exists generally. Thus,
referring to Figure 2 of the draw ngs, the synbols shown fhereon represent
the foll ow ng: - -9- .

1. A strain monltoring device which comprises an

elongate radiation guide whose cross-section is
5 modified in accordance with a predetermined .
mathematical relationship over a portion of its length,
which portion is emplaced or is for emplacement on or
within a material which is to be subject to strain, a
source of energy transmittable down the radiation
10 guide, radiation output measuring means associated with
saild portion and means for converting a measurement
obtained by such measuring means to a strain '
measurement in accordance with a predeterminable
correlation relationship between radiation output and
15 such strain.
2. A strain monitoring device according to claim
- 1 in which the radiation guide has its cross-section
reduced at said poxtion.
3. A strain monitoring device according to claim
20 2, wherein the sensing region of the radiation guide is
conically tapered.
4. A strain monltorlng device accordlng to claim
1, wherein the radiation guide is designed in its
modified portion so that there is decreasing
L 25 attenuation with applied longitudinal stress.

' 5. A strain monitoring device according to claim
1, wherein the radiation guide is designed in its
modified portion so that there is increasing
attenuation with applied longitudinal stress.

30 6. A strain monitoring device according to any
preceding claim wherein the elongate radiation guide is
an optical fibre.

7. A strain monitoring device according to dlaim
6, wherein the elongate radiation guide is an unclad
35 optical fibre. '

8. A method of monitoring strain in a material
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[err] = core dianeter dcl = cl addi ng di amater hérrJHASBEEN

= core dianeter in tapered region dtcl = cl addi ng & Er; Aceo”
tapered region 5 [err] = | engt h of tapered regionf et R = .
angle of taper In indicating the various quantitative featur®&S™0l a tapered

optical fibre section, the following 10 aggunptions may be nmade:- (i)
Angul ar power distributionis even. (ii) Core is deforned in sane

proportion as. @haddi Bempiriskapenpdakceagobh. otSwithiin) a matSkeR1ll wHexH | bre
(1v) - Taper slope is a canstant angle. O the.,aforementiqned paraneters,
Lert] and [orr] i FP BE RHBMACtalourtr e snBREEiCH Clpat GIERIRRE and t he
20 refractive radéatfienr gudtiet be¢ Whice, ther clroasdseetipnanE whasur abl e and

[err] and [err] gan e elarmned 3oqlella ah abtbihiadRe?3atl 49 the core
5 predetermined mathematical relationship, transmitting
energy along the radiation guide, ﬁeasuring the output
of the guide downstream of said portion and utilising
the output value to determine the strain to which the
material has been subject in accordance with a

10 predetermined correlation relationship between energy
output and strain. .

9. A method as claimed in claim 10, wherein the
said portion of the elongate radiation guide is
emplaced in a composite laminate.

15 10. A method as.claimed in claim 9, wherein the
elongate radiation guide is an optionally clad optical
fibre and the optionally clad fibre has the same cross-
sectional area as the fibres of said laminate in which
the elongate radiation guide is emplaced,
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R Imm




cl addi ng, and. (2) 30 -10- assuming the angle is constant over the entire
taper length The constant angle of taper, [err] increases the 5 effect of
angle of a ray incident on the core/cladding interface by [err]. Therefore,
for -the taper region, the critical angle for a ray incident at the
Interface is given by: [err] _1e_ (3) 10 where [err] is the
critical angle for the optical fibre givenlby the relationship [err] 15 If
t he angul ar power distribution down a fibre is assuned to. be constant, then
the attenuation due to the

ABSTRACT

STRAIN MONITORING SENSOR

5 A strain monitoring device comprises an elongate
radiation guide, typically an optical fibre, whose
cross-section is modified in accordance with a
predetermined mathematical relationship over a portion
of its length at which it is emplaced in use on a

10 material which is to be subject to strain. When energy
is transmitted down the radiation guide, the output can
be measured and converted to a strain value and as a
result of a predeterminable correlation relationship
between radiation output and such strain.

Figure 1
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taper may be cal cul ated: Attenuation = J[err] (5) 20 The preseht i nvention
t akes account of the fact that the angle. [err] changes with strain. Thus
if one assunes that the length of the tapered region at any nonent is given

by the relationship 25 Le =Lt. (1 + e) (6) where e =
strain and [err] is the length of the tapgrafter strain [err] and the
di aneter of thereere—at—t+he—enrd——-—of—the \ﬁpmm* -eg-aR—-s—gven—by—tie
relationship [efr] [err] (7) 5 vvhere [err] = Poisson

ratio for the npterial, then the t aper angle change obeys the rel ationship
[err]
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10 Once [err] has been cal cul ated, then the relatjonship between power and
strain in going froman unstrained taper to a strained taper is given by
the rel ationshi-p Attenuation = [err] [err] [err] 15 Finally it is
possible to determne the relationship between power and strain in going
froman 20 optical fibre which is not reflgf ing any strain to a  -12-
strained taper in accordance with the follow ng rel ationship Attenuation
[err] 5 The followi ng | oading tests were carried out on a conposite
to show the rel ati onship between change i n power output and applied | oad
tests. Sensors enbodying this invention were surface nounted on 16-ply
T300/ 920 conposites and tested to
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10 show'the response of the sensors with increasing stress. Sensors
utilized were found to have a gauge factor of between 3 -and 10. A
conventional strain gauge usually has a gauge factor of 2. Monitori

ng of

t he behavi our during |oadi ng and unl oadi ng gave the 15 results shown in

Figures 3 to 6 of the acconpanyi ng draw ngs3s8he response of the se
remai ned repeatable with there being a little hysteresis during

| oadi ng/ unl oadi ng_of the sensor. Testing of the aforenentioned co
was 20 carried out .under the follow ng regimes:- Test 1 The cross-(
T300/ 920 conposife was subjected to 25 gradual | oading to 10 KN ang
resul tant signal -13- response of the sensor was detected. The g
line nature of the signal response shaus_its difeet relationship tg
| oadi ng whi ch took place (see Prorile -
3 : -3 : -
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Figure 4). 5 Test 2 The conposite subjected gradually to a |oading of 10 KN
in Test 1 was then unloaded. .Figure 5 shows that under such circunstances
t he- response of the sensor 10 agreed fairly closely with the results of
Figure 4 but sone hysteresis was displayed during unloading. Test 3 The
procedure of Test 2 was repeated mnth Io.ohng 15 takrng place to 18 KN. The
resul ts obt ai ngd—are—shown gu est—4 G2 ot~ t he
procedure of Te¢st 3, a 20 further Ioadrng to 18 KN was |nposed onjthe
cross-ply conpgsite. There was no noticeable difference in the |ofading
response of the sensor other than for slight hysteresis (see Figufe 7). 25

: Profile sensor
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CLcAI Ms: 1. A strain nonitoring device which conprises an g4

radi ati on gui de whose cross-section is set so as 5 always to

portion of its length in accordance with a predeternm ned math natlc

rel ationship, which portion is enplaced or is for enplacenent
a material which is to be subject to strain, a source of ener

oM gdl ©

NT,SHEET

JthﬁQK
/Zrm

transmttabl e down the radiation 10 gui de, radiation out put e jgggﬂgpans

associated with said portion and neans fﬁ? convertlng a measuk

obt ai ned by such neasuri ne str a in accordance with
‘a predeternminable ¢ F8F§?P%n€?e$‘§?l% %717’ va?e%h{or%{d é'lert?n St put and 15
such strain. 2pravidedi a abna;ormquuenimm d&xinehwﬁpqh)qnmpnﬁsea @mhi ch
the radiation Q!bﬁga\?ésrhaiaﬁieﬁsgﬁfaé'%é@%‘f@éisﬁéeé@:.dh RY &0 g3-as A

strain nmonitoring

evice according to claim20 2, wherein the sensing

regi on of the adeiaysi 60 yaryeover carpaxtion wfpdited length in accordance

with a predetermined mathematical relationship,

whlch portion is emplaced or is for emplacement on or
within a material which is to be subject to strain, a

source of energy transmittable down the radiation

guide, radiation output measuring means associated with
10 said portion and means for converting a measurement

obtained by such ﬁeasuring means to a strain
measurement in accordance with a predeterminable

correlation relationship between radiation output and

such strain.

15 This invention provides, in a second aspect, a

method of monitoring strain in a material which

comprises emplacing on or within a material which is to
be subject to strain a portion of an elongate radiation
guide the crosg-section of which is set always to vary.

20 in accordance with a predeterminded

mathematical relationship, transmitting energy along
the radiation guide, méagurihg the output of the guide
downstream of said portion and utilising the output
value to determine the strain to which the material has

25 been subject in accordance with a predetermined

‘correlation relationship between énergy output and

strain.

In preferred practice, the sensing region of the
radiation guide will have its cross-section reduced. '
30 In its simplest form, there will be merely a conical
tapering of the radiation guide. The attenuation of
the radiation output is then merely a function of the
reduced cross-section and the rate of cross-section

reduction within the sensing region. _
3s "~ The radiation guide can be designed in its
modified portion so that there is decreasing




4. A strain nDnitorihg devi ce according to claima1, mhef | e

guide is designed in its nodified portion so that there isnﬁpgAeﬁmENMSBBET

attenuation with applied |ongitudinal stress. 5. A strain}- '

device according to claim1, wherein the radiation guide i ngigFNdmm?I
h* appl1ed :

nodi fi.ed portion so that there is increasing attenuation W
| ongi tudi nal stress. 30 6. A strain nonitoring devi
any preceding claimwherein the el ongate rgdi ati on guide ils an_optical
fibre. 7. ‘A strain nonitoring device according to claim®6, wherein the
el ongat e radiatm@dyyukdéibreaasuaptidaBSfbprEGaIThebsenSBtiviUYrqihod of

Toni toring Str alghdi o BRlERH ay beAiagllatEaPbYSABe Rl 40 1HadNh gfr within a

material which is to be subject to strain g go I on o an_ el ong
o ja s

radi ati on gui de WRtegidn NW@t@PGS§n§eéF| GrETHAe gg}ymer ibre

or drawn glass fibre. It is possible to produce

5 sensors with the same dimensions as those of
reinforcing fibres in advanced fibre-reinforced
composites so that the optical fibre sensors, when
embedded will be totally compatible with mechanical
properties of the material of the composite.

10 The sensitivity of an optical fibre sensor

' embodying this invention may be adjusted by selection
of cladding material mechanical properties such that
the relative stiffness of the cladding to the core is
decreased whereby a higher strain range may be obtained

15 up to the failure strain of the core material. More
particularly, with sensors ‘according to the invention

" which utilise optical fibres, the sensitivity may abe _'
adjusted by a selection of the cladding material
~optical properties such that it has a high stress-optic

20 coefficient such that a cladding undergoing strain '
would further modify the numerical aperture of the
fibre, leading to a change in the attenuation.

Greater flexibility in operating in accordance
with this invention is achieved when the égnsing'

25 portion is produced post-fabrication of the radiation
guide, ' Thus where optical'fibres are concerned, in an
initial step, an optical fibre is stripped of its
sheath in the region which it is to carry out sensing.
The fibre is then placed in a fusion splicer and arc

30 initiated after which the fibre is drawn.

In experiments, the fibre optic strain sensor has
been surface mounted on, and also embedded within, a 16
layer cross-ply carbon/epoxy laminate, in particular a
16 ply T300/920 composite, and testing has then been

35 carried out to show the response of the sensors with
increasing stress. The response of the sensor has been

LY G-




always to vary in accordance with a 5 predeterm ned mat henmati cal

relationship, transmtting energy along the radiation gui Epﬂﬁ@éMEN“SHEEE\
out put of the 99L99~%9E9§;%$ﬁflgimﬁaid portion and utili si e o

value to determ ne the s ' ich the material has been mgﬁtgggﬁ §
accordance V\nthlmﬂm"'" m,t igaed correl ation rel ationshijp} b en energy.
out put ‘and strail : 1 ruwrmras clainmed in claiml10, ' e
portioniof the elondaté r#diation gui de i_gsenplaced in a nposite M“mw*,;J
| am nate. 15 - 10. A nethod as clained in claim9, wherern the

el.ongate radi atgpwaMei: de is an optionally clad optical fibre and the
optionally clad fibre has the sane cross- sectional area as the fibres of
said lamnate in which the elongate radiati on _guide is enpl aced.
11111111111111111 1134111A1g4rain monitoring device which comprises an

elongate radiation guide whose cross-sectién is set so as
5 always to vary over a portidén of its length in accordance

with a predetermined mathematical relationsghip,

which portion is emplaced or is for emplacement on or

within a material which is to be subject to strain, a

-source of energy transmittable down the radiation

10 guide, radiation output measuring means associated with

said portion and means for converting a measurement

. obtained by such measuring means to a strain
measurement in accordance with a predeterminable
correlation relationship between radiation output and

15 such strain. '

2. A strain monitoring device according to claim
1 in which the radiation guide has its cross-section
reduced at said portion.

3. A strain monitoring device according to claim

20 2, wherein the sensing region of the radiation guide is
conically tapered.

4. A strain monitoring device according to claim
1, wherein the radiation guide is designeéd in its
. modified portion so that there 'is decreasing

25 attenuation with applied longitudinal stress.

S. A strain-monitoring device according to claim
1, wherein thée radiation guide is designed in its
modified portion so that there is increasing
attenuation with applied longitudinal stress.

30 6. A strain monitoring device according to any
preceding claim wherein the elongate radiation guide is
an optical fibre.

7. A strain monitoring device according to claim
6, wherein the elongate radiation guide is an unclad
35 optical fibre.

8. A method of monitoring strain in a material
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which comprises émplacing on or within a material which
is to be subject to strain a portion of an elongate
radiation guide at which the cross-section of which is set
always to vary in accordance with a
predetermined maﬁhematical relationship, transmitting
energy along the radiation guide, measuring the output
of the guide downstream of said portion and utilising -
the output value to determine the strain to which the
material has been subject in accordance with a
predetermined correlation relationship between energy
output and strain.

. 9. A method as claimed in claim 10, wherein the
said portion of the elongate radiation guide is
emplaced in a composite laminate.

10. A method as claimed in claim 9, wherein the
elongate radiation guide is an optionally clad optical
fibre and the optionally clad fibre has the same cross-
sectional area as the fibres of said laminate in which
the elongate radiation guide is emplaced.
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