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25 materials, especially composite materials, can be tracked during the production
process, to raise the quality of plastic parts; and for applications in hostile or
inaccessible locations such as space or those using rotary components such as
turbines.

The areas of technology described above require reliable and accurate

30 wireless sensing in order to selectively or continuously monitor structures that
are not immediately accessible for close inspection.

The present invention seeks to overcome the problems outlined above.



are not inmedi ately accessible for close inspection.

The present invention seeks to overcone the problens
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there is provided a sensing system which conprises: a

material having a matrix structure in which a
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determining the change in the property of the material from a change in
the returned RF signal that is caused by the change in the electron distribution
and/or transport properties of the sensing elements. The invention will now be
25  described in detail with reference to the accompanying drawings, in which:
Figure 1 is a schematic diagram of an example of a system according to
the invention;
Figure 2 is a schematic diagram of a further example of a system
according to the invention;
30 Figures 3a to 3c show examples of outputs obtained when employing a
system according to the invention;
Figures 4a to 4c show further -examples of outputs obtained when

employing a system according to the invention;



Figures 3a to 3c show exanpl es of outputs obtained
when enpl oyi ng a system according to the invention;
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obt ai ned when enpl oying a system according to the
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Figure 13 shows a schematic of an intrinsic sensing system based on an

ambient measurement approach.

Referring to Figure 1, a schematic diagram of a wireless transceiver 1

25 having an antenna 2 is shown. A portion of material 3, for example a polymer
material, has a matrix structure in which muitiple sensing elements 4 are
embedded such that the sensing elements 4 are dispersed within and
surrounded by the matrix material 3. The sensing elements 4 have electron
distribution and/or transport properties that change in response to a change in a

30 physical or chemical property of the material. This behaviour results in an
alteration in a radio frequency (RF) signal (for example, a microwave signal) that

is transmitted from the transceiver 1, via the antenna 2, to interrogate the matrix

material 3, such that the change in the material can be determined from the



surrounded by the matrix material 3. The sensing
el ements 4 have electron distribution and/or transport
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physi cal or chemi cal property of the material. This
behavi our results in an alteration in a radio
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30 combining the received signals.
In a preferred embodiment, the material in which the sensing elements 4
are supported is a polymer matrix such as an elastomer or epoxy matrix, and the

addition of the sensing elements 4 therefore leads to the formation of a



necessitate a total of signal sources and receivers
greater than two. The advantage of this enbodinent is
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The sensing elements 4 may comprise particles, the resonance Q factor

of which is changed by a change in an electrical and/or mechanical property of
the material 3. For example, a mechanical change in the material 3 can lead to
an increase in electrical resistance, which increases dielectric loss and lowers
30 the Q factor of the material 3.
In order to gain these properties and deploy them usefully, a mechanism
that links the radio waves to the particie is required. To achieve this, one of two

mechanisms, or both mechanisms together, lead to the exchange of radio
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mat r idetermine at least one of the mechanical, electrical and chemical status of the

25 material. An accurate and reliable way of determining the position and extent of

any anomaly or fault in a structure formed of the composite material is therefore
required.

In the case of using the first mechanism, a passive resonant sensing

method as illustrated in Figures 3a to 3c, is typically used. Referring to Figure

30 3b, a system output 6 at an example frequency of 27.3 GHz corresponds to an

RF signal reflected from polymer panel components 7 of a structure formed of a

material having embedded sensing elements, for example nanoparticles, having

electron distribution and/or transport properties that change in response to a



material 3, which is for exanple a polyner, is tracked

as a function of tine. Figure 3a shows a typical
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signal frequencies. In this nmethod, a change in the

frequency spectrum of the returned signal indicates a

change in the resonance frequency of the material.

Preferably, the sensing systemfurther conprises
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Figure 4a shows examples of the interrogating RF signal (IN), having a
fundamental frequency F, and the returned RF signal (OUT), having a doubled
harmonic frequency 2F, whose amplitudes are indicated as A1 and A2,
respectively. The amplitude ratio of A1/A2 is determined and tracked. This ratio

30 is important as it summarises the local interactions between the particles and
therefore the exact status of the polymer material.

In Figure 4b, the output 6 does not show a response to the selected

interrogation frequency of 27.3 GHz. However, as shown in Figure 4c, a
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25 crack in the structure, in order to repair it. A concentration of heat is provided to
the damaged region because the crack is more electrically resistive, so
microwave induced currents heat the crack via Ohm's law.

The intrinsic sensing system and method describes above are especially
suited to hostile environments where remote sensing is desirable. The intrinsic

30 sensing system and method give rapid access to information about structural
materials, both during manufacture and within the end application, conveniently
at very low cost compared to current SHM systems and methods.
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25 “hot spot” or “cold spot” that indicates the presence of a leak in liquid or gas

systems, respectively, only once the leak has occurred.

The invention also improves the robustness of monitoring systems, such
as downhole monitoring, removing the need for connectors and wires. The need
for sensor devices to have separate power sources is also removed, as power is

30 provided to the sensing elements via wireless interactions. Other application
areas include composite quality control, aircraft and high speed brake systems,

human heaith monitoring, pressure monitoring in nuclear and chemical plants,
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related resonances (based on length), and have the same frequency for best

30 signals. In order to measure temperature change, the higher frequency peak is

tracked, as a change in resonance frequency is easier to resolve. For CNT

particles, a polymer resonance is wide and short, so the curve is normally fitted
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electro-magnetic skin depth. The turning point is when both balance. This
number conveniently relays changes in strain, temperature or other.
This type of resonance is not a relaxation process. Instead, there is a
change of state so the radio wave either senses a dielectric at low frequency, or
30 a reflective conductor at high frequency. The result is an intrinsic sensing
material that has a radio 'colour' that can be tracked.
To make intrinsic sensors, resonant particles go into a material common

to the application. This could be a polymer, gel, sol-gel, paint, adhesive or even
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25 and turbulent fluid flow. Whereas intrinsic sensing systems are more robust by
using a combination of the inside wall of a tube to collect information, and an
antenna positioned outside of the harsh environment. From here, the antenna
excites acoustic waves in the particles, which in turn is damped by the solution.
If they are piezoelectric particles, a key aspect of the structure is that the
30 particles are activated, possessing sharper resonances where they contact the
solution, This is due to the polarising effect of the water dielectric, which
increases the potential across the crystal and low acoustic damping of the inner

surface particle relative to those embedded in the interior of the polymer.
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S\g\r/gluglaerfﬁr terrEstn %p@c ovvgr ’([f? { ggtolnltﬁé ﬁeaetI S%Feﬁé’ F & Icraft about to

conf iegter dhe @artmlaeatmosmhr@ asasbwanare Figurea 1@ rTlhag<aysaspect is to
n| r ' -dur.i

gge r}% %)%r%ﬂe %aﬂlc ee%ﬁna;‘tggrré Zlécgﬁ rééoﬂg%@ggﬁ ?rw] E\F%gfoq\g vH%g‘e thermal

degr adrdtictien h@vts thes tesnperatuee e@rﬂpﬁtessﬂ belowrthe aneling point of the

duri ngy l@l%sm F%&efr Shd aBithdrtidito! theNAISBr of the ves?el intrinsic

envi ronnents, esent 1 nvention can nmake use 0O

t he semrsing gﬁoydgg ap uy@qﬁ:ggm of ;Qeg@tggntﬁpgmﬂ tde,jand whether it is still in

measyfggent of water viscosity inside a pipe, as shown

in Figure 10. Viscosi t%@msasur ement in harsh

dAvi r onmefirathercaspest elotigaieseshdnveriiansisribat of therappignt method.

as t Ry apddnit WekRhodinerlda 36 sﬁﬁkﬂlfﬁ intriidlceddinsing lﬂyﬂtefﬂsow removing
Whereas intrinsic sensjn e. nore rop

usi n§erASHNH 2RI Ice %e ﬁ‘§’F B%ec%gl |t uges %mP'GBb"aFB Ysignals to
col | ¢ifd tHeveaomemt freguera @f & iatinsio rsanm@ iatepia€ dn ordes ital€o this,
of the h rsh enV|dr ogment rorln hs t @ tnennae S aterial
oxci MR ATERTRS 1e A TELoRS, TRP FEAOEE 8 IBlF 35RSPa

4] danqbenb foyher resvayofrerhiibras sHowrhiey Figuee p)IL’ ewbehdbé rtwg antenna
part ' % §3' aré é‘o‘??( apad’ t%é (gH‘e W&% ﬁ'}er M?r W[:E sén% rfghﬁ'}atér,}? will lack
parti R aAF " LRAY possessi ng Rar

wher eactngqundomom:tentem sbltt]eu mnten’cﬂhu Baspsartﬂufeectt@nchewhllst the
pol a;éfggegg? ﬁﬁtgﬁ‘r‘éwﬁfnoi he water dielectric, which

I ncreases e potential across the cryst al and | ow

acoust i c deaopdingly.othet differienee rbetween antenna signals, collected via a

25  mixing circuit (or similar) will give the resonance frequency of the material.
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surface particle relative to those enbedded in the

interior of the polyner.Figure 11 shows a conposite
W@R000/068886 Wi ng, i ncorporating intrinsic sensi NBCT/GB2008/003968

adhesi ves at surfaces mating the skin with the support

frame. These areas are often hotspots of stress in

panel s or other |oad bearing structures, and convey

informati on on their nechanical status. For this

reason, key mechani cal i nfor ity for a conposite

structure is avail abl e at thgbdclfﬁgi ng points. Another

area where the present invention can be used is that

of mgni tohlsrégsi];‘gg SEANGRDri éiﬁk%-t he integrity of heat

tiles expose Yntense h either for terrestrial

appl i cat i an®atgriak Having a Siatihatrudure nwaich afplurality a¢f sensing

aBoUleidnQnfd lfE dritsedad,t theS séHsiHYS BRATeRts Aavind RMEtoR distribution
Figure 12. The key aspect is to incorporate particles

{ hat 2BAE" ARSROTRIGRATAR RV AIENGM N CFRPTISE P BrbeNgR I Physical or

t her gRémaINSEdrtyOst the Mafefialt Ay t enperature so that it
is below the neltin CEUOI nt of the 'Fartlcle Fromthis

| ayer andf'GFEKRy I 9 AR 3WenR; dhe SFceiMpe AIRLge] to receive a
l nt r lanSrbé rslenﬁgm dﬂlﬂoéilréﬁﬁneﬂnRFndbmt tHen rédlirne8 ERF signal being
e tile, and whether it is still in

eﬂég? Sé%%?dlof the present invention is that

of t he arrhharetn aehhagd inThe e&nbomdlstrlbendmdnd/m teanﬁpoﬂt @roperties

intrinsjc nsin A

tr anohia ahellyefuehfto B8 i 32 13 ShEdhieyt

anbi emdngeaidi 20 psipgrtplos theombteniel ¢amebe eetemanm finoeq thenreturned RF

of tg(a éntrl nsic sensing material. In order to do

this, Fvvo antennas need to be used, one placed next to

tthe intrinsic sensing material, and the ot her awnay

from)it, f% shMy )ﬁtéﬁ‘\ E&fo?dl M\!\ﬁm L ferbifAn& L iR Pelements

signal s are conpare e one romt e intrinsic

sensarﬁgarmgeﬁ|t<aalt%diqleqtrmomﬁmqégqféh@@ateaai 0 energy at

the material s resonant frequency, whil st the refer ence

antenna will not. Accordi n%(fr the difference betwee

ant efna sl hAPESING SYFER: BeFording &0 /Hamnly %i% C‘Mhetre‘(‘o"lhe sensing
SHM kRfenW drk a@fakged aateenagtie erd‘peﬂeuemé ridtetidle

material . CLAIMS 1. A sensing systemconprising: a

material having a matrix structure in which a

pluralityTkd s%ﬁﬂﬁcj; r@sehemm&n@rte a’iﬁoethﬂ:edmgtdflam wherem the
sensi ng. el een tEst Vi % 51 I Stri L{ on & of L ale wall
t ranSPBYY BFBIFER: NEYde §P°p&ﬁ‘£x°e§e°‘?"?PfFé‘§p%n§%s (e Single

changarbbm wanwihyteisc ahultiwall carbon nanotubes, gold nanorings, magnetic

nlge Euch that a

25 nanopatrticles, nanowires and spherical nanoparticles.

5. The sensing system according to any preceding claim, wherein the

sensing elements include pores.
30 6. The sensing system according to any preceding claim, wherein the

sensing elements comprise particles, the resonance frequency of which is
changed by a change in an electrical and/or mechanical property of the material.
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chem cal property of the material; and a receiver
i ncludi ng an antenna, the receiver arranged to receive

W@ 2®0168886 RF si gnal and a returned RF signal, PBEEGB2008/003968
returned RF signal being received fromthe material;
wherein a change in the electron distribution and/or
transport properties of the sensing el enents cause the
source RF signal to change, such that a change in a
property Q’ﬁetsbﬁsnﬁ@%ﬁtérmaceaﬁmbeo drine srivherkirf thensehkiag elements

returned RF s a The sens syst m accor di

Gl o TP cBATHER HOS ST 401 SRERS 2na B 2PPARGEL hal via
al t ermsfretoarictios; pooaRsd | gezoafectricity, rmt@netad difect Tgmeratlon or
sensing.,s ste acco to_claim.al of

sens SR Eh hEAPg- sifh et PeneDeteT Mebedd ming KRFEY Re'd
prsoperties of the material. 4. The sensing system

accorgdi ng r s
SPooub: 2078, AR A5 epBeTle MR ALL A CBERC WA e
of sisegsing vmememartxmprtsanmrudes thnuretspmnqe @hrfamr of whtch is
nanot ybes.q % @% LR ctriBR ARGk e@ﬁém&ﬁ‘flgf] pehtE 8f the material.
nanow r e rlcal nanoparticles e sensi ng
systentaccordlng to any preceding claim wherein the

SRNSigg e*rﬁgeééh&ng”é?sté@t? a@&fr&nﬁg 8- an-l}hgf SRmsd ngtosxsw%}em the

according to an recedi ng claim erein the sens

el ensROSNG @lﬁmqnés‘e af?a?"ﬁ‘@legsumt“h'étef%%‘eﬁ Afibhe rSQH'iEén%Fy dignal, to
of V"'Heﬁ@ra'teS hahRsHiE drefieriticshamaRr sduréd R sl athe returned RF
and/ or nmechani cal property of the material.7 . The
sensﬁ'&j‘aéyst em according to claim®6, wherein the

sensing el ements conprise parti cles that cause the

chan in_the source RF si neto tri t I on
BB e SheseRia: sretare sAoCRal M et o By FRren the
or elmsteri)Bomptigdsi anpolyraerch t hat resonance i s induced

in the returned RF signal. 8. The sensing system

according to any preceding claim wherein the sensing

el enent s Tbapsensingpsystdnt | aEsordingetor esy maeeseling tlam.owherfin the
whi ch_ | b [ el ectrical and/or
rrechanltgnqlagp' g%rstyngt‘o%{}ﬂg&?rtgt%t%l 9. The sensing
éﬁstentaccordlng to any of clainms 1 to 4, wherein the

Sensi g eLrﬁgEQén%uﬁr %yﬁéfnaggﬁgdm& PRN ciafth € RCWHRRRINM thE material

t he source
comprises an elastomer or epoxy matrix.

13. The sensing system according to any preceding claim, wherein the

25 sensing elements are substantially equally spaced within the material.

14. The sensing system according to any preceding claim, wherein the
change in the property of the material is in response to an environmental
change, the environmental change being a change in stress, strain, temperature,
30 pH, hydration, volume distortion, density fluctuations, contamination, radiation or

icing of the material.
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generate harnonic frequencies of the source RF sign al

in the returned RF signal. 10. The sensing system
W@ewoneiseg t o any precedi ng claim wherein thePeEGBRI08I003968

conprises a polyner. 11. The sensing system accordi ng

to any preceding claim wherein the material conprises

a nanoconposite material. 12. The sensing system

according to claim11l, wherein the material conprises

an el@st OfRE sQﬁsnr?gOQ)éYen%Eédréfmg iBanyl| V\E@c@cﬁﬁ@blaﬁn W@Mhe radio
according to any preceding claim erein the sensin

el enBigN3 3?@3@@93 i a’fqn§°%\‘,ﬁ5a‘lsl puISs aleqyenpy. hP'P?SFh%r digitally
mat eulatddt- The sensing system according to any
preceding claim wherein the change in the property of
the material is in response to an environnental
cgange, t iTRe @BHéInPRIRBMMaAccoRMD® BRY B tife pr@BEAg idhims, further
stress, strain, tenperature, pH, hydration, volune
di st GPYPESINI densi ty fluctuations, contanination,
radi ati OnaDIéad;tCUnﬁgrahErrit{b‘B Whdreinithé afl BastTdre ts@1ESiittey is arranged
syst accarding tg.an receding claim wherein the
r adi gnﬁ { ﬁ%ﬁ‘é‘? gféﬁ%s{; the transceiver is pul se,
fr equencyTh@ barsingmystdgadcatding tomthinditedhereth thd lsensing system is
nsi_ng s a rdin f c -

3P0 AR I R RBRE A by Yo g g Rty e sional =

wher éwige tthe fratwém:&s:tf tbeesotrcanRinisignet génerated rygthe transmitter, in

tr an%ﬁetﬁ é@w%ﬂﬁrg%%ﬁﬁgé%ﬁé betwéen tHa eseﬁgiﬂﬁ bReheYSt em

accor erein the sensihg systemis
arranged to determne an anplitude ratio between the

ret urged b BSOS WHErdH tHe§ource RF signal
sourc@ RF%?%%’%{@%yﬁgﬁa?%%g%y&t egltr?rismtrter |urce signa

dbders amangsdite Bpaq Beitg of the é'i*aé%fﬁ' ghwhigh thg.ghanggdn the property of

sensimmalepaBE Hstermifed. The sensi ng system according to
claim 16, wherein the source RF signal is arranged to

heat a site of the material at which the change in the
propeoty ohe Eéf%ln@éyefeinﬁbcdoﬁduﬁb':‘to&"rﬁidﬂ&da pré€edifidn€laim, wherein the

sensi '
cl gishggennﬁéfs:ctér%w'ls?e%%%rec{]oqwaﬁ antgrqrya.Of the preceding
20
20. The sensing system according to any preceding claim, wherein the

antenna comprises one of a parabolic or a phase array antenna structure.

21. The sensing system according to any of claims 16 to 19, wherein the
25 antenna is arranged to direct the source RF signal towards a predetermined

target site of a structure comprising the material.
22. The sensing system according to any preceding claim, wherein the

sensing system further comprises circuitry arranged to determine at least one of

30 the mechanical, electrical and chemical status of the material.
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antenna conprises a directional antenna. 20. The

sensi ng system according to any preceding claim
wWOb@pe6888¢ he ant enna conpri ses one of a par aboPCT/GBR008/003968

phase array antenna structure. 21. The sensing system

according to any of clains 16 to 19, wherein the

antenna is arranged to direct the source RF signal

towards a predeterm ned target site of a structure

ConprZ'gS' NG ht h&ndRbeystlm €ordildetos @Ry | fiBcetiRft @AIm, wherein the
accor to any preceding claim wherein the sensin

g
syst éﬁi‘fﬁ'm ¥ dD ATRNARESO CRISEMING 3 reaPRafitg dipargncy of the material
det er@ig¥n&ionlce@sk. one of the mechanical, electrical
and chenical status of the material.23. The sensi ng
system according to any preceding claim wherein the

sgnsizag SYsé %@h!slﬁg %K/itéﬂﬁg@ﬁ:otdmgj&i gmy”rbn elaansr es 061 azr:ss: emerem the
frequenc eria

The SRS Qmay%%t'%?ﬁ'%{l%gr‘?ﬁ?{ﬁb'[‘%{%{ﬁ et R sigeR grofine at least
23, \Whersdurtet RE sighali inGorasrstoesbtaia spatizingletnatoncianbspeet of the
the returned RF signals fromthe at | east one source
RF ng‘jﬁ%\rlaé in order to obtain spatial information in
respect of the materi aI 25. A nethod of sensing a

ﬁg %g | nﬁa’{‘g ho e? lsér& ng g ng&\%q Jﬁ’prop@eﬁnpo'gl |rt(1§i/éh?| the material

sensihagng Iaemﬁnx strantwe émwbidd @glurality of;mmgalemm Atesembedded,
havi '?l%[ géengﬁtghe?%}ngrhsc' L&&.P#élb&[fbnaél%ﬁ’uuok ra‘?l@)%ﬁ Qgﬁseport npropertles that

pr oper N respons
physicbageoin ce'a@nnsﬁalo @r dm\geymoa mhsécamremem'caltmepertv of the

et DaghiGRAITRS Hefifbaldofh ﬁ;.lﬁ:g&eoéte d@terrogating the

materi a a SOUI‘C receil vi na a returned
RE si gnal "ﬁrmatlmaathﬁmaéwaéw*t ghepuied RF #igprhg t he

change i nréc@ﬁvr%rspr@ﬁfrﬁéﬁ RE sighS! gt el rAdtefidIOdRGA change
in the return RF signal that is cau&ed b%‘PE'ae chan

in the el ERERBRAINGIta FHAT0E BATeAOPERY £ EGELS from a change in
pr opesd tedsined RFNGgriad ast EQCaQJsSmbWtﬁe cRénhgeThenarelebrash @ibtribution

claim?25, further co ng the step,of generating a
sour @@glgptrgnig)ﬁapropertrgg of §1e s%nsmg e?emé%ts. 9 9
20

26.  The method of claim 25, further comprising the step of generating a

source RF signal.
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