SENSI NG SYSTEM AND METHOD The present invention relates to a sensing system
and method. Structural health monitoring (SHV) is a field of technol ogy
that is 5 attracting increasing interest in industries such as civil,
structural and aerospace engineering. The aimof SHMis to coll ect data
concerning critical structural elenents using sensors, in order to provide
i ndi cators of anomalies detected in a structure, thereby nonitoring its
reliability and safety. Current SHM systens require the installation of one
or nore sensors at key points of any structure of 10 interest, the type of

sensor dependi ng on specific pgtﬁ%ﬁi@ﬁﬁsﬁéMiAﬁﬁﬂlﬁHObo be sensed. This can
make such systens expensive an consuming to install, while real tine,
continuous nonitoring of the sensors is in practice unrealistic.

One di sadvant age of Wﬂ@%s@yﬁ&@ﬁﬁodr&akb@dat-,é‘r%u@csvﬁematne netir i al s used in

nodern aircraft render current SHMtechn eatin .demand
15 within this indus fyctt‘ﬁéﬁ‘ef’m RATHPTEN ?%*@%Fm 08? ‘gfnhegﬁ %a?

Q@ her i ndust r§ esatiractingircreasiogpoaesten indbstiasaiush as evi, straars| agl @erwede are the
oil and gas i ndushintecdd! Wh Gl BPBHIOI!Boilct W Lakbalg Sficqabanant s such

as seal s and gas ‘critical, underground structures such as tunnels
and pi pel i ne netﬂ}mws ugirgisenspist iaSHeniorrEpvide Ingipriors oh ARAMaHES FRiEFRDINGYyY ,

where 20rel i abi |dtrh¥tuﬁa“dhé’é$ﬁh%nﬁfrﬂg ﬁt@rr@l’&mt\} and safety. CUH@SESHWQN@@EBS are
relevant to the nmedic ar va} ves and

hip joints need rF%”‘rﬁéﬁ?‘rﬂﬁfaﬁﬁtPQaD%B? of @Waﬁ”??rff?ggp%ﬁ? e? any FOf Ricturd 8

envi ronnent alo s emtenelsg tivihiype of ssrtsanilepatdion on speriiceparametais OfcatnrebtatOt keacked

W th robust matep %'ds ﬁﬁs LV GQSduch E\%‘Eenﬁdé&%@ﬁé?\% M@E&d&bhﬁﬁ YhRER, 25

material s, especia mposite nmaterials, can be tracked during the
production procadde r qabt'mau coatinyeus Faaitoring ofghe pensersiis IndXadice uaRglisiic,
applications in host ohed@éduaﬂ&gsesmo@heydt@ﬁﬁkltmsmesmo@se :sptaﬂﬁs Oied hose

Fechnol ogy desot FREPREIVE Pely U FLEr ALty sraoirt S B efe sensing
i n order to 1$el edthintieb indostryctbattthercronest tgchnolegy oannot mget ures t hat are not
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the oil and gas industry, in which monitoring of the fatigue of components such
as seals and gaskets is critical, underground structures such as tunnels and
pipeline networks, and military aircraft and submarine technology, where
20 reliability and safety are paramount.

These advantages are relevant to the medical sector where implanted
components, heart valves and hip joints need to be monitored for reliability and
safety; for environmental sensing where contamination in water or air can be
tracked with robust materials at iow cost; for Advanced Manufacturing where

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.



The present invention seeks to overcone the problens outlined above.
According to the present invention there is provided a sensing system which
conprises: a material having a matrix structure in which a plurality of
sensing el enments are enbedded, the sensing el enments having el ectron
distribution 5 and/or transport properties that change in response to a
change in a physical or chem cal property of the material; and a
receiver, including an antenna, the receiver arranged to receive a source
RF signal and a returned RF signal, the returned RF signal being received
fromthe materi al AcchRIMEIEIE fResdhBRFENtIoN this i€bRAEEN dim '%ﬁkﬁg@hﬂﬂd/ or
transport properties  of the sensing el enments cause the sodrce signal to
change, such that“®R*i%hge in a property of the material can be deternined
fromthe returned RF si gakial ASARE aDraSRNStrucMEH wbithak %Qur_ﬁﬁtf)Vdfdé%gﬁsiﬁg net hod

of sensing a chan i roper of a materjal, the material having a
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that change in remBRRSErbSE Ff BRNMERA} AgPhysi cal or chemical property of
the material, the method conprises the steps of: 20interrogating the
material wth a sourcd BEEGggiuding Repliehiip. 4he deqsivee @RS ipnsdceiveomn t he
mat eri al ; and source ORf esigmaniang a Mmailstamﬁeybﬁm,t e rryhgﬁ%r Wh@i;nﬂhﬁeirﬁgiff eri ﬁl
froma change in 3 r F_signal that is caused by the change in the
el ectron distribd%?%ﬁaﬁﬁﬁwggg?ggﬁgport properties of the sensing el enents.
The inventionOwi || nowhesein a change in the electron distribution and/or transport properties

of the sensing elements cause the source RF signal to change, such that a
change in a property of the material can be determined from the returned RF

signal.

15 The present invention also provides a method of sensing a change in a
property of a material, the material having a matrix structure in which a plurality
of sensing elements are embedded, the sensing elements having electron
distribution and/or transport properties that change in response to a change in a
physical or chemical property of the material, the method comprises the steps of:

20 interrogating the material with a source RF signal;

receiving a returned RF signal from the material; and

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;



25described in detail wth reference to the acconpanying draw ngs, in

whi ch: Figure 1 is a schematic diagramof an exanple of a system
according to the invention; Figure 2 is a schematic diagramof a
further exanple of a systemaccording to the invention; 30Figures 3a to 3c
show exanpl es of outputs obtai ned when enpl oying a system according to the
I nventi on; Figures 4a to 4c show further exanples of outputs

obt ai ned when enpl oyi ng a system according to the invention; - Figure
5 shows a graph of resonances of a quartz chip in air in contact with a

vi scous sol ution; Figur@iSgaows @ ghmwsf rasqyeagds af epgueste whiprig aftiic EQwadt e

resonances of a C@ﬁ,pgo,sm@ggmp&(m) pol ymer conposite; S5Figure 7 shows a
graph representing the m crowave resonances of a nulti-wall nanotube

conposite at 9CGhz, verdqie 8 sBewi araph representingroiciopiexe respeances 8f & Hansn a

graph representi ngambém%@%r@gmm% easing pressure (fromleft to
right); Figure_9 shows an I ntrinsic sensor geonetry
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only those on the insi surface a avour e con
and have danpi ng Rregsytedfromdeft taaiosiy| ut ion viscosity; 15Figure 11 shows a

conposite aircraft W Agurd NEFWRANAD-HiMGiniriRéie k&EbE g&dstlyP8sponding to contact

10  pressure and gas/hydrostatic pressure;

Figure 10 shows a composite pipe intrinsic sensor geometry, where
acoustically resonant particles are incorporated throughout the wall, but only
those on the inside surface are in favourable conditions to oscillate and have
damping related to the solution viscosity;

15 Figure 11 shows a composite aircraft wing, incorporating intrinsic sensing
adhesive at surfaces mating the skin with the support frame, providing feedback
on disbonding and strain at bonding points, where structural forces are often at
their highest;

Figure 12 shows the present invention used for the monitoring of the

20  integrity of heat tiles; and

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



adhesive at surfaces mating the skin with the support frane, providing

f eedback on di sbondi ng and strain at bondi ng points, where structural
forces are often at their highest; Figure 12 shows the present
invention used for the nonitoring of the 20integrity of heat tiles; and
Figure 13 shows a schematic of an intrinsic sensing system based on an

anbi ent neasurenent approach. Referring to Figure 1, a schematic di agram of
a wireless transceiver 1 25 having an antenna 2 is shown. A portion of
material 3, for exanple a polymer material, has a matri x structure in which
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where the antenna is a directional antenna 5.
Another way of measuring bulk materials is based on the use of
differential radio measurements. This embodiment of the invention would
25 necessitate a total of signal sources and receivers greater than two. The
advantage of this embodiment is that specific locations within a relatively large
sample, such as a sheet or panel, can be resolved. The information allows an
image of the bulk material properties to be formed, so that important
physical/chemical information from a specific location can be obtained by
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



20 to wavel ength. This behaviour is preferably achieved with parabolic or
phase array antenna structures. Figure 2 shows a further exanple of a
sensing system where the antenna is a directional antenna 5.

Anot her way of neasuring bulk materials is based on the use of differenti al
radi o neasurenents. This enbodi mrent of the invention would 25 necessitate a
total of signal sources and receivers greater than two. The advant age of
this enbodinment is that specific locations within a relatively |arge
sanpl e, such as a sheet or panel, can be resolved. The information allows
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el ectrical and/or nechanical property of the material 3. For exanple, a
mechani cal c?\%ng@s?’}?”ﬁﬁe material 3 can lead to an increase in electrical
resi stance, which i naneasesinglelelests 4 may asspraa pattiolesrtbe 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 particle is required. To achieve this, one of two

mechanisms, or both mechanisms together, lead to the exchange of radio



30the Q factor of the material 3. In order to gain these properties
and depl oy themusefully, a nechanismthat |inks the radio waves to the
particle is required. To achieve this, one of two nmechani sns, or both
mechani snms together, |lead to the exchange of radio energy between the
conposite matrix material 3 and the transceiver and antenna device 1, 2, is
enpl oyed. A first coupling nechani smuses the presence of nmagnetic
or electric dipoles within coherent dinensions, as defined by the size of
the particles, as 5 well as uniformdispersion of the particles through
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determ ning the wﬁb%bpgg@ngcgpg@mt of any anomaly or fault in a structure
formed of the conposite mteri re reﬂw red n the, case of

using the first msché?ﬂes\my ] n’&gg%rltvé%;sggsmtsnyg giaﬁ)asswe resonant sensing

method, as shown in Figures 3a and 3b. The resonance frequency of the matrix
material 3, which is for example a polymer, is tracked as a function of time.
20 Figure 3a shows a typical system result that allows tracking of the returned RF
signal frequencies. In this method, a change in the frequency spectrum of the
returned signal indicates a change in the resonance frequency of the material.
Preferably, the sensing system further comprises circuitry arranged to
determine at least one of the mechanical, electrical and chemical status of the
25 material. An accurate and reliable way of determining the pasition 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



method as illustrated in Figures 3a to 3c, is typically used. Referring to
Figure 30 3b, a systemoutput 6 at an exanple frequency of 27.3 diz
corresponds to an RE signal reflected from polyner panel conponents 7 of a
structure forned of a material having enbedded sensing el enents, for
exanpl e nanoparticles, having electron distribution and/or transport
properties that change in response to a change in a physical or chem cal
property of the material. In this exanple, a frequency of 27.3 GHz, which
is the predeterm ned and expected dip in the frequency spectrum of the
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a resonant manner to the particle motion, but instead lead to the generation of

harmonic frequencies of the original instigating radio signal. The level of the

harmonic generation, which relates to a change in connectivity between the
20 particles in the matrix, is then monitored.

In the case of using the second mechanism, an active harmonic sensing
method, as illustrated in Figures 4a to 4c, is typically used. This active method
preferably involves monitoring the ampiitude ratioc between the interrogating
signal going into the nanocomposite and the signal that is returned from the

25 nanocomposite material at twice the frequency of the interrogating signal.

Figure 4a shows examples of the interrogating RF signal (IN), having a
fundamental frequency F, and the returned RF signal (QUT), having a doubled
harmoenic 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



25nanoconposite material at tw ce the frequency of the interrogating

si gnal . Fi gure 4a shows exanples of the interrogating RF signal

(I'N), having a fundanental frequency F, and the returned RF signal (QUT),
havi ng a doubl ed harnoni ¢ frequency 2F, whose anplitudes are indicated as
Al and A2, respectively. The anplitude ratio of Al/A2 is determ ned and
tracked. This ratio 30is inportant as it summari ses the | ocal interactions
between the particles and therefore the exact status of the pol yner

mat eri al . In Figure 4b, the output 6 does not show a response to the

sel ected interrogatéiey E?ﬁéllkﬁ‘n&% @Him&haézdodﬁ@/vswarmg@ SQWRici &t Rbgure
4c, a received signal er harnoni ¢ of

d
the interrogating” r'a%'Pga?f%‘ahﬁr%b%Vﬁék%ﬁmb@m Pel"%’vg’P'ca eﬁdF%%feé@?%%f a
presence of a fauhtit 8in ane@htheqlytrize parad yorgonpata corrponents 7. In

fabricating the conpogj Fa%[)g%tn% the P'Frgw%éltgar?aﬁnx lmtatén‘gl ® r!? Fﬂ%?e{rﬁ R@it tfj e S

sensing elenents 4 are su tia space Fal to
al l ow efficierft a®asit@aleMsdErt argéhéstwgtaﬂwmv@thewaced Wlt@n Hesoetelial te ellamcr ease

the density of tfmﬁ&@,ﬂghm&r@ls@ﬁmr&mﬁ Immreb& mwsg.aﬂe té .r%rreaeeltr&t erfhy
pot enti al meaknes suc n one exanple a

proportion of t hé %W?P%E‘%‘F”?ﬁé”ﬁlﬂ’?ﬁﬁ?a'ﬁﬁfP?‘Slgé’f Bote‘it@l VeptnsEREusy pores
or "holes", typi calidiys ofvents ifospiree or nanonetre di nensions, which act as

sensing el enents. The, gl e&aﬁgf@r';ﬁg@é@ﬁf ol géh,ylegbf r%%offﬁkérymsm

wat er. Each pore functl ons as a r of e COunt
preferably réllat ireRi#cpd|bypores CHVB?'EF cUH'ﬁé‘(Ytqf\m'?WmB@Q %@aﬂomtresilmqrmws

arrangenent is adwaRtRYSOLEHSRHY d;émews)l tise m&, &mﬁ@ée Rk oPlﬂ{th@ﬁnbélg apecific

articles, such 15 parti.c and t ersi ng these
Bartl cles in the Fr'éf’ta?eir r%g r%lfuncg‘?{g %Sdauﬂ%'ﬁg% %F'@s T'FFCP st fFe
choice of materi at@erammtelaﬂaelym tosdidi qwnttéwws/dmbti/eag peyst efhis arrangementl t
should al so be updgys t?%ﬁl)ug hat évgﬁ§%gae>&:@ﬁ ft;ﬂ:?chlé@ﬁ Qggec‘i*,cfd(a%c@gt S&aépesuof

sensing el enents 4 |n trcul ar 'S 'se
20 of nultipl'é ePeRamPafliplFEsand ﬂ}?oefmﬁSeofamfcpemrfgeth§smwﬁlplm dn ﬁ?ﬁr matscer
measur ement s f r omaterisi MHeLadGRloAr df Pores. increases the choice of materials that can be

used in the sensing system.
It should also be understood that in some cases the use of different types
of sensing elements 4 influence which particular parameter is sensed. The use
20 of muitiple element types is possible and offers multiple parameter
measurements from a single material 3.
A further advantage of the system and method described above is that
the radio signal can help in repairing any fault that is detected in the structure.
For example, a microwave signal can also heat the site of damage, such as a
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.



A further advantage of the system and nethod described above is that the
radio signal can help in repairing any fault that is detected in the
structure. For exanple, a mcrowave signal can also heat the site of

damage, such as a 25 crack in the structure, in order to repair it. A
concentration of heat is provided to the danmaged regi on because the crack
is nore electrically resistive, so mcrowave i nduced currents heat the
crack via Chnms | aw. The intrinsic sensing system and net hod

descri bes above are especially suited to hostile environnents where renote
sensing is desirabl e. rfheniplidid rb?ﬁd?oy%@ %n%aguysxeaasemmd mRERRd WFHene rapid

access to informati on about structural material's, duri ng manuf act ure
and within the eHtiorEFHPR BAYPRndarpREAAS HreRFrItyreds S%Py T*tswna*z?g etRAfffdEed to
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typically construcgﬁﬁop Q‘ﬂba ) V\,herte L nfor et p%p Mol qy,drago F’ _
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den5|tyfluctuat|ons contam nation, radiation or 1cing t he materlal A
change in the enistaBitre Mithist ”’E%e’“‘ﬁaﬁ*aﬂl eyeestiean Whicso dS%’@G?S df]% rateEisepi ng
or instability vvpérmrmaﬁ&a_e mat eri al over ti rre whi ch degrades the material'

per formance. The pre i nvent i on con t| nuous,. or
selective 10 coll ecfﬁ' §n PEFEYa ™y I8PIC§?rﬁI allgw&t@%l PR L PP e onent s,

such as st rud®ur edllectonpdrsta sorfeeminghaitiosd ﬁﬁsqziar@écwmmmsy s{chugshstastuadlr cr af t

wi ngs, panels, bgld&neNgg5eline mpa@lna&st@wqum birs8RIwindsObaddie mBid, and
gas industry, without the need for 1nstal any extra sensors on or in

the structure; tYE8es apd 3ea'3)a0d sgpg SE‘i"?r{ﬂ'y‘ef r%‘?ﬂ@a? FEHPh & thet His need
descri bed above. folinstaliag ady ertasensds an bain tivasteicilbe; eitapcirucales Sd\iayigt em

reduci ng afrcraf b, (Bl BENAACE.AND SSBAd SRSLS il ABUSELLES U o

i ncreasi ngly use coffposite ma to form's nponent s
The wear or 1%1“@990@9@& §Mosystare @dmquemraf&aw"ﬂenwel%@t @aa'r r¢0$team tine,

so that the tinmBn@fstrle8PARQE MRAasihgly %@%Bmpasﬂl@ hhbBRrigloWH b suchiodifutRbal and
operating costs in nanuf aigu in one re reduced.

e CO
e B Mot act TR e The weaorPiayerkiatis sCbe \ORBRITE £t bs FaEIsH i Sod
wi th feedback f rreantinfeess thiaethiedimeadf rdplaeemmantas cladr, and the downtime, tchetrdl eed d of

pipeline sensing, Sertalﬂﬁ? gy mm@&mg% ﬂfusg%PthgraXﬁqggﬁma%nemLc%dC9 4 i nuous

strain nonitorin oper at or revent aks
arising. By Zﬁontmwacwugr@ﬁ@esm #Ae alspt b Ct%@'MnmaWt%edr éedgeatigised o hot

spot" or "cold spRiback fdh tnéqgkﬁ&t&&etmem esence of a |l eak in liquid or gas
systems, respectivel Ml thg Q’ Pé of pupelutxeh(saenls%%,k thre]assystglgnczlajnc{ method of the invention

enable continuous strain monitoring, allowing operators to prevent problems

such as leaks arising. By contrast, current fibre optic techniques recognise a
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,



The invention al so i nproves the robustness of nonitoring systems, such as
downhol e nonitoring, renoving the need for connectors and wires. The need
for sensor devices to have separate power sources is also renoved, as power
is 30 provided to the sensing elenents via wireless interactions. O her
application areas include conposite quality control, aircraft and high
speed brake systens, human health nonitoring, pressure nonitoring in

nucl ear and chem cal plants, tenperature nmeasurenent of heat shields and
nose cones, and crack detection in space stations, railway lines and

tankers. teMPtat Bk RIsiBReR & $BR shicNeMl B8 PARS] Blferbsk ddistbgsonance
of several materials. The present invention uses the m crowave resonances

that occur in 5‘"n°’ﬁ?ﬁ¢ steftoas iraivey ineend tarke™Srechani sms rel ated to el ectronic

and nucl ear propert iveisat nwdkeglthecgasekmudemmt@dsmwtr@qusmeé of Béllerdl S
sensitive to radio ese st ens

e mour erent - 1 et I eseht FRgndoR R PRl Fhnftlos Bt v dne
i npedance anfil obérer siatefiats. fidiete\eren gnashamphe geletedi 1ot pledsinic siedsnuvtpause

di el ectric measypeIRil Syhi Of];hﬁdef bé %Eteg{edt\blﬁ'ts @qdn&néht ]tﬂatqﬂéaé&éatngé“t@ réd?@t

responds to Viscosit secon NanoTu
nanoconposi t e t¥elsy Smdﬁéyfté‘ﬁﬁ@’ 5@@@%@?%9@%0? geflected P°We’ @ar tz

chips are recogmaw@ @}ﬁéurﬁlt laﬁaip§§osmaaéSzmpbB&cdeandJMﬂmgsTﬁ@vm&aﬁg Iy
bet ween t he faceg o! f]' oy Q ) ?Iege Fou%tlrcmstt%nﬂlnf@tv\gy These
resonances occUtaPefdl B?% ?'}Sé&lﬁ?ﬁ SIS MPRURMBAS eI, 1882 B 301 t age
15 across tWe clpschip thabresaendsyto vigrosith @anghthepresersl isfa Miit-Vyallgddelubenvent i on,

the radio prOpgmw»ﬁs nQhodoRPoSitd iRt r@ép%ﬁd&tb@é}gﬁerat%'&t] faQuke determ ned by
measuring the dielectric properties 5 he dielectric properties

of a quartz chip ar8YHRoHIPs eéﬁ‘?"%'se%ac%‘ﬁ'q:"eﬁ 5 Ingfie ROBIRBMAYRe caused
by the acousti easigsenesendse fatheyf thenbipstopesaterpenstc sandingliveleC Theg curve

Lypical of ISt ccBaddh YAl O nuBS0S/ifledcs IFDIL £ LR AR sugar

wat er sol ution reson own in curve Fi gure
5. As can P& seenss we&h@sgemomrdwrforammmymeﬁ@fthamaesanmw@n $'a€pﬁéa>r as a

result of the Wo%@@ib@oﬁjtﬂméhlagalso change wﬁafetﬁ{@@wenﬁlm B BSRking Heent i on

uses nul tiwall r bon NanoTut? 1(-ng §_L ? in a.polyner. The CNT
have di scer nabfE'SFEE RRRRTEES 9 Ahg HEPS Fé‘l&ﬁ %t@p‘g@?eﬂﬁ'?\ Of 1t BYRTE BB t or ed to
det ect change &iowrhen pairgyen®X” du€igu, 5f Ghe espiepl e daesgakbbat the eacodgticshown i n
th I f . f d e

e exanpl e of (£ b%&@ﬁqeﬁle&wgﬁp‘(}?@&d QY dx@?eetﬁ@%% tg?@%sﬁ @b& energy

gaps (based on 1'n ener erence onon r resonances
(based on PéngipylatorsnFensive is H@mgvmﬁféteﬂr@qa af%ﬁga'bé@le" solution which

damps the resonance, as shown in curve “B” of Figure 5. As can be seen, peaks
get wider and shorter and almost disappear as a result of the viscous damping.
Preferably, the present invention uses multiwall Carbon NanoTubes
(CNTs) dispersed in a polymer. The CNTs have discernable resonances in the
25 radio spectrum. They are monitored to detect change in the polymer due to, for
example, temperature.
As shown in the example of Figure 6, resonances are found at 400MHz.
These are energy gaps (based on inter-wall energy difference) or phonon
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

10



30 signals. In order to neasure tenperature change, the higher frequency
peak is tracked, as a change in resonance frequency is easier to resolve.
For CNT particles, a polynmer resonance is wi de and short, so the curve is
normal ly fitted to a lorentzian function to find the centre frequency,

whi ch changes with tenperature by approximately 103 - 104 ppm C At
hi gher frequencies, larger radi o resonances based on a percol ation
mechani sm occur, which can give tenperature or strain signals fromsnmall 5

conponents, such as rivets, screws or wres or, alternatively, via far

field el ectromagngt i oSl I | gc nel her  co nts at
di st ances of severagli ?r%’b?%g ks g’fnng f\fod”%:a r?Peﬁ ue%@g ﬁ'&eChgl% %
denonstrat ed w t HERAEBIUSBY @pqﬁ%ﬁm@taimée @' trené Cof vari ous di nensi ons These

resonate with signifi Qﬁlhtghétoﬁéqdeﬁ@%ﬂér@eﬁfa@féﬁ@s&aﬂa@es%gsedqn 2le WLCB
frequencies when wt%i.s 10 increased, as shown in Figure 7 in 'Ch tur ve

"C' represents tHe %F'Bvx%‘if@r g 8%8%’%?’”8”1?&@ io7\FHPIN fighwt fBe eoathosite
at 9Ghz and cur veompPbnanépresk rdss rivets asopdves mtﬂteamrnan@rhath@b} v:a far field

Pressure reduces eﬁé&ﬁoﬁw?&%ﬂ@@@ﬁaig FSHALER OF papgg %H& gth T ?tfr%og??w\éﬁt %&glstances

together, increasing conductivity across a rang
Conductivity 15 of srvera siptraatide f@ftgnlﬂéﬂﬂ qfﬁf@q[@ncgncg@:gnhles dewehstrafedt with peak S

| eft side incr eamkwilh%ﬁ&h{bépﬁﬁt@dn'sn& b%&ussg'ihwfeEﬁgns qchefsg'ereg%rﬁﬁ V\nﬁl P et he

| evel of the peak’s. alls t ereby al so appearin d.
The final result >PS 'f?ar?gp’sf %’é’gﬁﬂﬁlaﬁ’uﬁ‘ég O &F &t lowes C\”F”Ci'%ﬁ ‘t"l*%‘ Vg is under
pressure, as 18hoimreasedriagishews in Figue Divewbiceane Wl tephsiests hdmidaifer ed to

S e P e el &F1a! Bulie fpe, compqsd "6 BEREA LORLHCoN0L I

frequency (PTF) is a turning polnt i SEPEFEnt Wo se cesses:
conductivity Ios?pﬁlnté\?éﬁ@ﬁ@é’ﬁ?’ r}?éﬁé?tﬂhﬁﬁ on, each of which have curves

trending in opposite Riédsant iedices tﬁ@r&@iﬂﬁ&@'freqﬁé?@y bRt ENEs |1n9\$e3ct{>§e9t or
i ncreases with ftrSQH anescent herefore the

size of the | 0ssy®Vo %reafsgpl%onaﬁ“it'ﬁ R ?%&?Feﬁc’?”%%%?’ﬁ?‘f‘?@c'?% Epneluctivity
el ectro- magnél i c’OiEﬂdi@m*detp% lat loWhfeequanayi sugthpdevet of thevdeekis it iddmbaasss, This

number conveni enhékoy 8hEBtFing RANGHRRA BnShd Binar nhRIMRG! %Léiroq t peakhserl;ght

side falls, thereby also appearing left shifted.

The final result is that the whole peak appears to shift to the left under

pressure, as shown in Figure 8. This phenomenon will herein be referred to alsv
20  the percolation threshold frequency.

The percolation threshold frequency (PTF) is a turning point that arises
from two separate processes: conductivity loss and evanescent penetration,
each of which have curves trending in opposite directions. In general, the
dielectric loss factor increases with frequency while the evanescent depth, and

25  therefore the size of the lossy volume, falls with frequency according to the
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

11



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 | ow
frequency, or 30a 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 polyner, gel, so-gel, paint, adhesive or
even a ceramc naterial. These materials conme in different parts: rings,
tubes, plates, screws, sheets, o-rings, gromets, washers, valves and other

forms, inside buij égré}gé Ve SrheS@Frateri@s "c@rﬁé‘frftdlﬁé}gmrﬁRX rQ'Ingt’i@es ﬁétes
exar‘rpl es, we consider intrinsic sensors nmade romo-ri eS and

gromets to sense&CtME Fh%erﬁ/l‘?B'Fﬁ?eﬁfom”?ﬁ%s@a%%dﬁg’e%@ﬂpo"“é?'s@ 'g%%ndary
conposi tes, wher eulidityst boaIs) Thise aiffidftdndahanyatiess.t 0 anot her netal /ceram c

par t. Alternativel y t hgega*mp > %VECC%Hé gerl?rﬁnmdst%nggrs ?ﬁalag\{l%lﬁ ATPHI( *;lges snhcat

i nproves the propertle Tl 9°Cd ennas, nple to
add to or replSacgrarrectane eense tb@npmemngntofhaaﬁlsawcmgsoulfbalspcbempkndmth t he

antenna of the RE{R Lads LHpe m%anGQfé%étQﬁlal mates to anothBemeRAResmic 8rt0f the
conponent part can aI so work wth the particle resonance to enhance signals

| evel s. This happéfraatiebnine senspas €°LH%1§9 &a45tqh AMOVRY TRGHRMVEY BOEEH &S t hat
mat ches the part lpfdpeméest)élaaﬂcal ckNs of arltértaprfef @it whidacd sr whree tHehi S

effect is strongest nr'wascc;[m ondnts! orf]&rﬁlg {a't‘]gg rt:)eworyywum t&ggntrelwrgggf t%ég#ﬂ:g t L%L;y’

a nanoconposite Ly ng can resona rticle resonance
the circunfert@ncé kxfostdpapigngring is nutli pI e eI ectrical wavel engt hs.

Figure 9 shows a typigal sipbiske & baﬁ;s&nehpaaﬂvesﬁ %lseapdre WisRE paRLI0f a
o-ring is nonitored via a transm Ssion

dur| n ration to
reveal abrasion, "SABIACEAP P@W?@F?rﬁpnﬂé&t”ﬂaam%??pp@% Y"E paH\f?g@d%tH’ ssi on
or 20 damage dur mitgove@eadainyince that matches the particle resonance. One of the preferred

objects where this effect is strongest is the o-ring structure. With the right
15 conductivity, a nanocomposite o-ring can resonate at the particle resonance or
PTF when the circumference of the o-ring is mutliple electrical wavelengths.

Figure 9 shows a typical o-ring configuration where radio resonance of a
o-ring is monitored via a transmission line and antenna during operation to
reveal abrasion, chemical/thermal degradation, extrusion, overcompression or

20 damage during assembly.

For reliability in harsh environments, the present invention can make use
of the structure as a sensor. A good example is measurement of water viscosity
inside a pipe, as shown in Figure 10. Viscosity measurement in harsh
environments leaves conventional sensors vulnerable, as they protrude into fast

25  and turbuient 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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For reliability in harsh environnments, the present invention can nmake use
of the structure as a sensor. A good exanple is neasurenent of water
viscosity inside a pipe, as shown in Figure 10. Viscosity nmeasurenent in
har sh envi ronnents | eaves conventional sensors vul nerable, as they protrude
into fast 25 and turbulent fluid flow. Wereas intrinsic sensing systens
are nore robust by using a conbination 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 tpgpe ﬂ@%@@o‘%}ﬁoe{i@e&ir@@h%ﬂg‘?&coﬂpﬁraﬁih@)ﬁtrﬁ‘{s% sensin
pi ezoel ectric particles, aspec of_t&e structure i st t he 3%

. a key [ hat
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ich increases the ential .across.the . crys ow acoustic dappi ng
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structure is available at .the baonding i . t rea. where the
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applications or EeHqubtRR MAtst e tBepdrafd 8b thRfit @ valicl thedMBihg fpBin€RE B t he
earth's atnosphere h

_as_shown in Figure 12. The key aspect is to 10
i ncorporate part PEIge Fioat i éayF'éG% fﬁ"g?éri%fﬂttge ngr'%n&y&anqséﬂi Bi&S{Eher e
t her mal conduct i sensingnardvidelslaa itditgien at the dntegity tidthe tile, arsd Wiedtbav it katimal ti ng
poi nt of the paré‘g&l e. Fromthis layer and further into the interior of the
vessel, intrinsiC Sénsing provides an indication of the integrity of the
tile, and wh&?her it Anether penect af thearresent BugiSioRds that pbthe nbiemempthedent
nvent i on is thathdimbibe AERbE erls 1B il arAD saRing Bslints by ichng! O
sinplify intrinsjc, ,sensjng syste I enovi e _trans er so a radio
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ant ennas need tgm}e%nté%ﬁ% n&380 BL2CES on%tacé@n%@mhgwa&% SerSRBHHafiial,

t 12. en the

material, 20 and the other away fromit, as shown in Figure
two ant enna 49 grAdsthardher Ay Eem 1 e BRentip Sigwed2i Mennse dwe entanAg
material wll | agdnalRagigesnitied, afle orenes@thatinttifbe Bahdig alaeral SN &Rk
frequency, whilst the reference antenna w.ll not. Accordi ngly,
the difference Eb@f:é%%lﬁ‘damdé neé'ersqygﬁ%llt ¥ "(’:aé?rfa‘esctreesé’ n?/'i‘tafrgq‘fgﬁx’x\l"ﬂ'bsgctl Fcuit
(or simlar) w lrkfegneeantaenawiioptance frequency of the material.

Accordingly, the difference between antenna signals, collected via a

25  mixing circuit (or similar) will give the resonance frequency of the material.
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CLAIMS 1. A sensing system conprising: a material having a matrix
structure in which a plurality of sensing el enents are enbedded, the
sensing el ements having electron distribution and/or transport properties
that change in response to a change in a physical or chem cal property of

the material; and a receiver, including an antenna, the receiver
arranged to receive a source RF signal and a returned RF signal, the
returned RF signal being received fromthe material; wherein a

change in the electron distributionCipdMg transport properties of the
sensing el ements cause the source RF signal to change, such that a change
in a property of the material can be determ ned fromthe returned RF
signal, L A shsirpeystiengeoglpeiveret s conpri se particles, the resonance

frequency of why ﬁlgtérﬁi ﬁﬁﬁﬂgs%mm% r%@ﬁlgg?n \hﬂicﬁ“a Fhafity 31GBhsi ADEERnt

mechani cal properaﬁ Sl ng 'system accor |ng to
claim1, #sembedde éhesf@ngmagleéie@ﬁﬁelmvsngaﬁr@%ﬂr%ﬁ@éatl%a%d/%trra@ﬁpertect ric

properti egropérideh endiBh8hdedh respdnsetB@ HERS] NG 81cEIraseRlcdi fYptQ@y 6fem 1 or
2, wherein the seHS|ng el ements are arranged to alter magnetic properties

of the nePaterighandy The sensing system according to any preceding claim
wherein the senasrengvﬁ{ ridkidig; 4ol teithen, Nlea@peivdn aﬁ'kzﬁ&ed mrmcéisé Agowte REast one

of si ngl Csi &?al angt%\l rQ&lrxlnlealQﬁ tsu . the rek&r‘n\/\@hb S(l:gaflra enlnn?"encgltvlél &Ol d
nanorlngs magneti ¢ nanopar €S, nanow r es- an % erical nanop articles.
5. The sens%ngbsysten1accord|ng to any of clainms 1 to 4, wherein the

sensi ng el enentph SONRY dhg B d@ the EleBSord @éﬁrﬂﬁﬁf&ﬁ%nﬁ)ﬂ? tx%ﬁéﬂlﬁl?p toBedtfdg oS@Ur C€ RF
signal via nmagnetostriction, converse flezoe ectricity, magnetic direct

gener at i oi¥RYRE éleé{f’PFSdﬁu%"o@ﬁISP‘f*f“@e RE\signat tephapes srdrfbat # hansgiv 28T yhe
ret ur ned JRithé&mgtidlal can be determined from the returned RF signal,

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.

2. The sensing system according to claim 1, wherein the sensing elements are

arranged to alter dielectric properties of the material.

3. The sensing system according to claim 1 or 2, wherein the sensing elements are

arranged to alter magnetic properties of the material.

4, The sensing system according to any preceding claim, wherein the sensing
elements include nanoparticles comprising at least one of single wall carbon nanotubes,
multiwall carbon nanotubes, gold nanorings, magnetic nanoparticles, nanowires and

spherical nanoparticles.

5. The sensing system according to any of claims 1 to 4, wherein the sensing
elements comprise particles that cause the change in the source RF signal via
magnetostriction, converse piezoelectricity, magnetic direct generation or electron

coupling, such that resonance is induced in the returned RF signal.
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6. The sensing system according to any preceding claim wherein the sensing
el ements conprise particles, the resonance Q factor of which is changed by
a change in an electrical and/or mechanical property of the material. 7.
The sensing system according to any preceding claim wherein the materi al
conprises a polynmer. 8. The sensing system according to any preceding
claim wherein the material conprises a nanoconposite material. 9. The
sensing systemaccording to claim8, wherein the naterial conprises an

el ast onmerg or eppPiYseBihg k¥stem hBeordiR® t&£MSHREEITNSHLMN, (e 8dif kDschGingNy
preceding claim wherein the sensing elements, are substantially equally
spaced wi SIAPRNE FEpHERATEELes, tg?’ﬂes?‘i‘?élc%@fg?ﬁ‘iﬁ‘)fs Hi 88%‘*?10‘?3’&’90}{3&%%

pr ecedi ngarcélatticalwhneroe nechiidical pasgetyiof thdw@ateriaperty of the material is in
response to an environnmental change, the environnental change being a
change in stress, strain, tenperature, pH, hydration, volunme distortion,
density fluctuations, contam nation, radiation or icing of the material.

12. The sensi ngriysh&Ry 3REah dbddaihg (Y PeERBH BGnt WleMin WREMGIAL N Tadi 0

si gnal _
comprises a polymer.

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

comprises a nanocomposite material.

9. The sensing system according to claim 8, wherein the material comprises an

elastomer or epoxy matrix.

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

elements are substantially equally spaced within the material.

11. 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, pH, hydration,
volume distortion, density fluctuations, contamination, radiation or icing of the

material.

12. The sensing system according to any preceding claim, wherein the radio signal

generated by the transceiver is pulse, frequency, phase or digitally modulated.

13. The sensing system according to any of the preceding claims, further
comprising:
at least one transmitter, wherein the at least one transmitter is arranged to

transmit a source RF signal.
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generated by the transceiver is pulse, frequency, phase or digitally

nodul ated. 13. The sensing system according to any of the preceding
clainms, further conprising: at | east one transmtter, wherein the
at least one transmitter is arranged to transmt a source RF signal. 14.
The sensing system according to claim 13, wherein the sensing systemis
arranged to determ ne an anplitude ratio between the returned RF signal at
twice the frequency of the source RF signal generated by the transmtter,
in order to nonitor local interactions between the sensing el enents. 15.
The sensing system according to claim 13, wherein the source RF signal is
arranged to heat a site of the material at which the change in the property
OL t he rraj(;jzgri a|’I|‘He>_Ssedﬁ\'t,\1§@§H't@ﬁdccﬁ)rdiﬁg tol ¢18inS EF)Sv Hageis YBd mﬁ@&@mﬂhﬂjg to any of
the precedin ai,m erein the,antenna conprises i r.ectiona nt enna.
17 The® cunihe] Eybamaca UG S Ty P cbn e At of B AR

ant enna clapringes thasouate RE pgnalypehemtalbyathp hasemitaray oadirén nmeongbr localur e.
18. The si%pég(ggmggggv@eg}lgﬁ&&rng{nggle%n@gy of clainms 13 to 16, wherein the

antenna is arranged to direct the source RF signal towards a predeterm ned
target site of a structure conprising the material. 19. The sensing system
according to any preceding claim wherein the sensing systemfurther

conprises, circyitry arranged to determine at | east, one of_the chani cal ,
el ectri ca]|5'andullé’r‘?e"r>éﬁ‘§fﬁ$s dF dECo5T e ﬁoecq]’f’r’gi giw e.rem%}(}f SPRE eElhd®syst em
accor di ngartangatyo hé2aedliernd thed mateyialver kich théthaagnisi thg property of the

material is determined.

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

antenna comprises a directional antenna.

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

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

18. The sensing system according to any of claims 13 to 16, wherein the antenna is
arranged to direct the source RF signal towards a predetermined target site of a

structure comprising the material.

19. The sensing system according to any preceding claim, wherein the sensing
system further comprises circuitry arranged to determine at least one of the mechanical,

electrical and chemical status of the material.

20. The sensing system according to any preceding claim, wherein the sensing
system is arranged to determine a resonance frequency of the material as a function of

time.
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systemis arranged to determ ne a resonance frequency of the material as a
function of tinme. 21. A nmethod of sensing a change in a property of a
material, the material having a matrix structure in which a plurality of
sensing el enments are enbedded, the sensing el enments having el ectron

di stribution and/or transport properties that change in response to a
change in a physical or chem cal property of the material, the nethod
conprising the steps of; interrogating the material with a source RF

signal ; regeivi ﬂgle%(fd%tfg&féﬁ% HhaSbonAd prO M%Bﬂ?mg?etrﬁﬁ it ma®dishl havinga

deternlnlng t he change in property e material froma change in the
returned WA @tﬁ‘é‘ltul‘ter%atw}il‘él %&H&é@&y B§S€tﬂﬁ%1%@|‘faﬁ1f@és #15 ereddede L gsmsing

di stri but él&me@ﬂadllaofngueaﬁsﬂafs&mmtﬂm@rddvc@sfamfspdrb@r@eﬁsdsngated}ﬁﬁgms
rticles,, the re

t he sensing el enents con nanc guen of whi ch
o changelBYE FehaREe I he R drg et Fart ghtreh Febnanres BB of 't e
mat eri al . congRisingbe sphofi of claim 21, further conprising the step of
generating a Sqﬂge(f@oggﬁng ngnrﬁ!;lterial with a source RF signal;

receiving a returned RF signal from the material; and

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 sensing elements comprise particles, the resonance frequency of which is

changed by a change in an electrical and/or mechanical property of the material.

22. The method of claim 21, further comprising the step of generating a source RF

signal.
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