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The invention relates to conposite materials having patterned coopgtors
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" A laminated composite material (10) having patterned conductors integral to its structure is described which comprises a plurality of

cloth layers and a penetrating resin matrix material in which at Ieast one of the cloth layers (4) has a deposited patterned

conductor to form a conducting

layer of electrical

path (14) in the resultant composite material, The electrical conductor is preferably deposited to such a

ﬂuch:essthatmdmdualﬁbmoftheclﬂhmooamdhnﬂmthemhpememsbetwemmdivﬂwﬁbmmﬂ:ecmduchngxegwns The
conducting regions provide for extemnal electrical connection of embedded electronic devices (2).




tenperature sensors and sim |l ar sensing devices, enbedded identification
tags, and al so aerials and the |ike. Probl ens are encountered
however in effecting electrical contact between enbedded devi ces and
the outside world. Structures are known which enpl oy fine conductors

such as thin wires.which trail through the lamnate to an edge. Such

connecti ons present potential points of weakness at the conductor/
matrix interface, which is prone to separation, have a tendency to
break easily during fabrication, and only all ow a connection to be
made at an edge of the conposite |am nate. The wi res take an
essentially arbitrary path which allows the possibility of short-circuits
inmltiwire systens. The position of wires at the edge of the panel
is also difficult to control, maki ng the use of nulti plug connectors
virtually inpossible. A further problemin t hat has been encountered
is that the wires tend to break at the edge of the panel during
autoclaving. It is clear that the trailed wire technique has limted
application to enbedded devi ces.
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I'n nore conventional situations multiple electronic devices are nounted on
‘a printed circuit board, a board coated with a patterned | ayer of

electrical conductor, which nmuch sinmplifies the task of connecting a | arge
nunber of dewygegsgoZshe principle can be applied to produce prdmeEéniscuits
either on rigid substrates or in a flexible formby coating the conductor i
| ayer onto a thin polyneric substrate. Neither type of conventional printed
circuit board, however, is readily suitable for incorporation into

| am nat ed conposites as they would represent a significant plane of
weakness in the conposite structure exhibiting a tendency to del am nation
at the interface with the resin matrix. Printed circuits conprising a
conductive pattern on reticulated or foram nous bases are known from for
exanpl e, US Patent 3053929, but the®ReRousEMATERIAIR SO formed in the
conducting regions of the pattern renalns a potential zone of weakness
produci ng a tendency to del am nati on. IS an obj ect of the invention to

provi de a conposi e.matnr|a |nco oratl ctio emWIththe
ease of connectio—‘h"edﬂm ?TF F’P@ﬂgfga E"‘}F‘?‘ 1015 ARfEgrRl P o
with use in |am na&estnfcBifR Ad tPSomposific mAteHAIS Sorhftishig eAbeddel eRictrbfl€ dbadaNt i On
there is provided a corrp05|te preppoeg conprising a cloth layer fornmed from
fibres of a naterutélklnsan@amtﬂndd@ndlmporatlon into a fibre and polyneric
matri x conposite having deposited thereon a patterned |ayer of electrical

conductor, the electrical conductor being deposited to such a thickness

that individual flabmggy edodétiestbiatedd e eis ofificesf fitde/ pbigine ﬁ@rﬂmﬁ&i icompesitet he
cloth by resin remains possible in the conducting reglo and the cloth

bei ng i npr egnat ednatemals and Wrpaticaler b/ gesin commpastie materials midese; are frequently
material . fabricated from one or more cloth layers of a fibre, such as glass or carbon fibres,

formed into a woven fabric or a mat, together with some permeating polymeric

matrix. Considerable potential utility has been seen in the embedding of electronic
devices within such materials. Such devices might include strain gauges,
temperature sensors and similar sensing devices, embedded identification tags, and
also aerials and the like.

Problems are encountered however in effecting electrical contact between embedded
devices and the outside world. Structures are known which employ fine conductors
such as thin wires which trail through the laminate to an edge. Such conmnections
present potential points of weakness at the conductor/ matrix interface, which is
prone to separation, have a tendency to break easily during fabrication, and only
allow a connection to be made at an edge of the composite laminate. The wires take
an essentially arbitrary path which allows the possibility of short-circuits in multiwire
systems. The position of wires at the edge of the panel is éllso difficult to control,
making the use of multi plug connectors virtually impossible. A further problem in
that has been encountered is that the wires tend to break at the edge of the panel
during autoclaving. It is clear that the trailed wire technique has limited application
to embedded devices.



The i nvention enabl es conpl ex patterns of conductors, anal ogous to those
-whi ch can be produced on printed circuit boards, to be laid down onto the

cl-oth all owi ng ready connection pf v ! fldevices in a format which
i's suitabl e {g)oe3ge@r POrati on i nLH‘"; g‘é&ﬁ“%kﬁ& conposi t epcfiopbsmenpl ex
and precisely ordered patterns cpuld rRﬁPLBQ%Qticatly be incorporated using .
W res. : ' -3 - The cloth
material may conprise woven or laid fibres or an otherw se partially porous

web-|i ke structure, provided that it is susceptible to penetration by
matrix material. Since matrix material is e to penetrate between the

fib f th loth in the .. t d dur i ng. i t ducti on,
the tendency to OB FRPTISRAA Suaiess rRHE PRyt Eor T B A A Bt o | o
retai ns good thr @ikt botrd;ldSsafd &dafe@ it a phitemibdaRyey df BleitiddP corfidiof) Schidly

i ncorporating conventional printed circuits. Better integrity and even
| ower tendency t anushisiplifigs the task\piaenndcting  darge munberefeicyiensafbel pringiple gan

conpos: L' B kil FpRE FERSRIB M h BB o Lo o
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path. 1s conventional printed circuit board, however, is readily suitable for incorporation into
laminated composites as they would represent a significant plane of weakness in the
composite structure exhibiting a tendency to delamination at the interface with the

It is an object of the invention to provide 'a composite material incorporating a
connection system with the ease of connection and use of printed circuits which is

more compatible with use in laminated composites..

According to an aspéct of the invention there is provided a composite prepreg
comprising a cloth layer formed from fibres of a material suitable for incorporation
into a fibre and polymeric matrix composite having deposited thereon a patterned
layer of electrical conductor, and impregnated with an uncured, curable polymeric
composite matrix material.

The invention enables complex patterns of conductors, analogous to these which can
be produced on printed circuit boards, to be laid down onto the cloth allowing ready
connection of a plurality of devices in a format which is suitable for incorporation
into a resin matrix composite. Such complex and precisely ordered patterns could

not practicably be incorporated using wires.

The cloth material may comprise woven or laid fibres or an otherwise partially
porous web-like structure, provided that it is susceptible to penetration by matrix
material. Since matrix material is able to penetrate between the fibres of the cloth in

This Sheet Has Been Reﬂlaced

(RN




produced but a solid conducting strip is not formed and the cloth in the
conducting regions of the pattern remains at |east partly an open nesh
whrch will allow penetration of a matrix material between the fibres. The

el ectrical coggygisess | s thus depos lilckness t¥etcpsizes dual
fibres of the cloth are coated but Tﬁ%_ﬁﬁg@#ﬂﬂ ?g‘r?h f the cloth by the

resin remains possible in the condicting s..Ihe resin is then able to
penetrate between the fibres during corrp05|te production, so that the
conduction paths becone integral to the structure and their tendency to
provi de del am nation sites is reduced. Apptying metal to a prefornmed

cloth layer, rather than attenpting to weave conductors into a cloth | ayer,
ensures that adj o Hepaft MMMSWMWWWMW @ delaminationat et al

ggﬁtn;gthdl tnot Pﬁogﬁég%ﬁ 08&J| ng P’? ag]%émﬁ@@&igﬁ%gﬁ g?‘; d%g‘t‘l{%m and

m ni m zes the ri skhick cmmmmmmmmm cotiventienal pgited cinduits Béttek er ned

track. This inpraoved,r ability allows thinner trac d, gbvi.at es the
need for redundarftegity @Q‘i‘“’@é"‘l’%&?ﬂdﬂw Mﬂ@#‘%é’l@%‘sé@ﬁ

E:(r)ﬁrC]lézt ggndgsl E;?Ws%a?%e%%qp&g%ﬁﬂ%g to f urt er aépect
of the invention tepienseofithe pattew tdeidalowvartd aahleldessowﬂpmawﬂmmhg of the
ot or i al | such acodral it e end 5 pdipcag B aptisd bR ST copindtRe
cloth layers has sripis not formed and the cloth in the conductmg regions of the pattern remains at
least partly an open mesh which will allow penetration of a matrix material between
the fibres. The electrical conductor is thus preferably deposited to such a thickness
that individual fibres of the cloth are coated but that permeation of the cloth by the
resin remams possible in the conducting regions. The resin is then able to penetrate
between the fibres during composite production, so.that the conduction paths become
integral to the structure and their tendency to provide delamination sites is reduced.

Applying metal to a preformed cloth layer, rather than attempting to weave
conductors into a cloth layer, ensures that adjacent fibres are provided with
consistent, continuous metal coatings in the conducting region. This ensures that
cach fibre is connected to those surrounding it by a multitude of different pathways.,
and minimizes the risk of short circuits occurring in the region of a patterned track.
This improved reliability allows thinner tracks and obviates the need for redundant
tracks, so that thinner, higher density conducting tracks can be produced allowing for
the embedding of complex, multiply-connected devices such as microprocessors.

According to a further aspect of the invention there is provided a laminated
composite material comprising a plurality of cloth layers and a penetrating polymeric
matrix material, such as a resin matrix material, wherein at least one of the cloth
layers has deposited thereon a patterned layer of electrical conductor, the electrical

il i



-4 - deposited thereon a patterned |ayer of electrical conductor, the

-el ectrical conductor being deposited to such a thickness that individual
fi-bres of the cloth are coated but_that the nmatrix terial perneates

t her ebet weenwo 96B8d® produces a cOTHIG CHEEDHASI BEFAV ng | nt eBCHGBR&ANIRIICTE Or S
with all the advantages of conple,lty qmgq;@ggctura integrity descri bed
above. In addition, coennection cahrbe—tagde—at—eatry int in a conductor path
via a hole through the other layers and is not restricted to an edge of the
| am nate as is the case where wires are useg. The invention is
particularly applicable to |aminated nultiTayer cloth and polyeneric natrix

W 6h & conduct i yanpuglbr P ting eyt 58 Ry bl CIBRREAS RISFEA 85" o
one or nore of tmmhﬁﬁdbaiedhﬁt&ﬁattﬂehdmﬂ;hata&lp&dﬁﬁﬁﬁma%&wﬂver that the

i nvention is not restricted to such materials but enconpasses conposite
materials wherein at | east one conducting cloth layer is incorporated into

pol Joror i c. ot 11y PO« ot it il lophPLOtfs R AR At | 0,

or in conbinati omﬁmotﬂpldmyiahiesu-dcumhnntcgmnpdwenﬂm abeteec dh adiition; cérimestion can

t t | t t
structural or o h&rmgﬁé%gsx{yﬂo?nstmaconductorpathwaaholeﬂmroughﬂleoﬂlerlayersandlsnot

restricted to an edge of the laminate as is the case where wires are used.

The invention is particularly applicable to laminated multilayer cvzloth and polyemeric
matrix composite materials, and in particufar resin matrix composite materials, in
which a conductive layer is laid down in accordance with the invention onto one or
more of the cloth layers. It will be understood however that the invention is not
restricted to such materials but encompasses composite materials wherein at Jeast one
conducting cloth layer is incorporated into a polyemeric matrix, with or without
further reinforcing materials in the polyemeric matrix of cloth, fibrous or other form,
and whether in isolation or in combination with further known components selected
for their structural or other properties.

The invention provides conducting paths which may be used in connection with one
or more embedded electronic devices electrically connected to the patterned layer to
effect external electrical connection to and intemnal connection between the
embedded devices. Examples of devices which can usefully be incorporated into the
laminate include sensors such as strain gauges and actuators such as shape modifiers.
The invention also allows devices such as aerials, resonant structures and frequency
filters to be formed directly by selecting an appropriate pattern for the conducting
material, The invention is also useful in the formation of devices to monitor the
degradation of the matrix material, for example by building into the structure
capacitive devices which are capable of detecting alteration in the dielectric
behaviour of the matrix material, such as could be caused by mechanical loading,
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The i.nvention provi des conducting paths which may be used in connection

W th one or nore enbedded el ectronic devices electrically connected to the
patterned | ayer to effect external electrical connection to and internal
connecti on bewossnsdizee enbedded devi ces. Exanpl es of devi cespaivcBbsai2m
usefully be incorporated into the |am nate include sensors such as strain
gauges and actuators such as shape nodifiers. The invention also allows
devi ces such as aerials, resonant structures and frequency filters to be
formed directly by selecting an appropriate _pattern for the conducting
material . The invention is also useful in tA& formation of devices to

noni tor the degradati rix mategial, for exanple by building

n of, the t
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wat er absorption etc within the conposite. Patterns can be sel ected for
properties other than electrical resistivity, for exanple to give the

resul ting | am natRurfhefnidré, thééonducting paths may be used to form inductive or other similar
structures capable of interacting with suitably tuned systems external to the laminate,
In this embodiment a laminated composite material is formed in which at least some
of the conducting paths are configured to form one or more resonant structures
suitable for effecting remote connection between an embedded device and a suitably
tuned system external o the laminate. In combination with embedded devices it
would then be possible to dispense with direct connections altogether and enable the
devices to be inductively coupled to the outside world, further limiting the likelihood
of mechanical degradation and mechanical weakness arising from inclusion of the -
cloth layer.

A particular application of this coupling lies in the use of embedded identification
devices. An identification chip may be incorporated into the panel and provided with
a suitable coupling to allow interrogation for identification purposes. Since the chip
is embedded and isolated it is largely tamper proof. Such ready interrogation of
panels will be useful in cdnstructing or surveying large structures.

A vparticular application of the laminate is in production of smart tuneable
electromagnetic comer reflectors especially for use with enhanced vision system
(EVS) by civil aircraft.

In radar practice it is well known to employ comer reflectors comprising two or three
flat plate reflectors (referred to as dihedral or trihedral reflectors respectively). By
maintaining an orthogonal relationship between the plates, reflection in the reverse

direction to incidence is achieved at a wide range of angles of incidence. The return



nmagnetic properties. Furthernore, the conducting paths may be used
-to forminductive or other simlar structures capable of interacting
with suitably tuned systens external to the |am nate. In this

enbodi ment a wakkasbed conposite material is forned in whiclhraavclsoBss sone
of the conducting paths are configured to formone or nore resonant
structures suitable for effecting renpte connection between an
enbedded device and a suitably tuned systemexternal to the |am nate.
In conbination with enbedded devices it woul d then be possible to

di spense with direct connections altoget her %and enabl e t he devices to

be i nductively coupled to the outside ri further mtin
i kel i hood s&mﬁm Waﬁamm %g%‘@s‘weﬁiesi i ng
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Such ready interrqggy ngysqf'm panel s w I | be useful in constructing or
surveying |arge structure A particular application of the
| am nate is in production of smart tuneabl e el ectromagneti c corner

reflectors espect b Yiek ol el didbusS O AR08 oot bl e Bhween the aFhreY

maintained close to 90° to maintain reflectivity. Considering, for example, a
dihedral reflector with the angle between the plates increased to /2 +3, where 8 is
small. Geometrical optics dictates that the direction of the reflected bearn will differ
from the reverse of the incident beam by 23." Should this discrepancy exactly match
the half width of the reflected lobe, the observer at the incident source will he situated
in a null. Further opening out will move him into the first side-lobe and there will be
an alternation of nulls and diminishing peaks as 8 is increased. Thus the
effectiveness of the dihedral depends fundamentally on the interplay of the angular
error & and the semi lobe width of order 2A/d. The physical principle of the trihedral
is the same as for the dihedral and a similar working parameter can be used.

An analysis of bistatic scattering from flat plates coupled with reflections at a
distorted dihedral shows that for symmetrical incidence nulls occur at
3= (X/N2)(M/d) for integer values of X. Thus small deviations from the orthogonal
can produce rapid decrease in reflection, .especially at the millimetric end of the RF
range: for example with a not untypical 100mm dihedral at 94GHz the reflection
profile will reduce to a first null at 1.30°. To maintain the large reflection profile
which comer reflectors are designed to provide angles must closely approximate to
orthogonal.

This embodiment of the invention applies this feature of scattering behaviour to
produce a -corner reflector comprising at least two flat reflector plates. each



In radar practice it is well known to enploy corner reflectors conprising
two or three flat plate reflectors (referred to as di hedral or
tr.irhedral reflectors respectively). By mai ntai ni ng an orthogonal

rel ati onshi p weovessers t he pl ates, reflection in the reverse PCI/GB®IO1213ti on
to incidence is achieved at a wi de range of angles of incidence. The return
WO 96/ 38025 '
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corresponds to the main specular |obes for the individual plates, so that a
hi gh profile return reflection is provided froma range of

directions for appli o) ere . ephanced rada ross.section is
required such as %&%o&%ﬁ%@%h@pﬂ?ﬁﬁb&%fmwp"?"qu%)?&"ﬁ'C@I
"Radar Cross Sect éonéctiolf Rt least She adthfor, B @t [eust Oie achialoP SdinprRES Medrs Gapable
1985, ppl75-177). . The diffraction effects discussed above require

that the angles b@mm angle; between the reflgtor plafes dhgtvisen gcfisbangly a r |
to maintain refleghiyigey rentiimsd gfélbémnnggﬂéﬁc%mneis stbstantially at a peak and a

second angle at which the reflectance of electromagnetic radiation is substantially at
anuil.

Appropriate angles for peak and null reflectance are selected dependent on incident
radiation wavelength and plate dimensions as discussed above. The reflector can
then be in effect switched on and off to a particular frequency of incident radiation by
use of the actuation means to switch from the configuration where reflectance is at a
local maximum and a large response signal is obtained to the configuration where
reflectance is at a local minimum and a much smaller response signal is produced, It
is desirable to maximize the difference between the peak and the null reflectances,
and to achieve this the first angle is preferably set substantially to 90° to utilize the
broad maximum in reflectance cross section obtained from orthogonally arranged
plates. The second angle is then conveniently selected to-be at a deviation from 90°
which corresponds to the first null in reflectance.

There actuator preferably comprises an actuator material which exhibits a strain
response to an electrical actuation signal transmitted through the conducting
laminate, such as is shown by magnetc;sh'ictive or electrostrictive ceramics and
piezoelectric materials, Use of a laminate in accordance with the invention enables
the actuator material o be incorporated integrally into a composite laminate reflector
plate, obviating the need for extemal moving parts, '

Of these materials the magnetostrictive materials are unlikely to be preferred for most
applications of the invention due to their restrictive size. For these reasons,
electrostrictive and piezoelectric materials are likely to be preferred choices for the



di hedral reflector with the angle between the plates increased to
‘[err]/2+[err], where [err] is smal | . Geonetrical optics dictates
that the direction of the reflected beamw || differ fromthe
reverse of thwoosssedent beam by 2[err]. Should this discrepaPclyGRtares y

mat ch the half wdth of the reflected | obe, the observer at the

i nci dent source will he situated’ in anull. Further opening out wll
nove himinto the first side-lobe and there will be an alternation
of nulls and di m nishing peaks as [err] is increased. Thus the

effecti veness of the dihedral depends fundarmentally on the interplay of the

physi oal pri nci pl 2ope Rkl Eifdodiidive gl Bl i€ a8 drg e, 2

and a simlar worlgisgelRbicanmemds ¢500 hecortpard with 350 pe) andidedOmtnits iaTedubtion
bistatic scattering fromflat plates coupled with reflectlons at a
di storted di hedr alin diygigssis.naHowsyers fhevethowca) distineti wription rn| pesfogeape with
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fromthe orthogona can pr uce rapi rease tnre tion
especi al Iy at the techhigheytind iclosed tbopfeofitesl. RNevertheless, fonsigsplicity of epetatiph ehewi t h

a not untypical 100nm dj he raI at 94z e refl ctJon . i vm |1
reduce to a first st acipgton tena{—avﬂﬁrg; mwﬁ?’&és‘%f’gé’%

profile WhicGh prefube W&M&%&h%ﬁdﬁ oAl | §Rd aBsliwigtmmust
cl osely approxi mate to orthogonal . ?lg enbodi nent of the

i nvention applies peﬁormaﬁmmded@ﬁonsm er miqwds!hgmdomlemme to variafnsdince a
corner reflector %emr@“ Si ngHat ai§tls tsvvo “b%tt rcerfeépeamf) } B at %1ghere"flevg of

hysteresis.

For accurate control of the active plates creating the comer reflector some form of
strain monitoring system will be required. This will allow such effects as actuator
hysteresis and creep to be compensated for with time. Many different types of strain
Sensors are availab}é. For integration into the composite plates preferred options
include PVDF polymer, fibre optic cables or simply a resistance strain gauge. Again,
the conducting paths in the cloth allow direct connection to embedded devices within

a composite panel.

A number of suitable methods can be used for laying down intricate patterned
conductors onto the cloth. Patterns may simply be screen printed with conducting
inks such as silver loaded inks. Aiteniatively, electroless and/or electrochemical
deposition processes may be coupled with a suitable patteming. A possible approach
involves a photo-lithographic patterning technique in which first coating a uniformly
premetallized cloth is first coated with a photoresist which is exposed in the desired
pattern and developed to reveal the metallization in the patterned areas. then
thickening up the metallization in fthe patterned areas for example by
electrodepositing further metal, and finally stripping clear the remaining photoresist
and giving the cloth a further etch sufficient to remove the metallization in the
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conprising a conposite nmaterial as herei nbefore described providing

el ectri cal wossesection to at | east one actuator, the at PorERde/RIZE
actuator conprises neans capabl e of varying the internal angle

bet ween the reflector plates between a first angle at whi ch the
refl ectance of electronagnetic radiation is substantially at a peak and a
second angle at which the reflectance of el ectronmagnetic radiation is

substantial ly at " a nutl. Appr'obei ate angles for peak and nul |
refl ectance are sel ect ed de genl on i nci dent radi ati on wavel engt h
and pl ate di mensi JiBaiteamed b Raterpeh, cppducting Javer otresponding e thee | n

effect switched onggkg, 0 aswg&p% Emgﬂ i on
by use of the acfﬁ%ﬁn%@%@ﬁb@iﬁg?g?ﬂ omt @ ?Egurahggh\%ere
reflectance i s at oatoapremetallized substriterbyrscaeed printing with 2 espoorglective gikasuch as
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maxi m ze the di fquhemgee, tHERevibidexanptk. and the nuII refl ect ances,

and to achieve this the first angle is preferably set substantially to 90
to utilize the broad maxi mumin refl ectance cross section obtained

from orthogonal | yé?]%d’ﬁf&ﬁg% al nowp{:@h hlfyr gﬁnfgagqex%ﬂﬁ%,evvhﬁ réfhergﬂce to the

conveniently sele eV|a
accompanying drawmgs in whlch

Figures 1 and 2 illustrate a laminated composite panel incorporating strain gauges
within the material and electrical connections formed using patterned cloth according
to the invention;

Figure 3 illustrates a device provided with an inductive coupling formed using
patterned cloth according to the invention;

Figures 4 and 5 illustrate degradation monitors formed within a laminated composite
panel using patterned cloth according to the invention.

Figures 6 to 11 illustrate a laminate according to the invention used in a tuneable

electromagnetic corner reflector.

The patterned cloth in the examples of figure 1 to 5 is prepared via a process based
on photolithographic patterning. Woven polyester cloth is first metallised by an
electroless chemical deposition process, which is a well established technique for
producing commercially available metallised cloth having a covering of copper,
copper on nickel, iron, gold, silver, and other metals susceptibie of deposition in this
fashion. In the examples prepared here the technique is used to put down an

essentially uniform layer of copper or of copper on nickel.

The metallised cloth is coated with a photoresist, resistant to chemical attack, which
is photolithographically patterned with the desired pattern by selective exposure to



whi ch corresponds to the first null in reflectance. There actuat or
preferably conprises an actuator material which exhibits a strain

response to an electrical actuation signal transmtted through the
conducting wooshs®s nate, such as is shown by nagnet ostri CtpcircEdSR1213

el ectrostrictive ceramcs and pi ezoel ectric materials. Use of a

| ami nate in accordance with the invention enables t he actuator
material to be incorporated integrally into a conposite |lam nate refl ector
pl ate, obviating the need for external novi parts. O these
materials the nagnetostrictive materials ar€ unlikely to be preferred for
restrictive size. For

nost appl i cagl the.inventi.on dye.to their

t hese reasons, ﬁﬁrhﬂ{é]l?teﬁ’ rt 82& FREETOR 12 AY a%?‘bé%’&ﬁt%iftsf’l‘@% BIop B way s do

likely to be pref gt dnlythose ek QF tHel\etallized cloth\RhRE/iBRARBnded will ytimately
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carry the desired metallised pattern. The metal coating of these areas is then

thickened by electrodeposition of further copper. After this the remaining photoresist

is wholly removed by immersion in an organic stripping solution, and the cloth
subjected to a light etch in ferric chloride or ammonium persulphate which removes
the unthickened metallization completely but leaves metallization in the thickened
pattemed regions. To produce the optimum integral strength when the cloth is .
incorporated into a composite materiat the process of thickening by electrodeposition
is carefully controlled to ensure that metal is laid to an appropriate thickness so that

- after the light etch a consistent coating of the individual cloth fibres is produced but
the conducting regions of the pattern remain penetrable by a matrix resin.

Figure 1 illustrates the cloth after this treatment. Strip resistance strain gauges 2 are
located in a standard 120° array on the cloth 4 to give optimum strain measurement
capability in two dimensions. A pattern of conducting paths 6 is laid out using the
above described method to provide electrical connection to the strain gauges.

Figure 2 shows the cloth 4 is incorporated into a multilayer laminated composite
panel 10 comprising further layers of woven polyester cloth in an epoxy resin matrix,
as is illustrated in figure 2. Holes 12 arc drilled through the material to the
conductors, whose path is illustrated by the broken lines 14. Extemal connection to
the strain gauge array can then be made through the holes 12, obviating the need
which arises with wire conductors to make connection at the edge of the composite

panel 10.

Figure 3 illustrates an altemative procedure for utilizing the patterning technigue to
effect an electrical connection to an embedded device. An inductive loop of
conductive material 24 is fabricated onto a cloth and the cloth layer incorporated into



actuator material. Electrostrictive materials can produce nore useable
strain than pi ezoel ectric materials (500 [err] conpared wi th 350
[err]) and denonstrate a reduction in hysteresis. However, they show
a distinct vaweedersgoasi N performance with t enper at ur e. TUWGBMHBzmp0|nt
coul d be overcome with sensitive strain nonitoring t echni ques and

cl osed | oop control. Nevertheless, for sinplicity of operation the

nost preferred actuator naterial will be a piezoelectric material such as
PZT. This can produce an acceptable ﬁinunlstrain of 350 [err] with
good bandw dt h performance and denobnstrates a relatively good
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control of the’ aCtZZVﬁhiéh%&@&ﬁxg%ﬁ&éHMs&:B& %Eaﬂﬂrorﬁﬂfli'k@ci&%b&ﬂ@@nfmé
strain nonitoring systemwlll e required. This will allow such effects as

act uat or hys?tléﬂé m@pdmhgbopaﬁpm&v@mmm interrogated Wany
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optic cables or sibgpailiar teHosd slillad &l fhai dit, Bat/g& of e ipitemed condidiidg cloth
conducting paths in the cloth allqw direct connection to enbedded devi ces

wi t hin a corfprilitaies fabrication and incorporatjen intpthedargipate, i t abl e met hods can be
used for laying down intricate patterned conductors onto the cloth.
Patterns may sinply be screen printed with conducting I nks such as
silver |oaded i nk<Figut¢ dltustrates/se\of thel pattemirigeprincipleds dormed Mcmatsblérmﬂzm the
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parallel to each other, connection being effected via wires 33 to a monitor 34. The
state of the resin matrix between the layers can be monitored, and corrosion,
delamination, propagating cracks and the like detected, by using the monitor 34 to
detect changes in the resistance or capacitance between the two embedded layers.
Incorporation of a ph'lrality of such devices throughout a structure would enable early

warning to be given of both the existence and the location of defects.

Both the above principles are combined in the device illustrated in figure 5. The
degradation monitor comprises two C-shaped conduction regions 41 embedded in the
laminated composite 42 so as to lie opposite each other in parallel planes 43. This
configuration allows direct interrogation of the degradation monitor via inductive
coupling through an appropriately tuned external device 44, obviating the need for
direct electrical connection.

Figures 6 to 11 relate to a particular embodiment of the invention comprising a
tuneable electromagnetic corner reflector. It will be understood, however, that those
features of the embodiment relating to the production of patterned cloth, external
connection, and embedding of strain gauges will be of general applicability and not
restricted to this particular application of the invention.



pattern and devel oped to reveal the netallization in the patterned areas.

-t hen thi ckening up the netallization in the patterned areas for
exanpl e by el ectrodepositing further nmetal, and finally stripping

cl ear the renswgeenmgoyahot or esi st and giving the cloth aPCUGBNGI2Bt ch
sufficient to renove the nmetallization in the
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areas | eaving a patterned conducting |ayer corresponding to the thickened
areas. In a nodification to this approach aq appropriate pattern is printed
onto a prenetallized substrate by screen pri ﬁtlng W th a non-conductive

I nk, such as conmmon printers ink. Once dry, the ink can serve the sane

pur pose as the photoresist in the previous exanpl e. The invention w ||

now be described bphetaye miterial #orthe fabiitdtion bEihe paReRd nfetdlieclahs Bapdtsig

drawings in which: woven cloth coated with a thin layer of copper. The copper is electrolessly
deposited and hence each of the individual fibres is electrically connected to those
adjoining it. This makes it ideal for its usual useasa eléctromagnetic shielding
material but also allows the metallization to be patterned (not necessarily parallel
to the weave of the cloth) into continuous tracks to produce material in accordance
with the int)enﬁon. Two fabrication methods have been developed. These are based
on the selective etching and electroplating of areas defined by photolithographic

techmiques.

The initial steps in both the selective etching and electroplating methods are
essentially the same, i.c. selected areas of the cloth must be coated with a material
that will inhibit the action of the subsequent processes on that particular area,

The cloth is first stretched to produce a flat surface without creases or folds. In the
initial studies this was achieved using a 50cm square frame to which the cloth was
attached by adhesive. The stretched cloth was then coated with a liquid
photosensitive emuision and allowed to dry for 24 hours to form an impervious
layer over the cloth. The emulsion can however be patterned by selective exposure
with ultra-violet light and development in an alkaline solution. In this example the
emulsion is positive working, that is areas which are exposed are removed, but
negative working resists are readily available and their use will be familiar.
Positive resist was chosen due to its ease of application and processing and

improved resolution compared to negative equivalents,

The conductor pattern required on the cloth is generated in a CAD packége. The
pattern is then transferred to a UV opaque emulsion on an ultra-violet transparent



Firgures 1 and 2 illustrate a | am nated conposite panel incorporating strain
gauges within the material and el ectrical connections fornmed using
patterned cloth according to the invention; Figure 3 illustrates a device
provi ded wi t lweawssseesicti ve coupling fornmed using patterned cPCU/6€B®WHE2ESdi ng
to the invention; Figures 4 and 5 illustrate degradation nonitors forned
within a | am nated conposite panel using patterned cloth according to the
invention. Figures 6 to 11 illustrate a | am nate according to the invention
used in a tuneable el ectromagnetic corner reflector. The patterned cloth
in the exanples of figure 1 to 5 is preparetf via a process based on

phot ol i t hogr aphi ¢ L..nd. 0 LS firs allised by
an el ectrol ess chg%&%wgp%%%égﬁwﬁ%&&@ e\*g?sf}ee‘;sﬁ%eoﬁ’%ﬂled
techni que for profitcihs phorosenEified cihllyion ¥R tHedbpper 6&dtal didtsed cl ot h having a

covering of copper, copper on nickel, iron, gold, silver, and other netals
susceptible of deposition in this fashion. In the exanples prepared here

(12 oot e, 1 95 015 G St LS L2 UPR g 00!
resi stant to chenemalsionahdekposedwithulirs-vivhe tight. This iy esithilar prdcgsstathatusedd W t h
the desired patt exrnr}n%% e em myfus%( gl?hsol{xr ﬂEeOto}erances and dimensions in this case

allow the use of a light box rather than a high precision mask aligner. The cloth is

then washed with an alkaline solution to remove the areas exposed to the UV and

hence to uncover the underlying copper. The minimum feature size that could be

defined using this particular equipment is approximately 250um. The feature size

will be limited by both the exposure equipmeént, emulsion uniformity/sensitivity

and the weave of the cloth substrate.

The first of the two alternative techniques used to produce the patterned cloths
involves the selective electroplating of these exposed regions using the electroless
copper as a plating bridge. The patterned cloth is simply used as the anode in a
standard electrodeposition arrangement using a acidified copper sulphate solution
(100gm/litre) and a sacrificial copper cathode. A plating current of approximately
40mA per mm?” of linear cloth area is used. Thisisa slightly higher current density
than normally used for piating flat surfaces due mainly to the additional area
contributed by the cylindrical woven strands. The copper is plated to a thickness of
approximately 100pm. After plating the 'photosensitive emulsion was removed
from the cloth followed by a thorough rinse in distilled water to remove any

residues.

The cloth is then placed in a weak solution of ammonium peroxodisulphate. This
solution slowly etches copper from the whole area of the cloth. The thinner

unplated areas are completely removed within approximately two minutes leaving
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dltraviolet light and imrersion in an al kali devel gper solution in such a
way as to wooksaoesl only those areas of the nmetallized clugyedeofiizit 1S

intended will ultimately carry the desired netallised pattern. The
nmetal coating of these areas is then t hi ckened by el ectrodeposition
of further copper. After this the renaining photoresist is wholly

removed by imrersion in an organic stripping solution, and the cloth
subjected to a light etch in ferric chloridéor amoni um persul phate which
renoves t he unthickened netallizatjon conpletely but |eaves

netal | i zation in R preasat only in the isplated patierped Areas of thickerslestropleted he
optimumintegral giggepgth when the cloth is i ncorporated into a
conposite material the process of thickening by el ectrodeposition S

carefully controlled to ensure that netal is laid to an appropriate

t hi ckness so t hat ter, the, light etch.a consistent coating of the

i ndi vi dual cloth M%@Ww@&aéﬁ%m_ﬁmﬁ@m_ PF@“P_B@%’GWébe t he
pattern remain penpigahbed indefiftive efulsil After pattering, {hk Gl dintply Habeaa" €
the cloth after this treatnment. Strip resistarnce stl&aln gauges re

| ocated in a staniisthe cappef etchdnt deseribed ebovematibthe expoded aveag bf@ppartakerum st r ai n

measur ement removed. The emulsion can then be removed to again leave the patterned copper.

The essential difference between the two techniques is that in the electroplated case
the holes in the resist take the shape of the copper tracks and in the etched case the
emulsion left after patterning takes the path of the tracks. This can be best shown
through consideration of the relevant photomasks shown in figure 6. Both
techniques produced the desired results, i.e. a patterned cloth, but each has its
relative advantages and disadvantages.

The electroplated cloth is perhaps the more reliable since it enhances the
connection between adjacent woven strands through the formation of plated
bridges. These bridges ensure the production of a conducting track and their low
resistance means they can handle a larger electrical current flow. The thickened

copper does however introduce a larger interlaminar defect into the composite.

The etched cloth has a minimal thickness of copper and hence has a limited affect
on the mechanical properties when embedded in a composite material. The reliance
solely upon the electroless copper to produce the Electrical path through the cloth
does however mean that some discontinuities can occur, especially in the thinner
track widths (<300um). These can be catered for by building in some redundancy
in the circuit design. In the fabrication of the etched cloths great care must be
taken to fully expose and to remove all of the emulsion in the regions between the

tracks. Failure to do this can produce short circuits between separate devices.



capébility in two dinensions. A pattern of conducting paths 6 is laid out
usi ng the above described nethod to provide electrical connection to
t he strai n gauges. Figure 2 shows the cloth 4 is incorporated into

a multilayer WweveRadzed conposite panel 10 conprising fecriceoediazser s
of woven polyester cloth in an epoxy resin matri x, as is illustrated
infigure 2. Holes 12 -are drilled through the naterlal to the

conductors, whose path is illustrated by the broken |lines 14. External
connection to the strain gauge array can then be made through the

hol es 12, obviating the need which arTsts with wre conductors to
make connection at the edge of the conposite panel 10. Fi gure
3 illustrates an alternative procedure for utilizing the patterning

techni que to AEﬁés%ﬁbe@é&rliﬂrﬁﬁtc&h&ﬁborﬁpféﬁﬁxﬁ&ﬁ%r {aRing Ble@HbA oG chisi Ce-
An inductive | oop of conductive material 24 is fabricated onto a

cloth and the cl otfiomapaetiverdeyicp ombedded inra eomposite panehigtodferdzoeirsfiom

PCT/ GB96/ 01213 between two of the laminates to the edge of the material. The inclusion of a
patterned cloth carrying the equivalent of a printed circuit equivalent within the
composite means the tracks can be accurately terminated, in an ordered fashion, at
a predetermined position within the material. This permits the use of a more
controlled and predictable connection technology.

‘When embedding the cloth substrate its position in the laminate is noted with
reference to a point on the panel. If the panél is thin or is made from an optically
transparent resin system the track terminations can be easily located by placing the
panel in front of a strong light source. If the panel is optically opaque the
terminations can be located by placing a template, aligned in the same position as
the cloth in the panél, over the external surface of the panel.

An example of a suitable connection is illustrated in Figure 7. Once the track
terminations are located small diameter holes (<500um) 71 are drilled through the
front face of the laminate 72 to the depth of the cloth 73 at each point where a
connection is required to a conducting track 74. The use of the plated cloths helps
in this procedure since metallic particles can be seen in the swarf when the copper
track is reached. '

Electrical connection may be made by placing a small amount of conductive epoxy
into the hole and inserting a thick wire. The panel may then be placed in a low
temperature oven to cure the epoxy and produce the electrical contact. This
procedure is greatly enhanced if the track separation is chosen to match the pitch of
a standard multi-plug connector such as is illustrated in figure 7. The array of
holes 71 are drilled to match with the connector pins 75 of the multi-plug



-.11 - a nmultilayer |am nated conposite panel 21 in |ike manner to

the above. The device 22, which can be any suitable sensor, actuator
or -the like, is enbedded in the panel 21 and electrically connected
to the | oop 24vodéismamevi ce can then be interrogated via PCTIGRICRI2I3v e

coupling with an external interrogator |oop 26. The general principle wll
be famliar to those skilled in the art, but use of the patterned

conducting cloth facilitates fabrication and incorporation into the
| am nat e. Figure 4 illustrates use the patterning principle to
forma device itself within the | am nate. Two conducting |layers 31

(D

W th connecting paths are ricated ont,o ¢l oth . s_above and .

i ncorporated into 50%?‘9”%3@?‘:?% éfa@&e&%m?%ddggﬁgfwwr@g’sﬁu@gqtpe
paral l el to each otlpaneli®aRGE-tormiictay éppixgf fected via wires 33 to a nonitor
34. The state of the resin matrix between the |ayers can be

noni t ored, and corrosion, . del am nati on, propagating cracks and the

| i ke detected, by ' ' . hn the
resi stance or capaci gﬁ%%%%%e‘?ﬁ“ﬁ@f%@%%ﬁﬁ@é?%&%wcéhg
I ncorporation of angchanital perfomhaioecThisldisadvastagenintidvaever be hsidetdiinghevoul d

enabl e early warning to be given of baoth the existence and the
| ocati on of def ect $ontextof the conngghiensitea numberof devices,spread over an awa s PRERAPE n t he

device illustrated (pR2 faliHenE taken it a si gg&ﬁﬂﬁgﬂ&g Bt %950(}5& S
two C-shaped conduc?ilﬁo’n reglgons 41 ean%%%%lg‘gﬂll nthe - b I'am r?ate et

conposite 42 so as position of nuipineun seuctwraldesahds: i n paral l el planes 43. This
configuration allows direct interrogation of the degradation nonitor via

i nductive coupling through an appropriately tuned external device
44, obviating the Fepekample and testing purposes, two cloth circuits with connected to small (3 x

Smm) polyimide film strain gauges were embedded in a composite sample
fabricated from glass fibre cloth pre-impregnated with epoxy resin. The strain
gauges were connected to the conducting tracks using conductive epoxy. The
cloths were arranged so that the strain gauges overlayed each other in the panet and
external electrical cormections made using the techniques described above. In this
particular case, to minimise the mechanical effects on the relatively small substrate,
only pins were placed in the drilled holes rather than full multi-pin connectors. A
third external strain gauge was attached, over the embedded gauges, onto the
surface of the composite.

The test sample was then placed in a mechanical test rig and the outputs from each
of the strain gauges monitored as varyin.g strain levels were applied. The outputs
from each of the strain gauges are shown in figure 8.

It can be seen that each of the strain gauges give comparable measurements. This
indicates that valid results can be obtained from strain gauges embedded in a
composite using the metallised cloths.

A further example of the invention is illustrated in figure 9, in which a 250 x
250mm plate containing a number of separate piezoelectric elements is shown. The



di-rect electrical connection. Figures 6 to 11 relate to a

particul ar enbodi nent of the invention conprising a t uneabl e
etectromagnetic corner reflector. It will be understood, however, that

t hose Wovergnas of the enbodi nent relating to the prodecr/cpssneti3
patterned cloth, external connection, and enbeddi ng of strain gauges
will be of general applicability and not restricted to this
particul ar application of the invention. WO 96/ 38025
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The base material for the fabrication of th‘e”p‘atterned metallic cloths is a

pol yest er wov.en ¢l of h, coat W th t hi . .af copper.. The copper
i's electrol essly plm&mweggrﬂﬁem@"égzﬁgé%ﬁ?ﬂ’éﬁPﬁ‘ﬁg&‘{ﬂ_ﬁq"eﬁ‘?tﬁ‘f’es is
el ectrical ly connegdfficivath pl&a Qlectrodes. Fach of thé Sl8mehts whi'I 60 X8 K@D 5him, TdRA! for

Its usual use as a el ectromagnetic shiel ding
metallised cloths 91 were prepared with a number of tracks 92, connected in

parallel, running across the diagonal of a square of side 200mm. These cloths were
used to supply high voltages to the PZT.

The cloths 91 were embedded in a panel constructed from pre-impregnated glass
fibre material 94, 96 and provided with copper conducting tracks 92 as described.
The PZT elements 93 were attached to the copper tracks using a continuous
bondline of conductive epoxy. In previous studies this method of attachment has
been shown to produce the greatest deflections. The pre-impregnated laminate 96
that lays between the two cloths was cut so that it fitted around the PZT elements.
This layer reduces the possibility of short circuits or high voltage breakdown
between the powered cloths. Electrical connections were made using a simple two
pin connector 98 to ‘each of the cloth Iayers in similar fashion to the connector
illustrated in Figure 7.

The use of the printed cloths in this embodiment has considerable simplified the
construction procedures used previously. The example given is a simple
illustration of the use of the conductive patterned cloth. It can be seen that the
technology could more fully be exploited by construction of a similar panel using
interdigitated PZT (to increase available strain) together with integrated strain
gauge monitoring. The use of interdigitated PZT entails a doubling in the number
of electrodes and hence 2 significant increase iﬁ the complexity of the actuated
plate. Using conventional techniques this would present a challenging fabrication -
exercise, however using the patterned cloths only a simple change to the pattern
design is required.

Figure 10 illustrates a tribedral corner reflector comprising three movable plates 101
of glass reinforced polymer composite with integral PZT piezoelectric actuators. The



material but also allows the netallization to be patterned (not necessarily
‘paral | el to the weave of the cloth) into continuous tracks to produce
material in accordance with the invention. Two fabrication nethods
have been develoigashes These are based on the sel ective wwénsprand

el ectropl ati ng of areas defined by photolithographic t echni ques.

The initial steps in both the selective etching and el ectropl ati ng net hods
are essentially the same, i.e. selected areas of the cloth nust be
coated with a materi al that wll inhibit the action of the subsequent
processes on that particul ar area TA&-cloth is first stretched to
produce a flat su In th initial

rface w.t hout cre es or folds.
studies this was éeéil‘ E‘ﬁ &3{ ’?W&Wﬁ??ﬁmﬁh@%‘”@kw was
attached by adhesifggs lﬂ-ﬁhﬂus%%ﬁieg@\e émgl dgaee@foltm etudtidd Hthe

phot osensi tive enul sion and al dto dry for 24 ho rs orm an
i nper vi ous P cactuaioes to canse banding. oflhw@u.pl&&sdmandhreﬂe&@g@mﬂmuatxon

patterned by sel ec}ive,ex ultr et ht an

devel opment in an %I%P? @e&igﬁ]xp,%lapﬁr ‘E‘ﬂ‘% Rgpé’l*ﬁrﬁ is
posi tive working, chii@guchée 8f USdfbkntafion rc@mﬁ&&%ﬁ@ﬂo 2R Ac%mf ﬁhatehalt Which
negative working resists are readily available and their use will

fam |iar. PHEQdupes cmpvesient: inbending candnexirpsion,obut tthis ds aet &vnd;iplhawata on
and processing an lHH t

equi val ent s. glgmﬁfﬁg cong(&iggor pat erngé]et&ﬁ%géc%ﬁéﬁ%ﬁgg%%ot{’%pﬂmﬁes
generated in a CAD.lqhacd@agee. The pattern is then transferred to a W

opaque enul sion on an ultra-violet transparent

A particular application of the invention is in the field of runway identification
systems to aid landing of aircraft in poor visibility. During recent years there have
been many incidents of commercial airliners becoming disorientated when
approaching an airfield through the use of their Instrument Landing System (ILS)
and attempting to land on taxiways and even perimeter roads. This is a particular
problem at certain modem high capacity airports which operate with multiple parallel
runways. This has led to a desire for the development of active or passive millimetric
radar systems for civil aircraft known as Enhanced Vision System (EVS). Such
equipment would use either 35 or 94 GHz frequencies and a Head Up Display
(HUD) to create a visual image of the airport and mway. The pilot would then be
able to fly the aircraft down the approach glide path through extremely poor weather
conditions without having to rely on the ILS.

A series of dibedral corner reflectors 111 are positioned along the length of a runway
15 (figure 11). The system could equally incorporate trihedral reflectors. With the
plates of the comer reflector adjusted to an arthogonal position the reflector exhibits
a high radar cross section. An incoming aircraft 112 with a radar transceiver in the
nose 113 receives strongly reflected signals returned along the paths 114 producing
an enhanced image suitable for producing the head up displays discussed above.

Operation of the actuation mechanism to produce divergence of the plates allows
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film This transparency acts as the photonask for selective exposure of the
pattern wioss3se2ie phot osensitive enul sion on the copper PEYSBRNIZI0L h.
The photomask is then placed in intimate contact with the surface of the
cloth emul sion and exposed with ultra-violet light. This is a simlar
process to that used in mcroelectronics industry although the

tol erances and dinensions in this case _19al low the use of a Iight box
rat her than a high precision mask aligner. 'h%é cloth is t hen washed

with an al kal i ne '%&‘,*-QJ LR 0 L.

hence to uncover the tdn erlying cggg%?&eﬁgﬁ%sﬁé%u%a@a&g&&%ﬁ%m%ouI d
be : . | defihne]g wmglegoft the Singumiih, g'@iid:raﬂtl . gqmmyrﬁtnl wgulg &Bﬁ mah 'ﬁﬁh g€ lif/ only the
250[err]m The feature size LW elimte oth t exposure

equi prent, enul si GRcRHeRAL FuBWeaY was identified jag foo muc WHM/GE&E“EF’P{%%I ot h

substrate. of the image difficult. This is particularly the case at high volume airports with more
than one parallel runway operating sequentially. Use of the invention in a runway
identification system as described allows such selective identification with passive
reflectors by allowing selective actuation of the reflectors.

At the millimetric wavelengths under consideration for civil aircraft EVS systems
manageable deflections achieve the first null without requiring excessively sized
plates. For example with a 100mm dihedral the reflection profile will reduce to a
first null at a deflection of 3.45° at 35GHz and at a deflection of 1.30° at 94GHz.

A further examplé of a use for the switchable comer reflector is to provide a passive
digital RF signalling device. The reflector is switched between its orthogonal "on”
configuration and its "off" configuration in a predetermined pattern in accordance
with a suitable message relaying system (such as Morse code). The message is thus
visible only to a remote observer who interrogates the reflector with a radar signal of
the appropriate frequency, but is not transmitted as such.

Other uses of the invention will suggest themselves to those skilled in the art of radar
signalling and reflection.



The first of the two alternative techni ques used to produce the pat t er ned
-cl ot hs I nvol ves the sel ective electroplatlng of these exposed regions
using the electroless C O [FErprarae: g% | dge. The patterned cloth

He BEEE] ect r odepo PCTIGMISH1213

it i on (100gnflitre)

and a sacrificial copper cathodeT A pratrng carrent of approximtely
40mA per mmferr] of linear cloth area is used This is a slightly higher
current density than normal ly used f%([, pl ating flat surfacesdue
mainly to the additional area contritlted by t en
strands. The copper is plated to a thickngss of Iﬁum”m m@ﬂ"mﬁ
100[err]m After plating the photosensiti mul si on was ¢r emp
the cloth followed by a thorough rinse in distilled water to renove any
resi dues. The cloth is then placed in a weak sol ution of amoni um

per oxodi sul phat el. Thi 4 cloth layerdoumerdifrom Sbreswa matetiab suitablg fesr in¢arporatiandntahol e
area of the cloth. i Qner. at ed, ar ea, conpl et r ved
B0 approxi vl e Eogh R composth eV epfiap et § SRS lafer' G

PCT/ GB96/ 01213 electrical conductor.

2. A cloth layer according to claim 1 wherein the electrical conductor is
deposited fo such a thickness that individual fibres of the cloth are coated but that
permeation of the cloth by resin remains possible in the conducting regions.

3. A laminated composite material comprising a plurality of cloth layers and a
penetrating resin matrix material, wherein at least one of the cloth layers has
deposited thereon a patterned layer of electrical conductor.

4. A laminated composite material according to claim 3 wherein the electrical
conductor is deposited to such a thickness that individual fibres of the cloth are
coated but that the resin permeates therebetween.

5. A laminated composite material according to claim 3 or claim 4 further
comprising at least one embedded electronic device electrically connected to the
patterned layer such that the patterned layer effects external electrical connection to
the embedded device. '

6. A laminated compoesite material according to claim 5 comprising a plurality
of embedded electronic devices electrically connected to the patterned layer such that
the patterned layer effects internal connection between the embedded devices.

7. A laminated composite material according to claim 5 or claim 6 wherein at

least one embedded device is a sensor.

Sheet Has Been Reiawd

l\ll\l\l AT



- 14- metal lization present only in the isolated patterned areas of
thi cker el ectropl ated copper. The second technique relies
solely on etching of the areas of @gopper _unprotected by t he
patterned phowosessisive enul sion. [ FHISSHEE g grggg t he cl optT/GRIs®IIIP| Y

pl aced in the copper etchang descm;lpmgs until the exposed areas
of copper are renoved. The be—r-emved—t—o agai n

| eave the patterned copper. The essential di ff
two techniques is that in the el ectropl at eg case gmﬂﬂ mmuml
resi st take the shape of the copper tracks$ Lad in the et

emul sion left after patterning takes the path of the tracks. This can be

best shown t hrough consideration of the relevant photonasks shown in
figure 6. Both 8 Al bedtfitel esmpusié uiisial A oRfy WWS&&JBfélmnis§toa7
patterned cloth, but_ each has its rel ati ve advant ages and

di sadvant ages.  Wherein at lepsfong ewbeddeddevice és aplagtuntor.s per haps the nore
reliable since it enhances the connection between adj acent woven
strands through the formation of plated bri dges. These bridges

ensure the produti onAolantinateh detaposing niatetiak actolliigh®i &ny 6é of claims 5 @61t ance

nmeans t hey can handl a a Iar er ctrical current flow _The thickened
copper does howe 04' genducting naths ars, sqnfigwred tq formoge of more
conposite. resonant structures suitable for effecting remote connection between an embedded

device and a suitably tuned system external to the laminate.

10. A comer reflector comprising at least two flat reflector plates comprising
laminated composite material according to claim 8 wherein the at least one actuator
comprises means capable of varying the internal angle between the reflector plates
between a first angle at which the reflectance of electromagnetic radiation is
substantially at a peak and a second angle at which the reflectance of electromagnetic
radiation is substantialiy at a null.

11. A comer reflector according to claim 10 wherein the first angle is
substantially 90°, i

12. A comer reflector according to claim 11 wherein the second angle is at a
deviation from 90° which corresponds to the first null in reflectance.

13. A comer reflector according to any one of claims 9 to 11 wherein the at least
one actuator comprises a piezoelectric material embedded within the laminated
composite material.

14. A method of manufacture of a cloth layer according to claim 1 or claim 2
comprising screen printing with conducting inks to produce layer of electrical
conductor.

This Sheet Has Been R

AR

i



The etched cloth has a mnimal thickness of copper and hence has a |limted

-af f ect on the nechani cal properties when enbedded in a conposite
material. The reliance ol ol ess copper to produce
the el ectri cawomstsseashr ough the cif JHHS SHEET HABGREENDwever NERCT/GRIROIAIA e
di scontinuities can occur, especially |REHL#\6EDh| nne track w dt hs

(<300[err]m. These can be cat er ed Tor Py BUTrtoimy ,n’ggrr_e__uagundan

in the circuit design. In the fabrication of the etched cloths great c

nmust be taken to fully expose and tao,renove all Hﬂ“ﬁlﬁuﬂ grﬂ

t he regi ons between the tracks. FaiT1fte to do ttﬁ“\“ ort
circuits between separate devices. WO 96/ 38025 *

PCT/ GB96/ 01213 - 15-

As described earli&r tRemehod efinhfifiurt OF A Rlof RyérQicedrdiiig ROclAHEL of tlgid 2
connecti ons froman active device enbedded in a conposite panel is

to feed a wire fresmprising photglithogsenhy taproducedayer ofglertisal sendugfor- he edge of the
material. The inclusion of a

16. A method according to claim 15 comprising the steps of: coating a
premetallized cloth with a photoresist; exposing the photoresist in the desired pattern
and etching to expose the patterned areas; thickening up the metallization in the
patterned areas; stripping clear the remaining photoresist; giving the cloth a further
etchant sufficient to remove the metallization in the unpatterned areas leaving a
patterned conducting layer corresponding to the thickened areas.

This Sheet Hag
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patterned cloth carrying the equivalent of a printed circuit equivalent
Wi thin the conposite neans the tracks can be accurately term nated,
rn an ordered fashion, at a predeterm ned position within the
material. Thwogessoests the use of a nore control | ed ROTYGBGERISt abl e
connection technol ogy. When enbedding the cloth substrate its
pasition in the lamnate is noted with reference to a point on the
panel. If the panel is thin or is nmade f‘gé$an optically t ranspar ent
resin systemthe track term nations can be easily |ocated by placing the
panel in front of a strong |light source. Lf the panel is optically opaque
t he termnations can be |ocated b Cfng a tenplate, aligned in
t he sane position as the cloth in't ‘banel , over the external
surface of the panel. An exanpl e ora su—TabIe tion is
illustrated in Figure 7. ce the track term nations e | ocated
snmal | diameter holes (<500jerr]m 71 are drilled through t he front

g poi nt where a

connection is required to

cloths hel ps in thi S can be seen

in the swarf when the coppkr ‘ . El ectri cal
connection may be made by placin [ ' f conducti e epoxy

into the hole and inserti ath ( £l may then Ye placed in a
| ow tenperature ovgn to ¢ produce the el ectri cal
contact This procedure is if the track separation

is chosen to match the pitgh of d nulti-pluq’ ector such

as is illustrated in figurg 7. T
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holes 71 are drilled to match with the connector pins 75 of the nmulti-plug
‘WO 96/ 38025

PCT/ GB96/ 01213 - 16 -
connect or 76.wObe3sessinect or can be given sone additional sumpoTeBEyI213
securing it to t he panel in a non-conducting epoxy. The
drilling of holes through a conposite &at ture will locally degrade the
mechani cal peformance. Thi s di sadvant st however be considered in the
context of the connections to a nunber of devices, spread over an area of
per haps 10nferr], all being taken froma single connector which can be
pl aced at a conveni ent position of m nimum structural denmands.

For exanple and testing purposes, two_cloth Flg@s wi th connected to
smal k (3 x ' : .

Fig.4. +32

31

34
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5mm), polyimde filmstrain gauges were enbedded in a conposite sanple
fabricated fromglass fibre cloth pre-inpregnated with epoxy resin. The
strain gauges were connected to the conducting tracks using conductive
epoxy. The woeshsiéis were arranged so that the strain gaugssnenesbinyed
each other in the panel and external electrical connections made using
the techni ques descri bed above. In this particul ar case, to mnimse

t he mechanical effects on'the relativel YB¢n@l| substrate, only pins
were placed in the drilled holes rather than full multi-pin connectors. A
third external strain gauge was attached, over the enbedded gauges, onto

t he surface of the conposite. The test sanple was then pl aced
in a mechanical test rig and the outputf:i ach of the strain
gauges nonitored as varying strain | evefs éj;ES?applied. The out puts

fromeach of the strain gauges are shown in figure 8. It can be seen

that each of the strain gauges gi conpar abl e ne enents. This

indicates that valid results can(%i)obtained from i n gauges enbedded in
| se I

a conposite using the d hs.. A further exanpl e of
the invention is illustrat i § which a 250 x 250mm pl at e
cont ai ni ng a nunber of se} rifc elenmegks i s shown. The

< /’%5
o | 75
7 p—— e -
7 —7/
b 75 /-\7 -—
)
\ /s —_——
/
4 bo
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WO 96/ 38025

PCT/ GB96/ 01213 - 17-

piezoel ectric el ements 93 are made from PZT5H which is a standard

pi ezoel ectri cwoessg@s anic with plain el ectrodes. Each of thepehenpiaswas
100 x 5 x 0.25mMmm Two nmetallised cloths 91 were prepared with a nunber
of tracks 92, connected in paral lel, running across the diagonal of a
square of side 200nm These cloths were4 /86 used to supply hi gh voltages to
t he PZT. The cloths 91 were enbedded in a panel constructed from
pre-inpregnated gl ass fibre material 94, 96 and provided with copper
conducting tracks 92 as descri bed. The PZT el enents 93 were attached to
t he copper tracks using a continuous .boﬂi ne of conductive epoxy. In
previous studies this method of attachrEg been shown to produce
the greatest deflections. The pre-inpregndated | am nate 96 that |ays
between the two cloths was cut so that it fitted around the PZT el enents.

This Yayer reduceg 4pg0ROSsi bility of short circuits or high voltage
br eakdown bet #8en tHe powered cloths. Electrical connec ons were made
using a sinple t 1400Hi n connector 98 to each of the clotgd! ayers in
simlar fashion tg the gonnector illustrated in Fi gure ’
& 1200+
E-mom
o —o—INT.
‘z\‘ 800- -o- INT.
= - EXT.
= 600
o
7 400+
© 200+ ”
0 o - T Y : T v
0 50 100 150 200

TIME/ARBITRARY UNITS

Fig.9.
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The use of the printed cloths in this enbodi nent has consi derabl e
-sinplified the construction procedures used previously. The exanple
given is a sinple illustration of the use of the conductive patterned
cloth. It canrygegssess that the t echnol ogy coul d nore fulpcryénssmep oit ed
by construction of a simlar panel using interdigitated PZT (to

i ncrease avail able strain) together with integrated strain gauge
nonitoring. The use of interdigitated Tyantails a doubling in the nunber
of electrodes and hence a significant incréase in the conplexity of the
act uat ed pl ate. Using conventional techniques this would present a
chal | engi ng fabrication exerci se, however using the patterned cloths
only a sinple change to the pattern design is required. Figure 10
illugtrates a trihedral corner reflector conprising three novable plates
101 of glass reinforced polynmer conposite with integral PZT

pi ezoel ectric actuators. The WO 96/ 38025

PCT/ €B96/ 01213 - 18-

Fig.10.
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reflector is in the orthogonal position for maxi mumradar cross-section.
The broken lines 102 illustrate the positions the plates 101 w ||
occupy follow ng actuation of the PZT actuators to cause bendi ng of
the active plewioagnédsa null-reflecting configuration. PCT/IGBSTRINS
noted that in the latter configuration the plates are no |onger planar as a
consequence of the deformation characteristics of the actuator material,
whi ch produces novement in bendiﬁb/&id extension, but this is not
found to have a significant adverse effect on the operation of the
reflector according to the principles; outlined above. A
particul ar application of the inventign is in the field of runway

i dentification systerfy to aid Nandi ng of gt cre i n poor
visiility. During recent yedrs there Rave POy | nci dent s of
commercial airliners becom nf di sorient\ted proachi ng an
airfield through the use of their Instrune : S)

and 2ttenpting to | andjon tak} ways and eVeW i ,;;. A S
particul ar probjem at |fertai n nodér i Saci tigi BT TS~k
operate with multiple parajie¢ rugways el a desire for
t he devel opnent of actuQEIO‘ assive ml i netrigc P’ systens for

civil aircraft known ap E’h.\ equi pnent
woul d use either 35 or

(HUD) to create a visual

¢ed Vision Bystem

frequencigs and a h

of the aifrport and . The pilot would

t hen be able to {I ai rcraftfdown the approach glide path

t hrough extrenely poor gondi tions without having to rely on

the ILS. A serieq of hedral/ corner reflectors 111 are positioned

along the length of a runwayd (figure 11). The systemcould

equal ly incorporate trihedfa | ecfors. Wth the pl ates of the

'rthngonal‘gosition the reflector exhibits
=

Di spl ay



a high radar cross section. An incomng aircraft 112 with.a.radar

transceiver in the nose 113 receives strongly reflected signals
returned al ong the paths 114 producing an enhanced i mage suitable
for producing the head up displays discussed above. rat+on-of the

actuation nechanismto produce divergence of the plates all ows

LS 1 T

themto be switched on or off and even @dimssted to ¢ ér &ny variation in
approach angle of the incomng aircraft. Cearly it would be an
advantage' if only the operational runway was identified as too nuch

i nformation y | Nt LON: . 0 | pEf0cul isis
particul arl yn?’hen%:}?gipg%l%éﬁggé?'ﬁ ’”Sﬂég?ﬁlgﬁ %y%ﬂr}?ﬂﬁ%%gs 0%%9%%?&%%
paral | el runvaiableefortinbétpGratiore thioak | fibre Une HdlyhbEc iR dodipokife havidgWay

I dentificati ocr11 systdeﬂT as descri g;? al Ingﬁ su§h S§| eCtigh\é? i deqr;i]i f idcat on

Wi th passive deposited therebm atpatternby layet ofielagfrisall conduotar, thet afeattiicah cofiductoe
reflectors. @eiw@édeffq&?mﬂ”a ikt HANSHEM AhES of B Hioh AR tatadBur 0" O

that permeation of the cloth by resin remains possible in the conducting regions, and

the cloth being impregnated with an uncured, curable polymeric composite matrix
material.

2. A laminated composite material comprising a plurality of cloth layers and a
penetrating resin matrix material, wherein at least one of the cloth layers has
deposited thereon a patterned layer of electrical conductor to such a thickness that

individual fibres of the cloth are coated but that the resin permeates therebetween.

3. A laminated composite material according to claim 2 further comprising at
least one embedded electronic device electrically connected to the patterned layer
such that the patterned layer effects external electrical connection to the embedded

device,

4. A laminated composite material according to claim 3 comprising a plurality of
embedded electronic devices electrically connected to the patterned layer such that
the patterned layer effects internal connection between the embedded devices.

5. A laminated composite material according to claim 3 or claim 4 wherein at

least one embedded device is a sensor.

6. A laminated composite material according to any one of claims 3 to 5 wherein

at least one embedded device is an actuator.



-

é

manageabl e defl ections achieve the first null w thout requi.ring excessively

si zed pl ates. For exanple with a 100mm di hedral t-he -reflection
brofile will reduce to a first null at a deflection of 3.45[err] at
35GHz and at a deflection of 1.30[err] at 94CGHz. A further exanple
of a use for the switchable corner reflector is to gmmg mgﬂm ‘m
digital RF signalling device. The refleeZbr is swit

ort hogonal "on" configuration and its "off" conflgd‘rat"l ofi ih a
predeterm ned pattern in accordance with a suitable message relaying
system (such as Morse code The ,nessage is thus ~visible only to a

renot e observér whe lamiegte gam@gsﬂtehr@aﬁegﬂ acepking\tq |§ny qn&d%fr(’%altooﬁ

t he appropr | e Ot her
uses of the i ngee&h{n %g@#\n{;ﬁm?%}‘ tﬂe ?oggﬁc@é% a&% g&’fﬁ%e kPTG iR RHe art
of radar resorfhf) Beldhireg sr.ﬂﬁdler Rt leffeétingremote connection between an embedded

-20 -
device and a suitably tuned system external to the laminate.

8. A cormer reflector comprising at least two flat reflector plates comprising
laminated composite material according to claim 7 wherein the at least one actuator

comprises means capable of varying the internal angle between the reflector plates
between a first angle at which the reflectance of electromagnetic radiation is
substantially at a peak and a second angle at which the reflectance of electromagnetic
radiation is substantially at a nuil.

9. A comer reflector according to claim 8 wherein the first angle is substantially
90°. |

10. A comer reflector according to claim 9 wherein the second angle is at a

deviation from 90° which corresponds to the first null in reflectance.

i

11. A cormer reflector according to any one of claims 8 to 10 wherein the at least
one actuator comprises a piezoelectric material embedded within the laminated

composite material.

12. A method of manufacture of a cloth layer according to claim 1 comprising

screen printing with conducting inks to produce layer of electrical conductor,

13. A method of manufacture of a cloth layer according to claim 1 comprising
photolithography to produce layer of electrical conductor,

.21y SHEET
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1. - A conposite prepreg conprising a cloth layer formed fromfibres of a
material suitable for incorporation into a fibre and _polyneric matrix.
conposite ‘having deposited thereon a patterned | ayer of electrical
conductor, the electrical conductor being deposited Lum E“ u | Ss
that individual fibres of the cloth are coated but t i t he
cloth by resin remains possible in the ¢@Aducting regirons, and the cloth
bei hg i npregnated with an uncured, curable polymeric conposite matrix

mat eri al . 214. A |methothtaedordingp ts i diammdfBe comprisigipthe sitepy  af:ploatiagi &y of

cloth layers and a _penetrating resin.matrix material, wherein at |east one
of the cloth PMI%’FQQQ!E% i3 RAPIT R eRROsing thenbploresist 4y tbe desired pattern; ca

ductor 1 Gy et SO s h.
contod but  nat fefing JorchBERS e Wil e Bl G e it 08
conposi t e mat pattedhedaey stripping @leat dienfeRiaining pietoredstpsivitighie aloth adatthe@ne

enbedded el ectronic device electrically connected to the patterned |ayer
such that t hectehant sufficient 49 spmeye et metalizatiomin Ehecunnettemed cogaadeavingrat o t he

enbedded devi ¢ 4. A lam nated c Sit terial according to claim3
conprising a Bm%?ydm%gﬁf?ﬁs%@@gﬁ% eghggmegggea@ ectrically
connected to the patterned | ayer such that the patterned | ayer effects

i nternal connection between the enbedded devi ces. 5. A | am nat ed
conposite material according to claim3 or claim4 wherein at

T
ppam TRy THES
* mgh : te
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| east’ one enbedded device is a sensor. 6. A | am nated conposite

material according to any one of clains 3 to 5 wherein at |east. one
enbedded device is an actuator. 7. ‘A | am nat ed conposite’

material according to any one of clains 3 to 6 wherein at |east sone of the
conducting paths are configured to formone or nore resonant structures
suitable for effecting renote connectionshetween an embedded device and a
suitably tuned systemexternal to the |amnate. : A corner reflector

conpri si ng @at

corrp05| te rrlgtnéll’xlga Ela%ﬁgfg))'p%ll %%u&El ﬁ]ﬂﬁ%ﬁ%gml (I‘qQYr{E as one Q-lr%tuat or
Cf)rrpr | ses ERneE boadak bear@fcodet Witha pRtterddt 18yer eliaﬂﬁic@l QRtuasr) whikh maéh ect or
pl at es

simplifies the task of connecting a large number of devices. The principle can be applied
to produce printed circuits either on rigid substrates or in a flexible form by coating the
conductor layer onto a thin polymeric substrate. Neither type of conventional printed
circuit board, however, is readily suitable for incorporation into laminated composites as
they would represent a significant plane of weakness in the composite structure exhibiting
a tendency to delamination at the interface with the resin matrix. Printed circuits
comprising a conductive pattern on reticulated or foraminous bases are known from, for
example, US Patent 3053929, but the conducting strip so formed in the conducting
regions of the pattern remains a potential zone of weakness producing a tendency to

delamination.

It is an object of the mvention to provide a composite material incorporating a connection
system with (he case of connection and use of printed circuits which is more cuipatible

with use in laminated composites.

According to an aspect of the invention there is provided a composite prepreg comprising
(- a cloth layer formed from fibres of a material suitable for incorporation into a fibre and
polymeric matrix composite having deposited thereon a patterned layer of electrical
conductor, the electrical conductor being deposited to such a thickness that individual
fibres of the cloth are coated but that permeation of the cloth by resin remains possible in
the conducting regions, and the cloth being impregnated with an uncured. curable

polymeric composite matrix material.

The invention enables complex patterns of conductors, analogous to those which can be
produced on printed circuit boards, to be laid down onto the cloth allowing ready
connection of a plurality of devices in a format which is suitable for incorporation into a
resin matrix composite. Such complex and precisely ordered patterns could not

practicably be incorporated using wires.

AMENDED SHEET



between a first angle at which the reflectance of el ectromagnetic radiation .
I-s substantially at a peak and a second angle at which the refl ectance of

el ectromagnetic radiation is substantially at a null. 9. . A corner
reflector according to claim8 wherein the first angle is substantially
90[err]. 10. A corner reflector according to claim9 wherein the second
angle is at a deviation from 90 which cogresponds to the first null in

refl ectance. 11. A corner reflector according to any one of clains 8 to
10 wherein the at | east one actuator conprises a piezoelectric materi al
enbedded within the | am nated conposite materi al . 12. A nethod of

manuf act ur €lhef clathahaterial | mase comprissradvey dardaid| fHtires ¢r aotheivesenpartialiyeporous
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conpri si ng pAAk MakdraP L BRI pefetRiPHAGEenl tRY SbreO bf b SR inGRL wiRAMNACE Yeas
during composite production, the tendency to delamination at the cloth layer is limited
and the material retains good through thickness strength which could not be obtained by
incorporating conventional printed circuits. Better integrity and even lower tendency to
delamination when the cloth is incorporated into a composite material is obtained because
conducting material in the conducting regions of the pattern is laid down to a thickness
where a consistent coating of the individual cloth fibres, and thus a conduction path, is
produced but a solid conducting strip is not formed and the cloth in the conducting
regions of the pattern remains at least partly an open mesh which will aliow penetration of
a matrix material between the fibres. The electrical conductor is thus deposited to such a
thickness that individual fibres of the cloth are coated but that permeation of the cloth by
the resin remains possible iin the conduciing regions. The 1esin is then able to penetrate
between the fibres during composite production, so that the conduction paths become

integral to the structure and their tendency to provide delamination sites is reduced.

Applying metal to a preformed cloth layer, rather than attempting to weave conductors

£

into a cloth layer, ensures that adjacent fibres are provided with consistent, continuous
metal coatings in the conducting region. This ensures that each fibre is connected to those
surrounding it by a multitude of different pathways, and minimizes the risk of short
circuits occurring in the region of a patterned track. This improved reliability allows
thinner tracks and obviates the need for redundant tracks, so that thinner, higher density
conducting tracks can be produced allowing for the embedding of complex, multiply-

connected devices such as microprocessors.
According to a further aspect of the invention there is provided a laminated composite

material comprising a plurality of cloth layers and a penetrating polymeric matrix

material, such as a resin matrix material, wherein at least one of the cloth layers has

o ENDED SHEED
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14. A method according to claim 13 conpri.sing the steps of:

a prenetallized cloth with a photoresist; exposing the photoresi st
‘desired pattern and etching to expose the patterned areas; thickeni
the metallization in the patterned areas; stripping clear the remai

phot or esi st ;

coating
in the
ng up

ni ng

giving the cloth a further etchant sufficient to renove the

nmetallization in the unpatterned areas lLdgaving a patterned conducting |ayer
correspondi ng to the thickened areas.

.

deposited thereon a patterned layer of electrical conductor, the electrical conductor being
deposited to such a thickness that individual fibres of the cloth are coated but that the

matrix material permeates therebetween.

This produces a composite panel having integral conductors with all the advantages of
complexity and structural integrity described above. In addition, connection can be made
at any point in a conductor path via a hole through the other layers and is not restricted to

an edge of the laminate as is the case where wires are used.

The invention is particularly applicable to laminated multilayer cloth and polyemeric
matrix composite materials, and in particular resin matrix composite materials, in which a
conductive layer is laid down in accordance with the invention onto one or more of the
cloth layers. It will be understood however that the invention is not restricted to such
materials but encompasses composite materials wherein at least one conducting cloth
layer 15 mworpuraied into a potyemeric matrix, with or without further reinforcing
materials in the polyemeric matrix of cloth, fibrous or other form, and whether in isolation
or in combination with further known components selected for their structural or other
properties.

The invention provides conducting paths which may be used in connection with one or
more embedded electronic devices electrically connected to the patterned layer to effect
external electrical connection to and internal connection between the embedded devices.
Examples of devices which can usefully be incorporated into the laminate include sensors
such as strain gauges and actuators such as shape modifiers. The invention also allows
devices such as aerials, resonant structures and frequency filters to be formed directly by
selecting an appropriate pattern for the conducting material. The invention is also useful

in the formation of devices to monitor the degradation of the matrix material, for example

by building into the structure capacitive devices which are cal.)able of detecting alteration

in the dielectric behaviour of the matrix material, such as could be caused by mechanical
loading,
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