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(57) ABSTRACT 

A composite material formed of electrically conductive met 
aliZed carbon ?bers, a thin metal coating or a composite 
material formed of a conductive polymer and metal nanopar 
ticles. 
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ELECTRICALLY CONDUCTIVE 
COMPOSITE MATERIAL 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is related to co-pending applica 
tions referenced as KSC-12866 entitled “In-Situ Wire Dam 
age Detection System” and KSC-13285 entitled “A Method 
of Fault Detection and Rerouting” ?led concurrently, and 
claims the bene?t under 35 U.S.C. §119(e) of US. Provi 
sional Application Ser. No. 61/308,664 ?led on Feb. 26, 2010, 
the contents of Which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] Faults in electrical Wiring are a serious concern, 
especially for the aerospace and aeronautical industries. 
There are a number of airplane and spacecraft accidents that 
have occurred as a result of faulty Wiring creating shorts or 
opens, resulting in loss of control of the aircraft or in arcing 
leading to ?res and explosions. TWA ?ight 800 is one 
example Where an electrical Wire failure resulted in the loss of 
many lives. Wire and cable testing is usually performed on the 
ground after the creW reports an anomaly encountered in 
?ight, but often such failures appear as the result of vibration 
and cannot be seen While the aircraft is stationary. Today’s 
testing methods regularly require removing Wires or cables to 
inspect them, Which can be expensive and labor intensive. It 
Would be desirable to measure Wire performance in situ With 
out removing them. It Would also be desirable to detect core 
Wire damage during operation, i.e., on a live Wire. It Would 
also be desirable to detect damage before a Wire completely 
fails, e.g., to detect damage to the insulation layer of a Wire 
before the insulation layer is completely cut and exposes the 
Wire core to a short or an open. 

[0003] Wires are often bundled to connect complex elec 
tronics or multiple load devices. Wires in cables or other Wire 
bundles sometimes chafe against each other or otherWise 
Wear the insulation to develop arcs and other types of faults, 
opens, or shorts. Many of these faults are not detected until a 
complete failure of one or more devices occurs. It canbe labor 
intensive and dif?cult to test each Wire in a bundle even When 
damage is knoWn to have occurred, and often not feasible to 
test for damage before complete failure occurs. Previous 
methods of detecting damage to Wires in bundles often Were 
not able to monitor damage in real time and could not detect 
intermittent damage or determine the extent of the damage. It 
Would be desirable to detect damage in Wire bundles When it 
?rst occurs, on live Wires, e.g., during a ?ight in the case of 
Wires on an airplane, and be able to immediately identify the 
damaged Wire. It Would also be desirable to be able to take 
action immediately When damage is detected. 

SUMMARY OF THE INVENTION 

[0004] The inventors have developed electrical Wires that 
can be used in a system to detect damage to the outer layers of 
the Wire before the core conductor of the Wire is damaged. 
One embodiment of the invention involves an electrical Wire 
having (a) an electrically conductive Wire core, covered With 
(b) an electrically insulative material layer, completely or 
partially covered With (c) an electrically conductive material 
layer (a detection layer), covered With (d) an electrically 
insulative layer. Thus, there is an outer electrically conductive 
detection layer in addition to the electrically conductive Wire 
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core. NeW materials and designs for the outer electrically 
conductive layer are provided With the level of conductivity 
and other traits needed for the self-detecting Wires. 
[0005] The Wires are linked to an electrical signal generator 
that delivers an electrical signal (a voltage or current) to the 
conductive outer detection layer. A detector circuit detects 
and measures characteristics of the electrical signals in the 
outer detection layer to detect damage to the outer detection 
layer. In this Way, damage to the Wire, including potentially 
early damage to the insulation layer or damage to the Wire 
core, is detected. If the damage happens gradually, damage to 
the outer conductive layer can be detected before the Wire 
core fails or in some cases even is damaged. NeW methods of 
detecting damage to an electrical Wire or other materials are 
also provided. 
[0006] The embodiments are generally directed to systems 
for detecting damage in electrical Wires or damage to other 
substrates, Which could include ?at surfaces such as solar 
panels or in?atable structures. Other embodiments are 
directed to electrical Wires for use in the systems. Other 
embodiments are directed to novel materials for use in the 
Wires and systems. Other embodiments are directed to meth 
ods of detecting damage to an electrical Wire or methods of 
detecting damage to other substrates or objects. 
[0007] One embodiment of the invention provides an elec 
trical Wire comprising: (a) an electrically conductive Wire 
core, covered With (b) an electrically insulative material layer, 
completely or partially covered With (c) an electrically con 
ductive material layer, covered With (d) an electrically insu 
lative layer; Wherein layer (c) is (i) a composite material 
comprising a conductive polymer having amino groups or 
cationic groups, and carbon nanotubes covalently modi?ed 
With acidic groups or hydroxyls; (ii) a material comprising 
metaliZed carbon ?bers; or (iii) a thin metal coating. 
[0008] One embodiment of the invention provides a dam 
age detection system comprising: (a) an electrically conduc 
tive Wire core, covered With (b) an electrically insulative 
material layer, completely or partially covered With (c) an 
electrically conductive material layer, covered With (d) an 
electrically insulative layer; Wherein layer (c) is electrically 
connected to (e) an electrical signal generator adapted to 
deliver electrical signals to layer (c); and (f) a detector circuit 
electrically linked to (c) and adapted to detect the electrical 
signals in layer (c) and process data about the electrical sig 
nals in layer (c) to identify ?aWs in at least one layer of the 
system; Wherein layer (c) is (i) a composite material compris 
ing a conductive polymer having amino groups or cationic 
groups, and carbon nanotubes covalently modi?ed With 
acidic groups or hydroxyls; (ii) a material comprising metal 
iZed carbon ?bers; (iii) a thin metal coating; or (iv) a com 
posite material comprising a conductive polymer and metal 
nanoparticles. 
[0009] One embodiment provides a damage detection sys 
tem comprising: (a) a substrate; completely or partially cov 
ered With (b) a layer comprising an electrically conductive 
material forming a continuous or noncontinuous layer; 
Wherein layer (b) is electrically connected to (c) an electrical 
signal generator adapted to deliver electrical signals to layer 
(b); and (d) a detector circuit electrically linked to (b) and 
adapted to detect the electrical signals in layer (b) and process 
data about the electrical signals in layer (b) to identify damage 
to the substrate (a) or electrically conductive material (b); 
Wherein the electrically conductive material of layer (b) is (i) 
a composite material comprising a conductive polymer hav 
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ing amino groups or cationic groups, and carbon nanotubes 
covalently modi?ed With acidic groups or hydroxyls; (ii) a 
material comprising metaliZed carbon ?bers; (iii) a thin metal 
coating less than 20 microns thick; Wherein the substrate is 
not an electrically conducting Wire core; or (iv) a composite 
material comprising a conductive polymer and metal nano 
particles. 
[0010] In other embodiments, the electrically conductive 
material of layer (b) is (i) a composite material; (ii) a material 
comprising metaliZed carbon ?bers; (iii) a thin metal coating; 
(iv) a conductive polymer; (v) carbon nanotubes; (vi) metal 
nanoparticles; or (vii) a combination thereof. 
[0011] Another embodiment provides a composite material 
comprising: electrically conductive metaliZed carbon ?bers 
coated With an electrically insulative polymer. 
[0012] Another embodiment provides a Wire comprising an 
electrically conductive Wire core surrounded by an electri 
cally insulative layer; Wherein the electrically conductive 
Wire core is metaliZed carbon ?bers and the electrically insu 
lative layer is an electrically insulative polymer. 
[0013] Another embodiment provides a composite material 
comprising: (i) a conductive polymer having amino groups or 
cationic groups; and (ii) carbon nanotubes covalently modi 
?ed With acidic groups or hydroxyls. 
[0014] Another embodiment provides a method of detect 
ing damage comprising: (a) delivering one or more test elec 
trical signals to an electrically conductive material in a con 
tinuous or noncontinuous layer covering a substrate; (b) 
detecting the electrical signals in the electrically conductive 
material layer to obtain data about the electrical signals in the 
electrically conductive material layer; (c) processing the data 
to identify damage in the electrically conductive material 
layer or the substrate; (d) Wherein the electrically conductive 
material layer is (i) a composite material; (ii) a material com 
prising metaliZed carbon ?bers; (iii) a thin metal coating; (iv) 
a conductive polymer; (v) carbon nanotubes; (vi) metal nano 
particles; or (vii) a combination thereof. 
[0015] Another embodiment of the invention provides a 
damage detection system comprising: (a) a substrate; com 
pletely or partially covered With (b) a layer comprising an 
electrically conductive material forming a continuous or non 
continuous layer; Wherein layer (b) is electrically connected 
to (c) an electrical signal generator adapted to deliver electri 
cal signals to layer (b); and (d) a detector circuit electrically 
linked to (b) and adapted to detect the electrical signals in 
layer (b) and process data about the electrical signals in layer 
(b) to identify damage to the substrate (a) or electrically 
conductive material (b); Wherein the electrically conductive 
material of layer (b) is (i) a composite material comprising a 
conductive polymer having amino groups or cationic groups, 
and carbon nanotubes covalently modi?ed With acidic 
groups; (ii) a material comprising metaliZed carbon ?bers; or 
(iii) a thin metal coating. The substrate in particular embodi 
ments is an electrically conductive Wire core, preferably over 
layed by an electrically insulative material layer. In other 
embodiments, the substrate is not an electrically conductive 
Wire core. It may, for instance, be a WindoW, a surface of a 
photovoltaic panel, an outer surface of an airplane or space 
craft, or an outer surface of an in?atable object. 
[0016] Some embodiments of the invention are directed to 
methods and systems for detecting damage to electrical Wires, 
Which may be Wires With an outer conductive layer as 
described here, or conventional Wires, e.g., With just an inner 
conductive core and an outer insulative layer. 
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[0017] These embodiments generally involve a method of 
detecting damage to an electrical Wire comprising: (i) deliv 
ering one or more test electrical signals to a Wire; (ii) detect 
ing the test electrical signals to obtain electrical signal detec 
tion data; and (iii) processing the electrical signal detection 
data to detect damage to the Wire. 

[0018] One embodiment provides a method of detecting 
damage in an electrical Wire comprising: (i) delivering one or 
more test electrical signals to (a) an outer electrically conduc 
tive material in a continuous or noncontinuous layer covering 
(b) an electrically insulative material layer that covers (c) an 
electrically conductive Wire core; (ii) detecting the test elec 
trical signals in the outer electrically conductive material 
layer (a) to obtain data about the test electrical signals in the 
outer electrically conducting material layer; (iii) processing 
the data to identify damage in the outer electrically conduc 
tive material layer, the electrically insulative material layer, or 
the Wire core; Wherein the Wire is a live Wire and the electri 
cally conductive Wire core carries an operating energy under 
a potential at least as large as the test electrical signals in layer 
(a) during the delivering and detecting steps. 
[0019] One embodiment provides a method of detecting 
damage to an electrical Wire comprising: (i) delivering a 
plurality of test electrical signals to a Wire; (ii) detecting the 
test electrical signals to obtain electrical signal detection data; 
(iii) processing the electrical signal detection data by a 
method comprising integrating electrical signal detection 
data from the plurality of test electrical signals to detect 
damage to the Wire; Wherein the Wire is a live Wire carrying an 
operating energy under a potential at least 10 (in some 
embodiments at least 20 or at least 100) times larger than the 
potential of the test electrical signals during the delivering 
and detecting steps. 
[0020] In some embodiments the detection method is car 
ried out on a live Wire carrying an operating energy. 

[0021] In some embodiments of the methods of detecting 
damage to an electrical Wire, the poWer for the step of deliv 
ering a test electrical pulse is harvested from the operating 
energy of the Wire. 

[0022] In some embodiments of the methods, the method of 
detecting damage is carried out on a system comprising a 
plurality of Wires, e.g., a cable With several Wires Within the 
cable, and When damage is detected to the Wire being tested, 
the operating energy is rerouted to a different Wire in the 
system and the operating energy is shut doWn to the test Wire. 

[0023] Another embodiment provides a system for detect 
ing damage to a Wire, the system comprising: (a) a Wire 
comprising an electrical conductor; (b) an electrical signal 
generator electrically linked to the electrical conductor and 
adapted to deliver a plurality of test electrical signals to the 
electrical conductor of the Wire; and (c) a detector circuit 
electrically linked to the electrical conductor of the Wire and 
adapted to detect the test electrical signals in the electrical 
conductor of the Wire to obtain electrical signal detection data 
and to process the signal detection data by a method compris 
ing integrating signal detection data from the plurality of 
signals to detect damage to the Wire; Wherein the Wire is a live 
Wire carrying an operating energy under a potential at least 20 
(in some embodiments at least 100) times larger than the 
potential of the test electrical signals While the electrical 
signal generator is delivering the plurality of test electrical 
signals and the detector circuit is detecting the test electrical 
signals and processing the electrical signal detection data. 
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[0024] Another embodiment provides a Wire damage 
detection system comprising: (a) an electrically conductive 
Wire core; (b) an impact detection patch, ?ber, or layer over 
laying the Wire core and comprising a triboluminescent mate 
rial; optically linked to (c) a photovoltaic material that gen 
erates electrical current in response to light emission by the 
triboluminescent material; linked to (d) a detector adapted to 
detect current from the photovoltaic material and process 
information about the current to identify impacts to the elec 
trical Wire. 
[0025] Another embodiment provides a method of detect 
ing impact on a Wire Wherein the Wire is part of a system 
comprising a plurality of Wires, the method comprising: (a) 
detecting impact on the Wire With an impact detection patch, 
?ber, or layer on or in the Wire, the patch, ?ber, or layer 
comprising a triboluminscent material that emits light in 
response to impact, by detecting the emitted light to obtain 
impact data. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] FIG. 1 is a schematic draWing of a damage detection 
system comprising an electrically conductive Wire With an 
outer conductive detection layer, along With an electrical 
signal generator adapted to deliver electrical signals to the 
detection layer, and a detector circuit adapted to detect the 
electrical signals in the detection layer and process informa 
tion about the detected signals to identify ?aWs in at least one 
layer of the system. 
[0027] FIG. 2 is an idealized graph shoWing the movement 
of a voltage pulse in a conductive medium to detect damage or 
a discontinuity in the medium in time domain re?ectometry. 
[0028] FIG. 3 is a schematic draWing of another damage 
detection system comprising a cable system With several elec 
trically conductive Wires, and circuitry to send test current 
into the Wires and detect damage to the Wires, and sWitch 
Working and test current betWeen the Wires. 
[0029] FIG. 4 is a draWing of an impact detection system 
involving a Wire With a triboluminsecent impact detection 
component. 
[0030] FIG. 5 shoWs thermogravimetric analysis data 
shoWing degradation of nickeliZed carbon cloth and polymer 
coated nickeliZed carbon cloth With temperature. 
[0031] FIG. 6 shoWs time domain re?ectometry (TDR) 
Waveforms to detect damage to a Wire With a detection layer 
of nickel-coated carbon cloth, coated With polyimide. In 
panel A, Waveforms of the intact Wire and Wire With the 
detection layer cut at 5, 10, and 15 cm from the pulse source 
are shoWn. In panel B, TDR Waveforms of intact Wire, and 
Wire With the detection layer cut over 90 degrees, 180 degrees, 
or 270 degrees of the detection layer, or a complete 360 
degree cut of the detection layer. The graphs are plots of 
relative amplitude of the electrical signal (voltage or current) 
versus time. 

[0032] FIG. 7 shoWs the TDR Waveforms of a Wire With 
nickeliZed carbon ?bers as the detection layer. TDR of the 
intact Wire is shoWn in panel A. TDR of Wire With the detec 
tion layer cut completely at 3 feet is shoWn in panel B. 
[0033] FIG. 8 shoWs the TDR Waveform of an undamaged 
Wire With a thin gold coating detection layer. 
[0034] FIG. 9 shoWs the TDR Waveform of a Wire With a 
thin gold coating detection layer. In this example the detec 
tion layer is completely cut at 1 foot. 
[0035] FIG. 10 is a schematic diagram of an embodiment of 
a cable rerouter of the invention described in Example 5. 
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[0036] FIG. 11 is a schematic diagram of an embodiment of 
a TDR detection system for testing a plurality of conventional 
Wires. 

[0037] FIG. 12 is a schematic diagram of an embodiment of 
an impact detection system comprising a Wire With a tribolu 
minescent material. 

[0038] FIG. 13 shoWs a TDR Waveform taken of a 207-foot 
Wire With nickel-coated carbon ?bers as the detection layer, 
With 100% damage to the detection layer at 197 feet distance 
from the origin, as described in Example 2. 

DETAILED DESCRIPTION OF THE INVENTION 

[0039] The term “operating energy” as used herein includes 
an electrical current or voltage that provides poWer to an 
electrical device or current or voltage that transmits informa 
tion, e.g., in a Wire Whose purpose is to carry data. The term 
“operating energy” does not include electrical signals gener 
ated solely to test for damage to an electrical Wire. 

[0040] FIG. 1 shoWs an electrical Wire of the invention for 
use in the systems for detecting damage to the Wire. The Wire 
10 includes an electrically conductive Wire core 11, Which is 
for carrying the operating energy of the Wire. The Wire core 11 
is surrounded by a layer 12 of an electrically insulative mate 
rial. Covering the insulative layer 12 is an electrically con 
ductive material layer 21. Preferably surrounding the electri 
cally conductive material layer is another electrically 
insulative material layer 13. 
[0041] FIG. 1 shoWs the Wire ofFIG. 1 as a part ofa damage 
detection system. The damage detection system 8 includes an 
electrical signal generator 31 adapted to deliver one or more 
electrical signals to the detection layer 21 of electrically con 
ducting material. A detector circuit 41 is also electrically 
linked to the electrically conductive detection layer 21 and 
adapted to detect electrical signals in layer 21. 
[0042] FIG. 1 also shoWs a break 14 in the outer insulation 
layer 13 and the detection layer 21. 
[0043] A preferred method to detect damage to the detec 
tion layer 21 is time domain re?ectometry (TDR). The 
mechanism of TDR is shoWn in FIG. 2. An electrical pulse 
(signal) of voltage V0 is transmitted from an origin on the Wire 
at distance Zero (0). The pulse is shoWn in panel A moving 
rightWard toWard a discontinuity at distance D. When the 
pulse reaches point D, a portion of the pulse may pass through 
the discontinuity and a portion be re?ected backWards. This is 
shoWn in panel B of FIG. 2. The re?ected pulse of voltage VR 
that is less thanVO and may be of opposite sign fromVO moves 
back toWard the origin at distance Zero, and can be detected 
there. From the time the re?ected Wave takes to return to the 
origin, it is possible to determine the distance of the discon 
tinuity from the point of origination of the pulse and point of 
detection of the re?ected Wave. The magnitude of re?ection is 
referred to as the re?ection coef?cient p. 

p: VR/Vo Equation 1 

and p:(Zl_Zo)/(Zl+Zo) Equation 2 

Where Z0 is the characteristic impedance of the transmission 
medium (in this case the detection layer 21) and Z is the 
impedance at the termination of the line or at a point of 
damage or discontinuity. If the conductive layer 21 is of 
uniform impedance and properly terminated, the entire trans 
mitted pulse Will be absorbed in the far-end termination and 
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no signal Will be re?ected. Any impedance discontinuities 
Will cause some of the incident signal to be sent back toward 
the source. 

[0044] The damage can also be detected by other methods 
including standing Wave re?ectometry, frequency domain 
re?ectometry, and resistive methods. 
[0045] In a resistive method of detection, if at the point of 
damage 14 in FIG. 1 the conductive layer 21 makes electrical 
contact With a reference conductor (e.g., a ground), the dis 
tance D in FIG. 1 from the end of detection layer 21 Where 
current generator 31 applies a voltage and detector circuit 41 
detects a voltage, can be calculated by equation 3 beloW: 

Where VS is the voltage supplied by the current generator 31, 
Vm is the voltage measured by detector circuit 41 at the end of 
the conductive layer 21. R0 is the resistance per unit length of 
the conductive layer 21. RS is the ?xed series resistance of the 
current generator 31. (U8. Pat. No. 4,988,949). In this resis 
tance layer, a constant voltage can be supplied as VS to the 
conductive layer 21. Transient breaks or damage to the con 
ductive layer 21 can also be detected by detecting Vm con 
tinuously over time and noting transient peaks or troughs in 
Vm Where VS is applied as a constant voltage. 
[0046] One embodiment of the invention provides a dam 
age detection system comprising: (a) an electrically conduc 
tive Wire core, covered With (b) an electrically insulative 
material layer, completely or partially covered With (c) an 
electrically conductive material layer, covered With (d) an 
electrically insulative layer; Wherein layer (c) is electrically 
connected to (e) an electrical signal generator adapted to 
deliver electrical signals to layer (c); and (f) a detector circuit 
electrically linked to (c) and adapted to detect the electrical 
signals in layer (c) and process data about the electrical sig 
nals in layer (c) to identify ?aWs in at least one layer of the 
system. 
[0047] One embodiment provides a Wire comprising: (a) an 
electrically conductive Wire core, covered With (b) an electri 
cally insulative material layer, completely or partially cov 
ered With (c) an electrically conductive material layer, cov 
ered With (d) an electrically insulative layer. 
[0048] In preferred embodiments, layer (c) (the detection 
layer) is (i) a composite material comprising a conductive 
polymer having amino groups or cationic groups, and carbon 
nanotubes covalently modi?ed With acidic groups or 
hydroxyls; (ii) a material comprising metaliZed carbon ?bers; 
or (iii) a thin metal coating. 
[0049] In other embodiments the detection layer is a com 
posite material comprising a conductive polymer and metal 
nanoparticles. 
[0050] In speci?c embodiments, the detection layer is (i) a 
composite material; (ii) a material comprising metaliZed car 
bon ?bers; (iii) a thin metal coating; (iv) a conductive poly 
mer; (v) carbon nanotubes; (vi) metal nanoparticles; or (vii) a 
combination thereof; 
[0051] The detection layer is preferably a uniform layer 
completely covering the circumference of the Wire (the 
underlying Wire layers). It also preferably cores the entire 
length of the Wire. 
[0052] In particular embodiments, the detection layer is a 
material comprising metaliZed carbon ?bers. NickeliZed car 
bon ?bers are commercially available from sources such as 
Conductive Composites Company, LLC (MidWay, Utah) and 
Martek, Inc., (Chester?eld, Mo.). In that case, the nickel is 

Equation 3 
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applied to carbon ?bers by chemical vapor deposition. Other 
metals can be used in place of nickel, such as copper and gold. 
Other methods of applying metal to a carbon ?ber are knoWn 
in the art, including electroplating, heated evaporation, elec 
tron beam evaporation, sputtering, and ion assisted deposi 
tion. 
[0053] In particular embodiments, the metaliZed ?bers are 
in the form of a carbon cloth coated With metal. 

[0054] In particular embodiments, the detection layer is a 
carbon cloth coated With metal, and the metaliZed carbon 
cloth is further coated With a polymer adherent to the metal 
coated cloth. 
[0055] The polymer-coated metaliZed carbon cloth can be 
made remarkably thin. In some embodiments, it is less than 
20 mils thick. 

[0056] In one embodiment, the polymer coating is or com 
prises a polyimide. 
[0057] In one embodiment, metaliZed carbon ?bers or a 
metaliZed carbon cloth is or are contacted With a polyamic 
acid, and the polyamic acid is imidiZed to a polyimide on the 
?bers or cloth. 

[0058] In particular embodiments, the metaliZed ?bers are 
nickel-coated ?bers. In other embodiments, they may be cop 
per-coated, silver-coated, gold-coated, chrome-coated, or 
aluminum-coated. 
[0059] The carbon ?bers in the metaliZed carbon ?bers can 
be or include carbon nanotubes. The nanotubes may be 
single-Wall, double-Wall, or multi-Wall nanotubes. 
[0060] In preferred embodiments, the carbon ?bers are 
larger than 100 nm diameter, (i.e., not nanotubes). These 
conventional carbon ?bers are available from commercial 
sources and can be made by heating a polyacrylonitrile ?ber 
at 400-6000 C. in an inert atmosphere to carboniZe it. 

[0061] In other embodiments, the detection layer is a thin 
metal coating. Preferably the metal coating is less than 20 
microns thick in order to not add much Weight to the Wire and 
to not stiffen the Wire. In other embodiments, the metal coat 
ing is less than 5 microns thick or less than 1 micron thick or 
less than 500 nm thick. 

[0062] Some of the challenges to using a metal detection 
layer Were the possible development of crosstalk, shielding, 
or arc tracing With the core conductive Wire. Another concern 
Was adding too much Weight to the Wire. Another concern Was 
Whether We could achieve good adhesion to the inner insula 
tion layer. Poor adhesion could be a problem especially With 
vibration in aircraft or spacecraft or any device that moves or 
vibrates substantially. It is also important to have a consistent 
thickness to the detection layer so that conductivity is consis 
tent throughout the layer in order to more easily distinguish 
damage to the conductive detection layer. If the conductive 
layer is inconsistent, the background signal noise Will be large 
and any defect caused by damage Would be dif?cult to dis 
tinguish from inherent defects or inconsistencies in the detec 
tion layer in its original state. 
[0063] We have found that a very thin metal coating can be 
applied to Wires by methods that are able to produce a con 
sistent coating thickness With good adherence to the under 
lying insulation. We are also able to make layers With enough 
conductivity for use in detection yet thin enough that they do 
not add excessive Weight or stiffness to the Wire. 

[0064] In particular embodiments, the thin metal coating is 
applied by spraying, sputtering, dip coating, chemical vapor 
deposition, plasma spray deposition, or electroplating. 
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[0065] In particular embodiments, the thin metal coating is 
applied by a non-aqueous metal deposition process. 
[0066] The thin metal coating can also be a thin metal tape 
that is Wrapped around the electrically insulative material 
layer (b). In speci?c embodiments, the thin metal coating is 
applied by Wrapping a metallic tape over the inner insulation 
layer With no overlap of material. In other embodiments, the 
tape Wrap has betWeen 0-75% overlap. In some embodiments 
the tape may or may not contain an adhesive to improve the 
adhesion to the insulation layer (b), and may or may not 
contain an inner or outer polymer layer to improve function 
ality. The tape also may or may not contain an adhesive to 
improve adhesion to outer insulation layer (d). In speci?c 
embodiments the tape may contain a conductive adhesive to 
promote adhesion betWeen detection layer overWraps. 
[0067] In speci?c embodiments, the metallic tape may be 
copper, aluminum, gold, silver, platinum, nickel, or any other 
conductive metal. 

[0068] In other embodiments, the conductive material of 
the damage detection layer is a composite material compris 
ing (a) a conductive polymer having amino or cationic 
groups, and (b) carbon nanotubes covalently modi?ed With 
acidic groups or hydroxyls. 

[0069] In particular embodiments, the carbon nanotubes 
are modi?ed With acidic groups. In other embodiments, With 
hydroxyls. The carbon nanotubes may be single-, double-, or 
multi-Walled. 

[0070] Conductive polymers have conductivities typically 
in the range of 10-1 to 102 S/ cm. Polyaniline, polypyrrole, and 
polythiophenes are the most common conductive polymers. 
Polyaniline is the most commonly used. 
[0071] Polyaniline and polypyrrole have secondary amino 
groups. These can protonate to become positively charged 
and then can form an ionic interaction With a negatively 
charged deprotonated acidic group. Alternatively, non-ion 
iZed secondary amino groups of these polymers can form 
hydrogen bonds With acidic groups or hydroxyls. 
[0072] Polythiophene is p-doped With the loss of an elec 
tron to become positively charged. Thus, in the p-doped state 
it has cationic groups as Well and can form ionic interactions 
With negatively charged acidic groups. 
[0073] Ionic and hydrogen bond interactions betWeen acid 
groups or hydroxyls covalently attached to carbon nanotubes 
and amino or cationic groups on conductive polymers help to 
align the carbon nanotubes With the polymers, and also serve 
to bridge tWo different polymer strands and thereby increase 
the mechanical strength and thermal stability of the material 
over that of the pure conductive polymer. 

[0074] Carbon nanotubes and metaliZed carbon nanotubes 
are conductive materials, and mixing carbon nanotubes With 
an inherently conductive polymer can increase the conduc 
tivity of the material relative to the conductive polymer alone. 
[0075] Sulfonic acid is a preferred acidic group in these 
materials. Sulfonic acid is also a dopant that improves the 
conductivity of inherently conductive polymers. Thus, the 
acid-modi?ed carbon nanotubes increase the conductivity of 
the material more than unmodi?ed carbon nanotubes. The 
sulfonic acid interacts strongly With both the carbon nanotube 
and the polyaniline, thereby serving as an electron bridge 
betWeen the tWo materials, While at the same time behaving as 
a dopant that increases the conductivity. This contributes to a 
more organiZed conductive path for electron transport. 
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[0076] The ionic and hydrogen bond interactions help to 
disperse and prevent agglomeration of the nanotubes. This 
also contributes to consistency and electrical conductivity of 
the composite materials. 
[0077] The conductivity can be further increased by align 
ing the molecular chains. This can be achieved by producing 
?bers by Wet-spinning and melt-spinning methods and ?lm 
by tape casting and spin coating. 
[0078] The composite conductive polymer/acid-modi?ed 
nanotubes material can be extruded as a conductive detection 
layer surrounding the inner insulation layer of a Wire. 
[0079] One embodiment of the invention provides a com 
posite material comprising: (a) a conductive polymer having 
amino or cationic groups, and (b) carbon nanotubes 
covalently modi?ed With acidic groups. 
[0080] In particular embodiments of the composite mate 
rial, the composite material has an electrical conductivity of 
more than 100 S/cm, more than 1000 S/cm, or more than 
104S/cm. In other embodiments, the composite material has 
an electrical conductivity of more than 1 S/cm. 

[0081] In particular embodiments, the composite material 
is thermally stable at 200° C., 220° C., 2400 C., 2500 C., 260° 
C., or 300° C. Thermal stability refers to losing less than 5% 
mass With heating at that temperature in thermogravimetric 
analysis and not melting. 
[0082] In particular embodiments, the composite material 
has a tensile strength of at least 3200 MPa. 

[0083] In particular embodiments, the conductive polymer 
having amino groups or cationic groups is polyaniline. In 
other embodiments it is polypyrrole. In other embodiments it 
is polythiophene. In a more speci?c embodiment, it is 
p-doped polythiophene. 
[0084] In particular embodiments, the carbon nanotubes 
are covalently modi?ed With sulfonic acid groups. In other 
embodiments, they are covalently modi?ed With carboxylic 
acid or phosphonic acid groups. 
[0085] In particular embodiments of the Wires, the detec 
tion layer has a resistance divided by length of less than 50 
ohms/foot, less than 20 ohms/foot, less than 10 ohms/foot, 
less than 5 ohms/foot, less than 2 ohms/ foot, less than 1 
ohm/foot, or less than 0.5 ohms/foot, or less than 0.1 ohms/ 
foot. 
[0086] In particular embodiments of the Wires, the electri 
cally conductive material of the detection layer has a thermal 
stability of at least 200° C., at least 220° C., at least 240° C., 
260° C., or at least 300° C. 

[0087] In particular embodiments of the Wires, the electri 
cally conductive material layer (c) has a tensile strength of at 
least 3200 MPa. 
[0088] In particular embodiments of the Wires, the electri 
cally insulative material of layer (b) or layer (d) or both is a 
polyimide. In other embodiments, one or both layers are 
?uoropolymer (e. g., TEFLON). 
[0089] One embodiment of the invention provides a com 
posite material comprising: electrically conductive metaliZed 
carbon ?bers coated With an electrically insulative polymer. 
[0090] In particular embodiments, the composite material 
is a cloth having an average thickness of less than 30 mils or 
less than 20 mils. 

[0091] In a particular embodiment, the composite material 
is ?exible. 
[0092] In a particular embodiment, the composite material 
comprises an adhesive layer, Wherein the material is an adhe 
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sive tape. In a more speci?c embodiment, the adhesive layer 
is the electrically insulative polymer. 
[0093] In particular embodiments, the composite material 
is a tape. 

[0094] 
is a foil. 

[0095] In speci?c embodiments, the metaliZed carbon 
?bers are nickel-coated ?bers. In other embodiments, they are 
copper-coated, silver-coated, gold-coated, chrome-coated, or 
aluminum-coated. The metal coating can also comprise tWo 
layers of metal, for instance nickel over copper. 
[0096] In speci?c embodiments, the carbon ?bers comprise 
carbon nanotubes. The carbon nanotubes in particular 
embodiments are multi-Walled nanotubes. In other embodi 
ments they are double-Walled nanotubes. In other embodi 
ments they are single-Walled nanotubes. 
[0097] In one embodiment of the damage detection system, 
the system is adapted to identify ?aWs in the system While 
Wire core (a) carries operating energy. 
[0098] In speci?c embodiments, the electrical signal gen 
erator is adapted to be poWered by operating energy from the 
Wire core. 

[0099] In one embodiment, the detector circuit is adapted to 
identify the location of a ?aW in the system to an accuracy of 
20 cm or less. In other embodiments, it is adapted to identify 
the location of a ?aW in the system to an accuracy of 3% of the 
distance of the ?aW from the electrical signal generator. 
[0100] In particular embodiments, the electrical signal gen 
erator is adapted to deliver electrical signals (preferably elec 
trical pulses) of a potential of less than 100 mV, and the 
detector circuit is adapted to integrate results from a plurality 
of signals (e.g., at least 5 signals, at least 20 signals, at least 
100 signals, or at least 1000 signals) to detect ?aWs in the 
system. 
[0101] In particular embodiments, the signal generator (e) 
is adapted to deliver electrical pulses and the detector circuit 
(f) is adapted to detect re?ected pulses from layer (c) to 
identify ?aWs in at least one layer of the system. 
[0102] In particular embodiments, the signal generator and 
detector circuit are adapted to generate and detect signals by 
standing Wave re?ectometry or time domain re?ectometry. 
[0103] In particular embodiments of the system, Wire (a) is 
adapted to carry alternating or direct current under a potential 
of at least 2 V, at least 5 V, at least 10 V, at least 20 V, at least 
50 V, or at least 100 V, and signal generator (e) is adapted to 
deliver electrical pulses under a potential of less than 2 V, less 
than 500 mV, less than 100 mV, or less than 50 mV. 
[0104] In particular embodiments of the Wires, electrically 
conductive detection layer (c) completely covers insulative 
layer (b). 
[0105] The substrate for the damage detection systems 
described herein is typically an electrically conductive Wire 
core With an overlying insulative layer betWeen the Wire core 
and the detection layer. But the damage detection system can 
be applied to other substrates as Well. 
[0106] Thus, another embodiment of the invention pro 
vides a damage detection system comprising: (a) a substrate; 
completely orpartially covered With (b) a layer comprising an 
electrically conductive material forming a continuous or non 
continuous layer; Wherein layer (b) is electrically connected 
to (c) an electrical signal generator adapted to deliver electri 
cal signals to layer (b); and (d) a detector circuit electrically 
linked to (b) and adapted to detect the electrical signals in 
layer (b) and process data about the electrical signals in layer 

In particular embodiments, the composite material 

Sep. 1,2011 

(b) to identify damage to the substrate (a) or electrically 
conductive material (b); Wherein the electrically conductive 
material of layer (b) is (i) a composite material comprising a 
conductive polymer having amino groups or cationic groups, 
and carbon nanotubes covalently modi?ed With acidic groups 
or hydroxyls; (ii) a material comprising metaliZed carbon 
?bers; (iii) a thin metal coating. In speci?c embodiments, the 
substrate is not an electrically conductive Wire core; or (iv) a 
composite material comprising a conductive polymer and 
metal nanoparticles. 
[0107] In other embodiments, the electrically conductive 
material of layer (b) is (i) a composite material; (ii) a material 
comprising metaliZed carbon ?bers; (iii) a thin metal coating; 
(iv) a conductive polymer; (v) carbon nanotubes; (vi) metal 
nanoparticles; or (vii) a combination thereof; 

[0108] The substrate may be in speci?c embodiments, an 
exterior surface of an aircraft or spacecraft. This alloWs detec 
tion of damage to the surface during ?ight. 
[0109] In other embodiments, the substrate is a WindoW. 

[0110] In speci?c embodiments, the substrate is a structural 
material. 

[0111] The substrate may be ?exible. It may be a textile or 
fabric. In a speci?c embodiment the substrate is an in?atable 
habitat (e.g., an in?atable structure for human habitation in 
outer space). 
[0112] In speci?c embodiments, the substrate is not elec 
trically conductive (is electrically insulative). In other 
embodiments, the substrate is electrically conductive. Where 
the substrate is electrically conductive, it may be necessary or 
desirable to include a layer of electrically insulative material 
betWeen the substrate and layer (b) of electrically conductive 
material. 

[0113] In a speci?c embodiment, layer (b) comprises: (b) 
(i) strips of an electrically conductive material Wherein the 
strips are at least partially electrically isolated from each 
other; covered With (b) (ii) a layer of an electrically insulative 
material; covered With (b) (iii) strips of an electrically con 
ductive material Wherein the strips are at least partially elec 
trically isolated from each other; Wherein the strips of (b) (i) 
are oriented in a different direction from the strips of (b)(iii). 
Typically, the strips of (b)(i) and the strips of (b)(iii) are 
oriented at right angles to each other. 

[0114] Each of the separate strips is preferably partially or 
fully electrically isolated from each other so that the user is 
able to more easily determine Which strip is damaged and 
therefore locate the damage, e.g., by identifying Which strip 
in the (x) direction is damaged, and Which strip in the (y) 
direction is damaged, the user can map the damage to par 
ticular (x, y) coordinates. 
[0115] One embodiment of the invention provides a 
method of detecting damage in an electrical Wire comprising: 
(i) delivering one or more test electrical signals to (a) an outer 
electrically conductive material in a continuous or noncon 
tinuous layer covering (b) an electrically insulative material 
layer that covers (c) an electrically conductive Wire core; (ii) 
detecting the test electrical signals in the outer electrically 
conductive material layer (a) to obtain data about the test 
electrical signals in the outer electrically conducting material 
layer; (iii) processing the data to identify damage in the outer 
electrically conductive material layer, the electrically insulat 
ing material layer, or the Wire core; Wherein the Wire is a live 
Wire and the electrically conductive Wire core carries an oper 
















