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disclosed, wherein a structured CNT-engineered material forms at least part of an object capable of providing its own structural
feedback. In another application, systems are disclosed, wherein a structured CNT-engineered material forms at least part of an
object capable of generating heat. In yet another application, systems are disclosed, wherein a structured CNT-engineered material
forms at least part of an object capable of functioning as an antenna, for example, for receiving, transmitting, absorbing and/or dis-

¾ sipating a signal. In still another application, systems are disclosed, wherein a structured CNT-engineered material forms at least
part of an object capable of serving as a conduit for thermal or electrical energy.



MULTIFUNCTIONAL CNT-ENGINEERED STRUCTURES

STATEMENT OF GOVERNMENT INTEREST:

The United States government may hold license and/or other rights in this

invention as a result of financial support provided by governmental agencies in

the development of aspects of the invention. Parts of this work were supported

by a grant from the Department of the Air Force, Contract No. FA9550-09-C-0165.

CROSS-REFERENCE TO RELATED APPLICATION

The present application claims the benefit of provisional patent application

entitled "Multifunctional CNT-Engineered Structures" which was filed on

January 26, 2010 and assigned Serial No. 61/298,385. The entire contents of the

foregoing provisional patent application are incorporated herein by reference.

BACKGROUND

Advanced composite materials are increasingly used in applications such as

aerospace structure design due to superior stiffness, strength, fatigue resistance,

corrosion resistance, etc. In many instances, the use of advanced composite materials

may also greatly reduce the number of parts. Composites present challenges for

inspection however due to heterogeneity, anisotropy, and the fact that damage is often

subsurface. Despite success in the laboratory setting, many non-destructive testing and

monitoring techniques, are impractical for real-world inspection of large-area integrated

composite structures, for example, due to the size and complexity of the required support

equipment. In addition, many components that need frequent monitoring typically

reside in limited access areas that would require breaking of factory seals and

calibrations to manually inspect. It is clear that new approaches for inspection are

necessary.



To facilitate inspection, a structure may advantageously incorporate a

distribution of sensors to provide feedback for or on the structure. Such feedback may

include event notifications (such as for impact), structural integrity, usage, shape, and/or

configuration. Conventional sensors, however, may add weight to a structure and can

present electrical connectivity and mechanical coupling challenges. Conventional

sensors often present reliability risks (i.e., many sensors fail and/or malfunction in

advance of the structure they are monitoring). Thus structures formed from materials

which are capable in themselves of providing feedback are highly desirable. Examples

of such integrated feedback materials include but are note limited to materials that

change resistance values as they are strained, materials that can provide actuation

through phase change, ablative materials, and materials that can store energy.

Carbon nanotubes (CNTs) can posses exceptional mechanical stiffness (e.g., ~ 1

TPa) and strength, as well as excellent electrical conductivity (e.g., ~1000x copper) and

piezoresistivity (resistivity change with mechanical strain). Presently, however, it is not

possible to produce large specimen (> 5 mm) purely of CNTs. Furthermore, due to

issues such as agglomeration and poor dispersion, only marginal improvements in

mechanical properties are observed for hybrid composites when CNTs are introduced

into the bulk matrix. Somewhat better results can be achieved using nanoscale

modification of the interface between composite plies, by growing CNTs on the surface

of cloth or placing unaligned CNTs at low volume fractions on fibers. However, these

approaches do not significantly improve electrical conductivity and thus limit many

practical applications.

SUMMARY

New and advantageous applications for structured CNT-engineered materials are

disclosed herein. In some embodiments, systems are disclosed, wherein a structured



CNT-engineered material forms at least part of an object capable of providing its own

structural feedback, for example, structural health feedback. Feedback may also include

spatial information, for example, for localizing a point of impact or a damaged area of

the object. In other exemplary embodiments, systems are disclosed, wherein a

structured CNT-engineered material forms at least part of an object capable of

generating heat. The generated heat may be used, for example, for thermographic

imaging of the object or other purposes, such as de-icing or maintaining a certain

temperature. In yet other exemplary embodiments, systems are disclosed wherein a

structured CNT-engineered material forms at least part of an object capable of

functioning as an antenna, for example, for receiving, transmitting, absorbing and/or

dissipating a signal. In still other embodiments, systems are disclosed, wherein a

structured CNT-engineered material forms at least part an object capable of serving as a

conduit for thermal or electrical energy.

In exemplary embodiments, systems may include a detection system and/or a

control system operationally coupled to a structured CNT network of an object at least

part of a structured CNT-engineered material. For example, one or more electrode

arrays may be used to couple the structured CNT network to the detection system and/or

the control system. In exemplary embodiments, the detection and/or control system may

be implemented in whole or in part using computing environment, or processor as

described herein. In some embodiments, the detection system may be used to detect

electrical conductivity/resistivity across the CNT network, for example, across one or

more electrode pairs. In other embodiments, the detection system may be used to detect

propagation of an electrical or acoustic signal across the CNT network. In some

embodiments, the control system may be used to power the CNT-network, for example,

induce a voltage or current across one or more electrode pairs, to generate heat.



In exemplary embodiments a system is disclosed including an object having a

portion formed from a structured CNT-engineered material and a control system

operationally coupled to the structured CNT network of the CNT-engineered material

and configurable or programmable to drive the structured CNT network with electrical

energy to maintain or change a temperature of the object. In some embodiments, driving

the structured CNT network includes inducing a current through the CNT network. In

other embodiments, driving the structured CNT network includes inducing a voltage

across the CNT network. In exemplary embodiments, maintaining the temperature of

the object includes maintaining the temperature of the object at or above a selected

temperature. In exemplary embodiments the object is used to maintain or change a

temperature of a substance associated with the object (for example, a substance on, in or

otherwise thermally coupled to the object). In some embodiments the temperature of the

substance may be maintained at or above a selected temperature so as to prevent a phase

transition thereof. In other embodiments, the temperature of the substance may be

changed so as to induce a phase transition thereof. In some embodiments, the control

system may be configured to change a temperature of the object so as to de-ice the

object. In other embodiments, the control system may be configured to change a

temperature of the object so as to prevent icing thereof. In some embodiments, the

control system may be configured to change a temperature of the object so as to so as to

melt a frozen fluid in the system or prevent a fluid in the system from freezing. In some

embodiments, the system may include a thermographic imaging system for

thermographically imaging the object, for example, to detect a property or characteristic

of the object related to structural health of the object. In other embodiments, The system

may include a detection system for providing temperature feedback for the object and/or

its surroundings. In exemplary embodiments, the control system may be configured to



adjust power to the CNT-network based on the temperature feedback. In some

embodiments the temperature feedback may include temperature change rate for the

object or for a substance associated with the object. In exemplary embodiments the

detection system may be configured to determine a property or characteristic, for

example, presence/absence, amount, constitution, or the like, of a substance, for example

ice, associated with the object based on a temperature change rate of the object or of the

substance.

In exemplary embodiments a system is disclosed including an object having a

portion formed from a structured CNT-engineered material and a configurable or

programmable detection system operationally coupled to the CNT network of the

structured CNT-engineered material to detect a change in a physical property or

characteristic of the object. Advantageously the physical property or characteristic may

include spatial data, relating for example, to one or more of location, size, shape and

distribution of the physical property or characteristic. In some embodiments, detecting

the change in the physical property or characteristic of the object may include detecting

a change in electrical conductivity or resistance across the CNT network. In exemplary

embodiments, a structural change to the CNT network, for example, on account of

damage to the object, a change in shape of the object, or the like, may be detected based

on the change in electrical conductivity or resistance. In other embodiments, a

piezoresistive response of the CNT-network, for example on account of damage to the

object, a change in shape of the object, propagation of an acoustic wave across the object

or the like, may be detected based on the change in electrical conductivity or resistance.

In yet other embodiments, a phase change of a substance on a surface of the object may

be detected based on changes in surface conductivity or resistance. In some

embodiments, detecting the change in the physical property or characteristic of the



object may include isolating a electronic signal by applying one or more filters in the

frequency domain. In exemplary embodiments, the physical property or characteristic of

the object may be related to propagation of an acoustic wave across the object. Thus, in

some embodiments, the detection system may be configured to detect the propagation of

an acoustic wave across the object. In exemplary embodiments the physical property or

characteristic of the object is related to structural health of the object. Thus, in some

embodiments the detection system may be configured to detect damage to the object

and/or determine severity, location, size, shape and distribution for the damage. In other

embodiments the detection system may be configured to detect and/or locate an impact

to the object. In exemplary embodiments, the detection system may be configured to

detect and/or locate an impact to the object based on detection of the propagation of an

acoustic wave generated by the impact. In exemplary embodiments, the physical

property or characteristic of the object may be related to shape of the object. Thus, for

example, the detection system may provide feedback on the shape of a configurable

object. In exemplary embodiments, the detection system may be operationally coupled

relative to the CNT network via one or more electrode arrays, for example, defining a

plurality of electrode pairs across the CNT network.

In exemplary embodiments a system is disclosed including an object having a

portion formed from a structured CNT-engineered material and one or more electrode

arrays defining a plurality of electrode pairs across the CNT network. In some

embodiments, data from each electrode pair may correspond to a different region of the

object. For example, the plurality of electrode pairs may define a detection grid across

the CNT network. In exemplary embodiments, the system may include one or more

multiplexing switches for combining measurements from a plurality of the electrode

pairs. In some embodiments, the one or more electrode arrays may be formed as traces



using a direct-write technique. In other embodiments, the one or more electrode arrays

may be formed using externally applied contacts. In some embodiments, the one or

more electrode arrays may be formed using a flexible circuit. In exemplary

embodiments, the one or more electrode arrays may be formed using a plurality of traces

or layers for example, wherein the traces are woven or braided.

In exemplary embodiments, a system is disclosed including an object having a

portion formed from a structured CNT-engineered material that includes a structured

CNT network, wherein the CNT network forms an antenna, for example, wherein the

antenna is configured to receive, transmit, absorb and/or dissipate a signal, for example

an electromagnetic signal (such as a radio signal or radar signal) an acoustic signal (such

as a sonar signal) or an electrical signal (such as lightning). In exemplary embodiments

the CNT network may be selectively patterned for specific applications, for example, for

receiving or transmitting a radio signal, receiving or absorbing a radar signal, receiving

or absorbing a sonar signal, or dissipating lightning.

In exemplary embodiments a system is disclosed including an object having at

least a portion formed from a structured CNT-engineered material that includes a

structured CNT network, wherein the CNT network is configured to function as a

conductor for conveying thermal or electrical energy to or from one or more components

coupled to the object. In some embodiments, the CNT network may be configured to

transfer power to or from the one or more components, for example, wherein one of the

components is a power source such as a solar power source. In other embodiments, the

CNT network may be configured to convey communications to or from one or more

components. In exemplary embodiments, the object may convey thermal energy so as to

function as a heat sink, thermal radiator panel, thermal shield or the like.



Additional features, functions and benefits of the disclosed systems will be

apparent from the description which follows, particularly when read in conjunction with

the appended figures.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 depicts an exemplary morphology for fuzzy fiber reinforced

composites, according to the present disclosure.

Figure 2 depicts fibers for the fuzzy fiber reinforced composite of Fig. 1, before

and after growth of a structured CNT network, according to the present disclosure.

Figure 3 depicts an exemplary system including an object at least portion of

which is formed from a structured CNT-engineered material characterized by a

structured CNT network, according to the present disclosure.

Figure 4 depicts exemplary direct write traces produced using a plasma flame

spray, according to the present disclosure.

Figure 5 depicts exemplary direct write traces produced using jetted atomized

deposition, according to the present disclosure.

Figure 6 depicts an exemplary flexible frame, according to the present

disclosure.

Figure 7 depicts in-plane and though-plane conductivity reading for exemplary

objects (specimens 1-3) formed from a structured CNT-engineered material and

impacted at 15, 30 and 45 ft-lbs, respectively, according to the present disclosure.

Figure 8 depicts thermographic imaging of an exemplary object at least part of

which is formed of a structured CNT-engineered material including a structured CNT

network, after heating the object using the structured CNT network, according to the

present disclosure.



Figure 9 depicts temperature as a function of time over the first thirty seconds of

heating exemplary objects at least part of which is formed of a structured CNT-

engineered material including a structured CNT network for different ice thickness

coating on the objects (no ice, 1, 2, and 3 mm) and different starting temperatures (-5, -

10 and -15 °C), according to the present disclosure.

Figure 10 depicts temperature rate of change as a function of ice thickness for

the exemplary objects and data of Figure 9, according to the present disclosure.

Figure 11 depicts an exemplary implementation of an ice detection technique,

wherein ice was detected, according to the present disclosure.

Figure 12 depicts an exemplary implementation of an ice detection technique,

wherein ice was not detected, according to the present disclosure.

Figure 13 depicts de-icing of exemplary objects at least part of which are formed

of a structured CNT-engineered material including a structured CNT network, wherein

the objects are heated using the structured CNT network, according to the present

disclosure.

Figure 14 steady state temperature as a function of power to the CNT-network

and power as a function of applied voltage for an exemplary object at least part of which

are formed of a structured CNT-engineered material including a structured CNT

network, according to the present disclosure.

Figure 15 anti-icing using the exemplary object of Figure 14, according to the

present disclosure.

Figure 16 depicts an exemplary computing environment according to the present

disclosure.

Figure 17 depicts an exemplary network environment, according to the present

disclosure.



DESCRIPTION OF EXEMPLARY EMBODIMENT(S)

Structured CNT-engineered materials represent a relatively new class of

materials, exemplary embodiments of which are described, inter alia, in US Patent No.

7,537,825, PCT Application No. PCT/US2007/0 11913 (WO/2008/054541), U.S.

Application No. 11/895,621 (US 2008/0075954) and US Application No. 12/227,516

(US 2009/031 1166). See also, Garcia E.J., Wardle, B.L., Hart J.A. and Yamamoto N.,

"Fabrication and multifunctional properties of a hybrid laminate with aligned carbon

nanotubes grown in situ," Composite Science and Technology , v. 68, pp. 2034-41, 2008.

Each of the foregoing patent and non-patent references is hereby incorporated herein to

the extent that it is not inconsistent with the present disclosure. Structured CNT-

engineered materials are discussed in greater detail below.

In general, structured CNT-engineered materials may advantageously include

structured CNT networks, for example, wherein CNTs are structured relative to one

another and/or with respect to a substrate. Thus, structured CNT-engineered materials

may be distinguished from conventional CNT composites, for example, where the in

conventional CNT composites CNTs are dispersed or grown such that the orientations of

CNTs are substantially random in nature. As used herein, structured CNT-engineered

materials are not limited to any particular CNT network morphology or CNT group

morphology. For example, in some embodiments, a plurality of CNTs may be

substantially aligned relative to one another. In other embodiments, a plurality CNTs

may be substantially aligned relative to a substrate, for example, aligned radially relative

to a fiber in a fiber reinforced composite.

It will be appreciated by one of ordinary skill in that are that groups of CNTs

may include same or different alignments. For example, in some embodiments, a first

plurality of CNTs (such as may be associated with a first substrate) may be aligned in a



first direction and a second plurality of CNTs (such as may be associated with a second

substrate) may be aligned in a second direction (which may be the same direction or a

different direction than the first direction). In other embodiments, a first plurality of

CNTs may be substantially aligned relative to a first substrate (for example, substantially

perpendicular to a surface of the first substrate) and a second plurality of CNTs may be

substantially aligned relative to a second substrate (for example, substantially

perpendicular to a surface of the second substrate). In either case, the first plurality of

CNTs may advantageously interact with the second plurality of CNTs to provide a

contiguous CNT network, for example, between the first and second substrates.

In exemplary embodiments, structured CNT-engineered materials may be hybrid

composites such as fiber reinforced hybrid composites. Fiber reinforced hybrid

composites may include, for example, reinforcing fibers such as aluminum fibers

(diameter typically of order microns) and structured CNTs (for example, with mass

fraction between 0.5 and 2.5%) organized within a matrix (for example, a polymer

matrix). As illustrated in Figs. 1 and 2, CNTs may be structured with respect to the

fibers (for example, grown in situ and radially aligned relative to the fibers) to form

"fuzzy fibers" (FFs). Adjacent CNTs, for example, CNTs associated with adjacent FFs,

may interact, for example, bind, to form the structured CNT network throughout the

composite. Advantageously, the structured CNT network may be substantially uniform

and contiguous. Composites formed using FFs may be referred to as fuzzy fiber

reinforced composites (FFRCs).

Structured CNT-engineered materials may advantageously provide for improved

electrical conductivity over conventional CNT and non-CNT composites. For example,

whereas conventional composites typically exhibit electrical conductivity on the order of

10-7 to 10-10 S/mm, structured CNT-engineered materials may typically exhibit electrical



conductivity on the order of 10 -1 to 10 -2 S/mm. Thus, in exemplary embodiments,

structured CNT-engineered materials may exhibit conductivity greater than 10 5 S/mm

and in some embodiments greater than 10 4S/mm or less than 10 S/mm. FFRCs

developed through Massachusetts Institute of Technologies Nano-Engineered Composite

Aerospace Structures (NECST) consortium have been demonstrated to have

substantially greater electrical conductivity (on the order of 10 times greater for thru-

thickness and 106 times greater for in-plane) compared to similar composites without

CNTs. Due to the structured CNT network, structured CNT-engineered materials may

advantageously be substantially transversely isotropic with respect to electrical

conductivity. In some embodiments, depending on morphology, structured CNT-

engineered materials may be substantially isotropic with respect to electrical

conductivity. The improved electrical conductivity of structured CNT-engineered

materials is also particularly advantageous, for reducing a signal-to-noise ratio and

achieving accurate/reliable detection and/or measurement of relatively small changes in

resistance.

New and advantageous applications for structured CNT-engineered materials are

disclosed herein. In some embodiments, systems are disclosed, wherein a structured

CNT-engineered material may be used to construct an object capable of providing its

own structural feedback, for example, structural health feedback. Advantageously,

feedback may include spatial information, for example, for localizing a damaged area of

the object. In other exemplary embodiments, systems are disclosed, wherein a

structured CNT-engineered material may be used to construct an object capable of

generating heat. The generated heat may be used, for example, for thermographic

imaging of the object or other purposes, such as de-icing or maintaining a certain

temperature. In yet other exemplary embodiments, systems are disclosed wherein a



structured CNT-engineered material may be used to construct an object capable of

functioning as an antenna, for example, for receiving, transmitting, absorbing and/or

dissipating a signal.. In still other embodiments, systems are discloses wherein, a

structured CNT-engineered material may be used to construct an object capable of

serving as a conduit for thermal or electrical energy.

Referring now to Fig. 3, an exemplary system 300, according to the present

disclosure, is depicted. The exemplary system 300 generally includes an object 310 at

least portion of which is formed from a structured CNT-engineered material

characterized by a structured CNT network. It is noted that object 310 may be any

object and may stand-alone or be a component (structural or non-structural) of a larger

assembly. By way of example, object 310 may be a wing of an aircraft, a siding of a

building or a casing for a medical device.

In general, system 300 may include one or more electrodes operationally coupled

relative to the structured CNT network, for example for detecting an electrical signal

across the network. In exemplary embodiments system 300 may include one or more

one or more electrode arrays defining a plurality of electrode pairs across the structured

CNT network. The electrode pairs may advantageously define a grid across the

structured CNT network. In exemplary embodiments, point wise stepping may be used

to select and cycle through each of the electrode pairs. In other embodiments, a

multiplexing switch may be used to combine measurements from a plurality of electrode

pairs.

As depicted in Fig. 3, the system 300 includes pair of electrode arrays 320A and

320B positioned on opposite sides of the structured CNT network wherein one of the

electrode arrays 320A includes a plurality of "active" electrode columns (for example,

columns 322A and 324A) and the other electrode array 320B includes a plurality of



"passive" (i.e., grounded) electrode rows (for example rows 322B and 324B). The

columns and rows are each coupled by a multiplexing switch 330A or 330B. The

electrode columns and rows advantageously define a detection grid, wherein each

column/row electrode pair defines a point on the grid. By selecting and cycling through

column/row electrode pairs, measurements, including spatial data, may be obtained for

each of the grid points. It is also noted that in plane data may also be obtained, for

example by selecting a pair of column electrodes or a pair of row electrodes for

measurement. In some embodiments, a plurality of "active" electrodes may be aligned in

rows and a plurality of "passive" (i.e., grounded) electrodes may be aligned in columns.

In exemplary embodiments, the electrode arrays 320A and 320B may be used to

couple the structured CNT network to a detection system 340 and/or a control system

350 which may be implemented in whole or in part using a computing environment, or

processor as described herein. In some embodiments the detection system 340 may be

used to detect electrical conductivity/resistivity across one or more electrode pairs. In

other embodiments the detection system 340 may be used to detect an electrical signal

across the one or more electrode pairs. In some embodiments, the control system 350

may be used to power, for example, induce a voltage or current across, one or more

electrode pairs, for example to generate heat.

In exemplary embodiments, the detection system 340 may be configured and/or

programmed to detect a change in a physical property or characteristic of the object 310.

In some embodiments the change in the physical property or characteristic of the object

310 may be determined by detecting a change in electrical conductivity/resistivity across

the structured CNT network, (for example across, one or more electrode pairs). The

changes in conductivity/resistivity may be on account of changes in the structured CNT

network structure (for example, due to damage to object 310) or on account of a



piezoresistive response of the structured CNT network structure (for example, due to

propagation of a mechanical wave, a change of shape of the object 310, or structural

damage to the object 310). In some embodiments, the detection system is configured

and/or programmed to detect a phase change of a substance (for example, ice) on a

surface of the object based on changes in surface conductivity or resistance.

In exemplary embodiments the physical property or characteristic of the object

310 may be related to the structural health of the object 310. Thus, for example, damage

to the object 310 may be detected based on a detected change in conductivity/resistivity.

Using a plurality of electrode pairs, for example, the electrode grid described above,

spatial data for the damage may also be determined, for example relating to one or more

of location, size, shape and distribution of the damage.

In other exemplary embodiments, the physical property or characteristic of the

object may be related to the shape of the object 310. Thus, for example, a change to the

shape of the object 310 may be detected based on a detected change in

conductivity/resistivity. More particularly, a change in shape of the object 310 can

cause a piezoresistive response which results in the change in conductivity/resistivity.

This may be particularly useful for applications where the shape of the object 310 is

configurable. In particular, the detection system 340 may provide useful feedback, to

facilitate configuring the shape of the object 310.

In exemplary embodiments, changes in electrical conductivity/resistivity of the

structured CNT network may also be used to detect and monitor, for example, based on

a piezoresistive response, the propagation of a mechanical wave, for example an

acoustic wave, through/across the object 310. Thus, the detection system 340 may be

configured to detect an impact to the object 310 based on detection of a mechanical

wave produced by the impact. Using a plurality of electrode pairs, spatial data for the



impact may also be determined, for example relating to one or more of location, size,

shape and distribution of the impact. In other embodiments, a mechanical wave may be

generated and monitored in order to detect damage to the object 310, based on the

propagation pattern of the wave. In exemplary embodiments the detection system 340

may include a plurality of acoustic sensors, coupled, at various points, to the structured

CNT network. The plurality of acoustic sensors may be used to detect a propagating

acoustic signal and determine its origin based on sensor timing. In exemplary

embodiments, an acoustic wave may also be monitored using the structured CNT

network as an acoustic-electric transducer. The electrical signal equivalent of the wave

signal may advantageously be isolated in the frequency domain. An array of detectors

may be used to track the spatial propagation of the signal. Acoustic wave applications

are addressed in greater detail in sections which follow.

In exemplary embodiments, the electrode arrays 320A and 320B may be

advantageously formed using a direct-write (DW) technique with a conductive material,

for example, silver, onto a surface of the object 310. Figs. 4 and 5 illustrate example of

DW traces. More particularly, Fig. 4 depicts exemplary DW traces produced using a

plasma flame spray (see US Patent No. 5,278,442) where copper or ceramic materials

are electrically liquefied to be placed on the structure. Fig. 5 depicts exemplary DW

traces produced using jetted atomized deposition (See US Patent No. 7,270,844) where

silver or UV-curable epoxy are placed on a structure like an ink-jet printer and

subsequently hardened. These references are incorporated herein to the extent they are

not inconsistent with the present disclosure. DW technology advantageously enables a

high level of electro-mechanical integration and facilitates coupling electrodes to a

structured CNT network, particularly, where interconnection problems would otherwise

exist (for example, in the absence of a free edge).



Modifications to DW techniques are also possible. For example, a silk-screening

process may be improved to reduce trace resistance variability and improve

measurement accuracy. In some embodiments, a chemical etched template may be used

to apply a trace pattern with better precision. In other embodiments, the number of

traces (or electrodes) may be increased in order to increase spacial resolution (for

example 32 horizontal (electrode rows) and 8 vertical (electrode columns). In

exemplary embodiments, double-sided copper-coated-KAPTON (with coverlay) flexible

circuit may be used to make connections with the DW traces (as apposed to soldered

wire connections). The flexible circuit may be bonded first to the object and then the

DW traces applied, including overwriting of the flexible circuit (which may,

advantageously, include alignment marks). In exemplary embodiments, a urethane

coating may be applied to prevent oxidation. In some embodiments, the flexible circuit

may be configured in the shape of a rectangular frame, for example, with flaps on all 4

inside edges including exposed pads for the DW process. The object can fit inside the

frame window with the top and bottom flap overlapping onto the front of the FFRP, and

the left and right flap overlapping on the back of the FFRP. Traces can then be routed

along the edges of the frame to an 80 pin ZIF connector located on a bottom tab for

hardware connection. Fig. 6 depicts an exemplary flexible frame, according to the

present disclosure. The exemplary flexible frame may provide enhanced electrical

continuity (greater reliability, durability and consistency) between traces and a detection

or control system, specifically because it can mitigate contract resistance issues.

As described herein a printed circuit board (PCB) may be configured to couple,

e.g., with the flexible frame of Fig. 6 . The PCB may advantageously include

multiplexing switches, e.g., for multiplexing a plurality of channels (trace electrode

pairs). The PCB may further be configured to couple with data acquisition hardware, a



processor or computing environment. In exemplary embodiments, data may also be

collected by hand, for example using a multimeter that can connect to the PCB as well.

The data may then be transferred, for example to a processor or other computing

environment for further processing. In other embodiments hardware, firmware and/or

software may be implemented to automate the testing process (for example, automate

selection and cycling of channels and/or data acquisition). In exemplary embodiments,

automating hardware may connect directly to the flexible frame, for example, via a

mating surface mount technology (SMT) header connector, and to a PC, for example,

via a RS-232 connection. Dual multiplexer banks may be implemented to select an

appropriate trace pair for measurement. A constant current may then be applied through

the trace pair and voltage (for example, 16-bit voltage) measured.

Conductivity/resistivity may then be derived (note that resistance is directly related to

voltage over current). The forgoing technique allows fast measurement of traces. In

tests conducted a total of 1140 measurements (including data from both ends of traces to

eliminate constant offsets) were collected. Depending on settling time, test time may be

as fast as 1 second for all measurements.

Validation tests for conductivity/resistivity measurement were performed using

the embodiment depicted in Fig. 6 . Each of three objects (specimens 1-3) were

impacted at 15, 30 and 45 ft-lbs, with resistance data collected between each trial.

Overall, the results from the refined setup served the intended purpose of validating this

technique and demonstrating that the structured CNT network provides an excellent

indication of barely visible impact damage (BVID). Furthermore, as can be seen in

Fig. 7, the overwhelming outcome was that with each progressive impact level

additional breakage of CNT links caused a nearly linear increase in peak percentage

change of resistance value.



As evidenced in Fig. 7, for in-plane resistance, the first (15 ft-lb) impact caused

barely perceivable, but repeatable changes of -10-20% in the impact region. The second

(30 ft-lb) impact caused -20-30% resistance change, and the final impact (45 ft-lb) -40-

60% change. In-plane results also appeared to be more localized to the actual impacted

region, with clearly distinguishable damage patterns radiating from the impact center.

Once locked into place, the impact location for progressive impacts on the same

specimen was always in the same location, however, due to some play in the guiding

system for the dropped weight the impact location specimen-to-specimen was not

always in the same location. This effect can be seen most dramatically by comparing

the second object (specimen 2), which had the best central alignment, with the third

object (specimen 3), which was impacted towards the bottom edge. The specimen-to-

specimen variability in measured damage was also likely influenced by the actual impact

point, as a central impact would be more uniformly distributed in the specimen and

cause less edge crushing.

For through-thickness results, the initial impact again caused small changes of

-2-4%, with the second impact causing -4-8% changes and the final impact registering

-8-10% changes. In this case, the pattern of the results appeared to be much less

sensitive to impact location, likely because these were narrow specimens, however, the

damage severity measured did seem dependant on the impact point. No visible damage

was present in any of these cases, however testing on witness specimens indicated that

the specimens would completely fracture between 50-60 ft-lbs.

Acoustic Wave Detection:

In exemplary embodiments, a structured CNT network may be used to detect

acoustic wave propagation in an object. In particular, a detection system including a



plurality of microphones, accelerometers, or other acoustic sensors coupled at various

points to the structured CNT network may be used to detect or "listen" for waves, e.g.,

high frequency stress waves (e.g., 30-300 kHz) reverberating in the structure, for

example, radiating from an impact point. Using the time synchronized results from

multiple sensors the generation point of the waves may be triangulated, for example in

order to determine the impact point.

As noted above, acoustic wave detection may also be used as a possible solution

for structured CNT network-based structural health monitoring, for example by

exploiting the piezoresistive property of the CNTs. Essentially, as CNT fibers are

strained by a stress wave, such as an acoustic wave, resistively dynamically

proportionally to stress. Therefore, the response of a structured CNT-engineered

material to an impact event can be captured through detection of a plurality of local CNT

piezoresistive responses captured over a plurality of electrode pairs. It is noted that it

may be advantageous to use a higher frequency acquisition system. The plurality of

local CNT responses enables full-field visualization of the waves as they propagate from

the point source. This may allow easy detection and locating of damage. In addition,

since this technique uses high frequency data (e.g., >30 kHz), it can be much less

susceptible to static, structural dynamic operating or acoustic loads, the effects of which

can be filtered out in the frequency domain.

A preliminarily proof of concept experiment was conducted successfully to

demonstrate the feasibility of this approach. Using a the small undamaged electroded

FFRC specimen, a constant current source and an oscilloscope were connected to pairs

of electrodes on either extreme of the specimen, in order to monitor the dynamic voltage

response on the same time scale. Subsequently a pencil tip was broken in several places

along the length of the specimen which would trigger the oscilloscope to capture data by



the slight jump in voltage. By comparing the relative arrival times of the voltage peaks

measured from either end of the specimen, the location of the pencil break could be

easily determined.

Guided-Wave Detection

Relying on the piezoresistive property of the structured CNT network, Guided-

Wave (GW) detection approaches may also be used. For example, a surface-bonded

piezoelectric actuator may be used for high frequency GW excitation of an object. The

response of the structured CNT network may then be captured (again advantageously

using a higher frequency acquisition system). This approach may enable full-field

visualization of a GW scatter field as it propagates.

Thermographic Techniques and De-Icing

As noted above, an object at least a portion of which is formed from or includes a

structured CNT- engineered material including a structured CNT network may be

coupled with a control system for providing power (voltage and/or current) to the

structured CNT network so as to generate heat. Indeed, due to the nature of the CNTs

having a reasonably low electrical resistance and high thermal conductivity, if a small

voltage (such as 1-10 V) is applied across the structured CNT network (for example,

across any electrode pair) the structured CNT- engineered material can isothermally

raise its temperature relevantly quickly (for example, in seconds).

There are multiple advantages to the generating heart. Since structural non-

uniformity can disrupt both the electrical and thermal flow in material, conventional

thermographic imaging techniques may be applied, for example, to detect damage to the

object. The structured CNT network fibers significantly enhances thermography by



providing a fast internal heating source. For example, as seen in Fig. 8, a 2 V supply

was placed across various electrode pairs on a previously impacted specimen and a

thermal imaging camera was used to capture the response. As depicted, when the

electrode pair away from the damage was utilized, no non-uniformities were observed

beyond local heating near the electrodes. Subsequently, when the probes were placed at

the extremes of the specimen, the impact damaged region became readily visible.

In other embodiments, generated heat may be used to heat the object or maintain

the object at or above a selected temperature. In some embodiments, the object may be

heated so as to heat a substance by proxy (for example, to induce a phase transition

thereof) or maintain a substance at or above a selected temperature (for example to

prevent a phase transition thereof). The substance may be external to a system, for

example ice buildup, or internal to the system, for example fuel, coolant, etc). This may

be particularly important to de-iceing, for example wherein the control system is

configured and/or programmed to heat the object so as to de-ice the object, or wherein

the control system is configured and/or programmed to maintain the object at or above a

selected temperature to prevent icing. In exemplary embodiments, a detection system

may be included for providing temperature feedback for either the object or its

surroundings. The control system may be configured and/programmed to adjust the

power (current and/or voltage) based on the temperature feedback. In exemplary

embodiments, the temperature feedback may include a temperature rate of change, for

example, a heating rate of change or cooling rate of change (such as after heating), for

the object or for a substance heated by proxy thereof. In some embodiments, the

detection system may be configured and/or programmed to determine, based on the

temperature rate of change, a property or characteristic (for example, presence, amount,

temperature, constitution/classification, or the like) of a substance heated by the object.



For example, the detection system may be configured and/or programmed to determine

presence (or absence) of a substance, for example ice, on in or otherwise thermally

coupled to the object based on, for example a temperature change rate for the object

being less than a predetermined value. The detection may further be configured to

determine an amount, for example a thickness, mass, volume, or the like, of the

substance based on, for example the temperature change rate for the object. In some

embodiments, changes in a temperature change rate may be indicative of changes in an

amount of a substance. In other embodiments a temperature rate of change may be

correlated, for example, directly or indirectly, to the amount of a substance. In some

embodiments, a starting temperature may be considered in conjunction with a

temperature rate of change when determining the amount of a substance. Further

exemplary embodiments for using temperature rate of change and experimental results

are presented below.

Thermodynamic modeling may be used to demonstrate a correlation between

temperature rate of change and substance amount. Consider, for example, a body

comprised of ndiscrete materials immersed in a fluid of temperature To. The body is

heated by volumetric heating and cooled by convective heat transfer. Placing a control

volume around the system, the energy flow is given by the first law of thermodynamics

( )+
n
(t) =E t)+E (t)

(1)

where t is time, ' is the rate of energy entering the control volume, gen

E (t)the rate of energy generated within the control volume, t is the rate of energy

E (t)stored within the control volume, and out is rate of energy leaving the control

volume. Let us assume that no energy is entering the control volume except through

volumetric heating:



E
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= E
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{t) =\Q{%t)dV
(2)

where Q is the volumetric heating rate and x is the position. If no phase

transitions occur within the control volume, the rate of energy stored is:

where p is the mass density, and c is the specific heat per unit mass, and T is

temperature. The rate of energy leaving the control volume is given by:

E
t

t ) =jq{x,t)- n{x)dA
(4)

where q is the heat flux vector, and n is the outward normal vector. If heat is lost

only through convection, the normal heat flux is given by:

q{x,t)- {x ) =h{x)[T{x,t)-T ]

where h is the convection coefficient. The system is initially at thermal

equilibrium with ambient conditions. At time zero, a constant electrical power P is

applied to the body to heat it. Thus the rate of energy generated within the control

volume equals the input electrical power:

gen
{t) =P 6

Let us assume that the n discrete materials are infinitely conducting, and

therefore the temperature of the body is independent of position.

T{x,t) =T{t) (7)

Also, let us assume that that the convection coefficient, density, and specific heat

are dependent only on the material number. With these assumptions, the rate of stored

and output energy terms, Equations 3 and 4, are given by:



Where i subscript indicates the parameter is for the i material. Materials

internal to the body have a convection coefficient of zero since integration in Equation 4

is performed over the control area. It should be noted that the mass of material i is given

by:

Solving Equation 1 for temperature, and using Equation 6 - 9 :

T{t) =T +p(l-e-' )/ ∑ hiAi
I =i (10)

where the exponential decay constant λ is given

It should be noted that the derivative of the temperature at time equals zero

given by:

Note that Equation 12 is independent of the convection coefficient. Thus two

samples with different convection boundary conditions will have the same initial slope,

assuming the same power is applied. Consider two bodies starting at temperature To.

and heated with power P. The first body has nmaterials, and the second body has one

additional material. The ratio of the initial slope is given by:



Since the specific heat and mass are greater than zero for all materials, the ratio

in Equation 13 is greater than one. Thus the slope (temperature rate of change)

decreases as an additional substance or material (such as ice or water) is added to the

body. This correlation may be used to determine if and in what amount a substance or

material has been added to a system.

To illustrate detection of ice using the above principles, temperature as a function

of time over the first thirty seconds for heating specimens of different ice thickness (no

ice, 1, 2, and 3 mm) and starting temperature (-5, -10 and -15 °C), is plotted in Fig. 9 .

For the first approximately twenty seconds of data, the temperature change rate appears

nearly linear. The first twenty points of the temperature data was fitted to a line. The

slope of this line (i.e. the temperature rate of change) is plotted as a function of ice

thickness in Fig. 10. As can be seen in Fig. 10, as the ice thickness increases the

temperature rate of change decreases, regardless of starting temperature (this was

predicted by Equation 13). For all samples with no ice, the temperature rate of change is

above 0.5 °C / sec, which is indicated by the dashed horizontal line. Temperature rate of

change is also shown to be dependent on starting temperature which is not predicated in

Equation 13. Possible reasons include that the specific heat or convection coefficient is

temperature dependent, or that there is a thermal lag in the system which is not

accounted for in the equations.

Based one the above results, a simple ice detection technique may be

implemented. A constant or near constant power (for example, 10 W) may be supplied

to a structured CNT network of an object and temperature rate of change is calculated



(for example, based on temperature as a function time over the first fifteen seconds). In

some embodiments, it may be beneficial to discard data where temperature rate of

change is less than 0.15 °C and use only the remaining data in calculating temperature

rate of change. Ice is then detected if the temperature change rate is less than 0.5 °C/sec.

Exemplary implementation of the above ice detection technique is illustrated in Figs. 11

and 12. Fig. 11 depicts an implementation where ice was detected. Fig. 12 depicts an

implementation where no ice was detected.

De-icing tests were performed measuring temperature as a function of time

during the de-icing of specimens of varying ice thicknesses (water depth) and starting

temperature (see Table 1 for specific parameters):

Table 1: De-icing test matrix

The results of the deicing tests are depicted in Fig. 13. As can be seen in Fig. 13,

as ice thickness increases the temperature change rate at a given temperature decreases.

Also of interest in Fig. 13 is de-icing time which may be defined, for example, as the

amount time it takes the object to reach the melting point of a substance (0 °C for ice) or,

alternatively, the amount time it takes the object reach a selected temperature above the

melting point (for example, 5 °C). As depicted in Fig. 13, de-icing time increased as a

function of thickness and decreased as a function starting temperature.



In exemplary embodiments, power required to prevent a substance (for example

water), on, in or otherwise thermally coupled to an object, from freezing or re-refreezing

may be determined. In particular, various levels of power may be applied to a structured

CNT network of an object to determine or maintain corresponding steady state

temperatures for that object (note that steady state temperature is not affected by the

presence or absence of ice). Fig. 14, depicts steady state temperature as a function of

power and power as a function of applied voltage for an exemplary object. Data was

collected over a 30 minute period for each power level. As can be seen in Fig. 14, both

the temperature versus power and power versus applied voltage appear nearly linear.

As depicted in Fig. 14, the steady state temperature of 0 °C corresponded to

approximately 1.81 W of power for the exemplary object. Anti-icing was tested using 2

W of power (steady state value of approximately 3 °C). Two types of tests were

performed to investigate anti-icing performance; the first was anti-icing starting at 5 °C

following cool down from room temperature, and the second was anti-icing starting at 5

°C following warm-up (de-icing) from -5 °C). The results of the tests are depicted in

Fig. 15. In each case the predicted steady state temperature was achieved.

Additional Applications.

In exemplary embodiments, an object at least a portion of which is formed from

or includes a structured CNT-engineered material having a structured CNT network

may be used/configured as an antenna, for example, for receiving, transmitting,

absorbing or dissipating electromagnetic radiation, acoustic radiation or electrical

discharge. Advantageously, the structured CNT network may be selectively structured

so as to optimize the structure, conductivity or other characteristic or property of the

antenna for a given application or purpose. In exemplary embodiments, the



electromagnetic radiation may be a radio signal or radar signal, for example, wherein the

structured CNT network is selectively patterned for radio detection/transmission and/or

radar detection/dispersion. In other exemplary embodiments, the acoustic radiation may

from sound propagation, such as sonar, for example, wherein the structured CNT

network is selectively patterned for sonar detection. In yet other exemplary

embodiments the electrical discharge or energy transfer may be a high power discharge,

such as lightning, for example, wherein the structured CNT network is selectively

patterned for lightning dissipation.

In some embodiments an object at least a portion of which is formed from or

includes a structured CNT-engineered material having or includes a structured CNT

network may be used/configured as a conduit for conveying thermal or electrical energy,

for example between a plurality of components coupled to the object. In exemplary

embodiments, the coupled CNT network may be configured to provide power transfer

from one component (for example, from a solar power source) to another component. In

other exemplary embodiments, the coupled CNT network may be configured provide a

communication pathway between components. In exemplary embodiments, based on

the high thermal conductivity of the structured CNT network, the object may be used as

a heat sink or radiator panel. In other embodiments the object may be used as a heat

shield or other thermal protecting device.

Machine Embodiments:

It is contemplated that detection and control systems presented may be

implemented, in part, e.g., via one or more programmable processing units having

associated therewith executable instructions held on one or more non-transitory

computer readable medium, RAM, ROM, harddrive, and/or hardware. In exemplary

embodiments, the hardware, firmware and/or executable code may be provided, e.g., as



upgrade module(s) for use in conjunction with existing infrastructure (e.g., existing

devices/processing units). Hardware may, e.g., include components and/or logic

circuitry for executing the embodiments taught herein as a computing process.

Displays and/or other feedback means may also be included to convey

detected/processed data. Thus, in exemplary embodiments, structural health

information, shape information, acoustic wave propagation, thermal information, etc.

may be displayed, e.g., on a monitor. The display and/or other feedback means may be

stand-alone or may be included as one or more components/modules of the processing

unit(s). In exemplary embodiments, the display and/or other feedback means may be

used to visualize structural damage to an object.

The software code or control hardware which may be used to implement some of

the present embodiments is not intended to limit the scope of such embodiments. For

example, certain aspects of the embodiments described herein may be implemented in

code using any suitable programming language type such as, for example, C or C++

using, for example, conventional or object-oriented programming techniques. Such code

is stored or held on any type of suitable non-transitory computer-readable medium or

media such as, for example, a magnetic or optical storage medium.

As used herein, a "processor," "processing unit," "computer" or "computer

system" may be, for example, a wireless or wireline variety of a microcomputer,

minicomputer, server, mainframe, laptop, personal data assistant (PDA), wireless e-mail

device (e.g., "BlackBerry" trade-designated devices), cellular phone, pager, processor,

fax machine, scanner, or any other programmable device configured to transmit and

receive data over a network. Computer systems disclosed herein may include memory

for storing certain software applications used in obtaining, processing and

communicating data. It can be appreciated that such memory may be internal or external



to the disclosed embodiments. The memory may also include non-transitory storage

medium for storing software, including a hard disk, an optical disk, floppy disk, ROM

(read only memory), RAM (random access memory), PROM (programmable ROM),

EEPROM (electrically erasable PROM), etc.

Referring now to Fig. 9, an exemplary computing environment suitable for

practicing exemplary embodiments is depicted. The environment may include a

computing device 102 which includes one or more non-transitory media for storing one

or more computer-executable instructions or code for implementing exemplary

embodiments. For example, memory 106 included in the computing device 102 may

store computer-executable instructions or software, e.g. instructions for implementing

and processing an application 120. For example, execution of application 120 by

processor 104 may facilitate detection of electrical conductivity across a structured CNT

network.

The computing device 102 also includes processor 104, and, one or more

processor(s) 104' for executing software stored in the memory 106, and other programs

for controlling system hardware. Processor 104 and processor(s) 104' each can be a

single core processor or multiple core (105 and 105') processor. Virtualization can be

employed in computing device 102 so that infrastructure and resources in the computing

device can be shared dynamically. Virtualized processors may also be used with

application 120 and other software in storage 108. A virtual machine 103 can be

provided to handle a process running on multiple processors so that the process appears

to be using only one computing resource rather than multiple. Multiple virtual machines

can also be used with one processor. Other computing resources, such as field-

programmable gate arrays (FPGA), application specific integrated circuit (ASIC), digital

signal processor (DSP), Graphics Processing Unit (GPU), and general-purpose processor



(GPP), may also be used for executing code and/or software. A hardware accelerator

119, such as implemented in an ASIC, FPGA, or the like, can additionally be used to

speed up the general processing rate of the computing device 102.

The memory 106 may comprise a computer system memory or random access

memory, such as DRAM, SRAM, EDO RAM, etc. The memory 106 may comprise

other types of memory as well, or combinations thereof. A user may interact with the

computing device 102 through a visual display device 114, such as a computer monitor,

which may display one or more user interfaces 115. The visual display device 114 may

also display other aspects or elements of exemplary embodiments (for example,

thermographic images of an object. The computing device 102 may include other I/O

devices such a keyboard or a multi-point touch interface 110 and a pointing device 112,

for example a mouse, for receiving input from a user. The keyboard 110 and the

pointing device 112 may be connected to the visual display device 114. The computing

device 102 may include other suitable conventional I/O peripherals. The computing

device 102 may further comprise a storage device 108, such as a hard-drive, CD-ROM,

or other storage medium for storing an operating system 116 and other programs, e.g.,

application 120 characterized by computer executable instructions for implementing the

detection and control systems described herein.

The computing device 102 may include a network interface 118 to interface to a

Local Area Network (LAN), Wide Area Network (WAN) or the Internet through a

variety of connections including, but not limited to, standard telephone lines, LAN or

WAN links (e.g., 802.11, Tl, T3, 56kb, X.25), broadband connections (e.g., ISDN,

Frame Relay, ATM), wireless connections, controller area network (CAN), or some

combination of any or all of the above. The network interface 118 may comprise a built-

in network adapter, network interface card, PCMCIA network card, card bus network



adapter, wireless network adapter, USB network adapter, modem or any other device

suitable for interfacing the computing device 102 to any type of network capable of

communication and performing the operations described herein. Moreover, the

computing device 102 may be any computer system such as a workstation, desktop

computer, server, laptop, handheld computer or other form of computing or

telecommunications device that is capable of communication and that has sufficient

processor power and memory capacity to perform the operations described herein.

The computing device 102 can be running any operating system such as any of

the versions of the Microsoft® Windows® operating systems, the different releases of

the Unix and Linux operating systems, any version of the MacOS® for Macintosh

computers, any embedded operating system, any real-time operating system, any open

source operating system, any proprietary operating system, any operating systems for

mobile computing devices, or any other operating system capable of running on the

computing device and performing the operations described herein. The operating

system may be running in native mode or emulated mode.

Fig. 10 illustrates an exemplary network environment 150 suitable for a

distributed implementation of exemplary embodiments. The network environment 150

may include one or more servers 152 and 154 coupled to clients 156 and 158 via a

communication network 160. In one implementation, the servers 152 and 154 and/or the

clients 156 and/or 158 may be implemented via the computing device 102. The network

interface 118 of the computing device 102 enables the servers 152 and 154 to

communicate with the clients 156 and 158 through the communication network 160.

The communication network 160 may include Internet, intranet, LAN (Local Area

Network), WAN (Wide Area Network), MAN (Metropolitan Area Network), wireless

network (e.g., using IEEE 802.1 1 or Bluetooth), etc. In addition the network may use



middleware, such as CORBA (Common Object Request Broker Architecture) or DCOM

(Distributed Component Object Model) to allow a computing device on the network 160

to communicate directly with another computing device that is connected to the network

160.

In the network environment 160, the servers 152 and 154 may provide the clients

156 and 158 with software components or products under a particular condition, such as

a license agreement. The software components or products may include one or more

components of the application 120. For example, the client 156 may detect electrical

conductivity data which is subsequently communicated over the server 152 for

processing.

Although the teachings herein have been described with reference to exemplary

embodiments and implementations thereof, the disclosed systems are not limited to such

exemplary embodiments/implementations. Rather, as will be readily apparent to persons

skilled in the art from the description taught herein, the disclosed systems are susceptible

to modifications, alterations and enhancements without departing from the spirit or

scope hereof. Accordingly, all such modifications, alterations and enhancements within

the scope hereof are encompassed herein.



CLAIMS:

What is claimed:

1. A system comprising:

an object having a portion formed from a structured carbon nanotube

(CNT) engineered material having a structured CNT network; and

a control system operationally coupled to the structured CNT network

and configurable or programmable to drive the structured CNT network with

electrical energy to maintain or change a temperature of the object.

2 . The system of claim 1, wherein the control system drives the structured CNT

network with electrical energy to generate heat to increase or maintain a

temperature of a substance associated with the object at or above a selected

temperature

3 . The system of claim 1, wherein the control system drives the structured CNT

network with electrical energy to increase the temperature of the object so as to

de-ice at least a portion of the object or prevent icing on a portion of the object.

4 . The system of claim 1, wherein the control system increases the temperature of

at least a portion of the object to prevent icing thereof.

5 . The system of claim 1, wherein the control system increases the temperature of

at least a portion of the object to melt a frozen fluid in the system or prevent a

fluid in the system from freezing.

6 . The system of claim 1 further comprising, a thermographic imaging system for

thermographically imaging of a portion of the object based on a temperature of

the object



7 . The system of claim 6, wherein the thermographic imaging system is configured

to detect a property or characteristic of the object related to structural health of

the object.

8. The system of claim 1, further comprising a detection system for providing

temperature feedback for at least one of the object and its surroundings.

9 . The system of claim 8, wherein the control system adjusts the electrical energy

based on the temperature feedback.

10. The system of claim 8, wherein the temperature feedback indicates a temperature

rate of change for at least a portion of the object or for a substance heated by the

object.

11. The system of claim 10, wherein the detection system determines a property or

characteristic of the substance heated by the object based on the temperature rate

of change.

12. The system of claim 10, wherein the detection system determines an amount of

ice on at least a portion of the object based on the temperature rate of change.

13. A system comprising:

an object having a portion formed from a structured carbon nanotube

(CNT) engineered material having a structured CNT network; and

a configurable or programmable detection system operationally coupled

to the CNT network to detect a change in a physical property or characteristic of

the object.

14. The system of claim 11, wherein detection of the change in the physical property

or characteristic of the object includes detecting a change in electrical

conductivity or resistance across the CNT network.



15. The system of claim 12, wherein detection of the change in the physical property

or characteristic of the object further includes detecting a structural change to the

CNT network based on the change in electrical conductivity or resistance.

16. The system of claim 13,

wherein the physical property or characteristic is related to the structural health

of the object, and

wherein the structural change to the CNT network is on account of damage to the

object.

17. The system of claim 14,

wherein the physical property or characteristic is related to a shape of the object,

and

wherein the structural change to the CNT network is on account of a change in

the shape of the object.

18. The system of claim 15,

wherein the physical property or characteristic of the object is related to

propagation of an acoustic wave across the object, and

wherein a piezoresistive response is measured in response to the acoustic wave.

19. The system of claim 11, wherein the detection system detects an impact to the

object based on propagation of an acoustic wave across the object.

20. The system of claim 11, wherein detection of the change in the physical property

or characteristic of the object includes isolating a electronic signal by applying

one or more filters in the frequency domain.

21. The system of claim 11,

wherein the physical property or characteristic of the object is related to

propagation of an acoustic wave across the object, and



wherein the detection system detects the propagation of the acoustic wave.

The system of claim 1 , wherein the detection system detects an impact to the

object based on the propagation of the acoustic wave across the object.

The system of claim 11, wherein the physical property or characteristic includes

spatial data.

The system of claim 21, wherein the spatial data relates to one or more of

location, size, shape and distribution of the physical property of characteristic.

The system of claim 11, wherein the detection system is operationally coupled to

the CNT network via one or more electrode arrays defining a plurality of

electrode pairs across the CNT network.

26. The system of claim 23, wherein the plurality of electrode pairs defines a

detection grid across the CNT network.

27. The system of claim 23 further comprising one or more multiplexers for

combining measurements from a plurality of the electrode pairs.

28. The system of claim 11, wherein the physical property or characteristic of the

object is related to structural health of the object.

29. The system of claim 26, wherein the detection system determines at least one of

severity, location, size, shape and distribution of damage.

30. The system of claim 11, wherein the detection system detects an impact to the

object.

31. The system of claim 12, wherein the physical property or characteristic of the

object is related to a shape of the object.

32. The system of claim 29,

wherein the shape of the object is configurable, and

wherein the detection system provides feedback on the shape of the object.



33. The system of claim 12, wherein the detection system detects a phase change of a

substance on a surface of the object based on changes in surface conductivity or

resistance.

34. The system of claim 23, wherein data from each electrode pair corresponds to a

different region of the object.

35. The system of claim 23, wherein the one or more electrode arrays are formed as

traces using a direct-write technique.

36. The system of claim 23, wherein the one or more electrode arrays are formed

using externally applied contacts.

37. The system of claim 23, wherein the one or more electrode arrays are formed

using a flexible circuit.

38. The system of claim 23, wherein the one or more electrode arrays are formed

using a plurality of traces or layers.

39. The system of claim 36, wherein the traces are woven or braided.

40. A system comprising,

an object having a portion formed from a structured carbon nanotube (CNT)

engineered material that includes a structured CNT network, wherein the CNT network

is comprises an antenna.

41. The system of claim 38, wherein the antenna is configured to at least one of

receive, transmit, absorb and dissipate an electromagnetic radiation.

42. The system of claim 39, wherein the CNT network is selectively patterned for at

least one of receiving, transmitting, absording and dissipating the

electromagnetic radiation.

43. The system of claim 38, wherein the CNT network is selectively patterned for

dissipating lightning.



44. A system comprising,

an object having at least a portion formed from a structured carbon nanotube

(CNT) engineered material that includes a structured CNT network, wherein the CNT

network is configured to function as a conductor for conveying thermal or electrical

energy to or from one or more components coupled to the object.

45. The system of claim 42, wherein the CNT network is configured to transfer

power to or from the one or more components.

46. The system of claim 42, wherein the CNT network is configured to convey

communications to or from one or more components.

47. The system of claim 42, wherein the object comprises, a heat sink or thermal

radiator panel or thermal shield or heat pipe.

48. The system of claim 1, wherein the CNT network is substantially non-random in

nature.

49. The system of claim 1, wherein a first plurality of CNTs in the CNT network are

structured with respect to a first substrate.

50. The system of claim 45, wherein the first plurality of CNTs in the CNT network

are substantially aligned with respect to the first substrate.

51. The system of claim 46, wherein the first plurality of CNTs are substantially

orthogonal to a surface of the first substrate.

52. The system of claim 47, wherein the first substrate is substantially cylindrical

and wherein the first plurality of fibers are substantially radially aligned with

respect to the first substrate.

53. The system of claim 45, wherein a second plurality of CNTs in the CNT network

are structured and substantially aligned with respect to a second substrate.



54. The system of claim 1, wherein a first plurality of CNTs in the CNT network are

substantially aligned relative to one another in a first direction.

55. The system of claim 50, wherein a second plurality of CNTs in the CNT network

are substantially aligned relative to one another in a second direction which is

different than the first direction.

56. The system of claim 1, wherein a first plurality of CNTs in the CNT network

interact with a second plurality of CNTs in the CNT network to provide a

contiguity between the first and second pluralities of CNTs.

57. The system of claim 1, wherein the structured CNT-engineered material is a

hybrid composite.

58. The system of claim 1, wherein the structured CNT-engineered material is a

fuzzy fiber reinforced hybrid composite.

59. The system of claim 1, wherein the CNT network is substantially uniform and

contiguous.

60. The system of claim 1, wherein the structured CNT-engineered material exhibits

electrical conductivity greater than 10 5 S / mm.

61. The system of claim 56, wherein the structured CNT-engineered material

exhibits electrical conductivity greater than 10 4 S / mm.

62. The system of claim 57, wherein the structured CNT-engineered material

exhibits electrical conductivity greater than 10 S/ mm.

63. The system of claim 1, wherein the structured CNT-engineered material is

substantially transversally isotropic with respect to electrical conductivity and

resistance.

64. The system of claim 59, wherein the structured CNT-engineered material is

substantially isotropic with respect to electrical conductivity and resistance.



65. The system of claim 1, wherein the structured CNT-engineered material is

substantially transversally isotropic with respect to acoustic propagation.

66. The system of claim 1, wherein the CNT network is formed by dispersion and

adhesion.

67. The system of claim 1, wherein CNT network is formed by in-situ growth.

68. The system of claim 1, wherein the CNT network is coupled to the host structure

via a separate surface layer material or substrate.

69. The system of claim 1, wherein the CNT-network forms at least a portion of a

surface layer of the object.

70. The system of claim 1, wherein the CNT network is coupled to the host structure

through a separate surface layer material and/or substrate.
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