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MULTIFUNCTIONAL ASSEMBLIES
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BACKGROUND

Monitoring, operating, and maintaining complex structures and systems
conventionally requires an array of separate, special purpose systems. For example, a
conventional airframe structure, to facilitate inspection may have a distribution of
sensors secured to a surface to provide feedback on the structure. To facilitate
communication, a plurality of separate antennae must be attached to or installed through
the surface of the airframe structure. Still further, to facilitate a de-icing function, a
plurality of electrical heating elements must be installed adjacent to the surface of the
airframe structure. Each of these separate systems and its constituent components then
requires separate installation onto or through the surface, separate power supplies,
separate wiring, separate controllers, etc. Due to the narrow focus of each system and
the plurality of redundant components, such arrangements result in wasted space, high
manufacturing/installation costs, limited functionality and performance, and excess

weight.

SUMMARY

Exemplary embodiments of multifunctional assemblies and methods of forming
and using the same are described herein and summarized below. These exemplary
embodiments are not intended to limit the scope of the claimed invention which may
encompass a variety of forms which differ from these summaries.

One embodiment taught herein is directed to a multifunctional assembly. The
multifunctional assembly includes a layered structure. The layered structure includes a
first resistive layer, a first conductive layer adjacent the first resistive layer, a first pair of
insulating layers including a first insulating layer disposed across the first resistive layer

and a second insulating layer disposed across the first conductive layer on a side
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opposing the first resistive layer. The multifunctional assembly also includes a first
plurality of electrical breakout points. The first conductive layer is configured to
distribute an electrical current across the resistive layer.

Another embodiment taught herein is directed to a method for manufacturing an
object incorporating a multifunctional assembly having a layered structure. The layered
structure includes a first resistive layer, a first conductive layer adjacent the first
resistive layer and a first pair of insulating layers. The first pair of insulating layers
include a first insulating layer disposed across the first resistive layer and a second
insulating layer disposed across the first conductive layer on a side opposing the first
resistive layer. The method includes flowing electrical current through the resistive
layer so as to generate heat. The method also includes using the generated heat to treat
or cure an integral component of the object.

Another embodiment taught herein is directed to an assembled object comprising
a multifunctional assembly having a layered structure. The layered structure includes a
first resistive layer, a first conductive layer adjacent the first resistive layer, and a first
pair of insulating layers including a first insulating layer disposed across the first
resistive layer and a second insulating layer disposed across the first conductive layer on
a side opposing the first resistive layer. The assembled object is formed in part by
flowing electrical current through the resistive layer so as to generate heat and using the
generated heat to treat or cure an integral component of the assembled object.

Another embodiment taught herein is directed to a system. The system includes
an object formed incorporating a multifunctional assembly having a layered structure.
The layered structure includes a first resistive layer, a first conductive layer adjacent the
first resistive layer, and a first pair of insulating layers. The first pair of insulating layers

include a first insulating layer disposed across the first resistive layer and a second
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insulating layer disposed across the first conductive layer on a side opposing the first
resistive layer. The system also includes a control system operationally coupled to the
resistive layer via the conductive layer and configurable or programmable to drive the
resistive layer with electrical energy to maintain or change a temperature of the object.

Another embodiment taught herein is directed to a system. The system includes
an object formed incorporating a multifunctional assembly having a layered structure.
The layered structure includes a first resistive layer, a first conductive layer adjacent the
first resistive layer, and a first pair of insulating layers. The first pair of insulating layers
includes a first insulating layer disposed across the first resistive layer and a second
insulating layer disposed across the first conductive layer on a side opposing the first
resistive layer. The system also includes a control system operationally couplable to the
resistive layer via the conductive layer and configurable or programmable to detect a
change in a physical property or characteristic of the object.

Another embodiment taught herein is directed to a multifunctional assembly.
The multifunctional assembly includes a resistive element. The multifunctional
assembly also includes a conductive element in electrical communication with the
resistive element. The conductive element defines at least one of a plurality of
multifunctional zones of the resistive element. The conductive element is configured to
direct a flow of electricity across at least one of the plurality of multifunctional zones of
the resistive element in a preselected manner.

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.



WO 2015/199785 PCT/US2015/024262

10

15

20

25

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 depicts an exploded view of an exemplary multifunctional assembly,
according to the present disclosure.

Figure 2 depicts a flow diagram of an exemplary process for manufacturing the
multifunctional assembly of Figure 1, according to the present disclosure.

Figure 3A depicts a resistive layer defining a plurality of modular sections
thereof, according to the present disclosure.

Figure 3B depicts a resistive layer defining a single unitary section, according to
the present disclosure.

Figure 4A depicts a conductive layer defining an electrode pair for a resistive
layer, according to the present disclosure.

Figure 4B depicts a conductive layers defining a grid of electrode pairs for a
resistive layer, according to the present disclosure.

Figure SA depicts an exploded schematic view of a first exemplary
multifunctional assembly, according to the present disclosure.

Figure 5B depicts a photograph of the first exemplary multifunctional assembly
of Figure 5A.

Figure 6A depicts an exploded schematic view of a second exemplary
multifunctional assembly, according to the present disclosure.

Figure 6B depicts a photograph of the second exemplary multifunctional
assembly of Figure 5A.

Figure 7A depicts an exploded schematic view of a third exemplary
multifunctional assembly, according to the present disclosure.

Figure 7B depicts photographs of the third exemplary multifunctional assembly

of Figure 5A.
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Figure 8 depicts an exemplary computing environment suitable for practicing
exemplary embodiments described herein.

Figure 9 depicts an exemplary network environment suitable for a distributed
implementation of exemplary embodiments described herein.

Figure 10 depicts another exemplary multifunctional assembly according to the

present disclosure.

DESCRIPTION OF EXEMPLARY EMBODIMENT(S)

As used herein, unless specified otherwise, structure refers to a physical makeup
of the way an object is assembled.

As used herein, structural and structural capability refer to elements and
properties, respectively, of a structure relating to the structure’s ability to withstand one
or more forces applied to the structure. Such forces can include, for example but not
limited to, tension forces , bending forces, torsion forces, compression forces, vibration
forces, aerodynamic forces, impact forces, or any other force applied to one or more
structures.

The subject application relates to novel apparatus, systems and methods which
enable multifunctional assemblies for application on or integration with one or more
objects. The multifunctional assemblies include multifunctional operational
characteristics that extend a primary operational characteristic of an object to include
one or more secondary characteristics. Primary and secondary characteristics, in
accordance with various embodiments, can include, for example, one or more of
defining a structural ability or capability of the object, structural health monitoring,
heating, curing, self-curing, de-icing, event notification feedback, structural integrity

feedback, usage feedback, shape feedback, configuration feedback, load capabilities,
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added stiffness, desired flexibility, and the like within the components and members
forming the primary operational characteristic. For example, the primary operational
characteristic of a wing or fuselage of an aircraft may be to provide sufficient lift for
flight while maintaining the structural ability to withstand forces associated with take
off, flight, and landing. Such wings and fuselages may be formed in accordance with a
layered stackup as taught herein to provide the primary operational characteristics and
further provide one or more secondary operational characteristics such as, for example,
any of the characteristics described above without the need for conventional sensors and
detectors secured to a surface of the object.

The disclosed apparatus, systems, and methods, in accordance with various
embodiments, enable assemblies to have multifunctional capabilities to provide
structural support for withstanding one or more forces, structural feedback, generating
heat, structural self-healing (e.g., using heat to re-form or re-cure damaged thermoplastic
or other heat-formable materials), antennae, additional structural properties (e.g.,
stiffness, strength), or any other suitable function in a single assembly applied to or
integrated with an object.

New and advantageous multifunctional assemblies with multifunctional
properties are disclosed herein. As used herein, the term “multifunctional assembly”
refers to an assembly which enables functions or operations or both that extend beyond
the primary function of the assembly, e.g., if the primary function is structural this refers
to the structural ability of an object to withstand one or more forces applied thereto. For
example, a single multifunctional assembly may advantageously enable structural
teedback for the assembly such as damage or impact detection, provide heat generation
such as for deicing or curing of various materials, or provide other functions or

operations. Thus, in general, a multifunctional assembly may incorporate a stacked
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layered construction including a resistive layer (also referred to herein as the “functional
layer””) which may enable one or more specific functions or operations that extend
beyond the structural ability of the assembly to withstand one or more forces.

In exemplary embodiments, the multifunctional assemblies disclosed herein may
enable structural feedback, for example, structural health feedback, for objects
manufactured from or otherwise incorporating the multifunctional assemblies. For
example, a multifunctional assembly disclosed herein may enable detecting and, in some
embodiments, characterizing structural damage or other structural changes to an object
manufactured from or otherwise incorporating the multifunctional assembly. In some
embodiments, characterization of the structural damage or other structural changes may
include determining spatial information, such as size, shape, position, orientation and the
like, for a damaged or otherwise deformed region of the object.

In other exemplary embodiments, the multifunctional assemblies disclosed
herein may enable generating heat. In some embodiments, heat generated from a
multifunctional assembly taught herein may be used to heat, for example, cure, the
multifunctional assembly itself or other materials associated therewith. Such heat
generation may be implemented as part of a manufacturing process for an object
manufactured from or otherwise incorporating a multifunctional assembly. Thus,
advantageously, the multifunctional assembly or associated object can cycle through a
curing process without the need for a curing oven or the like. In other embodiments,
heat generated from a multifunctional assembly may be used to heat an object
manufactured from or otherwise incorporating the multifunctional assembly. In some
embodiments, the heating of the object may be used to heat another material by proxy
(for example, to induce a state transition thereof) or maintain the other material at or

above a selected temperature (for example to prevent a state transition thereof).
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State, as used herein, refers to any state of matter such as, for example, solid,
amorphous solid, semi-crystalline solid, crystalline solid, glass, plastic crystal, transition
metal, liquid, liquid crystal, gas, plasma, or superfluid as well as, more generally, any
gel, colloid, or suspension.

State transition, as used herein, refers to any transition from a first state to a
second state including transition between states, including for example, melting,
freezing, vaporization, condensation, sublimation, deposition, ionization, deionization,
glass transition, softening (e.g., rubber softening), thermoplastic melting, cross-linking,
thermal decomposition, non-linear polymerization, precipitation, or swelling (e.g., as in
a gel).

In yet other exemplary embodiments, a multifunctional assembly disclosed
herein may be used to enable antenna functions/operations (such as receiving,
transmitting, absorbing or dissipating a signal) in an object manufactured from or
otherwise incorporating the multifunctional assembly. For example, a multifunctional
assembly may be selectively patterned to enable such antenna functions/operations, for
example, to enable a specific signal propagation in the object. In some embodiments, a
multifunctional assembly disclosed herein may be used to provide a conduit for thermal,
acoustic or electrical energy in an object manufactured from or otherwise incorporating
the multifunctional assembly.

It will be appreciated that multifunctional assemblies disclosed herein may
enable a plurality of different functions/operations that extend beyond the primary
functions and characteristics of the assembly. Thus, in some embodiments, a
multifunctional assembly may, for example, enable structural feedback and heat
generation in addition to providing structural support in an assembly that primarily

functions as a structural component of an object.
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With reference now to Figure 1, an exploded view of an exemplary
multifunctional assembly 100 is depicted. The multifunctional assembly 100
incorporates a stacked layered structure including a resistive layer 110, a conductive
layer 120 adjacently stacked relative to the resistive layer 110 and a pair of insulating
layers 130 stacked above and below the resistive and conductive layers 110 and 120. It
will be apparent in view of this disclosure that conductance and resistance are directly
inverse properties and that, therefore, the resistive layer 110 will be partially conductive
and that the conductive layer 120 will be partially resistive. As used herein, a “resistive”
layer 110 or material of the multifunctional assembly 100 exhibits relatively higher
resistance and relatively lower conductance than a “conductive” layer 120 or material of
the multifunctional assembly 100. For example and without limitation, in accordance
with various embodiments, the conductive layer 120 can exhibit a conductivity 1.01x,
2x, 10x, 100x, or 1000x greater than the conductivity of the resistive layer 110.
Similarly, as used herein, “insulating” layers 130 or materials can refer to completely
non-conductive layers/materials or can refer to layers/materials that exhibit greater
resistance than the resistive layer 110. Likewise, conductivity and resistivity as used
herein may refer to electrical propagation properties, thermal propagation properties,
acoustical propagation properties or any combination thereof.

The multifunctional assembly 100 may also generally include a set of breakout
points 140 for bridging (e.g., electrically, thermally, or acoustically bridging) the
conductive layer 120 (which can be, in accordance with various embodiments,
electrically, thermally, or acoustically conductive) to an exterior environment, €.g., by
traversing through one of the insulating layers 130.

As depicted in Figure 1, the resistive layer 110 is electrically resistive, the

conductive layer 120 is electrically conductive, the insulating layers 130 are electrically

10



WO 2015/199785 PCT/US2015/024262

10

15

20

25

insulating, and the breakout points 140 are configured for electrical bridging. However,
it will be apparent in view of this disclosure that any suitable combination of electrically,
acoustically, or thermally conductive, resistive, or insulating layers can be used in
accordance with various embodiments.

It will be apparent in view of this disclosure that, in accordance with various
embodiments, each of the resistive layer 110, conductive layer 120, or the insulating
layers 130 can comprise a single continuous layer or can comprise multiple
discontinuous elements. For example, the resistive layer 110 may define a single
continuous layer or a plurality of modular sections (resistive elements) as described in
further detail below with reference to Figures 3A and 3B.

As noted above, the resistive layer 110 may advantageously enable one or more
specific functionalities that extend beyond the structural characteristics of the assembly.
For example, the resistive layer 110 may advantageously enable structural feedback,
heat generation, signal propagation, heat sensing, viscosity (or other polymer state
change) sensing, and the like.

In exemplary embodiments, the resistive layer 110 may be characterized by a
resistivity in the range of 1-1000 ohm/sq and more preferably in the range of 5-500
ohm/sq. Examples of resistive layers which may be used include but are not limited to a
carbon nanotube (CNT) network (such as an isolated CNT network or a CNT network
deposited on a scrim, veil or other backing material), graphene, bucky paper, or other
carbon derived morphology, metal filled plastic, metal filled rubber sheet, and the like.
In exemplary embodiments, the CNT network may be constructed from a single ply
(single sheet) or from multiple plies (multiple sheets) of a same or different resistivity
which, for example, may be stitched or overlapped together to form a larger sheet. In

some embodiments, the CNT network may be structured (e.g., CNTs are aligned relative

11
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CNT network which may advantageously exhibit non-isotropic properties such as with
respect to electrical conductivity and resistance thermal conductivity or acoustic
propagation.

Exemplary materials which incorporate non-random CNT networks include
structured CNT-engineered material. 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/US2007/011913
(WO/2008/054541), U.S. Patent No. 8,337,979, and US Application No. 12/227,516
(US 2009/0311166). 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 also discussed in greater detail below.

In some embodiments, characteristics of the resistive layer 110, such as the size,
shape, position, configuration and resistivity, may be selected so as to selectively pattern
the multifunctional assembly 100 for a specific purpose. For example, resistive
layer 110 may be configured to enable concentrating heat with respect to specific
region(s) of the multifunctional assembly 100, propagating a signal in a particular
direction or manner, or the like. Use of CNTs as described above can be particularly
advantageous for heat generation functionality (e.g., self-curing or de-icing) because
some CNTs are highly selective to microwave frequencies and can therefore heat very

locally, providing greater process control as compared with conventional systems.

12
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As depicted, the resistive layer 110 may be adjacently stacked relative to and
operatively (for example, electrically, acoustically, thermally, etc.) associated with the
conductive layer 120. In some embodiments, the conductive layer 120 may act as an
electrical distributer, e.g., in order to direct a flow of electricity from the breakout
points 140 and through the resistive layer 110 in a preselected (deliberate, for example,
uniform) manner. In some embodiments, the conductive layer 120 may be used to break
the resistive layer 110 into various multifunctional zones, each providing the same or
different functionality. In yet further embodiments, the conductive layer 120 may be
define a plurality of electrode pairs across the resistive layer, €.g., in a grid. In some
embodiments, the multifunctional assembly 100 may include a first conductive layer
adjacently stacked on one side of the resistive layer (e.g., defining a set of set if drive
electrodes) and a second conductive layer adjacently stacked on the other side of the
resistive layer (e.g., defining a set of reference electrodes).

In exemplary embodiments, the conductive layer 120 may comprise, for
example, metal strips or metal meshes/foils (such as a lightning strike material). In other
embodiments, the conductive layer 120 may exhibit a carbon derived morphology (e.g.,
CNT, graphene, bucky paper, or the like). In yet other embodiments, the conductive
layer 120 may include a metal filled plastic or metal filled rubber sheet. In general, the
conductive layer 120 may exhibit at least one hundred times (100x) the conductivity of
the resistive layer 110 and, more preferably, at least one thousand times (1000x) the
conductivity of the resistive layer 110. It may also be important that the
resistive layer 110 and conductive layer 120 be chemically compatible, for example, so
as to prevent/mitigate corrosion there between. Thus, in some embodiments, materials
for the conductive layer 120 (and other conductive elements electrically coupled with

respect to the resistive layer 110 such as conductive elements associated with breakout
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points 140) may be selected based on chemical compatibility with the resistive layer
110, for example, based on proximity on the galvanic order (see, e.g., MIL-STD-889B).
Examples of compatible conductive layer materials for use with a CNT network based
resistive layer 110 include, for example, titanium, platinum, and the like. In exemplary
embodiments, a material for the conductive layer, for example a metal, may be plated or
otherwise treated to be chemically compatible with the resistive layer.

The insulating layers 130 may advantageously electrically insulate the resistive
and conductive layers 110 and 120 or any other element in the assembly from an exterior
environment. The insulating layers 130 may also advantageously protect the resistive
and conductive layers 110 and 120 from environmental conditions such as moisture,
dust, and the like. In exemplary embodiments, the insulating layers 130 may be a film
adhesive, a surfacing film, a glass filled epoxy prepreg sheet, a formable plastic sheet, a
ceramic, or the like.

Breakout points 140 are provided for extending connectivity from the conductive
layer 120 to an exterior environment. For example, breakout points 140 may include
conductive elements, positioned adjacent and operatively (for example, electrically,
acoustically, thermally, etc.) associated with the conductive layer 120. These conductive
elements may then bridge to an exterior environment, for example, via apertures in the
insulating layers 130. It may be preferable that conductive elements of the breakout
points 140 not be in direct electrical communication with the resistive layer 110 but
rather, be in indirect electrical communication with the resistive layer 110 via the
conductive layer 120. This may be important to facilitate distributing or receiving
electrical, acoustic or thermal energy over a larger surface area between breakout points
(e.g., distributing electrical current prior to the current flowing through the resistive

layer).

14
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In exemplary embodiments, breakout points 140 may include a contact layer
which may include for example, strips of metal, metal filled plastic or metal filled
rubber, metallic disk elements or the like. The contact layer may be imbedded in the
multifunctional assembly 100 stacked adjacent the conductive layer 120. Alternatively
the contact layer may be integrally formed with or as part of the conductive layer 120.
Typically, the contact layer may be thicker than the conductive layer 120, for example,
at least ten times (10x) or, more preferably, at least one hundred times (100x) the
thickness. Moreover, the contact layer may cover a smaller subset of the area covered
by the conductive layer 120. In general the contact layer may be operatively associated
with one or more contact elements. One example of a breakout point 140 includes a
threaded stud which has a metallic base (acting as a contact layer) and a pin that sticks
out which can be electrically connected, for example, via ring terminal. Another
example of a breakout point 140 includes an imbedded metal disk or block (serving as a
contact layer) associated with a countersunk screw.

As noted above, conductive elements of the breakout points 140 are typically
chemically compatible with the conductive layer 120 or resistive layer 110, e.g., so as to
prevent/mitigate corrosion between the breakout points 140 and the conductive layer 120
or the resistive layer 110. Thus, the conductive elements of the breakout points 140
generally utilize the same material(s) as the conductive layer 120 (for example, titanium,
platinum, and the like). In exemplary embodiments, a material for the breakout points,
for example a metal or electrically conductive composite, may be plated or otherwise
treated to be chemically compatible with the conductive layer or the resistive layer.

In some exemplary embodiments breakout points 140 may include contactless
coupling elements such as inductive charging/receiving elements; RFID LCR

(inductance, capacitance, resistance) circuitry or the like, so as to enable contactless
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coupling with the conductive layer. Advantageously, contactless coupling elements
may, in various embodiments, eliminate the need for forming apertures in the insulating
layer 130 to accommodate breakout points 140. Additionally, contactless coupling
elements may be advantageous, for example, for contactless measuring of changes in
resistivity in the resistive layer (such as for damage detection) or for contactless driving
of electrical energy through the resistive layer (such as for heat generation for curing,
de-icing or other applications). Figure 10, for example, illustrates an exemplary
multifunctional assembly 1000, which incorporates a stacked layered structure including
a resistive layer 110, a conductive layer 120 adjacently stacked relative to the resistive
layer 110 and a pair of insulating layers 130 stacked above and below the resistive and
conductive layers 110 and 120 and a set of electrical breakout points 140 which are
illustrated as contactless coupling elements (for example, RFID LCR circuitry) for
bridging the conductive layer 120 to an exterior environment.

It is noted that the specific layered structure of the exemplary multifunctional
assembly 100 depicted in Figure 1 is only intended to be illustrative and is not limiting.
Indeed, alternative embodiments may include a layered structure incorporating a
different combination of a stacked relationship of resistive, conductive and insulating
layers. For example, in some embodiments, a multifunctional assembly may include a
stacked plurality of resistive layers each resistive layer associated with one or more
adjacently stacked conductive layers and a plurality of breakout points. In such
embodiments, respective resistive layers (and associated conductive layers and breakout
points) may be separated and insulated from one another via one or more insulating
layers. (see, for example, the exemplary multifunctional assemblies 500, 600, and 700
of Figures 5-7). In some embodiments, breakout points may enable an electro-

mechanical via concept which enables “drilling down” to make electrical contact with
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one or more desired/selected functional layer. Thus, in example embodiments a first
functional layer may be optimized for deicing whereas a second functional layer
(insulated from the first layer) may be configured for damage detection purposes. In
some embodiments, breakout points may include via electrical connections between
internal layers, for example, between a plurality of resistive layers, for example, for
(internally) connecting the resistive layers in series or in parallel. In some embodiments,
no breakout points 140 are included in the multifunctional assembly and one or more
resistive layers can be configured to be selectively sensitive to radiation emitted by an
external radiation source (e.g., microwave or other electromagnetic radiation). The
selectively sensitive resistive layer(s) can, in accordance with various embodiments,
generate heat when exposed to the external radiation source. In this manner the
exemplary multifunctional assembly 100 can be directly heated by an external
environment.

In exemplary embodiments, a multifunctional assembly may include an
electrically conductive layer (CNT/graphene/bucky paper expanded metal foil or he like)
to serve as lightning strike protection. This electrically conductive layer may be
sandwiched by insulating layers and may be included as part of a stacked arrangement in
a larger multifunctional assembly, for example, as part of a multifunctional assembly
configured for de-icing. Advantageously, such a multifunctional assembly could be
installed as described herein during curing of a part or onto an already fabricated part.

In further exemplary embodiments, a multifunction assembly may include an
abrasion/erosion protection layer (Polytetrafluoroethylene (PTFE), for example) for
protection from environmental elements such as sand, water, wind heat, cold, etc.

It will further be appreciated by a person of ordinary skill in the art that a

multifunctional assembly may incorporate additional layers/materials (other than the

17



WO 2015/199785 PCT/US2015/024262

10

15

20

25

resistive, conductive and insulating layers descried herein). For example, additional
layers, such as metals, ceramics, and fiber (glass fiber, carbon fiber, basalt fiber, aramid
fiber or the like) reinforced layers may be used to add strength to the assembly. Binding
agents, such as adhesives or resins (polymer matrix), and various coatings (e.g., film
adhesives, liquid resins, thermoplastic sheets, surfacing films, fiberglass pre-pregs, and
the like) may also be incorporated. In some embodiments shape memory materials such
as shape memory alloys, piezoelectric actuators or sensors and the like may be included
as well. In general, the desired specifications for an object being manufactured from or
otherwise incorporating a multifunctional assembly may dictate the specific
requirements for the multifunctional assembly utilized. For example, a lightning strike
layer may be included as an outer layer on one or both sides of the stackup.

With reference to Figure 2, a flow diagram is depicted of an exemplary
process 200 for manufacturing a multifunctional assembly such as the multifunctional
assembly 100 of Figure 1. Process 200 may involve, at step 210, laying down a first
insulating layer as a base layer for the multifunctional assembly. In exemplary
embodiments, the first insulating layer may be configured, e.g., sized and shaped, based
on a desired configuration of the multifunctional assembly, e.g.. for forming or
incorporation thereof into a specific object (such as an airplane wing). For example, the
insulating layer may generally define a base of the object, a cross-section of the object or
even a cross-section of a functionalized section/portion of the object. In exemplary
embodiments laying down the first insulating layer may include a molding process,
printing process, or other process (e.g., printing, applied wet-layup, thermoforming,
compression or injection molding, automated fiber-placement, direct write and the like).
At step 220, a resistive layer is stacked relative to the base insulating layer. In some

embodiments, the resistive layer is stacked directly onto the first insulating layer which,
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in some embodiments can be an insulating or semi-insulating substrate. In other
embodiments, the resistive layer is stacked onto the first insulating layers with an
intermediate layer in between (for example an intermediate adhesive layer, buffer layer,
alignment layer or the like). In example embodiments, the resistive layer may include a
plurality of stitched or overlapped layers of a resistive material such as including a CNT
network (e.g., a structured CNT-engineered material including a non-random CNT
network) or any other carbon nanostructure network (e.g., a network including graphene,
carbon nanofibers (CNF), CNT, carbon black, carbon nanohorns, C60, or any other
suitable carbon nanostructure). In general, the resistive layer may cover one or more
discrete regions within the surface boundaries of the first insulating layer (e.g., without
overlapping the edges of the insulating layer. Thus, in some embodiments, the resistive
layer may define a plurality of modular sections thereof, for example a grid of modular
sections of substantially equal proportions and size (see, e.g., first insulating layer 130
and resistive layer 110 in Figure 3A). This may advantageously enable localizing
functions/operations or simultaneously performing different functions/operations
utilizing different sections. It will be apparent in view of this disclosure that, in
accordance with various embodiments, each modular section need not be of substantially
equal proportions and size and that features such as conductivity, size, material type, etc.
can be customized as appropriate for a particular functionality. It will be further
apparent in view of this disclosure that, in accordance with various embodiments, the
resistive layer 110 as shown in Figure 3A can be configured with each of the modular
sections in electrical communication with each of the other modular sections, each of the
modular sections electrically isolated from each of the other modular sections, some of
the modular sections in electrical communication with a portion of the modular sections

but electrically isolated from the other modular sections, any combination thereof, or
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any other suitable configuration. In other embodiments, the resistive layer may define a
single unitary section (see, e.g., first insulating layer 130 and resistive layer 110 in
Figure 3B).

In some embodiments, the resistive layer may cover substantially the entire
surface area defined by the insulating base layer with the exception of some spacing
relative to edge boundaries defined by the base insulating layer and any spacing between
modular sections of the resistive layer (should the resistive layer include modular
sections). In exemplary embodiments, the resistive layer may make complete use of the
area defined by the first insulating layer, for example, wherein the one or more sections
of the resistive layer cover substantially an entire area within the boundaries of the
insulating layer. Alternatively, the resistive layer may be selectively patterned to target
only selected regions within the boundaries of the insulating layer. In some
embodiments, characteristics of the resistive layer such as the size, shape, position,
configuration and resistivity may be selected based on predefined functionality
requirements for the multifunctional assembly. For example, the resistive layer may be
configured for concentrating heat with respect to specific region of the multifunctional
assembly (advantageously, e.g., to cure a thick part of a composite cure) or for
propagating a signal in a particular direction or manner.

Referring still to Figure 2, at step 230, a conductive layer is adjacently stacked
relative to the resistive layer. As noted above, in some embodiments, materials for the
conductive layer may be selected based on chemical compatibility with the resistive
layer for example, based on proximity on the galvanic order. In some embodiments the
conductive layer may be made of titanium. In exemplary embodiments the conductive
layer may be advantageously formed using a direct-write (DW) technique such as

plasma flame spray (see US Patent No. 5,278,442, where a conductive material is
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electrically liquefied to be placed on a structure) or jetted atomized deposition (See US
Patent No. 7,270,844, where a conductive material is 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 may facilitate
coupling the conductive material to the resistive layer, 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 spatial resolution.

As also noted above, one purpose of the conductive layer may be to
distribute/receive electrical, acoustic or thermal energy to/from the resistive layer. Thus,
in exemplary embodiments, the conductive layer may define, for each contiguous
section of the resistive layer, an electrode pair, for example, a pair of elongated
electrodes on opposite sides of the resistive layer section (see, e.g., first insulating layer
130, resistive layer 110 and conductive layer 120 of Figure 4A).

In further exemplary embodiments the conductive layer may define, for each
contiguous section of the resistive layer, one or more electrode arrays defining a
plurality of electrode pairs across different parts of the section. For example, the
electrode pairs may advantageously define a grid across a contiguous section resistive
layer (see, e.g., first insulating layer 130, resistive layer 110 and conductive layer 120 of
Figure 4B including a grid of drive electrodes and reference electrodes).

Advantageously, the electrode array(s) may be used to detect and characterize (e.g.,
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spatially locate) changes in conductivity/resistivity across the resistive layer. In
exemplary embodiments, the electrode pairs may be parallel (e.g., in different planes),
parallel in both orthogonal directions, parallel with several traces spaced evenly in one
direction, parallel with several traces spaced evenly in one direction on one layer and
then spaced in the orthogonal direction on a different layer or the like. In other
embodiments, the electrode pairs may include several traces along the perimeter to
create several virtual paths, or may be formed as a grid array similar to an LCD screen.

Referring again to Figure 2, at step 240, conductive elements for breakout points
such as an adjacently stacked or integrally formed contact layer may be introduced
(integral relative to the conductive layer). In some embodiments, breakout points may
be included for each individual electrode defined by the conductive layer. In other
embodiments, a plurality of the electrodes may be multiplexed requiring only a single
shared breakout point. As noted above, it may be preferable to avoid intersecting
conductive elements for the breakout points with the resistive layer. Exemplary
conductive elements for breakout points may include, e.g., metal strips, metal disks,
metallized vias and the like. In exemplary embodiments, a contact layer is substantially
thicker than the conductive layer (for example, at least ten times as thick).

It is noted that in some embodiments, steps 220 through 240 may be reversed
with a conductive layer and associated breakout points being stacked before (i.e.,
underneath) the resistive layer. In yet other embodiments, a conductive layer and
associated breakout points may be adjacently stacked relative to each side of the
resistance layer, for example, defining a first array of electrodes (e.g., drive electrodes)
on a first side of the resistance layer and a second array of electrodes (e.g. reference

electrodes) on a second side of the resistance layer.
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At step 250, a second insulating layer is added to the stack up and at step 260 the
layered structure of the multifunctional assembly is compressed, consolidated or
otherwise debulked, for example, using a press or vacuum or other source of pressure. It
is noted that in exemplary embodiments, the entire process, or parts thereof, may be
repeated to result in a multi-stacked approach. It is further reiterated that, in some
embodiments, the order of the layers may be reversed (for example, reversing steps 210
through 250). Thus, in some embodiments a first set of layers may be added to a stack
according to the order of steps 210 through 250 and a second set of layers may be added
to the stack in a mirror image by reversing steps 210 through 250. It is further reiterated
that, in some embodiments, it may be possible to add conductive layers and breakout
points above, below, or both above and below a resistive layer.

As noted above, a multifunctional assembly as disclosed herein may form or be
incorporated into an object such as a wing of an aircraft, a siding for a building, a casing
for a medical device, etc. In some embodiments, integration of the multifunctional
assembly as part of an object may include co-curing the multifunctional assembly with
the object. Co-curing the multifunctional assembly with the object may include, for
example (1) placing the multifunctional assembly onto a surface of a part of an uncured
object in a mold to be co-cured, (ii) placing the multifunctional assembly between sub-
surface layers of an uncured object in a mold to be co-cured, (iii) placing the
multifunctional assembly onto a surface of an already cured part of the object and curing
in a secondary process (including, e.g., self-curing or adhesive curing), or (iv) placing
the multifunctional assembly between already cured parts of the object and curing in a
secondary process (including, e.g., self-curing or adhesive curing). It is noted that, in
some embodiments, insulating layer(s) of the multifunctional assembly may serve as an

adhesive (e.g., during a curing process) for integrating the multifunctional assembly into
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an object. In accordance with some embodiments, adhesive layer(s) are provided
separate from and in addition to the insulating layer(s) for integrating the multifunctional
assembly into an object. In some embodiments, a stackup structure is used to form a
desired shape for curing thereof.

As noted above, in exemplary embodiments, breakout points may include
inductive charging/receiving elements for enabling contactless driving of electrical
energy through a resistive layer of a multifunctional assembly. This may enable
contactless generation of heat which may be used in a conductive curing or other heat
treatment process such as described herein.

In further exemplary embodiments, a multifunctional assembly may be used to
form part of a tool used in a curing or other heat treatment process. For example, the tool
may utilize a resistive layer in the multifunctional assembly to generate heat in a
controllable and configurable manner so as to enable curing or otherwise heat treating an
object using the tool.

With reference now to Figure 5A, an exploded schematic view of a first
exemplary multifunctional assembly 500 is depicted. The multifunctional assembly 500
is characterized by a mirrored stacked arrangement of a layered structure including a
first substack 502 and a second substack 504. The first substack 502 includes a first
insulating layer 530a, first resistive layer 510a (for example, an aligned CNT network on
a guaranteed non-porous Teflon (GNPT)), a first conductive layer 520a (for example, a
copper mesh) associated with a first set of breakout points 540a and a second insulating
layer (for example, a surfacing film) 530b. The second substack 504 mirrors the first
substack 502 and includes a third insulating layer (for example, a surfacing film) 530c a
second conductive layer 520b (for example, a copper mesh) associated with a second set

of breakout points 540b, a second resistive layer 510b (for example, an aligned CNT
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network on GNPT) and a fourth insulating layer 530d. In the depicted embodiment 500
first and second aluminum plates 515a and 515b are also included in between the first
insulating layer 530a and the first resistive layer 510a and in between the second
resistive layer 510b and the fourth insulating layer 530d, respectively. The aluminum
plates 515a and 515b may, serve, e.g., as lightning strike protection layers or as
structural support layers (such as to increase rigidity or protect the other layers).

It is noted that in the illustrated embodiment, of Figure 5A the first conductive
layer 520a is connected in parallel with the second conductive layer 520b. This
advantageously enables driving both the first and second resistive layers 510a and 510b
with a same power source. Advantages to including resistive layers in series may include
minimizing total power consumption, for example in matching heat flux requirements of
an airfoil, or variable thickness part being cured. In alternative embodiments, it may be
advantageous to connect the conductive layers in series. Advantageously, by connecting
respective conductive layers in parallel or in series a number of breakout points may be
reduced.

In some embodiments, one or more additional sensors maybe embedded in a
multifunctional assembly as taught herein. For example, multifunctional assembly 500
may include a thermocouple 550 (surface mount thermocouple) in between the second
aluminum plate 515b and the fourth insulating layer 530d. Advantageously the
thermocouple 550 may allow for temperature feedback. It is also noted that, as depicted,
the mirrored portions 502 and 504 of the stacked layered structure are separated by a
layer 560 of fiber glass 562 and a material having a different hardness than the fiber
glass 564 in between the second and third insulating layers 530b and 530c.

Furthermore, a voltage source 545 can be coupled to the assembly 500 via the first and
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second sets of breakout points 540a and 540b. A photograph of the first exemplary
multifunctional assembly 500 of Figure 5A is depicted in Figure 5B.

With reference now to Figure 6A, an exploded schematic view of a second
exemplary multifunctional assembly 600 is depicted. The multifunctional assembly 600
includes a mirrored stacked arrangement of a layered structure including a substack 602
and a second substack 604. The first substack 602 includes a first insulating layer 630a
(for example, a surface film) a first resistive layer 610a (for example, an aligned CNT
network on GNPT) a first conductive layer 620a (for example, a copper foil) associated
with a first set of breakout points (for example, click bond studs) 640a and a second
insulating layer (for example, a surfacing film) 630b. The second substack 604 mirrors
the first substack 602 and includes, a third insulating layer 630c (for example, a
surfacing film) a second conductive layer 620b (for example, a copper foil) associated
with a second set of breakout points 640b, a second resistive layer 610b (for example, an
aligned CNT network on GNPT) and a fourth insulating layer 630d (for example, a
surfacing film). In the depicted embodiment 600, mirrored portions 602 and 604 of the
stacked layered structure are further separated by a middle layer 650 of a carbon fiber
reinforced polymer (CFRP) laminate 652 with polyimide tape 654 on each side thereof.
Notably, the first and second conductive layers 620a and 620b in the multifunctional
assembly 600 of Figure 6 are electrically isolated (as compared to the parallel
connectivity of the conductive layers 520a and 520b in the multifunctional assembly 500
of Figure 5). This may advantageously enable utilizing the first and second resistive
layers 610a and 610b independent of one another, such as for different
functions/operations or for providing increased control over warming temperatures to,

for example, maintain uniformity of warming during thermoset curing. A photograph of
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the second exemplary multifunctional assembly 600 of Figure 6A is depicted in Figure
6B.

With reference now to Figure 7A, an exploded schematic view of a third
exemplary multifunctional assembly 700 is depicted. The multifunctional assembly 700
includes a layered structure having a first insulating layer 730a (for example, an
adhesive epoxy), a conductive layer (for example, a titanium electrode mesh) 720 and
associated breakout point 740, a resistive layer (for example, a CNT network) 710 and a
second insulating layer 730b (for example, an adhesive epoxy). In some embodiments,
titanium materials are used to promote compatibility with the CNT network from a
galvanic chemistry view. In multifunctional assembly 700 the layered structure also
includes additional layers 750 for providing additional structural properties (for
example, structural layers of glass fiber reinforced polymer (GFRP) 752 and carbon
fiber reinforced polymer (CFRP) 754). The multifunctional assembly 700 also includes
additional lightning strike protection layers 760 for providing lightning strike protection
properties (for example, a copper mesh 762 below a surface film 764).

The multifunctional assembly 700 of Figure 7A illustrates an exemplary
structure for breakout point 740, including a recessed tubular member 742 (for example
a titanium stud or screw) electrically coupled to a contact layer 741 (for example, a
titanium disk) and extending through an aperture in the additional layers 750. The
breakout point 740 further includes electrical isolator 746a (for example, an electrically
inert shoulder washer) for isolating the inset tubular member 742 from the structural
layers 750. The inset tubular member 742 may be threaded or smooth. If threaded a
ring terminal 748 (for example for a power source or sensor instrument) may be secured
thereto via a washer 746 and one or more nuts 744a and 744b. Photographs of the third

exemplary multifunctional assembly 700 of Figure 7A is depicted in Figure 7B.
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As depicted in the exemplary assemblies of Figures SA-7A, various
configurations may be utilized for implementing a breakout point. In exemplary
embodiments, a breakout point may include a contact member (such as a screw, stud or
other tubular member) operatively associated with the a conductive layer and extending
out from a surface of the multifunctional assembly. The conductive member may then
be connected to a wire or other external conductor or wire harness. In further exemplar
embodiments, a breakout point may include a contact layer such as a disk or other
conductive element integrated into the multifunctional assembly. In exemplary
embodiments the contact layer may be used with or without an associated contact
member (such as a screw, stud or other tubular member). For example, when used
without a contact member, a countersunk aperture may be used to make electrical
contact with the contact layer while isolating it from other layers (e.g., using spacers,
shoulder washers and liquid epoxy or other strategies). In some embodiments a contact
layer may be integrally formed with conductive layer.

As noted above, the multifunctional assemblies disclosed herein enable various
functions/operations for objects manufactured from or otherwise incorporating a
multifunctional assembly, as taught herein.

For example, in some embodiments, an exemplary multifunctional assembly may
enable an ice protection system (IPS) which may provide anti-icing (e.g., preventing the
formation of ice by maintaining a specified temperature distribution), de-icing (e.g.,
melting ice by maintaining a specified temperature distribution) or ice detection (e.g.,
measuring thermal heat capacity to quantify thickness of ice through 1D
thermodynamics). An ice protection system or other heat generation system may be
implemented by electrically coupling a constant or variable voltage or current source

across a pair of electrodes defined by the conductive layer. In some embodiments,
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stepped resistance may be used to produce a varying thermal field thereby improving
efficiency (e.g., improved electrical efficiency such as based on the amount of heat
required for deicing giving environmental factors or based on more heat being required
to deice versus preventing ice from forming). In exemplary embodiments one or more
temperature sensors (e.g., thermocouples) may be used to provide a feedback loop for a
heating process.

In further embodiments, an exemplary multifunctional assembly may enable
structural health monitoring (SHM), which may provide damage detection (e.g.,
measuring/locating/quantifying permanent or temporary changes in resistance in the
resistive layer due to residual damage such as by applying a current and measuring a
voltage or vice versa), strain monitoring (e.g., measuring/locating/quantifying temporary
changes in resistance in the resistive layer due to stretch or compression quasi-statically
such as by applying a current and measuring a voltage or vice versa or acoustic
detection, (e.g., measuring/locating/quantifying an impact event based on acoustic
propagation across the resistive layer). It is noted that different health monitoring
techniques may advantageously be used in conjunction with each other, e.g., by varying
collection rate, and can be separated through filtering. Health monitoring techniques
may further compensate for (e.g., via normalization) strain induced by mechanical load,
humidity or temperature.

In further embodiments, an exemplary multifunctional assembly may enable out
of oven conductive curing. This may include, e.g., (i) curing of an uncured composite
part by applying the multifunctional assembly on one or both of the free surfaces to
control curing temperature, (ii) curing of an uncured composite part by applying the
multifunctional assembly within one or more of the composite parts layers to control

curing temperature, (iii) curing of a secondary metallic or composite structure (ribs or
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cores for example) to an already cured part using the multifunctional assembly to
provide temperature control (iv) curing of secondary metallic or composite structure
(ribs or cores for example) to an already cured part using the multifunctional assembly
to provide temperature control and adhesion and (iv) using the multifunctional assembly
for cure monitoring, e.g., by monitoring temperature via a thermocouple or other
temperature sensor incorporated in the multifunctional assembly or by mapping the
epoxy viscosity and thus state of cure to the change in resistive layer resistivity, and
using this slope to control the cure temperature in a feedback loop.

In exemplary embodiments, an exemplary multifunctional assembly of the
present disclosure may be associated with a detection system configured or programmed
to detect a change in a physical property or characteristic of an object manufactured
from or otherwise incorporating the multifunctional assembly. In some embodiments
the change in the physical property or characteristic of the object may be determined by
detecting a change in electrical conductivity/resistivity across the resistive layer, e.g.,
across a CNT network, such as defined by one or more electrode pairs in the conductive
layer. In exemplary embodiments, the changes in conductivity/resistivity may be on
account of changes in the CNT network structure (for example, due to damage to the
object) or on account of a piezoresistive response of the CNT network structure (for
example, due to propagation of a mechanical wave, a change of shape of the object, or
structural damage to the object). In some embodiments, the detection system is
configured or programmed to detect a state 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
may be related to the structural health of the object. Thus, for example, damage to the

object may be detected based on a detected change in conductivity/resistivity. Using a
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plurality of electrode pairs, for example, an electrode grid as described above, spatial
data for the damage may also be determined, for example relating to one or more of
location(s), 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. Thus, for example, a change to the
shape of the object may be detected based on a detected change in
conductivity/resistivity. More particularly, a change in shape of the object 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 is configurable. In
particular, the detection system may provide useful feedback, to facilitate configuring
the shape of the object.

In exemplary embodiments, changes in electrical conductivity/resistivity of the
resistive layer 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. Thus, the detection system may be configured to detect
an impact to the object 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, based on the propagation pattern of
the wave. In exemplary embodiments the detection system may include a plurality of
acoustic sensors, coupled, at various points, to the resistive layer. 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 resistive layer as an acoustic-electric transducer. The electrical
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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.

As described herein a printed circuit board (PCB) may be configured to couple,
e.g., with the conductive layer of the multifunctional assembly. 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 or software may be implemented to automate the testing process (for
example, automate selection and cycling of channels or data acquisition). In exemplary
embodiments, automating hardware may connect directly, 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 across traces defined by the conductive

layer.

Acoustic Wave Detection:

In exemplary embodiments, the resistive layer may be used to detect acoustic

wave propagation in an object. In particular, a detection system including a plurality of
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microphones, accelerometers, or other acoustic sensors coupled via the conductive layer
at various points to the resistive layer 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 structural health monitoring, for example by exploiting the piezoresistive property of
CNT network based resistive layers (or other resistive properties having piezoresistive
properties). For example, as CNT fibers are strained by a stress wave, such as an
acoustic wave, they are dynamically resistive proportional to stress. Therefore, the
response of a CNT network to an impact event can be captured through detection of a
plurality of local CNT piezoresistive responses captured over a plurality of electrode
pairs. The plurality of local CNT responses enables full-field visualization of the waves
as they propagate from the point source. This may facilitate 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.

It will be apparent in view of this disclosure that objects configured for acoustic
wave detection can implement the acoustic wave detection alone or in any combination
of primary and/or secondary functions of the object. For example, in some
embodiments, the object can serve a primary function of providing a structure having a
prescribed structural capability, a secondary function of using acoustic wave detection to
“listen” for waves radiating from an impact point, and another secondary function of

using acoustic wave detection for structural health monitoring. In some other
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embodiments, for example, the primary functions of the object can be using acoustic
wave detection to “listen” for waves radiating from an impact point and using acoustic
wave detection for structural health monitoring while the secondary function is

providing structural support to a structure.

Guided-Wave Detection

Relying on the piezoresistive property of a 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 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.

It will be apparent in view of this disclosure that objects configured for guided
wave detection can implement the guided wave detection alone or in any combination of
primary and/or secondary functions of the object. For example, in some embodiments,
the object can serve a primary function of providing a structure having a prescribed
structural capability and a secondary function of using guided wave detection to provide
full-field visualization of a GW scatter field as it propagates. In some other
embodiments, for example, the primary function of the object can be using guided wave
detection to provide full-field visualization of a GW scatter field as it propagates while

the secondary function is providing structural support to a structure.

Additional Applications.

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

or includes a multifunctional assembly, as taught herein, may be used/configured as an
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antenna, for example, for receiving, transmitting, absorbing or dissipating
electromagnetic radiation, acoustic radiation or electrical discharge. Advantageously,
the resistive layer 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 resistive layer is selectively patterned for
radio detection/transmission or radar detection/dispersion. In other exemplary
embodiments, the acoustic radiation may form sound propagation, such as sonar, for
example, wherein the resistive layer 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 resistive layer is selectively
patterned for lightning dissipation.

It will be apparent in view of this disclosure that objects configured for antenna
function can implement the antenna function alone or in any combination of primary
and/or secondary functions of the object. For example, in some embodiments, the object
can serve a primary function of providing a structure having a prescribed structural
capability and secondary functions of using the antenna to receive, transmit, absorb, or
dissipate electromagnetic radiation, acoustic radiation, or electrical discharge. In some
other embodiments, for example, the primary functions of the object can be using the
antenna to receive, transmit, absorb, or dissipate electromagnetic radiation, acoustic
radiation, or electrical discharge while the secondary function is providing structural
support to a structure.

In some embodiments an object at least a portion of which is formed from or
includes a multifunctional assembly, as taught herein, may be used/configured as a

conduit for conveying thermal or electrical energy, for example between a plurality of
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components coupled to the object. In exemplary embodiments, the resistive layer 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 resistive
layer may be configured provide a communication pathway between components. In
exemplary embodiments, based on the high thermal conductivity of a 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.

It will be apparent in view of this disclosure that objects configured for
conveying or insulating thermal or electrical energy can implement the thermal or
electrical energy conveyance/insulation functionality alone or in any combination of
primary and/or secondary functions of the object. For example, in some embodiments,
the object can serve a primary function of providing a structure having a prescribed
structural capability and a secondary functions of providing a communication pathway
between components and a heat shield. In some other embodiments, for example, the
primary functions of the object can be providing a communication pathway between
components and a heat shield while the secondary function is providing structural

support to a structure.

Machine Embodiments:

It is contemplated that detection and control systems presented may be
implemented, in part, €.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, or hardware. In exemplary
embodiments, the hardware, firmware or executable code may be provided, e.g., as

upgrade module(s) for use in conjunction with existing infrastructure (e.g., existing
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devices/processing units). Hardware may, e.g., include components or logic circuitry for
executing the embodiments taught herein as a computing process.

Displays 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 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 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.

2% << 2% <<

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 having a central processing unit (CPU). 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
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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 Figure 8, 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 resistive layer.

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 or software. A hardware accelerator 119,
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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. 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, T1, 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
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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.

Figure 9 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 or the
clients 156 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 802.11 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
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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.
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CLAIMS
What is claimed:
1. A multifunctional assembly comprising a layered structure including:
a first resistive layer,
5 a first conductive layer adjacent the first resistive layer,

a first pair of insulating layers including a first insulating layer disposed
across the first resistive layer and a second insulating layer disposed
across the first conductive layer on a side opposing the first resistive

layer; and
10 a first plurality of electrical breakout points,

wherein the first conductive layer is configured to distribute an electrical

current across the resistive layer.

2. The multifunctional assembly of claim 1, wherein the first resistive layer is

characterized by a resistivity in the range of 1-1000 ohm/sq.

15 3. The multifunctional assembly of claim 1, wherein the first resistive layer is

characterized by a resistivity in the range of 5-500 ohm/sq.

4. The multifunctional assembly of claim 1, wherein the first resistive layer

includes a carbon nanotube (CNT) network.

5. The multifunctional assembly of claim 1, wherein the first conductive layer is
20 configured to direct a flow of electricity across the first resistive layer in a

preselected manner.

6. The multifunctional assembly of claim 5, wherein the first conductive layer is
configured to direct a flow of electricity across the first resistive layer in a

uniform manner.

25 7. The multifunctional assembly of claim 1, wherein the first resistive layer
includes a plurality of multifunctional zones defined by the first conductive

layer.
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8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

The multifunctional assembly of claim 1, wherein the first conductive layer
exhibits a conductivity of at least one hundred times (100x) the conductivity of

the first resistive layer.

The multifunctional assembly of claim 1, wherein the first conductive layer
exhibits a conductivity of at least one thousand times (1000x) the conductivity of

the first resistive layer.

The multifunctional assembly of claim 1, wherein the first resistive layer and

first conductive layer are chemically compatible.

The multifunctional assembly of claim 10, wherein chemical compatibility is

determined based on proximity in the galvanic order.

The multifunctional assembly of claim 10, wherein the first conductive layer is
formed from a material which is plated or otherwise treated to be chemically

compatible with the resistive layer..

The multifunctional assembly of claim 1, wherein the layered structure further
includes a first contact layer defining the first plurality of breakout points with

respect to the first conductive layer.

The multifunctional assembly of claim 13 wherein the first contact layer is at

least ten times (10x) the thickness of the first conductive layer.

The multifunctional assembly of claim 13 wherein the first contact layer is at

least one hundred times (100x) the thickness of the first conductive layer.

The multifunctional assembly of claim 1, wherein conductive elements of the
first plurality of breakout points are chemically compatible with the first restive

layer.

The multifunctional assembly of claim 1, further comprising a second conductive
layer, isolated from the first conductive layer and first resistive layer and adapted
for at least one of (i) lightning strike protection, (ii) heat shielding, (iii) power

storage or conduction, or (iv) use as a conformal antennae..

The multifunctional assembly of claim 1, wherein the layered structure further
comprises a second resistive layer and a second conductive layer adjacent the

second resistive layer.
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19.

20.

21.

22.

23.

24.

25.

26.

The multifunctional assembly of claim 1, wherein the layered structure further
comprises a second conductive layer adjacent the first resistive layer on an

opposite side from the first conductive layer.

The multifunctional assembly of claim 1, wherein the first plurality of electrical
breakout points couple the first conductive layer to an environment exterior to

the first and second insulating layers.

The multifunctional assembly of claim 20, wherein the first plurality of electrical

breakout points include contactless coupling elements.

The multifunctional assembly of claim 21 wherein the contactless coupling

elements include inductive charging or receiving elements.

The multifunctional assembly of claim 22 wherein the inductive charging or
receiving elements include RFID LCR (inductance, capacitance, resistance)
circuitry configured for detection of a change in the physical property or

characteristic of the object based on the change in electrical conductivity or

resistance.

The multifunctional assembly of claim 22, wherein the breakout points include
inductive charging or receiving elements for enabling contactless driving of
electrical energy through the resistive layer of the multifunctional assembly

thereby enabling contactless generation of heat.

The multifunctional assembly of claim 1, wherein the multifunctional assembly
is used to form a tool adapted for use in used in a curing or other heat treatment
process to generate heat in a controllable and configurable manner so as to

enable curing or otherwise heat treating an object using the tool.

A method for manufacturing an object incorporating a multifunctional assembly
having a layered structure including a first resistive layer, a first conductive layer
adjacent the first resistive layer and a first pair of insulating layers including a
first insulating layer disposed across the first resistive layer and a second
insulating layer disposed across the first conductive layer on a side opposing the

first resistive layer, the method comprising:

flowing electrical current through the resistive layer so as to generate

heat; and
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27.

28.

29.

30.

using the generated heat to treat or cure an integral component of the

object.

The method of claim 26, wherein the multifunctional assembly further includes
breakout points which include inductive charging or receiving elements for
enabling contactless driving of electrical energy through the resistive layer of the

multifunctional assembly thereby enabling contactless generation of heat.

An assembled object comprising a multifunctional assembly having a layered

structure including:
a first resistive layer,
a first conductive layer adjacent the first resistive layer, and

a first pair of insulating layers including a first insulating layer disposed
across the first resistive layer and a second insulating layer disposed across

the first conductive layer on a side opposing the first resistive layer,

wherein the assembled object is formed by flowing electrical current through the
resistive layer so as to generate heat and using the generated heat to treat or cure

an integral component of the assembled object.

The object of claim 28, wherein the multifunctional assembly further includes
breakout points which include inductive charging or receiving elements for
enabling contactless driving of electrical energy through the resistive layer of the
multifunctional assembly thereby enabling contactless generation of heat.
A system comprising:
an object formed incorporating a multifunctional assembly having a layered
structure including:

a first resistive layer,

a first conductive layer adjacent the first resistive layer, and

a first pair of insulating layers including a first insulating layer disposed
across the first resistive layer and a second insulating layer disposed
across the first conductive layer on a side opposing the first resistive

layer; and
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31.

32.

33.

34.

35.

36.

37.

a control system operationally coupled to the resistive layer via the conductive
layer and configurable or programmable to drive the resistive layer with

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

The system of claim 30, wherein the control system drives the resistive layer
with electrical energy to generate heat to increase or maintain a temperature of a

surface of the object at or above a selected temperature

The system of claim 30, wherein the control system increases the temperature of
the portion of the object to melt a frozen fluid in the system or prevent a fluid in

the system from freezing.

The system of claim 30, further comprising a sensor for providing temperature

feedback for at least one of the portion of the object or its surroundings.

The system of claim 33, wherein the control system adjusts the electrical energy

based on the temperature feedback.

The system of claim 30, wherein the multifunctional assembly further includes
breakout points which include inductive charging or receiving elements for
enabling contactless driving of electrical energy through the resistive layer of the

multifunctional assembly thereby enabling contactless generation of heat.

The system of claim 30, wherein the object formed incorporating the
multifunctional assembly is a tool adapted for use in used in a curing or other
heat treatment process to generate heat in a controllable and configurable manner
so as to enable curing or otherwise heat treating a different object using the tool.
A system comprising:
an object formed incorporating a multifunctional assembly having a layered
structure including:

a first resistive layer,

a first conductive layer adjacent the first resistive layer, and

a first pair of insulating layers including a first insulating layer disposed
across the first resistive layer and a second insulating layer disposed
across the first conductive layer on a side opposing the first resistive

layer; and
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38.

39.

40.

41.

42.

43.

44,

45.

46.

a control system operationally couplable to the resistive layer via the conductive
layer and configurable or programmable to detect a change in a physical property

or characteristic of the object.

The system of claim 37, 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 resistive layer.

The system of claim 38, wherein detection of the change in the physical property
or characteristic of the object further includes detecting a structural change based

on the change in electrical conductivity or resistance.

The system of claim 39, wherein the physical property or characteristic is related
to the structural health of the object, and wherein the change in electrical

conductivity or resistance is on account of damage to the object.

The system of claim 39, wherein the physical property or characteristic is related
to a shape of the object, and wherein the change in electrical conductivity or

resistance is on account of a change in the shape of the object.

The system of claim 39, wherein the physical property or characteristic is related
to propagation of an acoustic wave across the object, and wherein a

piezoresistive response is measured in response to the acoustic wave.

The system of claim 37, wherein the detection system detects an impact to the

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

The system of claim 37, wherein the physical property or characteristic includes
spatial data relating to the change in a physical property or characteristic of the

object.

The system of claim 44, wherein the spatial data relates to one or more of

location, size, shape or distribution of the physical property of characteristic.
The system of claim 37,
wherein the shape of the object is configurable, and

wherein the detection system provides feedback on the shape of the object.
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47.

48.

49.

50.

51.

52.

53.

54.

55.

The system of claim 28, wherein the detection system detects a state change of a
substance on a surface of the portion of the object based on changes in surface

conductivity or resistance.
A multifunctional assembly comprising:
a resistive element; and

a conductive element in electrical communication with the resistive
element, the conductive element defining at least one of a plurality of

multifunctional zones of the resistive element,

wherein the conductive element is configured to direct a flow of
electricity across at least one of the plurality of multifunctional zones of

the resistive element in a preselected manner.

The multifunctional assembly of claim 48, wherein each of the multifunctional
zones is configured for at least one of heat generation, self-curing, de-icing,
lightning strike protection, heat shielding, power storage, power conduction, or

use as a conformal antennae.

The multifunctional assembly of claim 48, wherein the resistive element

includes a carbon nanotube (CNT) network.

The multifunctional assembly of claim 48 wherein the resistive element is a

single continuous resistive element having a plurality of multifunctional zones.

The multifunctional assembly of claim 48, wherein the resistive element further
comprises a plurality of resistive elements, each of the plurality of resistive

elements having one or more multifunctional zones.

The multifunctional assembly of claim 52, wherein one or more of the plurality
of resistive elements is electrically isolated from other resistive elements of the

plurality of resistive elements.

The multifunctional assembly of claim 52, wherein one or more of the plurality
of resistive elements is in electrical communication with at least one other of the

plurality of resistive elements.

The multifunctional assembly of claim 48, further comprising an insulating

element disposed across the resistive element, the multifunctional zones
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including a heat generation zone configured for heat generation, wherein
generating heat in the heat generation zone changes a state of the insulating

element.
56. A carbon nanotube assembly comprising:

a plurality of layers in a stacked relationship, the plurality of layers defining a
first portion configured to perform a first operation of the assembly and defining
a second portion configured to perform a second operation of the assembly

different from the first operation.

57. The carbon nanotube assembly of claim 56 wherein the first operation is one or
more of defining a structure, structural health monitoring, heating, curing, self-curing,
de-icing, event notification feedback, structural integrity feedback, usage feedback,
shape feedback, configuration feedback, load capabilities, added stiffness, flexibility,
acoustic wave detection, guided wave detection, providing antennae, electrical
conduction, providing a heat shield, or thermal conduction and the second operation is
one other of defining a structure, structural health monitoring, heating, curing, self-
curing, de-icing, event notification feedback, structural integrity feedback, usage
feedback, shape feedback, configuration feedback, load capabilities, added stiffness,
flexibility, acoustic wave detection, guided wave detection, providing antennae,

electrical conduction, providing a heat shield, or thermal conduction.

58. The carbon nanotube assembly of claim 56, the plurality of layers further
comprising a selectively sensitive layer being sensitive to radiation emitted by an
external radiation source, wherein the first operation is heat generation via exposure of

the selectively sensitive layer to the radiation emitted by the external radiation source.
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