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STRUCTURAL SENSING

RELATED APPLICATIONS

[0001] This application 1s a continuation of U.S. applica-
tion Ser. No. 12/943,773, filed Nov. 10, 2010, and entitled
“Systems and Methods for Structural Sensing,” which 1s
incorporated herein by reference 1n 1ts entirety for all pur-
poses. U.S. application Ser. No. 12/943,775 claims the benefit
of U.S. Provisional Patent application Ser. No. 61/259,925,
filed Nov. 10, 2009, and entitled “Systems and Methods for
Structural Sensing,” and U.S. Provisional Patent Application
Ser. No. 61/262,864, filed Nov. 19, 2009, and entitled “Sys-
tems and Methods for Structural Sensing,” each of which 1s
incorporated herein by reference 1n its entirety for all pur-
poses. U.S. application Ser. No. 12/943,775 1s also a continu-
ation-in-part of Spanish-language International Patent Appli-
cation Serial No. PC1/ES2009/000280, filed May 20, 2009,
entitled “SISTEMA Y METODO DE MONITORIZACION
DEL DANO EN ESTRUCTURAS” (In English: “SYSTEM
AND METHOD FOR MONITORING DAMAGE TO
STRUCTURES”), published as W0O/2009/141472 on Nov.
26,2009, which claims the benefit of Spanish-language Span-
1sh Patent Application Serial No. ES P200801469, filed May
20, 2008, entitled “SISTEMA Y METODO DE MONITOR-
[ZACION DEL DANO EN ESTRUCTURAS” (In English:
“SYSTEM AND METHOD FOR MONITORING DAM-
AGE TO STRUCTURES”), each of which 1s incorporated

herein by reference 1n 1ts entirety for all purposes.

FIELD OF INVENTION

[0002] Systems and methods related to the determination of
one or more mechanical characteristics of a structural ele-
ment are generally described.

BACKGROUND

[0003] The process of implementing a detection and char-
acterization strategy for the determination of mechanical
characteristics (e.g., fractures, vyields, etc.) of engineering
structures 1s generally referred to as structural health moni-
toring (SHM). Many techmiques such as non-destructive
evaluation/inspection (NDE/NDI) and condition-based
monitoring can be considered subcategories of SHM. SHM
can be used to detect changes to the material and/or geometric
properties ol a structural system that can, 1n some cases,
adversely affect the system’s performance. A typical SHM
process can involve the observation of a system over time
using periodically sampled measurements from one or more
detectors, the extraction of damage-sensitive features from
these measurements, and the analysis of these features to
determine the current state of system health, making prog-
noses of system performance in the future, with the view
towards making prescriptive recommendations to remedy
damage. Present SHM systems can have one or more draw-
backs, including relatively poor spatial resolution, 1nability to
detect features within the bulk of the article being analyzed,
the need for complex networks of sensors and wires, high
power requirements, high cost, and high noise, among others.
Accordingly, improved systems, articles, and methods are
desirable.

SUMMARY OF THE INVENTION

[0004] Systems and methods related to the determination of
one or more mechanical characteristics of a structural ele-
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ment are generally described. The subject matter of the
present invention 1nvolves, 1n some cases, mterrelated prod-
ucts, alternative solutions to a particular problem, and/or a
plurality of different uses of one or more systems and/or
articles.

[0005] Inonesetof embodiments, a system 1s described. In
some cases, the system can comprise a structural element
comprising a network of electrically conductive nanostruc-
tures; an electrical circuit comprising at least a portion of the
network; and a sensor associated with the electrical circuit,
constructed and arranged to determine a first temperature of
the structural element and/or of the network.

[0006] In another set of embodiments, a method 1s
described. The method can comprise, 1n some embodiments,
providing a structural element comprising a network of elec-
trically conductive nanostructures; passing an electrical cur-
rent through at least a portion of the network of electrically
conductive nanostructures; determining a first temperature of
the structural element; and determining a mechanical charac-
teristic of the structural element and/or of the network based
at least 1n part upon the first temperature of the structural
clement.

[0007] The method can comprise, 1n some cases, providing
a structural element comprising a primary structural material
that 1s not substantially electrically conductive and a network
of electrically conductive nanostructures within the primary
structural material, and passing an electrical current through
at least a portion of the network of electrically conductive
nanostructures. In some instances, the method can further
comprise determining a {irst temperature of the structural
clement and/or of the network, indicative of resistive heating
of the network, thereby determinming a mechanical character-
istic of the structural element indicative of a mechanical
transformation.

[0008] Insome cases, the method can comprise providing a
structural element formed of a primary structural material
that 1s not substantially electrically conductive, and passing
an electrical current through at least a portion of the structural
clement. In some cases, the method can further comprise
determining a first temperature of the structural element, and
determining a mechanical characteristic of the structural ele-
ment indicated by the first temperature of the structural ele-
ment.

[0009] Other advantages and novel features of the present
invention will become apparent from the following detailed
description of various non-limiting embodiments of the
invention when considered in conjunction with the accompa-
nying figures. In cases where the present specification and a
document incorporated by reference include conflicting and/
or inconsistent disclosure, the present specification shall con-
trol. If two or more documents incorporated by reference
include conflicting and/or inconsistent disclosure with

respect to each other, then the document having the later
elfective date shall control.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Non-limiting embodiments of the present invention
will be described by way of example with reference to the
accompanying figures, which are schematic and are not
intended to be drawn to scale. In the figures, each 1dentical or
nearly identical component illustrated 1s typically repre-
sented by a single numeral. For purposes of clarity, not every
component 1s labeled 1n every figure, nor 1s every component
of each embodiment of the invention shown where illustration
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1s not necessary to allow those of ordinary skill in the art to
understand the mvention. In the figures:

[0011] FIGS. 1A-1B include exemplary schematic dia-
grams 1llustrating articles and methods for determining
mechanical characteristics of a structural element comprising,
a network of electrically conductive nanostructures;

[0012] FIGS. 2A-2F include schematic diagrams of struc-
tural elements, according to one set of embodiments;

[0013] FIGS. 3A-3D include exemplary schematic dia-
grams of structural elements including layers;

[0014] FIG. 4 includes a schematic diagram of a system for
determining one or more mechanical characteristics of a
structural article, according to one set of embodiments;

[0015] FIGS. 5A-5B include (A) a photograph and (B) a
thermograph of a forest of aligned electrically conductive
nanostructures, according to one set of embodiments;

[0016] FIGS. 6A-6B include (A) a photograph of a struc-
tural element and (B) a plot of electrical resistance and tem-
perature change as a function of power, according to one set
of embodiments:

[0017] FIGS. 7A-7B include (A) a photograph of an exem-
plary system for determining a characteristic of a structural
clement, and (B) an exemplary plot of force and electrical
resistance as a function of displacement;

[0018] FIGS. 8A-8D include (A) a photograph of an exem-
plary damaged specimen, (B) an exemplary thermograph of
the damaged specimen of FIG. 8A, (C) an exemplary photo-
graph of a double-cantilever beam (DCB) specimen, and (D)
an exemplary thermograph of the DCB specimen of FI1G. 8C;
and

[0019] FIGS. 9A-9C include photographs of various

arrangements ol samples comprising kissing debonds,
according to one set of embodiments.

DETAILED DESCRIPTION

[0020] Systems and methods related to the determination of
one or more mechanical characteristics of a structural ele-
ment are generally described. In some embodiments, a
mechanical characteristic (e.g., a crack, a deformation, an
inclusion, etc.) can be determined based at least 1n part upon
the determination of a temperature, for example, generated by
passing a current through at least a portion of a network of
clectrically conductive nanostructures within the structural
element. In some embodiments, the structural element can
carry or envelop a network of electrically conductive nano-
structures and, in some cases, a primary structural material
that 1s not substantially electrically conductive. An electrical
current can be passed through the network of electrically
conductive nanostructures, for example, by passing current
through an electrical circuit comprising at least a portion of
the network of electrically conductive nanostructures. This
may result in resistive heating (also known as Joule-eflect
heating) of at least a portion of the network of electrically
conductive nanostructures and/or at least a portion of the
structural element. In some embodiments, a first temperature
of the network of electrically conductive nanostructures and/
or structural element can be determined (e.g., via a sensor
associated with the electrical circuit). This first temperature
can be, 1n some cases, indicative of a mechanical character-
1stic of the structural element. In some embodiments, one or
more mechanical characteristics of the structural element can
be determined based at least 1n part upon the determination of

the first temperature of the structural element.
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[0021] In some embodiments, one or more mechanical
characteristics of the structural element can be determined
based at least 1n part upon the gradients in temperature of the
structural element. For example, 1n some embodiments, ele-
ments that have not undergone a structural transformation can
exhibit no temperature gradient when an electrical current 1s
passed through at least a portion of the element. In some
embodiments, elements that have undergone a structural
transformation can exhibit a temperature gradient when an
clectrical current 1s passed through at least a portion of the
clement.

[0022] Advantageously, the systems and methods
described herein can be used to determine a mechanical char-
acteristic of structural element without compromising the
structural integrity (e.g., via dnlling, fracturing, deforming,
etc.) of the structural element. In addition, the systems and
methods described herein can be operated relatively mnexpen-
stvely and by using a relatively low amount of power. The
systems and methods described herein can be operated with-
out the use of complex wiring and/or sensor arrangements,
and heating sources (e.g., networks of electrically conductive
nanostructures) can be relatively easily positioned, in some
cases. In addition, the systems and methods described herein
can be used without large, generally high-power, external
heating sources. As mentioned above, mechanical character-
1stics within the bulk of the structural element (in addition to
mechanical characteristics at an external or internal surface)
can be determined, in some embodiments. Also, the systems
and methods described herein can be used to determine
steady state and/or time-dependent mechanical characteris-
tics of structural elements. In some cases, the systems and
methods described herein can be used to make real-time 1n
situ determinations. In addition, electrically conductive nano-
structures used in some embodiments can enhance one or
more mechanical properties of the structural element. The
systems and methods described herein may also provide one
or more practical advantages during use. For example, the
systems and methods described herein can be used to remove
ice from and/or 1inhibit the formation of 1ce on a component
(e.g., an airplane wing) while determining a mechanical char-
acteristic of the component.

[0023] The systems and methods described herein may find
application 1n a variety of fields. For example, some embodi-
ments may be useful in performing non-destructive analysis
as part of, for example, a structural health monitoring pro-
gram, non-destructive evaluation such as condition-based
monitoring, and non-destructive ispection such as during
manufacturing of a structure (e.g., machining of windows in
the composite fuselage of an aircrait). Examples of suitable
structural elements that could be analyzed include, but are not
limited to, components of bridges, buildings, automobiles,
wind turbines (e.g., blades), airplanes, and the like.

[0024] The phrase “structural element,” as used herein,
refers to an article that 1s designed to support a mechanical
load. In some embodiments, the structural element may be
designed to support a mechanical load that 1s external to the
structural element. Examples of such structural elements
include, but are not limited to, window frames, bridge trel-
lises, steel beams, airplane wings, acrodynamic surfaces,
components thereol, and the like. In some cases, the structural
clement may be designed to support a mechanical load
imparted by the structural element itself. In some embodi-
ments, failure of the structural element may lead to the failure
of a larger system that incorporates the structural element. In
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some cases, failure of the structural element can lead to the
loss of a nonmechanical function of the structural element.

[0025] As used herein, a “network of electrically conduc-
tive nanostructures” generally refers to an arrangement of
nanostructures in electrical communication with each other
such that electrical current can be passed through the net-
work. In some embodiments, the electrically conductive
nanostructures within the network may be 1n direct contact
with each other. In some cases, the electrically conductive
nanostructures within the network are not in direct contact
with each other, but are suiliciently close such that the result-
ing network 1s electrically conductive. In some embodiments,
the electrical conductivity of a network of electrically con-
ductive nanostructures can be inhibited (e.g., reduced or
climinated) by, for example, the introduction of a fracture, an
inclusion, a plastic deformation, an elastic deformation (as
might be determined, for example, 1n strain sensing), a sepa-
ration of two surfaces, and the like.

[0026] A variety of mechanical characteristics of a struc-
tural element and/or a network of electrically conductive
nanostructures can be determined using the systems and
methods described herein. As used herein, a “mechanical
characteristic” of an article refers to a feature of the article
related to the arrangement of atoms within the article. In some
embodiments, a mechanical characteristic can be a defect. In
some cases, a mechanical characteristic can be a deformation,
including permanent or temporary deformations. Examples
of mechanical characteristics include, but are not limited to,
cracks, delaminations, dislocations, inclusions, plastic defor-
mations, elastic deformations, surface separations, and the
like. In some embodiments, the systems, articles, and meth-
ods described herein can be used to determine mechanical
characteristics that can be relatively difficult to determine
using traditional methods. As one example, the systems and
methods described herein can be used to determine a kissing,
debond (1.e., an mterface where a crack exists, but the two
surfaces on either side of the crack are 1n physical contact, for
example, due to an applied force), for example, 1n a laminated
composite.

[0027] In some embodiments, a mechanical characteristic
of a structural element can be indicative of a mechanical
transformation. As used herein, the term “mechanical trans-
formation” refers to a process by which an article 1s trans-
formed from a first mechanical state to a second mechanical
state, such that there 1s at least one substantial difference 1n
the arrangement of atoms within the article i the first
mechanical state relative to the second mechanical state.
Examples of mechanical transformations include, but are not
limited to, bending, yielding, fracturing, and the like.

[0028] The term “determining,” as used herein, generally
refers to the analysis or measurement of an entity (e.g., a
mechanical characteristic, for example, of a structural ele-
ment and/or of a network of electrically conductive nano-
structures, etc.) quantitatively or qualitatively, and/or the
detection of the presence or absence of an entity. In some
embodiments, determining a mechanical characteristic of an
entity can comprise determining the location (e.g., a point, a
region) of the entity, the size of the entity, or both. In some
cases, determining an enfity (e.g., a mechanical characteristic
of a structural element and/or of a network of electrically
conductive nanostructures) can comprise determining the
presence or absence of the enftity (e.g., within any part of the
structural element or within a specific region of the structural
clement). In addition, an entity such as a mechanical charac-
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teristic or network of electrically conductive nanostructures
can be determined on an external surface of a structural ele-

ment, within the bulk of a structural element, or both.

[0029] Inonesetofembodiments, methods for determining
one or more mechanical characteristics of structural elements
are described. FIGS. 1A-1B include exemplary schematic
illustrations outlining the determination of a mechanical
characteristic of structural element 10. In this set of embodi-
ments, structural element 10 comprises a primary structural
material 12 and a plurality of electrically conductive nano-
structures 14. As used herein, the term “nanostructure” refers
to articles having at least one cross-sectional dimension, as
measured between two opposed boundaries of the nanostruc-
ture, of less than about 1 micron. Examples of nanostructures
suitable for use 1n the embodiments described herein include
nanotubes (e.g., carbon nanotubes such as single-wall carbon
nanotubes and multi-wall carbon nanotubes), nanowires
(e.g., carbon nanowires, metal nanowires), nanofibers (e.g.,
carbon nanofibers, metal nanofibers), graphene nanostruc-
tures, graphite nanostructures, nanoparticles (e.g., metal
nanoparticles, carbon black nanoparticles, graphite nanopar-
ticles, graphene nanoparticles, etc.), and the like.

[0030] Inaddition, a variety of primary structural materials
can be used 1n the embodiments described herein. In some
embodiments, the structural element can include a primary
structural material that 1s not substantially electrically con-
ductive. As used herein, a material 1s not substantially elec-
trically conductive 1f 1t 1s not electrically conductive at a level
suificient to achieve the determinations described herein. In
some such embodiments, the electrically conductive nano-
structures within the structural element can increase the elec-
trical conductivity of the structural element relative to the
clectrical conductivity of the primary structural material 1n
the absence of the electrically conductive nanostructures, but
under otherwise essentially identical conditions. Examples of
such substantially non-electrically conductive primary struc-
tural materials include, but are not limited to, non-conductive
monomers, non-conductive polymers (e.g., epoxies, thermo-
sets, thermoplastics, etc.), non-conductive fibers (e.g., alu-
mina fibers), non-conductive woven fabrics (e.g., alumina
cloth), non-conductive carbon-fiber advanced composites,
non-conductive ceramics, and the like. Of course, 1t should be
understood that, in some cases, the structural elements
described herein may include an electrically conductive pri-
mary structural material such as, for example, a metal.

[0031] In some embodiments, the plurality of electrically
conductive nanostructures can define a network through
which an electrical current can be passed. In the set of
embodiments illustrated 1n FIGS. 1A-1B, electrically con-
ductive nanostructures 14 span the length of structural ele-
ment 10 from wall 16 to wall 18. Such an arrangement may be
observed, for example, 1n structural elements that comprise
substantially aligned, elongated nanostructures (e.g., nano-
tubes, nanowires, etc.). It should be understood, however, that
the nanostructures need not span a length of the structural
clement. For example, in some embodiments, the structural
clement can comprise a plurality of nanoparticles dispersed
within the primary structural material of the structural ele-
ment that are suificiently close such that they form a network
of electrically conductive nanostructures. In some cases, such
arrangements of electrically conductive nanostructures may
be referred to by those of ordinary skill in the art as being
beyond the percolation threshold.
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[0032] An electrical current can be passed through at least
a portion of the network of electrically conductive nanostruc-
tures (e.g., through the entire network and/or through a por-
tion of the network) by establishing an electrical circuit that
comprises at least a portion of the network, 1n some 1nstances.
For example, 1n the set of embodiments outlined 1n FIGS.
1A-1B, electrodes can be electrically connected to walls 16
and 18 of the structural element. In some embodiments, at
least a portion of the network of electrically conductive nano-
structures and/or of the structural element can be heated (e.g.,
via resistive heating) when electrical current 1s passed
through at least a portion of the network of electrically con-
ductive nanostructures.

[0033] In some embodiments, the methods described
herein may include determining a temperature of the struc-
tural element and/or the network of electrically conductive
nanostructures. The structural elements described herein can
exhibit a variety of temperature profiles, distributions, and
temporal characteristics, depending upon their mechanical
state. For example, 1n the set of embodiments 1llustrated 1n
FIG. 1A, the electrically conductive nanostructures are dis-
tributed relatively evenly throughout the structural element.
Such arrangements can produce a relatively uniform electri-
cal resistance throughout the structural element, and a rela-
tively uniform temperature distribution throughout the net-
work of electrically conductive nanostructures and the
structural element.

[0034] The temperature of a structural element and/or a
network of electrically conductive nanostructures may be
indicative, 1n some embodiments, of one or more mechanical
characteristics (which can, in turn, be indicative of one or
more mechanical transformations) of the structural element
and/or network. In FIG. 1B, structural element 10 has under-
gone a mechanical transformation that has produced discon-
tinuity 20 within the structural element. A mechanical defect
(e.g., the discontinuity in FIG. 1B, an inclusion, a plastic
deformation, etc.) can produce a variation in the electrical
resistance within the bulk of the structural element which can,
in turn, produce a variation 1n temperature upon passing cur-
rent through at least a portion of the structural element. For
example, the discontinuity 1n FIG. 1B can produce a discon-
tinuity 1n the conductive pathway through nanostructures 22.

[0035] Discontinuities (or other mechanical characteris-
tics) may alfect the temperature profile of the network of
clectrically conductive nanostructures and/or structural ele-
ment via several mechanisms. For example, the presence of a
discontinuity can, in some cases, substantially eliminate the
clectrical current passed through the portion of the structural
clement in which the discontinuity 1s formed. The mabaility to
pass current through a discontinuity can lead to relatively low
temperatures within the bulk of the discontinuity, due to the
absence of resistive heating. In some cases, electrical current
can be passed through the discontinuity, but the resistance of
flow 1s relatively large due to the discontinuity. In such cases,
the region comprising the discontinuity may experience a
relatively large amount of resistive heating, and thus, may
exhibit a relatively high temperature.

[0036] In some cases, the edge of a discontinuity may
exhibit arelatively high temperature. Not wishing to be bound
by any theory, a relatively high temperature may be observed
at the edge of a discontinuity due to the reduction of thermal
conductivity between locations (e.g., points, regions) on
opposite sides of the discontinuity. For example, in FIG. 1B,
discontinuity 20 may include a thermally 1nsulating material
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(e.g., air), relative to the thermal conductivity of the structural
clement, which may diminish the extent to which heat can be
transported from location 28 to location 26. In some cases, a
region comprising an edge of a discontinuity may exhibit a
lower temperature relative to the temperature that would be
observed 1n that region in the absence of the discontinuity, but
under otherwise essentially 1dentical conditions. For
example, 1n some embodiments, one or more edges of dis-
continuity 20 1in FIG. 1B may exhibit a higher temperature
than would be observed i region 20B of FIG. 1A when
substantially identical voltages are applied across the struc-
tural elements. In some embodiments, an edge of a disconti-
nuity may exhibit a higher temperature relative to other por-
tions of the structural element. For example, in some
embodiments, one or more edges of discontinuity 20 1n FIG.
1B may exhibit a relatively igh temperature compared to, for
example, region 32.

[0037] In some cases, the edge of a discontinuity can
exhibit a relatively low temperature. Not wishing to be bound
by any particular theory, the edge of the discontinuity can be
relatively insulating, therefore reducing the amount of current
that passes through 1t, leading to a relatively low temperature.

[0038] A region of a structural element on the periphery of
a discontinuity may exhibit, in some instances, a relatively
high temperature. Not wishing to be bound by any theory, a

relatively high temperature may be observed at the periphery
of a discontinuity due to, at least 1n part, an increase in the
amount of current passed through the peripheral region. For
example, in FIG. 1B, the presence of discontinuity 20 1n the
structural element may lead to the redirection of some or all of
the current that would have passed through the region occu-
pied by the discontinuity to regions 30A and/or 30B as current
1s passed from end 16 to end 18. This can result in an increase
in current density passing through regions 30A and 30B, and

thus, an 1ncrease in the temperature of regions 30A and/or
30B.

[0039] Such ellects of mechanical characteristics (e.g.,
defects) are further illustrated in the exemplary schematic
illustrations of FIGS. 2A-2C. In FIG. 2A, structural element
100 1s substantially free of defects and includes a relatively
umiform distribution of electrically conductive nanostruc-
tures (not shown). Accordingly, when a voltage 1s applied
across edges 102 and 104, the field lines of the electrical
current (indicated by arrows 106) are relatively uniformly
distributed. In FIG. 2B, structural element 110, which also
includes a relatively uniform distribution of electrically con-
ductive nanostructures (not shown) within the bulk of the
structural article, includes discontinuity 112. Accordingly,
when a voltage 1s applied across edges 113 and 114, the field
lines of electrical current 116 A can be diverted around the
discontinuity, producing two regions 117A and 117B through
which a relatively high density of electrical current passes. A
similar effect 1s observed when the structural article 1s rotated
90 degrees, as shown 1n FIG. 2C. In the set of embodiments
illustrated 1n FIG. 2C, a voltage 1s applied across edges 118
and 119, producing regions 120A and 120B through which a
relatively high density of electrical current passes. In these
cases, the degree to which the electric field lines 116B are
diverted 1s less pronounced than the diversion observed 1n
FIG. 2B because, in FI1G. 2C, the dimension of discontinuity
112 that 1s perpendicular to current flow (indicated by dimen-
sion 121) 1s relatively small compared to the dimension of
discontinuity 112 that 1s perpendicular to current flow 1n FIG.

2B (indicated by dimension 122).
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[0040] In some embodiments, a region of a structural ele-
ment on the periphery of a discontinuity may exhibit a higher
temperature relative to the temperature that would be
observed in that region 1n the absence of the discontinuity, but
under otherwise essentially 1dentical conditions. For
example, referring back to the exemplary embodiments of
FIGS. 1A-1B, peripheral regions 30A and/or 30B 1n FIG. 1B
may exhibit a higher temperature than would be observed in
regions 30A and/or 30B of FIG. 1A when substantially 1den-
tical voltages are applied across the structural elements. In
some embodiments, a region of a structural element on the
periphery of a discontinuity may exhibit a higher temperature
relative to other portions of the structural element. For
example, 1n some embodiments, peripheral regions 30A and/
or 30B 1n FIG. 1B may exhibit a higher temperature relative
to region 32.

[0041] In some cases, an electrical current can be passed
across multiple pairs of locations on or within the structural
clement. By applying electrical current across multiple pairs
of locations, one may be able, 1n some cases, to more easily
determine a mechanical characteristic of the structural ele-
ment, relative to situations 1 which current 1s only passed
across one pair of locations. In some cases, a first electrical
current can be applied across a first pair of two locations
defining a first direction, and a second electrical current can
be applied across a second pair of two locations defining a
second direction. In some cases, the first and second direc-
tions can be substantially orthogonal (e.g., as described in
relation to FIGS. 2B-2C above). In some cases, the first and
second directions can be substantially parallel, or at any other
suitable angle relative to each other. In some embodiments,
the first and second electrical currents (and/or additional elec-
trical currents) can be applied at the same time. The first and
second electrical currents (and/or additional electrical cur-
rents ) can also, in some cases, be applied at different times. In
addition, characteristics can be determined at different times
relative to the application of electrical current. For example, a
first characteristic can be determined during the application
of a first current (e.g., at a first time), and a second character-
1stic can be determined during the application of a second
current (e.g., at a second time that 1s the same as or different
from the first time).

[0042] Itshould beunderstood that electrical contact can be
made with the structural element at any suitable location and,
accordingly, a voltage can be applied (e.g., to produce an
clectrical current) across any two locations of the structural
clement. For example, 1n some embodiments, a voltage can be
applied across the ends of the structural element by position-
ing the electrical leads at the ends of the structural element
(e.g.,as shown in FIGS. 1A-1B and 2A-2C), Such an arrange-
ment can produce an electrical current that 1s passed from one
end of the structural element to the other.

[0043] In some embodiments, a voltage can be applied
across only a portion of the structural element, for example,
by making electrical contact to two regions on a face of the
structural element and/or by making electrical contact to two
regions on different (e.g., opposite) faces of the structural
clement. Applying the voltage across only a portion of the
structural element can result in electrical current passing
through only a portion of the structural element. In some
cases, the distance between the regions at which the electrical
connections are made to apply the voltage (as measured from
the geometric center of the regions at which the electrical
connections are made) can be less than about 80%, less than
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about 70%, less than about 60%, less than about 50%, less
than about 40%, or less than about 25%, less than about 10%,
or less than about 5% of the maximum cross-sectional dimen-
sion of the structural element through which the electrical
current 1s passed.

[0044] One such set of embodiments 1s illustrated in FIG.
2D. In this set of embodiments, a voltage 1s applied between
regions 130 and 132 to produce field lines 134 of electrical
current. In FIG. 2D, a voltage 1s also applied between regions
140 and 142 to produce ficld lines 144 of electrical current
around a discontinuity 143. The voltage applied between
regions 140 and 142 can be applied at the same time as the
voltage between regions 130 and 132, or at a different time
(e.g., before or after the voltage between regions 130 and 132
1s applied).

[0045] The ability to make electrical contact between any
two regions of the structural element can allow one to more
readily determine the location of a mechanical characteristic
such as a discontinuity or other defect, in some nstances. For
example, 1n the set of embodiments illustrated i FI1G. 2D,
field lines 134 are relatively evenly distributed, as there are no
structural defects or other characteristics between regions
130 and 132. The presence of the discontinuity between
regions 140 and 142, however, can produces relatively dense
field lines inregions 146 and 148, which can appear as regions
of relatively high temperature, thus indicating the presence of
the discontinuity. In some embodiments, electrical connec-
tion can be made to more than two pairs of regions, which
might be helpful 1n locating a very small defect within a
relatively large structural element.

[0046] In some embodiments, electrical contacts can be
incorporated into the structural element, which can, for
example, expedite the process of applying electrical leads to
the structural element. In some embodiments, the electrical
contacts can be positioned such that they form a row. For
example, 1n the set of embodiments illustrated in FIG. 2FE,
structural element 150 includes electrical contacts 152 (e.g.,
contact pads) arranged 1n a row along an elongated structural
clement. A voltage can be readily applied between any two (or
more) of the electrical contacts 152 to determine a mechani-

cal characteristic between the electrical contacts.

[0047] In some 1nstances, the electrical contacts can be
arranged 1n a 2-dimensional or 3-dimensional array (e.g., an
arrangement of electrical contact having at least one row and
at least one column). For example, 1n the set of embodiments
illustrated 1n FIG. 2F, structural element 160 includes elec-
trical contacts 162 (e.g., contact pads) arranged to form rows
164 and columns 166. A voltage can be readily applied
between any two (or more) of the electrical contacts 162 to
determine a mechanical characteristic between the electrical
contacts. It should be understood that the layouts of the elec-
trical contacts in FIGS. 2E-2F are exemplary, and a variety of
other layouts could be used 1n association with the embodi-
ments described herein. For example, 1n some embodiments,
two or more electrical contacts can be positioned such that
there 1s arelatively high concentration of electrical contacts at
a region that 1s expected to include a mechanical characteris-
tic (e.g., a defect), relative to regions that are not expected to
include a mechanical characteristic. In some cases, two or
more electrical contacts can be positioned such that there 1s a
relatively high concentration of electrical contacts at a region
that 1s expected to include a relatively important mechanical
characteristic (e.g., a defect), relative to regions that are
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expected to include no mechanical characteristics and/or less
important mechanical characteristics (e.g., characteristics 1n
a benign location).

[0048] In some cases, the application of electrical leads to
the structural element can be automated (e.g., using a CPU
and/or a robotic arm to apply the electrical leads), which can
increase etficiency 1 some embodiments. It should be under-
stood, however, that the invention 1s not so limited and that, 1n
other cases, the electrical leads can be positioned manually.

[0049] While discontinuities have been primarily
described, 1t should be understood that similar principles can
be applied to determine other defects (e.g., plastic deforma-
tions, 1nclusions, etc.) or other mechanical characteristics of a
structural element (e.g., elastic deformations, etc.). For
example, the presence of an inclusion may exhibit similar
elfects compared to those that would be observed with a
discontinuity, for example, when the inclusion comprises a
material with a relatively low thermal conductivity compared
to the conductivity of the structural element. As another
example, an elastic or plastic deformation of an article can
lead to an increase or reduction of the electrical resistance
within the bulk or on the surface of an article (e.g., via an
increase or reduction of a cross-sectional area through which
current 1s applied), which may manifest as a change 1n tem-
perature relative to a substantially non-deformed structural
clement or relative to another non-deformed region of the
same structural element. One of ordinary skill in the art would
be capable of determining, given the present disclosure, the
cifects of various deformations and defects (and other
mechanical characteristics) on the electrical resistance of a
structural element, and the corresponding thermal features
that would be observed.

[0050] In some embodiments, a mechanical characteristic
of a structural element can be determined based, at least in
part, upon the determination of a first measured temperature
of the structural element and/or of the network of electrically
conductive nanostructures. One or more temperatures of a
structural element can, 1n some cases, be produced in the
absence of a substantial source of heat external to the network
of electrically conductive nanostructures. In some cases, one
or more temperatures of a structural element can be produced
in the absence of a substantial source of heat external to the
structural element. In some embodiments, the structural ele-
ment and/or network of electrically conductive nanostruc-
tures can include a maximum temperature at least about 0.01
degrees Celsius, at least about 0.1 degrees Celsius, at least
about 1 degree Celsius, at least about 5 degrees Celsius, at
least about 10 degrees Celsius, or at least about 15 degrees
Cels1tus hotter than the ambient temperature surrounding the
structural element. In some instances, the structural element
and/or network of electrically conductive nanostructures can
include a maximum temperature at least about 0.01 degrees
Cels1us, at least about 0.1 degrees Celsius, at least about 1
degree Celsius, at least about 5 degrees Celsius, at least about
10 degrees Celsius, or at least about 15 degrees Celsius hotter
than the mimmum temperature within the structural element
and/or network of electrically conductive nanostructures.

[0051] In some embodiments, a single temperature deter-
mination may be sufficient to determine a mechanical char-
acteristic of a structural element. For example, in one set of
embodiments, a temperature can be measured at a single
location on or within a structural element. In some cases, the
temperature may indicate whether a defect 1s present at that
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location (e.g., 1f the temperature exceeds a pre-determined
ceiling value, or 11 the temperature 1s lower than a pre-deter-
mined floor value).

[0052] In some cases, the methods described herein may
include determining a second temperature. The determina-
tion of a mechanical characteristic of a structural element can
be based, in some such cases, by comparing the values of the
first and second temperatures. In one set of embodiments, a
first temperature can be measured at a {irst location on or
within a structural element, and a second temperature can be
measured at a second, different location on or within the
structural element. In some cases, a first temperature can be
measured at a first time and a second temperature can be
measured at a second, later time (e.g., at a different location or
at the same location on or within the structural element).

[0053] In some cases, the first and second temperatures
may have different values which may indicate a mechanical
characteristic at one of the two locations. For example, 11 the
first temperature 1s substantially lower than the second tem-
perature, the first location may correspond to the interior of a
discontinuity (e.g., a crack) while the second temperature
may correspond to the bulk of the structural element. In some
such cases, the second, higher temperature may correspond to
the edge of a discontinuity or a region on the periphery of a
discontinuity while the first, lower temperature may corre-
spond to the bulk of the structural element. In some cases, the
first and second temperatures may have substantially similar
values which may indicate a substantially similar mechanical
characteristic (or lack thereot) at each of the two locations.

[0054] In some embodiments, three, four, five, or more
temperatures can be measured. In some instances, a large
number of temperatures can be measured. For example, in
some cases, an array of temperatures can be measured simul-
taneously using, for example, an 1imaging device such as a
thermographic camera (e.g., an infrared thermographic cam-
era). In some embodiments, an array of temperature data
(e.g., an 1mage from a thermographic camera) can be used to
determine one or more mechanical characteristics by analyz-
ing temperature differences (e.g., temperature gradients, dii-
ferences 1n temperature between two or more discontinuous
locations, etc.) within a single array (e.g., image). Such meth-
ods can be useful, for example, in determining one or more
characteristics of a structural element 1n a steady-state analy-
s1s. In some embodiments, an graphical array of temperature
data can be used to determine one or more mechanical char-
acteristics by analyzing temperature differences (e.g., tem-
perature gradients, differences 1in temperature between two or
more discontinuous locations, etc.) within multiple arrays.
For example, 1n some embodiments, multiple images of the
same structural element taken at different times can be ana-
lyzed, which can be useful, for example, in performing a
time-dependent determination of one or more mechanical
characteristics of a single structural element. In some cases,
two or more 1images of two or more structural elements (taken
at the same or different times and/or locations) can be ana-
lyzed, which can be usetul, for example, in determining one
or more structural features of a first structural element relative
to those observed 1n another (or more) structural elements. In
some embodiments, determining a temperature includes
determining a continuous gradient of temperatures across a
line or surface on or within the structural element. For
example, 1n some cases, determination of a temperature can
include analysis of a single thermal image obtained, for
example, from a thermographic camera. In some cases, deter-




US 2014/0269830 Al

mimng a temperature can include determining a discontinu-
ous gradient of temperatures across a line or surface on or
within the structural element. For example, 1n some cases,
determination of a temperature can include analysis of mul-
tiple thermal 1mages of discontinuous parts of a structural
clement obtained, for example, from a thermographic cam-
era

[0055] In some embodiments, one or more temperatures
can be determined during the application of an electrical
current. One or more temperatures can also be determined, 1n
some embodiments, aiter the application of the electrical
current has been discontinued. Some such embodiments can
allow one to determine one or more temperatures and/or
mechanical characteristics of the structural element (and/or
network of electrically conductive nanostructures) as 1ts tem-
perature decreases (e.g., via exposure to the ambient atmo-

sphere, via exposure to a coolant source such as a stream of
cold flmd, etc.).

[0056] A temperature of the structural element can be deter-
mined, 1n some 1nstances, prior to first use of the structural
element, after first use of the structural element, or both. For
example, 1n some embodiments, a first temperature can be
determined prior to first use, and a second temperature can be
determined after use, for example, to determine one or more
mechanical characteristics resulting from use of the article.
As used herein, “prior to first use of the structural element™
means a time or times before the structural element 1s first
used by an intended user after commercial sale.

[0057] The systems, articles and methods described herein
can include electrically conductive nanostructures arranged
in a variety of ways. In some cases, such as the set of embodi-
ments 1llustrated in FIGS. 1A-1B, a structural element can
include a network of electrically conductive nanostructures
that 1s distributed within the bulk of the structural element.
For example, 1n some cases, the structural element can com-
prise a composite material including a plurality of nanostruc-
tures arranged within a primary structural material that can
serve, for example, as a support material (e.g., monomers,
polymers (e.g., epoxies, thermosets, thermoplastics, etc.),
fibers, woven fabrics, ceramics, etc.). Systems and methods
for fabricating such materials are described 1n detail below. In
some cases, the network of electrically conductive nanostruc-
tures can be distributed substantially evenly throughout the
bulk of the structural element.

[0058] In some embodiments, a network of electrically
conductive nanostructures can be located within a layer of the
structural element. FIGS. 3A-3C illustrate one set of some
such embodiments. In some embodiments, at least a portion
of the layer in which the electrically conductive nanostruc-
tures are located defines an external surface of the structural
clement. In some cases, a majority of the layer in which the
nanostructures are located defines an external surface of the
structural element, and in some 1nstances, substantially all of
the layer a majority of the layer in which the nanostructures
are located defines an external surface of the structural ele-
ment. For example, FIG. 3A includes a cross-sectional sche-
matic illustration of structural element 210 including a layer
212 within which electrically conductive nanostructures are

distributed. In FIG. 3 A, substantially all of layer 212 defines
an external surface 214 of the structural element.

[0059] Defects or other mechanical characteristics of the
structural element can be detected, 1n some embodiments, by
passing an electrical current through a layer in which electri-
cally conductive nanostructures are contained (e.g., layer 212
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in FIG. 3A), and determining a temperature. Such embodi-
ments can be useful, for example, when performing non-
destructive structural health monitoring on a non-electrically-
conductive structural article in which electrically conductive
nanostructures are substantially absent within 1ts bulk.

[0060] Forexample, inthe set ol embodiments illustrated in
FI1G. 3B, structural element 210 includes a crack 220 that has
propagated through the structural element to produce a cor-
responding crack 222 1n electrically conductive layer 212. In
some cases, structural element 210 may not be electrically
conductive. In addition, electrically conductive nanostruc-
tures may be substantially absent from structural element
210. In some cases, a layer of the structural element (e.g.,
clectrically conductive layer 212, which can contain electri-
cally conductive nanostructures) can be used to determine a
mechanical characteristic of structural element 210. For
example, when a voltage 1s applied across locations 224 and
226 of electrically conductive layer 212, a temperature (e.g.,
within the crack in the layer, along the edge of the crack, i a

peripheral region adjacent the crack, etc.) can be determined
that 1s indicative of crack 222 and, therefore, crack 220.

[0061] As another example, the structural element in the set
of embodiments 1llustrated in FIG. 3C includes discontinuity
221 within the mterior of the structural element. Discontinu-
ity 221 can produce, 1n some instances, a strain on electrically
conductive layer 212, which may produce, for example, a
region with a relatively thin cross sectional area (e.g., region
230 1n FIG. 3C). Upon applying a voltage across locations
224 and 226 of the layer, a temperature (e.g., within region
230) can be determined (e.g., a higher temperature due to an
increased resistance to electrical conductivity) that 1s indica-
tive of discontinuity 221. In some cases, discontinuity 221
may change the heat conduction 1n the bulk of structural
clement 210, which may project as a difference in layer 212.

[0062] In some cases, a layer (e.g., a film) including a
network of electrically conductive nanostructures can be
applied to the surface of a structural element (e.g., a compo-
nent of an airplane, automobile, building, bridge, etc.).
Optionally, an electrical current can be passed through the
network of electrically conductive nanostructures within the
layer, and one or more temperatures of the layer can be
determined, for example, to establish a reference temperature
for comparison to later temperature measurements. The struc-
tural element can then be used while the layer 1s deposited on
the structure. During use, mechanical characteristics (e.g.,
cracks, dislocations, plastic deformations, etc.) that develop
within the structural element may be transierred to the layer
such that the layer and/or the network of conductive nano-
structures within the layer 1s altered (e.g., via any of the
pathways discussed above in relation to FIGS. 1A-1B). Dur-
ing and/or after use, an electrical current can be passed
through the network of electrically conductive nanostructures
within the layer, and one or more temperatures can be deter-
mined. A mechanical characteristic of the structural element
can then be determined based at least 1n part on the one or
more temperatures determined during and/or after use of the
article.

[0063] In some embodiments, the network of electrically
conductive nanostructures can be contained within a layer,
and at least a portion, at least a majority, or substantially all of
the layer can be located within other materials (which might
be substantially free of electrically conductive nanostruc-
tures) that define the outer boundaries of the structural ele-
ment. In some cases, the layer can define an internal surface




US 2014/0269830 Al

(e.g., an interface between two different materials, an inter-
face between two similar materials, etc.) of the structural
clement. As a specific example, an interior surface can be
formed between facesheets of a core material such as Al
honeycomb 1n a sandwich panel. In some cases, the layer
containing the network of electrically conductive nanostruc-
tures can be one of a plurality of layers within the structural
clement (e.g., 1n the case of a multi-layer laminated article).
For example, 1n the set of embodiments 1llustrated in FI1G. 3D,
structural element 250 includes layer 252 which contains a
network of electrically conductive nanostructures. In this set
of embodiments, layer 252 1s sandwiched between layers 254
and 256 of structural element 250. In some cases, layer 252
can comprise a primary structural material that 1s different
from the primary structural material of layer 254 and/or layer
256. For example, in some cases, layer 252 may contain a
polymeric primary structural material, while layer 254 and/or
256 may contain a ceramic primary structural material. In
some embodiments, layer 252 can comprise a primary struc-
tural material that 1s similar to the primary structural material
of layer 254 and/or layer 256. For example, 1n some cases,
layer 252 and one or more other layers may comprise a similar
polymeric material between which one or more interfaces
exists (e.g., due to successive depositions of similar mater-
als). In some cases, the network of electrically conductive
nanostructures can be contained within a layer-like region
within the bulk of a primary structural material of the struc-
tural element.

[0064] In one set of embodiments, a system 1s described.
An exemplary system for determining a characteristic of a
structural element 1s outlined 1n the schematic illustration of
FIG. 4. In this set of embodiments, system 300 includes a
structural element 302 comprising a primary structural mate-
rial 304 and a network of electrically conductive nanostruc-
tures 306. In addition, the system can comprise an electrical
circuit comprising the network (e.g., 308 1n FIG. 4). The
system can also comprise a sensor associated with the elec-
trical circuit, constructed and arranged to determine a first
temperature of the structural element. For example, the set of
embodiments illustrated 1n FI1G. 4 includes a thermographic
camera 310 that can be used to determine a temperature of
structural element 302. Other suitable sensors that may be
used include, but are not limited to, thermocouples (e.g., a
single thermocouple, a plurality of thermocouples), thermal
indicator films (e.g., comprising temperature sensitive paint
such as thermo-chromic paint, a liquid crystal slurry, and the
like), piezoresistive temperature sensors, piezroelectric tems-
perature sensors, thermoelectric sensors, and the like.

[0065] In some embodiments, the systems and methods
described herein may be capable of determiming a relatively
small mechanical characteristic of a structural element. For
example, 1n some embodiments, a mechanical characteristic
with a maximum cross-sectional dimension of less than about
100 mm, less than about 10 mm, less than about 1 mm, less
than about 0.1 mm, between about 0.01 mm and about 100
mm, between about 0.01 mm and about 10 mm, between
about 0.01 mm and about 1 mm, between about 0.01 mm and
about 0.1 mm, between about 0.1 mm and about 100 mm,
between about 0.1 mm and about 10 mm, or between about
0.1 mm and about 1 mm can be determined.

[0066] A mechanical characteristic of a structural element
can be determined, 1n some embodiments, by applying a
relatively low amount of power to pass the electrical current
through the network of electrically conductive nanostruc-
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tures. In some cases, passing the electrical current through the
network of electrically conductive nanostructures can com-
prise application of a power of less than about 100 Watts, less
than about 10 Watts, less than about 1 Watt, less than about 0.1
Watts, between about 0.01 Watts and about 100 Watts,
between about 0.01 Watts and about 10 Watts, between about
0.01 Watts and about 1 Watt, between about 0.1 Watts and
about 100 Watts, between about 0.1 Watts and about 10 Watts,
or between about 0.1 Watts and about 1 Watt.

[0067] In some embodiments, a mechanical characteristic
of a structural element can be determined by establishing a
relatively low voltage across the network of electrically con-
ductive nanostructures. For example, in some cases, passing
an electrical current through the network of electrically con-

ductive nanostructures can comprise establishing a voltage
difference of less than about 100 Volts, less than about 50
Volts, less than about 10 Volts, less than about 1 Volt, less than
about 0.1 Volts, less than about 0.01 Volts, between about
0.001 Volts and about 100 Volts, between about 0.001 Volts
and about 50 Volts, between about 0.001 Volts and about 10
Volts, between about 0.001 Volts and about 1 Volts, between
about 0.01 Volts and about 100 Volts, between about 0.01
Volts and about 50 Volts, between about 0.01 Volts and about
10 Volts, between about 0.01 Volts and about 1 Volts, between
about 0.1 Volts and about 100 Volts, between about 0.1 Volts
and about 50 Volts, between about 0.1 Volts and about 10
Volts, between about 0.1 Volts and about 1 Volts, between
about 1 Volt and about 100 Volts, between about 1 Volt and
about 50 Volts, or between about 1 Volt and about 10 Volts.

[0068] Insome instances, the application of a power and/or
voltage (e.g., within any of the ranges noted herein) can
clevate the temperature of at least a portion of the structural
clement and/or network of electrically conductive nanostruc-
tures, relative to the ambient environment, by at least about
0.01 degrees Celsius, at least about 0.1 degrees Celsius, at
least about 1 degree Celsius, at least about 5 degrees Celsius,
at least about 10 degrees Celsius, at least about 15 degrees
Celsius, or more. In some cases, the application of a power
and/or voltage (e.g., within any of the ranges noted herein)
can produce a maximum temperature within the structural
clement and/or network of electrically conductive nanostruc-
tures at least about 0.01 degrees Celsius, at least about 0.1
degrees Celsius, at least about 1 degree Celsius, at least about
S degrees Celsius, at least about 10 degrees Celsius, or at least
about 15 degrees Celsius hotter than the minimum tempera-
ture within the structural element and/or network of electri-
cally conductive nanostructures.

[0069] The electrically conductive nanostructures can be
clongated structures, in some cases. For example, in some
embodiments, an electrically conductive nanostructure can
have a diameter on the order of nanometers and a length on the
order of microns to millimeters or more. In some 1nstances,
the electrically conductive nanostructures can have an aspect
ratio greater than 3, 10, 100, 1000, 10,000, or greater. In such
cases, the nanostructures may have a long axis. The term
“long axis™ 1s used to refer to the imaginary line drawn par-
allel to the longest length of the nanostructure and intersect-
ing the geometric center of the nanostructure.

[0070] The long axes of the plurality of nanostructures
within the structural element can be, 1n some cases, substan-
tially aligned. For example, 1n one set of embodiments, the
structural article can include a plurality of nanostructures
wherein at least about 50%, at least about 75%, at least about
90%, at least about 95%, or at least about 99% ofthe long axes
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of the nanostructures within the structural element (or a por-
tion thereol) are substantially aligned. In addition, 1n some
embodiments, at least about 50%, at least about 75%, at least
about 90%, at least about 95%, or at least about 99% of the
nanostructures are continuous from end to end of the struc-
tural element. In some cases, the alignment of the long axes of
nanostructures may provide the ability to tailor one or more
anisotropic properties ol a matenal, including mechanical,
thermal, electrical, and/or other properties. As specific
examples, the nanostructures may be arranged to enhance the
intralaminar interactions of components within the structural
element, to enhance the interlaminar interactions of two sub-
strates or plies within a structural element (e.g., a composite
structure), or to mechanically strengthen or otherwise
enhance the binding between the two substrates within a
structural element, among other functions. In some cases a
structural element may exhibit a higher mechanical strength
and/or toughness when compared to an essentially 1dentical
structural element lacking the plurality of substantially-
aligned nanostructures, under essentially identical condi-
tions. In some cases, a structural element may exhibit a higher
thermal and/or electrical conductivity when compared to an
essentially identical structural element lacking the plurality
of substantially-aligned nanostructures, under essentially
identical conditions. In some cases, the electrical conductiv-
ity, thermal conductivity, and/or other properties (e.g., elec-
tromagnetic properties, specific heat, etc.) of the structural
clement may be anisotropic.

[0071] In some cases, the electrically conductive nano-
structures can be dispersed substantially uniformly within the
primary structural material and/or a layer (e.g., a film) con-
taining a plurality of electrically conductive nanostructures.
For example, 1n some cases, the nanostructures may be dis-
persed substantially uniformly within at least 10% of a pri-
mary structural material or a layer (e.g., film), or, 1n some
cases, at least 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,
95%, or 100% of a primary structural material or a layer (e.g.,
film). As used herein, “dispersed uniformly within at least
X%” of a volume refers to the substantially uniform arrange-
ment of nanostructures within at least X% of the volume. The
ability to arrange nanostructures substantially uniformly
throughout a primary structural matenial and/or a layer (e.g.,
f1lm) comprising a plurality of electrically conductive nano-
structures can allow for relatively consistent electrical con-
ductivity, thermal conductivity, and/or mechanical properties
(e.g., strength, modulus, etc.) within the primary structural
material and/or the layer (e.g., {ilm).

[0072] In some embodiments, the nanostructures can be
arranged such that they penetrate at least one surface formed
between two articles that are joined to each other (e.g., to form
a layered composite). For example, 1n some cases, two layers
of material can be joined to form a layered composite, and the
nanostructures can be arranged at the interface of the jomed
layers such that, for at least some of the nanostructures, a first
portion of the nanostructure 1s positioned within the first layer
and a second portion of the nanostructure is positioned within
the second layer. In this arrangement, the length of the nano-
structure can extend across the mterface formed between the
first and second layers of material, which can reinforce the
interface between the first and second layers, in some
embodiments.

[0073] The electrically conductive nanostructures can also
be distributed according to pre-determined patterns, 1n some
instances. For example, arranging the nanostructures in pre-
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determined patterns (e.g., non-umiformly within the primary
structural material of the structural article) can allow spatial
tailoring of electrical conductivity, thermal conductivity, and/
or mechanical properties (e.g., strength, modulus, etc.) within
the primary structural material and/or a layer (e.g., a film).
Spatial talloring may be usetul 1n accentuating sensitivity to
defects of interest, such as 1n interfaces where structures are
bonded together (e.g., in composites). In some cases, the
clectrically conductive nanostructures may be present 1in rela-
tively high concentrations within a region of particular inter-
est (e.g., a corner, a region around a bolt hole, a bond line at an
interface, etc.). In some embodiments, the nanostructures can
be arranged such that a pre-determined temperature distribu-
tion 1s achieved upon passing an electrical current through the
structural element. In some cases, the magnitude of the elec-
trical current and/or voltage that 1s applied to the structural
clement can be chosen such that the desired temperature
distribution 1s achieved.

[0074] Insomeembodiments, the nanostructures within the
structural element may be closely spaced. For example, the
average distance between adjacent nanostructures may be
less than about 500 nm, less than about 200 nm, less than
about 100 nm, less than about 80 nm, less than about 60 nm,
less than about 40 nm, less than about 30 nm, less than about
20 nm, less than about 10 nm, less than about 5 nm, or smaller.
In some cases, the nanostructure materials or the nanocom-
posites may comprise a high volume fraction of nanostruc-
tures. For example, the volume fraction of the nanostructures
within the materials may be at least about 10%, at least about
20%, at least about 40%, at least about 60%, at least about
70%, at least about 75%, at least about 78%, or higher. In
some embodiments, the volume fraction of the nanostructures
(e.g., within a particular region of the structural element,
within the entire volume of the structural element, etc.) can be
selected such that a desired electrical resistance, temperature,
or other property can be obtained upon applying a pre-deter-
mined voltage.

[0075] As described herein, the systems and methods
described herein may involve use or addition of one or more
primary structural materials. In some cases, the primary
structural material and the network of electrically conductive
nanostructures may form a composite material. For example,
in some cases, the primary structural material may comprise
a material (e.g., a monomer, a polymer, etc.) that is selected to
uniformly “wet” the nanostructures and/or to bind one or
more substrates.

[0076] In some embodiments, all of part of the primary
structural material can have an electrical resistivity of at least
about 100 Ohm m, at least about 1000 Ohm m, at least about
1x10" Ohm m, at least about 1x10° Ohm m, at least about
10® Ohm m, at least about 1x10'° Ohm m, at least about
10'* Ohm m, at least about 1x10'* Ohm m, at least about
10'° Ohm m, at least about 1x10'® Ohm m, at least about
10°° Ohm m, between about 100 Ohm m and about 1x10°"
Ohm m, between about 1000 Ohm m and about 1x10°° Ohm
m, between about 1x10* Ohm m and about 1x10°° Ohm m,
between about 1x10° Ohm m and about 1x10°° Ohm m,
between about 1x10° Ohm m and about 1x10°° Ohm m.,
between about 1x10'°® Ohm m and about 1x10°° Ohm m,
between about 1x10** Ohm m and about 1x10°° Ohm m, or
between about 1x10** Ohm m and about 1x10°° Ohm m, for
example at 20° C. In some embodiments, the primary struc-
tural material can have an average electrical resistivity within
any of the above ranges. Any of the layers of primary struc-
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tural material described herein can include a material that has
an electrical resistivity within the ranges outlined above. For
example, 1n the set of embodiments illustrated 1n FIGS.
1A-1B, primary structural material 12 can have an electrical
resistivity within any of the ranges outlined above. As another
example, 1n the set of embodiments 1llustrated in FIG. 3D, the
primary structural materials in layers 252, 254 and/or 256 can
have an electrical resistivity within any of the ranges outlined
above.

[0077] Polymer materials that may be suitable for use as
primary structural materials can include any material com-
patible with nanostructures. In some cases, the polymer mate-

rial may be selected to have a particular viscosity, such as
500,000 cPs or lower, 100,000 cPs or lower, 50,000 cPs or

lower, 10,000 cPs or lower, 5,000 cPs or lower, 1,000 cPs or
lower, 500 cPs or lower, 2350 cPs or lower, or, 100 ¢cPs or lower.
In some embodiments, the polymer material may be selected
to have a viscosity between 150-2350 cPs. In some cases, the
polymer material may be a thermoset or thermoplastic. In
some cases, the polymer material may not be substantially
clectrically conductive, while 1n other cases, the polymer
material may be substantially electrically conductive.

[0078] Examples of thermosets that may be suitable for use
as primary structural materials include Microchem SU-8 (UV
curing epoxy, grades from 2000.1 to 2100, and viscosities
ranging from 3 cPs to 10,000 cPs), Buehler Epothin (low
viscosity, ~150 cPs, room temperature curing epoxy), West
Systems 206+109 Hardener (low viscosity, ~200 cPs, room
temperature curing epoxy ), Loctite Hysol 1C (20-min curing,
conductive epoxy, viscosity 200,000-500,000 cPs), Hexcel
RTM6 (resin transifer molding epoxy, viscosity during pro-
cess ~10 ¢Ps), Hexcel HexFlow VRM 34 (structural VARTM
or vacuum assisted resin transier molding epoxy, viscosity
during process ~500 cPs). Examples of thermoplastic include
polystyrene, or Microchem PMMA (UV curing thermoplas-
tic, grades ranging from 10 cPs to ~1,000 cPs),In one embodi-

ment, the polymer material may be PMMA, EpoThin, West-
Systems EPON, RTM6, VRM34, 977-3, SUS, or Hysol1C.

[0079] Any suitable source and/or type of electrical current
can be used 1n the systems and methods described herein. For
example, direct current (DC), alternating current (AC), or
combination of DC and AC can be used. Suitable sources of
electrical current can include, but are not limited to, batteries
(e.g., alkaline batteries, N1IMH batteries, and the like), vari-
able power supplies, or any other suitable source. One of
ordinary skill in the art would be capable of selecting a suit-
able source and/or type of electrical current for a particular
application.

[0080] In some cases, the nanostructures may be grown on
a substrate. Nanostructures may be grown on a substrate
using either a batch process or a continuous process. In one set
of examples, the nano structures may be synthesized by con-
tacting a nanostructure precursor material with a catalyst
matenal, for example, positioned on a surface of the growth
substrate. In some embodiments, the nanostructure precursor
material may be a nanotube precursor material and may com-
prise one or more fluids, such as a hydrocarbon gas, hydro-
gen, argon, nitrogen, combinations thereof, and the like.
Those of ordinary skill in the art would be able to select the
appropriate combination ol nanotube precursor material,
catalyst matenial, and set of conditions for the growth of a
particular nanostructure. For example, carbon nanotubes may
be synthesized by reaction of a C,H,/H, mixture with a cata-
lyst material, such as nanoparticles of Fe arranged on an
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Al,O; support. Examples of suitable nanostructure fabrica-
tion techniques are discussed 1n more detail in International

Patent Application Serial No. PCT/US2007/011914, filed
May 18, 2007, entitled “Continuous Process for the Produc-
tion of Nanostructures Including Nanotubes,” published as
WO 2007/136755 on Nov. 29, 2007, which 1s incorporated

herein by reference 1n 1ts entirety.

[0081] Insomeembodiments (e.g., 1n which the nanostruc-
tures are grown on a substrate), nanostructures (e.g., elon-
gated nanostructures) can be arranged (e.g., grown) such that
they are substantially aligned. In some cases, the set of sub-
stantially aligned nanostructures may be oriented such that
the long axes of the nanostructures are substantially non-
parallel to the surface of the substrate (e.g., a growth sub-
strate). In some cases, the long axes of the nanostructures are
ortented 1 a substantially perpendicular direction with
respect to the surface of the growth substrate, forming a
nanostructure “forest.”” An advantageous feature ol some
embodiments of the invention may be that the alignment of
nanostructures in the nanostructure “forest” may be substan-
tially maintained, even upon subsequent processing (e.g.,
application of a force to the forest, transier of the forest to
other surfaces, and/or combining the forests with materials
such as polymers, metals, ceramics, piezoelectric materials,
piezomagnetic materials, carbon, and the like).

[0082] In some cases, the method may comprise the act of
removing the nanostructures from the growth substrate. In
some cases, the nanostructures may be covalently bonded to
the substrate, and the removal step comprises breaking at least
some of the covalent bonds. The act of removing may com-
prise transferring the nanostructures directly from the surface
of the growth substrate to a surface of a receiving substrate.
Removal of the nanostructures may comprise application of a
mechanical tool, mechanical or ultrasonic vibration, a chemi-
cal reagent, heat, or other sources of external energy, to the
nanostructures and/or the surface of the growth substrate. For
example, a scraping (“‘doctor”) or peeling blade, and/or other
means such as an electric field may be used to initiate and
continue delamination of the nanostructures from the sub-
strate. In some cases, the nanostructures may be removed by
application of compressed gas, for example. In some cases,
the nanostructures may be removed (e.g., detached) and col-
lected 1 bulk, without attaching the nanostructures to a
receiving substrate, and the nanostructures may remain in
their original or “as-grown” orientation and conformation
(c.g., 1n an aligned “forest”) following removal from the
growth substrate.

[0083] In one set of embodiments, the attachment between
the nanostructures and a substrate (e.g., via covalent bonding)
may be altered by exposing the nanostructures and/or sub-
strate to a chemical (e.g., a gas). Exposing the nanostructures
and/or substrate to the chemical may, 1n some cases, substan-
tially reduce the level of attachment between the nanostruc-
tures and the substrate. Examples of chemicals that are usetul
in reducing the level of attachment between the nanostruc-
tures and the substrate include, but are not limited to, hydro-
gen, oxygen, and air, among others. In some cases, elevated
temperatures (e.g., temperatures greater than about 100° C.)
may be used to expedite the detachment of nanostructures
from the substrate. For example, nanostructures (e.g., carbon
nanotubes) may be grown on a growth substrate and subse-
quently exposed to hydrogen gas while they remain in the
processing chamber. Exposing the nanostructures to hydro-
gen may, 1n some cases, result in the delamination of the
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nanostructures from the growth substrate. In some embodi-
ments, exposing the nanostructures to hydrogen may not
result in the complete delamination of the plurality of nano-
structures, but may, for example, result in the breaking of a
large enough fraction of the bonds such that the force required
to remove the plurality of nanostructures is reduced by at least
about 50%, at least about 70%, at least about 90%, at least
about 95%, at least about 99%, or more.

[0084] As described above, some embodiments may make
use of a growth substrate on which nanostructures are formed.
Growth substrates described herein may be any material
capable of supporting nanostructures and/or catalyst materi-
als as described herein. The growth substrate may be selected
to be 1nert to and/or stable under sets of conditions used 1n a
particular process, such as nanostructure growth conditions,
nanostructure removal conditions, and the like. In some
cases, the growth substrate comprises a substantially flat sur-
face. In some cases, the growth substrate comprises a sub-
stantially nonplanar surface. For example, the growth sub-
strate may comprise a cylindrical surface. Examples of
growth substrates suitable for use 1n the systems and methods
described herein include, but are not limited to, prepregs.
polymer resins, dry weaves and tows, 1norganic materials
such as carbon (e.g., graphite), metals, alloys, intermetallics,
metal oxides, metal nitrides, ceramics, and the like. In some
cases, the growth substrate may be a fiber, tow of fibers, a
weave, and the like. Growth substrates may, 1n some cases,
turther comprise a conducting material, such as conductive
fibers, weaves, or nanostructures.

[0085] In some cases, the growth substrate may be incor-
porated into a structural element. For example, in some cases,
the growth substrate may include a plurality of fibers on
which nanostructures are grown. After growth of the nano-
structures, a primary structural material (e.g., a monomer, a
polymer, a ceramic, etc.), which can, 1n some cases, include a
non-electrically conductive material, may be added to the
plurality of fibers and the nanostructures to form a composite
structural element.

[0086] In some embodiments, the substrates used herein
are substantially transparent to electromagnetic radiation. For
example, 1n some cases, the substrate may be substantially
transparent to visible light, ultraviolet radiation, or infrared
radiation.

[0087] In some cases, the substrates as described herein
may be prepregs, that 1s, a polymer matenal (e.g., thermoset
or thermoplastic polymer) containing embedded, aligned,
and/or interlaced (e.g., woven or braided) fibers such as car-
bon fibers. As used herein, the term “prepreg’” refers to one or
more layers of thermoset or thermoplastic resin containing,
embedded fibers, for example fibers of carbon, glass, silicon
carbide, and the like. In some embodiments, thermoset mate-
rials include epoxy, rubber strengthened epoxy, BMI, PMK -
15, polyesters, vinylesters, and the like, and pretferred ther-
moplastic materials 1nclude polyamides, polyimides,
polyarylene sulfide, polyetherimide, polyesterimides pol-
yarylenes polysulifones polyethersuliones polyphenylene
sulfide, polyetherimide, polypropylene, polyolefins, polyke-
tones, polyetherketones, polyetherketoneketone, polyethere-
therketones, polyester, and analogs and mixtures thereof.
Typically, a prepreg can include fibers that are aligned and/or
interlaced (woven or braided) and the prepregs can be
arranged such the fibers of many layers are not aligned with
fibers of other layers, the arrangement being dictated by
directional stiffness requirements of the article to be formed
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by the method. In some embodiments, the fibers cannot be
stretched appreciably longitudinally, thus each layer cannot
be stretched appreciably in the direction along which 1ts fibers
are arranged. Exemplary prepregs include TORLON thermo-
plastic laminate, PEEK (polyether etherketone, Imperial
Chemical Industries, PLC, England), PEKK (polyetherke-
tone ketone, DuPont) thermoplastic, TROOH/3900-2 thermo-
set from Toray (Japan), and AS4/3501-6 thermoset from Her-
cules (Magna, Utah).

[0088] As described above, a variety of nanostructures can
be used 1n association with the nanosensors described herein.
In some embodiments, the nanostructures include a fused
network of atomic rings, the atomic rings comprising a plu-
rality of double bonds. In some embodiments, nanostructures
described herein can have at least one cross-sectional dimen-
s10n between two opposed boundaries of less than about 500
nm, less than about 250 nm, less than about 100 nm, less than
about 75 nm, less than about 50 nm, less than about 25 nm,
less than about 10 nm, or, 1n some cases, less than about 1 nm.

[0089] In some embodiments, carbon-based nanostruc-
tures are described. As used herein, a “carbon-based nano-
structure” comprises a fused network of aromatic rings
wherein the nanostructure comprises primarily carbon atoms.
In some 1nstances, the nanostructures have a cylindrical,
pseudo-cylindrical, or horn shape. A carbon-based nanostruc-
ture can comprises a fused network of at least about 10, at
least about 50, at least about 100, at least about 1000, at least
about 10,000, or, 1n some cases, at least about 100,000 aro-
matic rings. Carbon-based nanostructures may be substan-
tially planar or substantially non-planar, or may comprise a
planar or non-planar portion. Carbon-based nanostructures
may optionally comprise a border at which the fused network
terminates. For example, a sheet of graphene comprises a
planar carbon-containing molecule comprising a border at
which the fused network terminates, while a carbon nanotube
comprises a nonplanar carbon-based nanostructure with bor-
ders at either end. In some cases, the border may be substi-
tuted with hydrogen atoms. In some cases, the border may be
substituted with groups comprising oxygen atoms (e.g.,
hydroxyl).

[0090] Insomeembodiments, the nanostructures described
herein may comprise nanotubes. As used herein, the term
“nanotube’ 1s given its ordinary meaning in the art and refers
to a substantially cylindrical molecule or nanostructure com-
prising a fused network of primarily six-membered rings
(e.g., six-membered aromatic rings). In some cases, nano-
tubes may resemble a sheet of graphite formed 1nto a seamless
cylindrical structure. It should be understood that the nano-
tube may also comprise rings or lattice structures other than
six-membered rings. Typically, at least one end of the nano-
tube may be capped, 1.e., with a curved or nonplanar aromatic
group. Nanotubes may have a diameter of the order of nanom-
cters and a length on the order of microns, tens of microns,
hundreds of microns, or millimeters, resulting 1n an aspect
ratio greater than about 100, about 1000, about 10,000, or
greater. In some embodiments, a nanotube can have a diam-
eter of less than about 1 micron, less than about 500 nm, less
than about 250 nm, less than about 100 nm, less than about 75
nm, less than about 50 nm, less than about 25 nm, less than
about 10 nm, or, 1n some cases, less than about 1 nm.

[0091] In some embodiments, a nanotube may comprise a
carbon nanotube. The term “carbon nanotube™ refers to nano-
tubes comprising primarily carbon atoms. Examples of car-
bon nanotubes include single-walled carbon nanotubes
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(SWNTs), double-walled carbon nanotubes (DWNTs),
multi-walled carbon nanotubes IMWNTs) (e.g., concentric
carbon nanotubes ), inorganic dertvatives thereolf, and the like.
In some embodiments, the carbon nanotube 1s a single-walled
carbon nanotube. In some embodiments, the single-walled
carbon nanotubes can be metallic single-walled carbon nano-
tubes. In some embodiments, the single-walled carbon nano-
tubes can be semi-conductive single-walled carbon nano-
tubes. In some cases, the carbon nanotube 1s a multi-walled
carbon nanotube (e.g., a double-walled carbon nanotube).

[0092] In some instances, the nanostructures described
herein (e.g., at least a portion, or substantially all, of the
clectrically conductive nanostructures within the structural
clement) can be nanoparticles. Generally, the term “nanopar-
ticle” 1s used to refer to any particle having a maximum
cross-sectional dimension of less than about 1 micron. In
some embodiments, a nanoparticle within the structural ele-
ment may have a maximum cross-sectional dimension of less
than about 500 nm, less than about 250 nm, less than about
100 nm, less than about 10 nm, less than about 5 nm, less than
about 3 nm, less than about 2 nm, less than about 1 nm,
between about 0.3 and about 10 nm, between about 10 nm and
about 100 nm, or between about 100 nm and about 1 micron.
In some cases, the average maximum cross-sectional dimen-
s1on of substantially all of the nanoparticles of the same type
(c.g., substantially all of the metal nanoparticles, substan-
tially all of the carbon black nanoparticles, etc.) can be less
than about 500 nm, less than about 100 nm, less than about 10
nm, less than about 5 nm, less than about 3 nm, less than about
2 nm, less than about 1 nm, between about 0.3 and about 10
nm, between about 10 nm and about 100 nm, or between
about 100 nm and about 1 micron. As used herein, the “maxi-
mum cross-sectional dimension” (e.g., of a nanostructure, of
a structural element, etc.) refers to the largest distance
between two opposed boundaries of an individual structure
that may be measured. The “average maximum cross-sec-
tional dimension” of a plurality of structures refers to the
number average.

[0093] Asmentioned, the structural element can comprise a
network of electrically conductive nanostructures. In some
embodiments, all of part of the nanostructures within the
structural element can have an electrical resistivity of less
than about 0.1 Ohm m, less than about 0.01 Ohm m, less than
about 0.001 Ohm m, less than about 1x10~* Ohm m, less than
about 1x107° Ohm m, less than about 1x10~® Ohm m, less
than about 1x107'° Ohm m, less than about 1x10™'* Ohm m,
less than about 1x10~'* Ohm m, less than about 1x10™'° Ohm
m, less than about 1x10™*® Ohm m, less than about 1x107=°
Ohm m, between about 1x107>° Ohm m and about 1 Ohm m.,
between about 1x107°° Ohm m and about 0.1 Ohm m.,
between about 1x107°° Ohm m and about 0.01 Ohm m,
between about 1x10™°Y Ohm m and about 0.001 Ohm m.
between about 1x107°° Ohm m and about 1x10~* Ohm m.,
between about 1x107°° Ohm m and about 1x107° Ohm m,
between about 1x107°° Ohm m and about 1x10~® Ohm m.,
between about 1x107>° Ohm m and about 1x107'° Ohm m,
between about 1x107°° Ohm m and about 1x10~'* Ohm m, or
between about 1x107>° Ohm m and about 1x10™** Ohm m,
for example at 20° C. In some embodiments, the average
clectrical resistivity of the nanostructures within the struc-
tural element can fall within any of the above ranges.

[0094] The articles, systems, and methods described herein
may be combined with those described 1n International Patent

Application Serial No. PCT/US2007/011914, filed May 18,
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2007, entitled “Continuous Process for the Production of
Nanostructures Including Nanotubes,” published as WO
2007/136755 on Nov. 29, 2007; International Patent Appli-
cation Serial No. PCT/US07/11913, filed May 18, 2007,
entitled “Nanostructure-reinforced Composite Articles and
Methods,” published as WO 2008/054541 on May 8, 2008;
International Patent Application Serial No. PCT/US2008/
009996, filed Aug. 22, 2008, entitled “Nanostructure-rein-
torced Composite Articles and Methods,” published as WO
2009/029218 on Mar. 5, 2009; U.S. Pat. No. 7,537,825,
1ssued on May 26, 2009, entitled “Nano-Engineered Material
Architectures: Ultra-Tough Hybrid Nanocomposite System;”
U.S. patent application Ser. No. 11/8935,621, filed Aug. 24,
2007, entitled “Nanostructure-Reinforced Composite
Articles,” published as U.S. Patent Application Publication
No. 2008/0075954 on Mar. 27, 2008; U.S. Provisional Patent
Application 61/114,967, filed Nov. 14, 2008, entitled “Con-
trolled-Orientation Films and Nanocomposites Including
Nanotubes or Other Nanostructures;” U.S. patent application
Ser. No. 12/630,289, filed Dec. 3, 2009, entitled “Multifunc-
tional Composites Based on Coated Nanostructures,” pub-
lished as U.S. Patent Application Publication No. 2010/
02535303 on Oct. 7, 2010; U.S. patent application Ser. No.
12/618,203, filed Nov. 13, 2009, entitled “Controlled-Orien-
tation Films and Nanocomposites Including Nanotubes or
Other Nanostructures,” published as U.S. Patent Application
Publication No. 2010/0196695 on Aug. 5, 2010; and U.S.
Provisional Patent Application 61/230,2677, filed Jul. 31,
2009, entitled “Systems and Methods Related to the Forma-
tion of Carbon-Based Nanostructures;” each of which 1s
incorporated herein by reference 1n 1ts entirety for all pur-
poses.

[0095] The following documents are incorporated herein
by reference 1n their entirety for all purposes: U.S. Provi-
sional Patent Application Ser. No. 61/259.925, filed Nov. 10,
2009, and entitled “Systems and Methods Structural Sens-
ing”” and U.S. Provisional Patent Application Ser. No. 61/262,
864, filed Nov. 19, 2009, and entitled “Systems and Methods
for Structural Sensing.” All other patents, patent applications,
and documents cited herein are also hereby incorporated by
reference 1n their entirety for all purposes.

EXAMPLES

[0096] The following examples are intended to illustrate
certain embodiments of the present ivention, but do not
exemplily the full scope of the invention.

Example 1

[0097] This example describes the determination of one or
more mechanical characteristics 1n structural elements via
resistive heating. In this example, a differential voltage was
applied to a network of carbon nanotubes (CNTs). Defects
within the network of CNTs produced a change 1n the local
resistivity, and therefore in temperature, which was measured
using a thermal camera.

[0098] Inthis example, a vertically-aligned CN'T forest was
grown on a silicon waler by placing the wafer 1n an atmo-
spheric pressure quartz tube furnace (Lindberg). In order to
grow CNT's, a Chemical Vapor Deposition process was used,
flowing He, C,H, and H, during the different growth steps.
The growth temperature was 6350° C., as measured by ther-
mocouples 1 the tube furnace. Aligned MWCNTs were
grown uniformly on the surface of the silicon wafer, to pro-




US 2014/0269830 Al

duce a 6 cmx4 cm (VACNT) forest. The CNT's appeared to be
distributed uniformly over the silicon wafer, with a few clear
spots observable with the naked eye (as indicated by white
dots and small regions in FIG. 5A).

[0099] A silver paste contact was painted on each side of
the as-grown VACNT forest, as shown in FIG. 5A. Wires were
attached to the paste before it was cured. A DC power supply
was applied to the system to produce Joule effectheating. The
surface was heated by applying 0.06 A and 20V DC over 1
min in order to stabilize the thermal distribution.

[0100] Thermal images were taken with a tripod-mounted
thermal camera (PCE-TC 3, PCE group) every 30 seconds.
Temperature was recorded using a 160 pixelx120 pixel array,
with a temperature range of =10 to 250° C. and a resolution of
0.15° C. Samples were measured from a minimum measuring
distance of 30 cm. This applied voltage resulted 1 a low
temperature appearing on the surface of the forest, as shown
in FIG. SB. The thermal camera was capable of detecting
non-CN'T zones of under 0.14 mm 1n diameter. Electrical and
thermal conductivity was produced 1n the direction perpen-
dicular to the CNTs. Not wishing to be bound by any theory,
this may have occurred due to entanglement of the CN'Ts. The
CNT forest was observed under an optical microscope, and 1t
was found that the low temperature regions corresponded to
the zones where the surface of the silicon water could be seen
due to the absence of CNT growth.

[0101] Similar experiments were performed using fuzzy
fiber (FF) composite samples. The fuzzy fiber samples
included alumina cloths 1n which CNT's were grown around
the alumina fibers such that the CN'Ts were embedded in the
cloth. To produce the FF alumina cloths, a high temperature
alumina cloth (900 g/m°, about 1 mm thick; 0°/90° satin-
weave; McMaster-Carr) was dipped 1 a 50 mM solution of
Fe(NO,),-9H,O 1n 1sopropanol. Once the solvent was evapo-
rated, the cloth was placed in an atmospheric pressure quartz
tube furnace (Lindberg). In order to grow CNT's, the Chemi-
cal Vapor Deposition process outlined above was used (1.e.,
flowing He, C,H, and H, during the different growth steps at
a growth temperature of 650° C.). Aligned 20 micron average
length MWCNTs grew uniformly around each fiber 1n a
“Mohawk” morphology as was observed by SEM character-
ization. Silver paste electrodes were attached to each end of
the sample. 20 Volts (at 0.06 Amps) were applied to the
sample, and a thermograph was taken. For the fuzzy fiber
samples, no cold spots were observed as the cloth was sub-
stantially filled by inter- and intra-tow CNTs.

Example 2

[0102] Inthisexample, the effect of the amount of electrical
power 1mparted to a composite sample on the system tem-
perature was 1nvestigated. A nano-engineered composite
specimen comprising 3 plies of fuzzy fiber alumina cloth and
cured epoxy resin was heated varying the intensity of the
power supply, as shown 1n FIG. 6A. The composite speci-
mens were made using a hand lay-up method. A woven cloth
comprising alumina fibers and CNTs (made using the tech-
niques described in Example 1) was placed on a metal sheet
coated with a Tetlon film. A commercial epoxy (Resin 105
and Hardener 206 from West Systems Epoxy) was poured
into a stack of 3 piles of the cloth. Capillanty forces allowed
the aligned-CN'Ts wet substantially completely. The sample
was sealed by a vacuum bag during the curing process to
consolidate the laminate. The laminate had an alumina fiber
volume fraction of about 50% alumina fiber volume fraction
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and a CN'T volume traction of about 2.6%. Once the laminate
had cured, the specimens were trimmed.

[0103] Conductive contacts were established with copper
tape on each side of the specimen, as shown 1n FIG. 6 A. The
maximum temperature of the samples was recorded every 30
seconds 1n order to get a homogeneous thermal distribution
on the sample. FIG. 6B includes a plot of resistance and
temperature change as a function of the applied power for this
set of experiments. As can be seen 1n FIG. 6B, at low powers
(e.g., under 0.5 W), the resistance of the sample decreased
until it reached a plateau, but the temperature increased only
slightly. From 0.5 W to 1.75 W, the heating rate increased
linearly at about 12.3° C./W. At powers over 1.75 W, the
heating rate appeared to decrease. Not wishing to be bound by
any theory, this might have been due to local resin degrada-
tion. Atpowers well over 1.75 W, sample temperatures of over
100° C. were observed, and smoke from the resin decompo-
sition was detected. Notably, a temperature rise in the sample
of about 20° C. was observed at about 2 W of applied power.

Example 3

[0104] This example describes an in situ tensile test 1n
which the evolution of damage within a structure was
observed. In this example, a nano-engineered composite
specimen comprising 2 plies of fuzzy fiber alumina cloth and
epoxy resin was used. The methods for producing the com-
posite were similar to those described 1n Example 2. For the
composite used 1n this example, a hole was drilled 1n the
center of the composite (as shown 1n FIG. 7A) using a dia-
mond grit core drill.

[0105] FEach end of the composite was fixed, and a tensile
load was applied using a standard uniaxial mechanical testing
machine that allows displacement and force to be applied in a
single direction, as illustrated 1n FIG. 7A. The sample was
strained at a velocity of 0.2 mm/s, and thermographs were
taken every 30 seconds with a thermal camera (PCE TC-3)
placed approximately 0.5 m from the sample. FIG. 7B
includes a plot of the applied force and resultant resistance as
a Tunction of the crosshead displacement of the specimen
tested 1in this example. In addition, FIG. 7B includes exem-
plary thermographic images illustrating the temperature dis-
tribution on the sample at various stages of the test. A DC
voltage of 6.8 V was applied, which mitially yielded 0.3 A,
increasing the maximum temperature of the sample 20° C.
above room temperature. Before the test, the temperature was
somewhat unevenly distributed across the sample, perhaps
due to inhomogeneities 1n the sample during fabrication. The
hottest areas observed were relatively close to the positive
clectrode and at both sides of the hole. The resistance
increased during the test, reducing the current intensity along
the test and the sample temperature, perhaps due to strain on
the network of CNTs. The temperature distribution of the
sample changed with the strain of the sample, an effect that
was pronounced on both sides of the hole. Once the sample
began to fail, flaws appeared clearly on the thermograph, and
the temperature of the regions that were not completely bro-
ken apart were observed to increase. The average temperature
on the nght side ofthe hole from the beginning of the test until
1 mm of sample deformation, decreased 1.1° C. Meanwhile,
the left side decreased 2.8° C. The differences in temperature
variation might correspond with an increment 1n damage on
that left side of the sample, producing damage to the sample
first 1n that region. As a comparison, the temperature change
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in the same deformation range was the same above and below
the hole (2.1° C., for both regions).

Example 4

[0106] This example describes the evaluation of damage
within various articles. In the first set of experiments, a nano-
engineered composite comprising fuzzy fiber alumina cloth
and epoxy resin was damaged on its surface with a blunt
round tip hammered in the middle of the sample. Electrical
contacts were made by sticking copper adhesive tape contacts
on both sides of the sample. Current was applied thought
alligator clamps attached to the specimen and on a 9V alka-
line battery (Duracel), as shown 1n FIG. 8 A. A thermograph,
shown 1n FIG. 8B, was recorded with an infrared camera. The
temperature of the heated region was about 17° C. above
room temperature. In addition, the damaged region included
a relatively low-temperature area. As was observed 1n
Example 3, the positive electrode was hotter than the negative
clectrode.

[0107] Another set of experiments were performed to
determine whether a defect within the interior of a sample
could be detected using thermography and resistive heating.
In this set of experiments, an 1nternal crack was created 1n a
FFRP specimen by placing a Teflon film between two plies to
create a double-cantilever beam (DCB) specimen. A photo-
graph of the specimen 1s shown 1n FIG. 8C. This specimen
was covered by two electrically insulating glass/epoxy plates
glued on its surface as part of the fracture testing, and which
may have acted to shield the heat radiation. Two opposite
sides of the specimen were painted with silver paint, and
wires were connected with silver paste. The thermal camera
was placed at 0.5 m from the sample, focusing on the top
surface and 1ts section. A thermograph of the heated specimen
1s shown 1n FIG. 8D. On the bottom surface, the temperature
distribution appeared to be homogeneous, with the exception
of the crack region, where the temperature decreased. In this
case, the heat may have propagated from the conductive
FFRP layers heated by Joule effect to the non conductive
layers, until reaching the surface of the sample. In the cross
section, the crack was clearly noticed, and a hot temperature
zone appeared on the end of the sample. The hot zone may
have on the end of the sample may have been associated with
the heat distribution and the proximity of the positive contact,
and might not have been related with to a defect in the sample.

Example 5

[0108] This example describes the detection of a kissing-
debond 1n a composite sample. The nano-engineered com-
posite specimen included two plies of fuzzy fiber alumina
cloth within cured epoxy resin positioned between two exter-
nal plies of alumina fiber within cured epoxy resin. A thin-
f1lm Teflon layer was placed along the centerline on the last 2
inches of the laminate to form an 1nitial pre-crack. The com-
posite specimens were made using the hand lay-up method
described in Example 2.

[0109] Conductive contacts were painted with silver paste
on each side of the specimen, as shown in FIG. 9A. The
sample was heated using a power supply (0.4A, 25 V). In
order to simulate a kissing debond, two set ups were per-
tformed: “crack closed” as indicated above, “crack pressed
together”, where both sides of the crack were pressed with a
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clamp, as can be seen 1n FIG. 9C. A control set up “crack
open” (FIG. 9B) was prepared opening both sides of the
crack.

[0110] When the samples were heated, a high temperature
region corresponding to the kissing debond crack was
observed 1n each of the “crack closed,” “crack open,” and
“crack pressed together” arrangements. The high temperature
region was observed on the both lateral sides and on the top
and bottom faces of the sample. The difference 1n temperature
obtained between the crack region and the rest of the sample
was about 1° C. for the “crack pressed together” arrangement
and about 5° C. for the “crack closed” arrangement.

[0111] While several embodiments of the present invention
have been described and 1llustrated herein, those of ordinary
skill 1n the art will readily envision a variety of other means
and/or structures for performing the functions and/or obtain-
ing the results and/or one or more of the advantages described
herein, and each of such variations and/or modifications 1s
deemed to be within the scope of the present invention. More
generally, those skilled 1n the art will readily appreciate that
all parameters, dimensions, materials, and configurations
described herein are meant to be exemplary and that the actual
parameters, dimensions, materials, and/or configurations will
depend upon the specific application or applications for
which the teachings of the present invention is/are used.
Those skilled 1n the art will recognize, or be able to ascertain
using no more than routine experimentation, many equiva-
lents to the specific embodiments of the mnvention described
herein. It 1s, therefore, to be understood that the foregoing
embodiments are presented by way of example only and that,
within the scope of the appended claims and equivalents
thereto, the invention may be practiced otherwise than as
specifically described and claimed. The present invention 1s
directed to each individual feature, system, article, material,
kit, and/or method described herein. In addition, any combi-
nation of two or more such features, systems, articles, mate-
rials, kits, and/or methods, 11 such features, systems, articles,
materials, kits, and/or methods are not mutually inconsistent,
1s included within the scope of the present invention.

[0112] Theindefinite articles “a” and “an,” as used herein 1n
the specification and 1n the claims, unless clearly indicated to
the contrary, should be understood to mean “at least one.”

[0113] The phrase “and/or,” as used herein 1n the specifica-
tion and 1n the claims, should be understood to mean “either
or both” of the elements so conjoined, 1.¢., elements that are
conjunctively present in some cases and disjunctively present
in other cases. Other elements may optionally be present
other than the elements specifically 1dentified by the “and/or”
clause, whether related or unrelated to those elements spe-
cifically identified unless clearly indicated to the contrary.
Thus, as a non-limiting example, a reference to “A and/or B,”
when used 1n conjunction with open-ended language such as
“comprising’” can refer, in one embodiment, to A without B
(optionally including elements other than B); in another
embodiment, to B without A (optionally including elements
other than A); 1n yet another embodiment, to both A and B
(optionally 1including other elements); etc.

[0114] Asusedherein in the specification and 1n the claims,
“or” should be understood to have the same meaning as
“and/or” as defined above. For example, when separating
items 1n a list, “or” or “and/or” shall be interpreted as being
inclusive, 1.¢., the inclusion of at least one, but also including
more than one, of a number or list of elements, and, option-
ally, additional unlisted 1items. Only terms clearly indicated to
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the contrary, such as “only one of” or “exactly one of,” or,
when used 1n the claims, “consisting of,” will refer to the
inclusion of exactly one element of a number or list of ele-
ments. In general, the term “or” as used herein shall only be
interpreted as indicating exclusive alternatives (1.e. “one or
the other but not both”) when preceded by terms of exclusiv-
ity, such as “either,” “one of,” “only one of,” or “exactly one
ol.” “Consisting essentially of,” when used 1n the claims, shall
have 1ts ordinary meaning as used 1n the field of patent law.
[0115] Asusedherein in the specification and 1n the claims,
the phrase “at least one,” 1n reference to a list of one or more
elements, should be understood to mean at least one element
selected from any one or more of the elements 1n the list of
clements, but not necessarily including at least one of each
and every element specifically listed within the list of ele-
ments and not excluding any combinations of elements 1n the
list of elements. This defimition also allows that elements may
optionally be present other than the elements specifically
identified within the list of elements to which the phrase “at
least one” refers, whether related or unrelated to those ele-
ments specifically i1dentified. Thus, as a non-limiting
example, “at least one of A and B” (or, equivalently, “at least
one of A or B,” or, equivalently *“at least one of A and/or B”)
can refer, 1n one embodiment, to at least one, optionally
including more than one, A, with no B present (and optionally
including elements other than B); in another embodiment, to
at least one, optionally including more than one, B, with no A
present (and optionally including elements other than A); in
yet another embodiment, to at least one, optionally including
more than one, A, and at least one, optionally including more
than one, B (and optionally including other elements); etc.

[0116] In the claims, as well as 1n the specification above,
all transitional phrases such as “comprising,” “including,”
“carrying,” “having,” “containing,” “involving,” “holding,”
and the like are to be understood to be open-ended, 1.¢., to
mean including but not lmmited to. Only the transitional
phrases “consisting of”” and “consisting essentially of” shall
be closed or semi-closed transitional phrases, respectively, as
set forth 1n the United States Patent Office Manual of Patent

Examining Procedures, Section 2111.03.

What 1s claimed 1s:

1. (canceled)

2. A system, comprising:

a structural element comprising a network of electrically

conductive nanostructures;

an electrical circuit comprising at least a portion of the

network; and

a sensor constructed and arranged to determine a first tem-

perature of the structural element and/or of the network,
wherein the system 1s constructed and arranged to pass an
clectrical current through the electrical circuit.

3. The system of claim 2, wherein the system 1s constructed
and arranged to determine the location and/or size of the
mechanical characteristic.

4. The system of claim 2, wherein the system 1s constructed
and arranged to determine the presence or absence of a defor-
mation and/or a fracture.

5. The system of claim 2, wherein the system 1s constructed
and arranged to compare the first temperature to a second
temperature.
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6. The system of claim 2, wherein the system 1s constructed
and arranged to pass an electrical current through the electri-
cal circuit to resistively heat the structural element.

7. The system of claim 2, wherein a thermographic camera
and/or a thermocouple 1s used to determine the first tempera-
ture of the structural element.

8. The system of claim 2, wherein the structural element
comprises a plurality of electrical contacts to which electrical
leads can be applied, and through which electrical current can
be passed.

9. The system of claim 2, wherein the structural element
comprises a polymeric material.

10. A method, comprising:

passing an electrical current through at least a portion of a

network of electrically conductive nanostructures of a
structural element:;

determining a first temperature of the structural element

using a sensor; and

determining a mechanical characteristic of the structural

clement and/or of the network based at least in part upon
the first temperature of the structural element.

11. The method of claim 10, wherein determining the
mechanical characteristic comprises determining the location
and/or size of the mechanical characteristic.

12. The method of claim 10, wherein determining the
mechanical characteristic comprises determining the pres-
ence or absence of a deformation and/or a fracture.

13. The method of claim 10, comprising comparing the first
temperature to a second temperature.

14. The method of claim 10, wherein passing the electrical
current through at least the portion of the network of electri-
cally conductive nanostructures resistively heats the struc-
tural element.

15. The method of claim 10, wherein determining the first
temperature comprises determining the first temperature
using a thermographic camera and/or a thermocouple.

16. The method of claim 10, wherein the electrical current
1s passed from one end of the structural element to another
end of the structural element.

17. The method of claim 10, wherein the structural element
comprises a polymeric material.

18. A method, comprising:

passing an electrical current through at least a portion of a

network of electrically conductive nanostructures
located within a polymeric material such that the nano-
structures are resistively heated; and

determining a {irst temperature of the polymeric material

and/or of the network using a sensor, indicative of the
resistive heating, thereby determining a mechanical
characteristic of the polymeric material indicative of a
mechanical transformation.

19. The method of claim 18, wherein determining the
mechanical characteristic comprises determining the location
and/or size of the mechanical characteristic.

20. The method of claim 18, wherein determining the
mechanical characteristic comprises determining the pres-
ence or absence of a deformation and/or a fracture.

21. The method of claim 18, wherein determining the first
temperature comprises determining the first temperature
using a thermographic camera and/or a thermocouple.
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