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LIGHTNING PROTECTION AND
DETECTION SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application claims the benefit of and priority
to U.S. Provisional Patent Application Ser. Nos. 61/477,845

and 61/480,122, filed on Apr. 21, 2011 and Apr. 28, 2011,

respectively, which are incorporated by reference in their
entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The present invention was made in part by employees of
the United States Government and may be manufactured and
used by or for the Government of the United States of
America for governmental purposes without the payment of
any rovalties thereon or therefore.

FIELD OF THE INVENTION

The present invention relates to a protection and detection
system for aircrait and aerospace vehicles. More speciii-
cally, 1t relates to a system for protecting against lightning
and any damages therefrom.

BACKGROUND OF THE INVENTION

Aircraft and aerospace vehicles are typically formed using
conductive and non-conductive materials. Some vehicles are
formed of all metal material and can protect against light-
ning and electromagnetic interference (EMI), provide
shielding effectiveness (SE) and are mechanically durable.
However, there are several disadvantages to forming an
aircraft using all metal material. These include weight
concerns, corrosion, a coeflicient of thermal expansion
(CTE) mismatch, structural failure and aerodynamic design
constraints. Moreover, aircraft vehicles are increasingly
formed using composite maternials for high strength and
stiflness with minimal weight. These vehicles include com-
posite panels for cosmetic coverings, for example, and
empennage, wing, fuselage structures and turbine blades. A
conventional lightning protection system for aircraft sys-
tems formed using composite materials includes embedding,
a metal mesh or expanded metal foi1l on a surface of or within
laminate layers of the composite materials. As shown 1n
FIG. 1, a conventional aircraft 100 typically includes a metal
mesh surface 50 formed on a top surface of a fuselage 101,
wings 102 and portions of an empennage 103 of the aircraft
100. This system has several disadvantages, such as
increased weight of the aircraft 100, failure to detect light-
ning strikes, and failure to perform damage diagnostic due
to the occurrence of a strike.

SUMMARY OF THE INVENTION

Embodiments of the present invention obviate the above-
mentioned problems by providing a protection system
capable of protecting an aircraft from lightning strikes,
detecting lightning strike occurrences and performing diag-
nostic testing for damage, 1n real time.

According to an embodiment of the present invention, a
lightning protection and detection system for an aircraft is
provided. The system includes a non-conductive substrate
material of the aircraft, and a sensor formed of a conductive
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2

material and deposited on the non-conductive substrate
material of the aircrait. The sensor includes a conductive
trace formed 1n a continuous spiral winding starting at a first
end at a center, region of the sensor and ending at a second
end at an outer corner region of the sensor, the first and
second ends being open and unconnected. The system
further includes an electrical measurement system 1n com-
munication with the sensor and configured to receive a
resonant response from the sensor, to perform detection, in
real-time, of lightning strike occurrences and damage there-
from to the sensor and the non-conductive substrate mate-
rial.

According to another embodiment of the present mnven-
tion, the system includes a non-conductive substrate mate-
rial of the aircraft, and a sensor array comprising a plurality
of sensors coupled together in series with each sensor
formed of a conductive material and the sensor array being
deposited on the non-conductive substrate material of the
aircraft. Each sensor includes a conductive trace formed 1n
a continuous spiral winding starting at a first end at a center
region of the sensor and ending at a second end at an outer
corner region of the sensor, the first and second ends being
open and unconnected. The system further includes an
clectrical measurement system 1n commumnication with the
sensor and configured to receive a resonant response ifrom
the sensor, to perform detection, 1 real-time, of lightming
strike occurrences and damage therefrom to the sensor and
the non-conductive substrate matenal.

Additional features and advantages are realized through
the techniques of the present invention. Other embodiments
and aspects of the mvention are described in detail herein
and are considered a part of the claimed invention. For a
better understanding of the invention with the advantages
and the features, refer to the description and to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter which 1s regarded as the mvention 1s
particularly pointed out and distinctly claimed 1n the claims
at the conclusion of the specification. The forgoing and other
features, and advantages of the invention are apparent from
the following detailed description taken 1n conjunction with
the accompanying drawings 1n which:

FIG. 1 1llustrates a conventional protection system of an
aircrait.

FIG. 2A 1s a schematic view of a sensor of a lightning
protection and detection system that can be implemented
within embodiments of the present invention.

FIG. 2B 1s an exploded view of a portion of the sensor
shown 1n FIG. 2A.

FIG. 3 1s a schematic view of lightning zones of an aircraft
that can be implemented within embodiments of the present
ivention.

FIGS. 4 A through 4C are schematic view of sensors of the
lightning protection and detection system that can be 1mple-
mented within alternative embodiments of the present inven-
tion.

FIG. 5 1s a schematic view of a sensor array including a
plurality of sensors that can be implemented within embodi-
ments of the present mvention.

FIG. 6 1s a schematic view of a lightning protection and
detection system that can be implemented within alternative
embodiments of the present invention.

FIGS. 7A through 7D are schematic top views of a high
permeable conductive material layer of the lightning pro-
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tection and detection system of FIG. 6 that can be imple-
mented within alternative embodiments of the present inven-
tion.

FIG. 8 1s a diagram 1illustrating an electrical measurement
system 1n communication with the sensors that can be
implemented within embodiments of the present invention.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

Embodiments of the present invention provide a lightming
protection and detection system for protecting aircrait (e.g.,
commercial aircraits) and aerospace vehicles (e.g., satellites,
wind turbines) against direct and indirect effects of lightning,
strikes. Specifically, the system provides lightning strike
mitigation to airframe and aircrait systems, real-time detec-
tion and sensing of lightning strikes to the airframe, and

in-thght diagnostic testing of damage to the fuselage and
other airframe structures of the aircraft. The protection
sensor system of the present invention may be adaptable to
other industries and applications. Thus, the present invention
1s not limited to being used within aircrait and aerospace
vehicles and may be applied to any type of vehicle or other
apparatus being formed ol composite materials, such as
wind turbines, automobiles and ships. The composite mate-
rials may include polymers, metals, and ceramics, for
example, which act as a matrix and hold reinforcement
material to a desired shape. Composite materials formed
from fiberglass and carbon (1.e., graphite), are widely used
and have a high strength-to-weight ratio compared to metal-
lic structures. The composite materials may include several
layers or plies of the remnforcement material. Delamination
of the layers may occur due to lightning strike occurrences.
The present invention is able to detect and protect against
lightning strike occurrences.

A sensor 220 of the lightning protection and detection
system will now be discussed with reference to FIGS. 2A
and 2B. According to an embodiment of the present inven-
tion, the sensor 220 1s an open circuit resonant sensor
capable of detecting damage to composite materials of the
aircrait (e.g., aircraft 100 shown i FIG. 1). The sensor 220
1s a passive open circuit which does not require any direct
clectrical connections to a generating source. Although
passive, the sensor 220 1s energized by an electromagnetic
field generated remotely from the sensor 220 and produces
magnetic field responses when electrically stimulated.

According to an embodiment, the sensor 220 1s formed of
a conductive material. Further, the sensor 220 1s an inductor
in the form of a planar spiral as shown 1n FIG. 2A. The
sensor 220 uses inherent capacitance and resistance of a
geometric shape thereof (e.g., the square shape as depicted
in FIG. 2) to generate a resonant response (e.g., frequency,
amplitude, bandwidth, phase and harmonics). Even 1f dam-
aged, the sensor 220 still functions but with a different
resonant response. That 1s, a frequency thereof, for example,
may be diflerent compared to that of an undamaged sensor
220.

According to one embodiment, the sensor 220 1s formed
in a geometric pattern such as a square as shown 1n FIG. 2A.
The sensor 220 may be formed having outer dimensions
ranging {rom 2 inches (e.g., in a 2 inchx2 inch configuration)
to 9 inches (e.g., 9 inchx9 inch configuration). The present
invention 1s not limited to the sensor 220 being of a
particular shape or size. Thus, the sensor 220 may vary in
s1ize and be formed in a triangular, hexagonal and circular

shape (as depicted 1n FIGS. 4A through 4C), for example.
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The sensor 220 1s formed of metal foil (e.g., copper)
having a predetermined thickness of approximately 1.25
mils, and includes a conductive trace 222 formed from the
metal foi1l which 1s a continuous spiral winding starting at a
first end 220q at a center region of the sensor 220 and ending
at a second end 2205 at an outer corner region of the sensor
220, with the first and second ends open and unconnected.
According to embodiments of the present invention, the
trace 222 1s not limited to being formed of a particular
conductive material and may vary accordingly. For example,
the trace 222 may be formed of aluminum, brass, copper,
monel, mu-metal, nickel, palladium, platinum, silver, steel,
stainless steel, titanmium, zinc, and structural composite
derivatives such as fibers, cloths, and tapes plasma sprayed
or vapor deposited with the above-mentioned metals.

The trace 222 1s a thin film conductive material and 1s
approximately 93.75 mils wide W having a gap G of
approximately 31.25 mils therebetween, when 1n a spiral
configuration. The present invention 1s not limited to the
trace width W and gap G being of a particular size. Accord-
ing to an embodiment, trace widths W and gaps G can vary
according to the design of the sensor 220 and sensor array
500 (shown 1 FIG. 5). For example, trace widths W may
range from approximately 50 mils to 1000 mils and trace
gaps G may range from approximately 30 mils to 350 mils.

According to an embodiment of the present invention,
some techniques for forming the sensor 220 include con-
ventional metal conductor deposition processes including
thin film fabrication techniques. The present invention 1s not
limited to forming the sensors 220 via a particular techmque,
and any suitable technique may be utilized. Some other
techniques 1include die cut or stamped thin metal foils,
appliques, conductive paint or silk screening techniques, and
structural composite techniques such as metal conductor
plasma sprayed or vapor deposited on to, fibers, cloths, and
tapes 1n the form of the sensor 220 and sensor array 300.

According to an embodiment, the sensor resonant
response 1s dependent upon the geometric pattern of the
sensor 220 and the impedance of the coupled material (1.e.,
the substrate 201). In one embodiment, the resonant
response (e.g., resonant Irequency) of the sensor 220
increases as the size of the sensor 220 decreases. The sensor
220 1s configured to detect an abrupt change in a resonant
response thereof, to support damage diagnosis. Additional
details regarding the detection process will be discussed
below with reference to FIG. 8.

Additional details of the sensor 222 will now be discussed
with reference to FIG. 2B. As shown in FIG. 2B, the trace
width W, the trace gap G, between the conductive legs of the
spiral trace 222, and the substrate 201 thickness H may vary,
based upon desired design characteristics. The length of the
trace 222 of the sensor 220 1s further parameterized by the
area of the trace 222. This area determines the sensor size
which directly relates to the design operation frequency and
the amount of composite material surface 201 that the sensor
222 covers. Also, according to an embodiment of the present
invention, a number of turns within the trace 222 that
comprise mnductive loops of the sensor 220 1s also param-
eterized.

An 1mductance of the sensor 220 1s equal to a sum of self
and mutual inductances of trace interactions. The seli-
inductance 1s a measure of the magnetic field generated by
a time-varying current. Mutual inductance 1s the measure of
mutually coupled magnetic fields of adjacent traces with
current tlowing 1 a same direction. A capacitance of the
sensor 220 1s determined based on the trace width W
between the spiral trace 222 and a substrate 201 (e.g., the
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composite surface of the aircraft) which acts as a dielectric.
The capacitance 1s considered to be parasitic and 1s minimal
in a geometric spiral with the non-conductive substrate 201.

According to an embodiment, the resistance of the sensor
220 1s determined based on overall trace dimensions (i.e.,
width W and gap width G and length L of the trace 222). The
total resistance of a planar spiral 1s a combination of series
and parallel resistance. Series resistance 1s both dependent
and 1independent on the frequency. The independent portion
1s, essentially the direct current (D.C.) resistance of the wire
(1.e., the trace 222), and 1s largely dependent on the total
length L. The frequency dependent portion of the overall
resistance 1s due to the effects of eddy currents. The parallel
resistance 1s a result of the finite resistance between the
substrate material 201 and the sensor 220.

The electric field generated due to a magnetic flux of the
trace 222 1s confined within the substrate 201. At higher
frequencies, the electric field becomes large enough that 1t
capacitively couples through the substrate 201. This 1s the
seli-resonance frequency (SRF) of the sensor 220 combined
with the substrate 201. The effect associated with the trace
222 induces currents of the substrate 201. The currents of the
substrate 201 are mainly composed of two parts: displace-
ment currents from the trace 222 to the substrate 201 through
capacitance, and eddy currents in the substrate 201. The
displacement currents are a product of the time varying
clectric field through capacitance, and increase with higher
frequencies. The eddy currents are a product of the sensor
220 time-varying magnetic field penetrating the substrate
201. The induced currents in the substrate 201 tlow 1n
opposite direction to the current tlow of the sensor 220,
producing a counter eflect on the performance of the sensor
220 and substrate 201 when attached together. The detection
of the diflerences in frequency and amplitude of the induced
currents within the substrate 201 provides a means of
detecting damage or changes to the state and condition of the
substrate 201. Additional details regarding the sensor 220
are disclosed 1n co-pending U.S. Patent Publication 2007/
0181683 (application Ser. No. 11/671,089) filed Feb. 5,
2007, entitled “WIRELESS SENSING SYSTEM USING
OPEN-CIRCUIT ELECTRICALLY-CONDUCTIVE SPI-
RAL-TRACE SENSOR” by Woodard et al., and U.S. Pat.
No. 8,042,739 (application Ser. No. 11/864,012 filed Sep.
28, 2007); entitled “WIRELESS TAMPER DETECTION
SENSOR AND SENSING SYSTEM” by Woodard et al.
The contents of both are hereby incorporated by reference 1n
theirr entirety and may be repeated herein to provide a
complete description of the present invention.

The sensor 220 may be formed as a single applique on a
substrate 201 (i.e., a composite panel of the aircrait) or at
multiple locations on the aircrait. FIG. 3 1s a schematic view
of lightning zones of an aircraft that can be implemented
within embodiments of the present invention.

The sensors 220 and/or sensor arrays 500 (as depicted in
FIG. 5) are located in zone locations defined based on the
aircraft type where lightming leaders are likely to be
attached. These locations are known as “Lightning Zones”
and are defined by initial lightming attachment points, light-
ning swept strokes, and conducted current channels. As
shown 1n FIG. 3, the lightning zones include, for example,
Zone 1A, Zone 1B, Zone 1C, Zone 2A, Zone 2B, and Zone
3. According to an embodiment, these zones are determined
by high voltage tests on scale models and lightning strike
service history on aircraits of a similar type. A number and
configuration of the sensors 220 and sensor arrays 300 is
dependent upon the zone definitions of the aircrait to be
protected. According to one embodiment, the sensor 220 1s
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attached directly to the substrate 201 by an adhesive mate-
rial. In one embodiment, the metal fo1l of the sensor 220 may
be formed with an adhesive backing thereon. In another
embodiment, various adhesives may be used to attach the
sensor 220 to the substrate 201. Suitable adhesives include
epoxies, such as but not limited to, 3M™ Scotch-Weld™
structural adhesives including structural adhesive EC 3710
and lightning strike protection adhesive film AF 163-2. The
adhesives should have a high bond strength and/or high peel
strength at low and elevated temperatures approximately
—-60 F to 250 F. Suitable applications include spray, paint on
or adhesive film.

The sensor 220 1s capable of permeating through the
substrate 201 (1.e., composite materials) of the specific
zones, for damage diagnosis. Further, the sensor 220 1is
capable of performing partial electromagnetic penetration to
discern between top layer damage and delamination between
iner plies of the substrate 201.

According to an embodiment of the present invention, the
sensor of the protection and detection system may be formed
of varying shapes as shown in FIGS. 4A through 4C. For
example, 1n FI1G. 4A, a sensor 420 1s formed in the shape of
a triangle. In. FIG. 4B, a sensor 430 1s formed 1n the shape
of a hexagon. In FIG. 4C, a sensor 440 1s formed 1n the shape
of a circle. The determination of the capacitance and induc-
tance ol the sensors 420, 430 and 440 1s based on the
corresponding shape thereol.

FIG. 5 1s a schematic view of a sensor array of a
protection system that can be implemented within embodi-
ments of the present invention. As shown i FIG. 5, the
sensor array 300 includes a plurality of sensors 220. The
sensor array 500 may include a predetermined number of
sensors 220 1n a range of between two (2) to nine (9) sensors
220, for example. The sensor array 500 may include sensors
420, 430 or 440 or a combination thereof. According to an
embodiment of the present invention, the present mnvention
1s not limited to the sensor being of a particular geometric
shape. There area variety of spiral sensor 220 and array 500
geometric shapes that may be tailored to specific aircrait
lightning protection and sensory needs. Further, an array 500
ol sensors may consist of any variety of individual sensor
geometries to tile or cover the lightning zone or zones (e.g.,
Zone 1A, Zone 1B, Zone 1C, Zone 2A, Zone 2B, Zone 3)
of a particular aircraft. A specific tiling pattern of the array
500 1s determined to mitigate lightning attachment points
and/or redirects lightning strike continuous currents to a less
critical structure or protected hard points of the aircrait.

Additional details regarding the sensor array 500 are dis-
closed i U.S. Pat. No. 7,683,797 (application Ser. No.

11/671,131 filed on Feb. 5, 2007), entitled “DAMAGE
D. JTECTION/LOCATING SYSTEM PROVIDING THER-
MAL PROTECTION” by Woodard et al., the contents of
which are hereby mcorporated by reference in their entirety
and may be repeated herein to provide a complete descrip-
tion of the present invention.

In the event of a lightning strike occurrence, lightning
currents are concentrated at the outer corner 2225 of one of
the sensors, for example, the current propagates to the
conductive pathway and not across the sensor, array 500.
The electrical impedance and intrinsic ability of each sensor
220 allows 1t to steer lightning currents, to thereby perform
lightning mitigation. Even when damaged, a single sensor
220 or multiple coupled sensors 220 within the sensor array
500 maintains functionality thereof.

According to another embodiment, the sensors 220 may
also be applied to semi-conductive or more conductive
composite structures and materials of aircraits. FIG. 6 15 a
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schematic view of a lightning protection and detection
system that can be implemented within alternative embodi-
ments of the present invention. As shown in FIG. 6, the
lightning protection and detection system includes a con-
ductive layer 260 formed between the substrate 201 and the
sensor 220. The layer 260 controls a coupling between the
sensor 220 and the substrate 201. According to one embodi-
ment, layer 260 1s formed of any material having a high level
of permeability and/or conductivity. The layer 260 1s not
limited to being formed 1n any particular design, and may
vary as needed. FIGS. 7A through 7D are schematic views
ol a high permeable conductive material layer of the light-
ning protection and detection system of FIG. 6 that can be
implemented within alternative embodiments of the present
invention.

As shown 1n FIG. 7A, layer 260 includes a plurality of
holes forming a covered region 260aq, and non-covered,
regions 26056 corresponding to the substrate 201. As shown
in FI1G. 7B, a conductive layer 270 1s formed similar to layer
260, and includes covered regions 270a and non-covered
regions 2700 alternately arranged 1n a line pattern. Further,
in F1G. 7C, a conductive layer 280 1s formed having covered
regions 280a formed having a plurality of line regions
grouped together and facing each other from opposite ends
of the layer 280 and a non-covered region 2805 therebe-
tween. In yet another embodiment, a conductive layer 290 1s
provided and 1s formed of covered regions 290q including a
plurality of lines arranged in angled positions, and non-
covered regions 2905 formed therebetween. The present
invention 1s not limited to using only the patterns of con-
ductive layers 260, 270, 280 or 290 between the sensor 220
and the substrate 201. According to other embodiments, any
patterns providing coverage larger than 0% and up to 100%
may be used to control coupling between the sensor 220 and
the substrate 201.

Real-time detection and sensing of lightning strikes to the
airframe, and 1n-tlight diagnostic testing of damage of the
protection and detection system 1s performed via an electri-
cal measurement system in commumnication with the sensors
220 which will now be described below with reference to
FIG. 8.

FIG. 8 1s a diagram 1illustrating an electrical measurement
system 800 for measuring the resonant response of the
sensor 220. The electrical measurement system 800 includes
a processor/analyzer 802 and an antenna 804 1n communi-
cation with the sensor 220. The system 800 1s able to
measure irequency, amplitude, bandwidth, phase and har-
monics related to the sensor 220. The processor/analyzer
802 may be a network analyzer, for example. The antenna
804 may be a square loop antenna or any directive antenna.
A height of the antenna 804 above the sensor 220 1s
adjustable. The antenna 804 may be positioned 1n a near field
or a far field and 1s used to electromagnetically excite the
sensor 220 or sensor array 500 and read back the resonant
response thereof. The electric field generated due to a planar
resonant spiral inductor’s magnetic flux 1s coupled to and
confined within the substrate of the dielectric material. At
higher frequencies, the electric field becomes large enough
that 1t capacitively couples through the material substrate.
This 1s the self-resonance frequency (SRF) of the sensor 220
combined with the substrate 201. This effect associated with
the sensor 220 induces currents in the substrate 201. The
substrate currents are mainly composed of two parts: dis-
placement currents from spiral traces 222 to the substrate
201 through capacitance, and eddy currents in the substrate
201. The displacement currents are a product of the time
varying electric field through capacitance, and increase with
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higher frequencies. The eddy currents are a product of the
sensor 220 time-varying magnetic field penetrating the sub-
strate 201. The induced currents 1n the substrate 201 tlow 1n
an opposite direction to the current flow of the sensor 220,
producing a counter eflect on the performance of the sensor
220 1n combination with the substrate 201. The detection of
the differences 1n frequency and amplitude of the mmduced
currents within the substrate 201 (due to a defect 1n the
material such as a hole, or void, or crack, or delamination)
oflers a means of detecting damage or changes to the state
and condition of the substrate 201.

According to other embodiments, the electrical measure-

ment system 800 may function as a magnetic field recorder

as disclosed in U.S. Pat. No. 7,086,593 (application Ser. No.
10/839,445 filed Apr. 30, 2004), enftitled “MAGNETIC
FIELD RESPONSE MEASUREMENT ACQUISITION
SYSTEM” by Woodard et al. and U.S. Pat. No. 7,159,774
(application Ser. No. 11/305,834 filed. Dec. 16, 2003),
entitled “MAGNETIC FIELD RESPONSE MEASURE-
MENT ACQUISITION SYSTEM” by Woodard et al. The
contents of both are hereby incorporated by reference 1n
their entirety and may be repeated herein to provide a
complete description of the present invention. The proces-
sor/analyzer 802 includes algorithms embodied within soft-
ware for controlling antenna 804 and analyzing RF signals
received from the sensor(s) 220. The processor/analyzer 802
modulates an input signal that is, then supplied to antenna
804 so that the antenna 804 produces either a broadband
time-varying magnetic field or a single harmonic field. The
antenna 804 receirves harmonic magnetic responses pro-
duced by the sensor(s) 220. The antenna 804 may be two
separate antennas or a single antenna as shown which
handles both transmission and receiving operations (as indi-
cated by the arrow shown 1n FIG. 8). In order to perform
real-time damage detection, the sensors 220 are interrogated
by the electrical measurement system 800. The interrogation
1s performed by establishing a baseline or calibration
response when the sensors are in an undamaged state while
adhered to the composite panel or structure of the aircratit.
With the baseline response established, the sensors 220 can
be interrogated by the electrical measurement system 800 on
a continual (1.e., 1n real-time), periodic, or on-demand basis
to see 1f any damage has occurred due to lightning strikes.

Embodiments of the present invention provide a multi-
functional protection and detection system that protects
against lightning, detects any damages therefrom and pro-
vides shielding against electromagnetic eflects. The system
protects the aircraft against the eflects of lightning, mini-
mizes the eflects, and directs resulting electrical current so
as not to endanger the aircrait or acrospace vehicle.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are mtended to include the plural forms
as well, unless the context clearly indicates otherwise. It will
be further understood that the terms “comprises™ and/or
“comprising,” when used 1n this specification, specity the
presence ol stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, itegers, steps,
operations, element components, and/or groups thereof.

The corresponding structures, matenals, acts, and equiva-
lents of all means or step plus function elements 1n the
claims below are intended to include any structure, matenal,
or act for performing the function 1n combination with other
claimed elements as specifically claimed. The description of
the present mvention has been presented for purposes of
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illustration and description, but 1s not intended to be exhaus-
tive or limited to the invention in the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill 1n the art without departing from the scope and
spirit of the imnvention. The embodiments were chosen and
described 1n order to best explain the principles of the
invention and the practical application, and to enable others
of ordinary skill in the art to understand the immvention for
vartous embodiments with various modifications as are
suited to the particular use contemplated

While the preferred embodiment to the invention has been

described, 1t will be understood that those skilled 1n the art,
both now and in the future, may make various improvements
and enhancements which fall within the scope of the claims
which follow. These claims should be construed to maintain
the proper protection for the invention first described.

What 1s claimed as new and desired to be secured by

Letters Patent of the United States 1s:

1. A lightning protection and detection system for an

apparatus, comprising:

a substrate material of the apparatus;

a sensor formed of a conductive material and deposited on
the substrate material of the apparatus, the sensor
including a conductive trace formed in a continuous
spiral winding starting at a first end at a center region
of the sensor and ending at a second end at an outer
corner region of the sensor, the first and second ends
being open and unconnected; and

an electrical measurement system in communication with
the sensor and configured to receive a resonant
response from the sensor,

wherein the sensor 1s configured to propagate a lightning
current resulting from a lightning strike occurrence
along the conductive trace, and

wherein the electrical measurement system 1s configured
to detect, 1n real-time, a change in the resonant
response, said change in resonant response indicative
of the lightning strike occurrence and damage there-
from to the sensor and the substrate material.

2. The lightning protection and detection system of claim

1, wherein the apparatus 1s an aircrait or an aerospace
vehicle.

3. The lightning protection and detection system of claim

1, wherein the substrate material 1s non-conductive and the
conductive trace 1s formed of a thin film conductive mate-
rial.
4. The lightning protection and detection system of claim
3, wherein the thin film conductive material 1s copper.

5. The lightning protection and detection system of claim
1, wherein the sensor 1s energized by an electromagnetic
field generated remotely from the sensor and 1s configured to
generate the resonant response when electrically stimulated.

6. The lightning protection and detection system of claim

1, wherein the resonant response includes at least one of
frequency, amplitude, bandwidth, phase and harmonics cor-
responding to the sensor.

7. The lightning protection and detection system of claim

1, wherein the electrical measurement system comprises:
an antenna configured to transmit to and receive signals
from the sensor, including the resonant response; and

a processor and analyzer i communication with the
antenna and configured to detect and analyze the sig-
nals received from the sensor to detect lightning strike
occurrences and damage due to the lightning strike
occurrence.

8. The lightning protection and detection system of claim

5, wherein the electrical measurement system 1s configured

10

to establish a baseline resonant response for the sensor while
undamaged wherein changes from the baseline resonant
response indicate damage to the sensor.

9. The lightning protection and. detection system of claim

5 1, wherein the sensor 1s formed 1n a shape of at least one of
a square, triangle, hexagon or circle.

10. The lightning protection and detect on system of claim
9, wherein the resonant response varies based on the Shape
of the sensor.

10 11.The lightning protection and detection system of claim
9, wherein a resistance and capacitance of the sensor is
based on the shape of the conductive trace, wherein the
resistance 1s determined based on overall dimensions of the
conductive trace and the capacitance 1s determined based on

15 a width between the conductive trace and the substrate
material.

12. The lightning protection and detection system of claim
1 wherein the substrate material 1s conductive, further com-
prising:

20  a high permeable or conductive layer formed between the
substrate material and the sensor and configured to
control a coupling between the sensor and the substrate
material,

wherein the high permeable or conductive layer 1s formed

25 of at least one covered region and at least one non-
covered region, to cover greater than 0% and up to
100% of the substrate material.

13. The lightning protection and detection system of claim
2, wherein the sensor 1s located 1n a predetermined lightning

30 zone location of the aircrait or the aerospace vehicle.

14. A lightning protection and detection system for an
apparatus, comprising:
a substrate material of the apparatus;

a sensor array comprising a plurality of sensors coupled

35 together 1n series, each sensor formed of a conductive

material and the sensor array being deposited on the
substrate material, each sensor including a conductive
trace funned 1n a continuous spiral winding starting at
a first end at a center region of the sensor and ending
40 at a second end at an outer corner region of the sensor,
the first and second ends being open and unconnected;
and
an electrical measurement system 1in communication with
the sensors and configured to receive a resonant

45 response from the sensors,

wherein each of the plurality of sensors 1s configured to
propagate a lightning current resulting from a lightming
strike occurrence along an associated conductive trace,
and

50  wherein the electrical measurement system 1s configured

to detect, 1n real time, a change in the resonant
response, said change in resonant response indicative
of the lightming strike occurrence and damage there-
from to the sensor and the substrate material.

55 15. The lightning protection and detection system of claim
14, wherein the apparatus 1s an aircrait or an aerospace
vehicle.

16. The lightning protection and detection system of claim
14, wherein the substrate material 1s non--conductive and

60 the conductive trace 1s formed of a thin film conductive
material.

17. The lightning protection and detection system of claim
16, wherein the thin film conductive material 1s copper.
18. The lightning protection and detection system of claim

65 14, wherein each sensor 1s energized by an electromagnetic
field generated remotely from the sensor and 1s configured to
generate the resonant response, when electrically stimulated.
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19. The lightning protection and detection system of claim
14, wherein the resonant response includes at least one of
frequency, amplitude, bandwidth, phase and harmonics cor-
responding to the sensor.

20. The lightning protection and detection system of claim
14, wherein the electrical measurement system comprises:

an antenna configured to transmit to and receive signals

from the sel sors, including the resonant response; and

a processor and analyzer i communication with the

antenna and configured to detect and analyze the sig-
nals received from the sensors to detect lightning strike
occurrences and damage due to the lightning strike
occurrence.

21. The lightning protection and detection system of claim
14, wherein the electrical measurement system 1s configured
to establish a baseline resonant response for the sensor while
undamaged wherein changes from the baseline resonant
response 1ndicate damage to the sensors.

22. The lightning protection and detection system of claim
14, wherein the sensor 1s formed 1n a shape of at least one
of a square, triangle, hexagon or circle.

23. The lightning protection and detection system of claim
22, wherein the resonant response varies based on the shape
ol the sensors.

24. The lightning protection and detection system of claim
22, wherein a resistance and capacitance of the sensors 1s

12

based on the shape of the conductive trace, wherein the
resistance 1s determined based on overall dimensions of the
conductive trace and the capacitance 1s determined based on
a width between the conductive trace and the substrate
material.

25. The lightning protection and detection system of claim
22, wherein an inductance of the sensors 1s equal to a sum
of self and mutual inductances of trace interactions of the
conductive traces of the sensors within the sensor array.

26. The lightning protection and detection system of claim
14, wherein the substrate material 1s conductive, further
comprising;

a high permeable or conductive layer formed between the
substrate material and the sensors of the sensor array
and configured to control a coupling between the
sensors and substrate material,

wherein the high permeable or conductive layer 1s formed
of at least one covered region and at least one non-
covered region, to cover greater than 0% and up to
100% of the substrate material.

277. The lightning protection and detection system of claim
15, wherein the sensor array i1s located 1n a predetermined
lightning zone location of the aircrait or the aerospace
vehicle.
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