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SYSTEM AND METHOD FOR
PROGRESSIVE DAMAGE MONITORING
AND FAILURE EVENT PREDICTION IN A
COMPOSITE STRUCTURE

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This patent application claims the benefit of and priority
to U.S. Provisional Patent Application No. 62/207,593 filed
on Aug. 20, 2015, and U.S. Provisional Patent Application
No. 62/315,363 filed on Mar. 30, 2016, the contents of which

are hereby incorporated by reference in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The mmvention described herein was made 1n the perfor-
mance of work under a NASA contract and by employees of
the United States Government and 1s subject to the provi-
sions ol Public Law 96-517 (35 U.S.C. § 202) and may be
manufactured and used by or for the Government for gov-

ernmental purposes without the payment of any royalties
thereon or therefore. In accordance with 35 U.S.C. § 202, the
contractor elected not to retain title.

TECHNICAL FIELD

The present disclosure relates to the monitoring of dam-
age progression and prediction of a failure event in a
composite structure.

BACKGROUND OF THE INVENTION

Aircraft components such as fuselages, wings, stabilizers,
landing gear doors, and flight control surfaces are tradition-
ally constructed of aluminum alloy or other lightweight
metals. In order to further reduce weight, increase strength,
improve corrosion resistance, and provide other attendant
benefits, such components may be alternatively constructed
from advanced composite matenals. Examples of such
advanced composite materials include carbon laminates and
carbon sandwich composites, as well as woven or non-
woven materials such as KEVLAR, boron, graphite, and
fiberglass.

Damage modes for composite structures include delami-
nation/de-bonding, fiber breakage, and matrix cracking.
In-situ mspection may be necessary due to the potential for
damage to progress due to handling and testing of the
composite structure. Fatigue testing of such composite struc-
tures 1s critical to the validation of structural designs and
programming of damage prediction models, which require
an accurate understanding of the formation and growth of
damage so that failure of the composite structure may be
accurately predicted.

Conventional ispection methodologies include acoustic
emission testing, passive thermography, digital 1image cor-
relation, and fiber optic sensing. Acoustic emission testing
involves the use of sensitive acoustic emission sensors to
locate acoustic events. The acoustic events, which are
caused by micro-level and macro-level changes in the com-
posite structure, may be associated with certain types of
damage. Acoustic emission testing 1s generally able to detect
damage onset, but cannot optimally detect the shape, size,
and depth of such damage. However, all sources of acoustic
emission do not develop into critical damage.
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Passive thermography 1s a non-contact ispection method
that uses infrared cameras to detect localized areas of

heating. Such heating can be caused by breaking, rubbing, or
clapping together of materials 1n the damaged areas, and can
provide additional information regarding damage location
and size. Digital image correlation measures displacement at
the surface due to damage under loading, but requires
significant amounts of subsurface damage to accumulate
before being detectable at the surface. Fiber optic measure-
ment can detect changes in strain 1 a test sample, but
likewise 1s relatively ineffective 1n measuring the shape or
depth of damage.

Systems and methodologies exist for detecting and quan-
tifying failure events using a combination of sensor tech-
nologies of the types described above. For instance, U.S.
Pat. No. 7,516,663 to Ringermacher et al. discloses a process
for locating a failure event via acoustic emission sensors.
Time-based thermography data 1s then used to study the area
of the detected emission event and track the evolution of
heat at the location so as to determine a depth of any
damage. However, while such an approach takes advantage
of the diflerent capabilities of acoustic and infrared sensors,
it remains less than optimal for use in wide area in-situ
fatigue monitoring in loaded composite structures, as well as
for accurately predicting composite failure.

BRIEF SUMMARY OF THE INVENTION

A system and method are disclosed herein that are suitable
for wide area, 1n-situ measurement of progressive damage 1n
a loaded composite structure, as well as for predicting a
tailure event. The composite structure may be a panel of an
aircraft in some embodiments, for imnstance a panel or other
portion of a fuselage, wing, stabilizer, door, flight control
surface, or other structural element, with loading of the
composite structure being indicative of expected forces such
as engine vibration, wind resistance, and/or twisting. As part
of the present approach, an array of acoustic emission
sensors are acoustically coupled to the composite structure
and used by one or more computer devices, referred to
herein collectively as a programmable monitoring device, to
detect damage 1n a two-dimensional (2D) plane. A damage-
free composite structure should not return an acoustic sig-
nature, while a damaged structure often produces sound that
tends to become more pronounced as the damage worsens.
Because the respective 2D position of each acoustic emis-
s10n sensor 15 known, the position of any detected acoustic
event may be determined by the monitoring device via
triangulation or using other calculations.

An ultimate goal of the present approach 1s to detect
damage 1n the composite structure when the composite
structure 1s subjected to a load, and to thereafter synchro-
nously use imagery from a camera, €.g., one or more inirared
or visible spectrum cameras, to closely track damage pro-
gression while the composite structure remains subjected to
the load. Damage progression can be closely tracked and
recorded 1 memory of the programmable monitoring
device, 1.e., any computer or computer programmed to
execute the disclosed methodology and having a processor,
suflicient memory, and 1mage processing mstructions as set
forth herein. Over time, the recorded damage progressions
can be fed 1into a failure model and used 1n real time, e.g., by
a maintenance system aboard an aircrait, watercraft, space-
craft, land-based craft, or other top-level mobile or station-
ary system to predict where and when similar failures may
develop, thereby prompting corrective or preventative action
with suflicient lead time.
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In a particular embodiment, a system for monitoring
damage progression in a composite structure includes one or
more load sensors, an array ol acoustic emission sensors,
one or more cameras, and a programmable monitoring
device of the type noted above. The load sensor 1s operable
for measuring an applied load to the composite structure,
such as vibration energy, twisting deformation, or a constant
or mtermittent linear force, and outputting a load profile
signal corresponding to or indicative of the measured
applied load. The acoustic sensors, which are configured to
acoustically couple to the composite structure, are operable
for measuring acoustic emission data when the load 1s
applied to the composite structure. The camera captures
image data of the composite structure 1n a designated portion
of the electromagnetic spectrum, e.g., the infrared or visible

light spectrum.

The monitoring device, which 1s 1n communication with
the load sensor, the acoustic emission sensors, and the
camera, 1s programmed to synchronously measure all of the
applied load via the load sensor, the acoustic emission data,
and the image data, such that a given image, with 1ts
above-noted ability to determine the damage location and
s1ze, can be correlated with the applied load and acoustic
emission data collected at the point in time of the synchro-
nous measurement. The monitoring device 1s also pro-
grammed to automatically map the collected acoustic emis-
sion data onto the collected image data to detect an area of
damage progression in the composite structure, with the
monitoring device ultimately correlating such mapped data
to the applied load in executing various possible control
actions, some examples ol which are set forth herein.

A method for monitoring damage progression in a com-
posite structure 1s also disclosed. The method may include
measuring acoustic emission data, via an array of acoustic
emission sensors each acoustically coupled to the composite
structure, when the composite structure i1s subjected to the
applied load. The method may also include synchronously
collecting 1mage data via a camera 1n a designated portion of
the electromagnetic spectrum, and measuring the applied
load via a load sensor while synchronously collecting the
acoustic emission data and the image data. Additionally, the
method includes automatically mapping the collected acous-
tic emission data onto the collected 1mage data via a pro-
grammable monitoring device to thereby detect an area of
damage progression 1n the composite structure correspond-
ing to the applied load.

The above features and advantages and other features and
advantages of the present disclosure are readily apparent
from the following detailed description of the best modes for
carrying out the disclosure when taken in connection with
the accompanying drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 1s a schematic side view illustration of an example
aircrait having a composite structure that can be monitored
using the method set forth herein.

FIGS. 2A and 2B are a pair of schematic illustrations of
an example system for performing wide-area, in-situ moni-
toring ol damage progression in a composite structure.

FIG. 3 1s a flow diagram describing an example method
of using the system shown in FIGS. 2A-2B.

FIG. 4 1s a flow diagram describing the processing of
collected 1magery data as part of the method depicted 1n

FIG. 3.
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FIGS. 5A and 5B are schematic illustrations of represen-
tative acoustic emission and thermal events 1n a composite
panel.

DETAILED DESCRIPTION

Referring to the drawings, wherein like reference num-
bers refer to the same or similar components 1n the various
Figures, an example aircraft 10 1s shown schematically 1n
FIG. 1. The aircrait 10 1s constructed using composite
structures 11 constructed of advanced composite materials
13, e.g., one or more panels, outer skins, or other compo-
nents used as part of a fuselage 12 or wings 14, or tlight
control surfaces, landing gear doors, fairings, stabilizers, and
internal components such as tloors and bulkheads, not all of
which are shown 1n FIG. 1 but all of which are well known
in the art. While the aircrait 10 1s described herein as being
representative of the type of structure that would benefit
from use of the composite structure 11, other structural
systems or components such as boats or other marine
platforms, aerospace platforms, land-based or terrestrial
vehicles, and stationary platforms may be contemplated
within the scope of the present disclosure. For illustrative
consistency, the aircraft 10 will be described hereinafter 1n
conjunction with the composite structure 11 without limiting
the scope of the disclosure to the aircraft 10 of FIG. 1 or
acrospace applications 1n general.

Each wing 14 of the aircraft 10 may be connected to one
or more engine assemblies 16. The engine assemblies 16 act
as sources of vibration and thus load the composite structure
11 of the aircraft 10 when the aircraft 10 i1s 1n operation.
Other sources of loading on the fuselage 12, wing 14, and
other structure of the aircrait 10 may include wind resistance
and transient or sustained torsional/twisting forces imparted
to the aircrait 10 as the aircraft 10 taxis down a runway or
maneuvers through the air while i thght.

Due to the relatively recent adoption of advanced com-
posite materials 13 1n the construction of aircrait such as the
example aircraft 10 of FIG. 1, failure modes and damage
progression in composite materials 13 are not as well
understood as those constructed, for mstance, using conven-
tional aluminum alloys. Therefore, the present disclosure 1s
intended to provide a workable methodology for perform-
ing, wide area measurement ol damage initiation and pro-
gression 1n a test sample of the composite structure 11 when
the composite structure 11 1s subjected to an applied load,
indicated via an arrow “LOAD” 1n FIGS. 2A and 2B. The
applied load 1s typical of the type of loading expected to be
experienced by the composite structure 11 due to forces
acting on the composite structure 11 during operation, e.g.,
of the aircrait 10 or other system in which the composite
structure 11 1s used.

The present disclosure also pertains to the prediction of
location/position and time of failure in the loaded composite
structure 11, with possible real-time applications of the
collected test data as set forth herein. For instance, load
sensors 17 and acoustic emission sensors 22 as shown 1n
FIGS. 2A-2B may be positioned with respect to, embedded
in, and/or connected to the composite structure 11 of FIG. 1,
¢.g., as thin-film microsensors or transducers, to continu-
ously measure the applied load and transmit the load profile
signal (arrow L) corresponding to the applied load, as well
as to transmit the acoustic emission signals (arrow S ), to a
maintenance system 40 or other computer device positioned
in an accessible location 1n the aircraft 10. Using a failure
prediction model 42 informed via the acoustic, load, and
image data collected via the respective acoustic emission
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sensors 22, load sensors 17, and cameras 30 as set forth
below with reference to FIGS. 2A-5B, the maintenance
system 40 may be optionally programmed to generate real-
time alerts or execute other possible control actions when a
particular damage acoustic and thermal profile 1s detected
for a given applied load as experienced during actual opera-
tion of the aircraft 10.

Referring to FIGS. 2A-2B, an example system 100 1s
shown that may be used to conduct wide area, in-situ,
nondestructive evaluation (NDE) inspections of the com-
posite structure 11, shown 1n this particular non-limiting
example as a relatively tlat composite panel. The system 100
may be used for fatigue testing of the composite structure 11
in order to track damage nitiation and growth. The present
approach considers the progression of damage of the type
potentially leading to an ultimate failure in the composite
structure 11 1 order to validate and implement damage
progression models, e.g., the real-time damage prediction
model 42 shown schematically in FIG. 1. In a particular
embodiment, the method 100 combines passive thermogra-
phy or other imaging and acoustic emission NDE 1n order to
track damage growth up to the point of a failure event 1n the
composite structure 11.

FIG. 2A depicts an array of acoustic emission sensors 22,
cach of which 1s acoustically coupled to the composite
structure 11 and possibly amplified, for instance via a
multi-channel amplifier (not shown). For the purposes of
NDE testing, the composite structure 11 may be a full
composite panel or component, or a smaller test sample
portion thereof. The acoustic emission sensors 22 may be
embedded 1n the matenal of the composite structure 11, or
they may be taped or otherwise aflixed to a first surface 21
of the composite structure 11. The acoustic signals (arrows
S ,) from the various acoustic emission sensors 22 are then
acquired simultaneously, 1.e., all of the sensors 22 operate at
the same time. The acoustic emission sensors 22 each have
known/calibrated XY coordinates providing a reference 2D
position, programmed 1nto memory (M) of a controller or
monitoring device (C) 25, such that the 2D position of
detected damage 1n the composite structure 11 can be
triangulated via the monitoring device 23 as 1s well known
in the art.

In addition to the acoustic emission sensors 22, the system
100 also 1ncludes one or more cameras 30 orientated 1n a
direction facing the composite structure 11, with such ori-
entation indicated i FIGS. 2A and 2B by arrow 31. As used
herein, the term camera refers to any device capable of
collecting electro-optical 1mage data (arrow S, 1 any
designated range of the electromagnetic spectrum. Fach
camera 30 1s operable for capturing the image data (arrow
S,) of an area or cluster 27 (see FIGS. 5A and 3B) of detected
threshold damage from the array of acoustic emission sen-
sors 22. As used herein, the image data (arrow S;) may be
any 1imagery ranging from the ultraviolet to the infrared, 1.e.,
having wavelengths of about 0.25 um, through the visible
spectrum, and to the limits of the infrared region, e.g., about
14 um or more.

In a particular embodiment, the cameras 30 may include
multiple cameras oriented, e.g., a first camera 30 facing a
first surface 21 of the composite structure 11 as shown 1n
FIG. 2A, e.g., a flat side of a composite Tuselage panel, and
a second camera 30 oriented facing a second surface 23 of
the composite structure 11 as shown in FIG. 2B, e.g., a
stringer side of a composite fuselage panel. The cameras 30
may be embodied as infrared (IR) cameras 1n a particular
embodiment, 1.e., operable for collecting thermographic
images 1n a particular short, medium, or long range IR band
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6

of the electromagnetic spectrum. Alternatively, the cameras
30 may be operable for collecting imagery in the visible
spectrum, typically about 0.40 to 0.70 um.

As part of the system 100, the composite structure 11 1s
also mechanically coupled or 1in wireless or wired commu-
nication with one or more load sensors 17, with the physical
or wireless interconnection between the load sensors 17 and
the composite structure 11 schematically represented in
FIGS. 2A-2B via connection 19. As 1s known 1n the art, such
an applied load may be imparted during controlled testing
via a load frame and hydraulic actuators (not shown) capable
of mputting a cyclical compressive load to the composite
structure 11 with a predetermined frequency and amplitude,
or may represent real-time loading of the aircraft 10 or other
system 1n actual operation.

The load sensor 17 1s operable for measuring the applied
load to the composite structure 11 and outputting an elec-
trical signal describing the applied load as the load profile
signal (arrow L ). The load sensor(s) 17 may be variously
embodied as accelerometers, strain gauges, fiber optic sen-
sors, laser or other displacement sensors, or load cells. In
some embodiments, the load sensor 17 may be configured to
remotely sense a displacement of the composite structure 11
in response to the applied load. For instance, a laser sensor
may be used to remotely measure linear displacement or
deformation of the composite structure 11.

The camera(s) 30 1n all embodiments are operable for
collecting 1image data (arrow S;) of the composite structure
11 during sustained loading. The load profile signal (arrow
L.,) 1s measured simultaneously with collection of the acous-
tic emission signals (arrows S ,), the latter of which are then
automatically mapped via the monitoring device 25 directly
onto one or more of the collected 1images embodying the
image data (arrow S;) so as to confirm the existence of areas
of damage growth that may potentially lead to a failure event
in the composite structure 11, as opposed to any detected
acoustic event. This requires the careful synchronization of
the acoustic emission data (arrow S ;) and 1mage data (arrow
S, with applied loading. Additionally as set forth below
with reference to FIG. 4, the method 50 may include an
imaging processing subroutine 60 that in turn includes
pre-processing the collected image data (arrow S,) through
the steps of contrast enhancement, removal of optical barrel
distortion, and correction of angular rotation before mapping
ol the acoustic event locations.

The monitoring device 25 used to execute the method 50
as part of the system 100 includes a processor (P) and the
memory (M), such as magnetic or optical read-only memory,
along with other requisite hardware, e.g., input/output
devices and a display screen or other indicator. The memory
(M) includes random access memory and programmable
read-only memory, with the latter programmed with com-
puter-readable instructions describing the method 30 for
performing the disclosed monitoring functions for determin-
ing and tracking damage progression in the composite
structure 11, as well as ultimately predicting a failure event
in the composite structure 11. A non-limiting example
embodiment of the method 50 1s depicted 1in FIG. 4 and
described below, with elements of the method 50 further
described with reference to FIG. 3.

Referring briefly to FIGS. 5A and 5B, two plots are shown
of the composite structure 11, with 1ts representative verti-
cal/'Y(m) axis and horizontal/X(m) axis represented 1n
meters (m). FIGS. 5A-5B depict representative impact
events (X), which may be artificially generated impact
events mtended to mitiate damage for the purpose of study-
ing damage progression. Also depicted are the triangulated



US 10,605,783 B2

7

2D locations of acoustic emission events (-) from the acous-
tic emission sensors 22, 1.e., incidences of acoustic detection
by the sensors 22. The locations of the acoustic emission
sensors 22 are indicated via the character “o”.

FIG. 5A depicts the first surface 21 at about 97.3% of its
usetul life. FI1G. 5B depicting the second surface 23 at about
99.9% of 1ts usetul life without thermal data. FIGS. 5A-5B
illustrate the observation that, as the composite structure 11
nears ultimate failure, the accumulated acoustic events tend
to 1ncrease as a function of time. Clusters 27 of acoustic
events are indicative of possible areas of damage progres-
sion. Therefore, time-synchronized images of the clusters 27
or areas of damage progression used with collected 1image
data as part of the method 50 to accurately predict the time
of ultimate failure of the composite structure 11, with failure
most likely to occur 1n areas 1n which the clusters 27 appear
in close conjunction with any validating thermal or visible
spectrum 1magery confirming the damage progression.

For instance, FIG. 5B depicts example zones Z1 and 72,
which are areas 1n which heating 1s detected by the cameras
30 shown in FIGS. 2A and 2B. Zone 71 illustrates a situation
in which heating 1s detected without detected damage
growth. Such a zone 71 is indicative of an area that, in spite
of 1mpact events being present in that area of surface 23,
damage 1s not progressing appreciably. Zone Z2 by contrast
indicates substantial heating and damage growth. This 1s
confirmed by the clustering of acoustic emission event
locations. Thus, the detected heating and acoustic emission
information can be correlated with the measured applied
load such that, when similar loads are experienced and
similar acoustic and heating information presents itself,
accurate predictions may be made as to where and when a
tailure 1s likely to occur.

FIG. 3 depicts an example embodiment of the method 50.
Beginning with step S52, a plurality or array of the acoustic
emission sensors 22 of FIGS. 2A and 2B are positioned with
respect to the composite structure 11 such that the acoustic
emission sensors 22 are acoustically coupled to the com-
posite structure 11. While eight such acoustic emission
sensors 22 are depicted mm FIGS. 2A-2B, any number of
acoustic emission sensors 22 may be used. Generally, 1t may
be advantageous to place acoustic sensors 22 outside of the
immediate field of view of the cameras 30 so that thermal or
other 1mage data can be accurately read. Step S52 includes
connecting the acoustic emission sensors 22 1n a particular
array or pattern on the composite structure 11, such as
equally spacing the acoustic emission sensors 22 on the
opposite first and second surfaces 21 and 23 of the com-
posite structure 11 as shown in FIGS. 2A and 2B, respec-
tively. The 2D position or coordinates of each acoustic
emission sensor 22 1s then recorded 1n memory (M) of the
monitoring device 235 to enable later triangulation of any
detected acoustic emission event. The method 50 then
proceeds to step S53.

At step S53, the monitoring device 25 measures the
applied load to the composite structure 11 via the load sensor
17. The load sensor 17 then transmits the load profile signal
(arrow L) to the monitoring device 25 to inform the
monitoring device 25 of the measured applied load. The
method 50 then proceeds to step S54.

Step S34 includes collecting the acoustic emission data
(arrow S ;) and the image data (arrow S;) 1n a time-synchro-
nized manner. That 1s, the cameras 30 synchronously collect
the 1mage data (arrow S;) with collection of the acoustic
emission data (arrow S ), with the acoustic emission data
(arrow S ;) ultimately used by the monitoring device 25 to
triangulate or otherwise determine the 2D position of any

10

15

20

25

30

35

40

45

50

55

60

65

8

incident damage 1n the composite structure 11 as explained
above. This occurs while the composite structure 11 remains
under load.

As 1s known 1n the art, acoustic emission systems such as
the array of acoustic emission sensors 22 shown i FIGS.
2A-2B are able to collect structure-borne sound in the
ultrasonic frequency band, or approximately 50-500 kHz.
Such 1naudible sound 1s generated by small-scale damage
initiation and growth. Pre-cursors to ultimate failure of the
composite structure 11 are then closely monitored 1n real-
time. Further to this analysis, the total signal energy (SE) of
an acoustic signal such as the acoustic emission data (arrow
S ,) may be represented mathematically as:

SE=3_,"V°At

where V 1s the signal voltage, 1 1s the time reference point,
n 1s the number of time data points 1n the acoustic emission
data (arrow S ,), and At 1s the sampling time per data point.
Trends in the signal energy (SE) over time are then able to
be used by the monitoring device 25 to identily and track
damage development, such as matrix cracks, fiber breaks, or
delamination. Signals from the distributed array of acoustic
emission sensors 22 are acquired simultaneously when any
one acoustic emission sensor 22 detects a calibrated thresh-
old amount of sound, which allows calculation via triangu-
lation of the 2D position of the damage event.

Part of step S54 includes mapping, via the momitoring
device 25, the collected acoustic emission data (arrow S ),
which 1s performed directly onto the time-synchronized
images from the captured image data (arrow S;). As part of
this process, delayed image subtraction may be used to
improve defect contrast 1n the processed 1image data (arrow
S.). A moving bulfler may be implemented 1n 1mage acqui-
sition software of the monitoring device 25. Delayed sub-
traction may be given as:

Difference Image=Acquired Image[i]-Previous
Image[i—k/2]

where k 1s the number of 1images per cycle and 1 1s the current
acquired 1image number. Dividing the factor k by 2 ensures
that the maximum and minimum temperature 1mages are
subtracted within a given cycle. This provides a series of
useful 1mages with optimal defect contrast varying with
image depth. Improved defect signal-to-noise can be
obtained by averaging the diflerence 1mages over a number
of cycles 11 so desired.

Referring briefly to FIG. 4, an imaging processing sub-
routine 60 may be used as part of the method 50 to map the
collected acoustic emission data (arrow S ,) onto the col-
lected imagery data (arrow S;). Step S62 1ncludes collecting
the raw 1mage data (arrow S,), then improving image
contrast at step S64 as explained above. Step S66 includes
rotating the improved image to remove angular rotation. For
instance, step S66 may include using afline transformation,
e.g., translation or scaling.

After completing step S66, step S68 1s executed to remove
any optical barrel distortion, e.g., via an image forward
transformation given by the following equation:

_ 2
Vimdistorted ¥ d’z’srarred(l_d(r dfsrmrred) )

wherer, . . .1s the corrected Cartesian coordinate vector
distance from the center of the improved collected image
and r . . .1s the distorted Cartesian vector distance from
the center of the collected image. The parameter d may be
set as needed to remove the distortion, e.g., d=0.2 1n one
possible application.
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Additionally, at step S70 the image data 1s spatially
calibrated, e.g., resolution per pixel 1s determined by mea-
suring known distances on the composite structure 11.
Exemplary pixel resolution in a thermal 1mage 1s 8.2 pixels
per cm. Acoustic emission data (arrow S ), such as shown
in FIGS. SA and 5B described above, can then be mapped
onto the 1image data (arrow S,) as processed by the imaging
processing subroutine 60 of FIG. 4 in order to reveal
clustering of acoustic emission event locations around image
signatures ol interest, e.g., thermal signatures.

Referring again to FIG. 3, step S55 of method 50 includes
detecting an area of damage on the mapped acoustic emis-
sion and 1mage data from step S54. Step S53 1s repeated 1
such damage 1s not detected. The method 50 proceeds to step
S56 when damage 1s detected. At step S55 and prior, both the
received 1mage data (arrow S;) and the acoustic emission
data (arrow S ,) 1s time-synchronized to each other and to the
measurement of the applied load by the load sensor 17.
Therefore, acoustic emission events are temporally matched
to the 1mages in the 1mage data (arrow S,).

Optionally, for a given damage position, the monitoring,
device 25 may map an indicator based on total energy 1n the
various detected acoustic emission events. That 1s, a control
action may be executed that includes displaying a graphical
indicator indicative of the total energy level of the acoustic
emission event on an 1mage of the composite structure 11,
doing so via the monitoring device 23, e.g., via a display
screen. The color, size, and/or opacity of the graphical
indicator displayed via the monitoring device 25 may cor-
respond to the total energy level.

For instance, using the relationship Indicator=Round
[(event energy)'’*+10] where the event indicator value of
less than 13 (e.g., with a minimum size of 10) may be given
a low-energy color, e.g., blue with an opacity of 0.5,
indicator values between 13 and 15 may be designated as
mid-energy events and given another color, e.g., yellow with
an opacity of 0.7, and indicator values greater than 15 may
be designated a high-energy event with another color, e.g.,
red with an opacity of 1. Thus, the zones Z1 and Z2 could
have different color-coded energy levels 1n some embodi-
ments to facilitate rapid human or machine analysis.

At step S56, the monitoring device 25 next monitors the
progression of the damage detected at step S55. As the
composite structure 11 approaches failure, the accumulated
acoustic events and indicator values will increase. Ultimate
fallure may occur 1n an area of the composite structure 11
where the high-energy and mid-energy indicators become
clustered. It 1s important to note that the location of the
acoustic emission events may be prone to some amount of
error due to the progression of damage as the composite
structure 11 nears failure. Defects can aflect the velocity and
wavelorm mode of propagation of acoustic emission signals
(arrow S ), resulting in processing errors. However, the
clustered positions remain as valid indications of areas of
growing damage.

To facilitate the mapping of data, the method 50 may
optionally include tailoring or adjusting the resolution or
frame rate of the camera(s) 30 to a level or seventy of
detected acoustic emission events, 1.e., the greater the num-
ber and/or amplitude of acoustic events 1n a given area, for
a given load, the more 1images the camera 30 may collect of
that particular area. Thus, the monitoring device 25 may be
optionally configured to control a resolution of the camera
30 1n a targeted area of the composite structure 11 based on
a level of the acoustic emission event, e.g., as a predeter-
mined function of a concentration, amplitude, or severity of
the acoustic emission data in the targeted area. The addi-
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tional 1mages from the camera 30 may be stored 1n a bufler
to 1mprove time resolution of the mapped data in the
particular area. In other words, a property of the acoustic
emission events indicative of severity, e.g., a number or
concentration of acoustic events, may be used as a control
input 1 the overall resolution control of the camera 30.

Step S37 includes predicting or detecting, using the
mapped acoustic emission and 1image data, a failure event in
the areas of damage progression as monitored in step S56.
Step S57 may include detecting an actual failure as set forth
above, or it may include projecting a rate of damage
progression forward in time to predict when such a failure
might be expected to occur. As part of step S57, when
damage growth 1s detected, controlled loading via a load
frame (not shown) may be temporarily stopped by operation
of the monitoring device 25 of FIGS. 2A and 2B to allow for
more detailed localized spection, e.g., using X-ray imag-
ing, non-immersion ultrasound imaging, or flash inspection
of the composite structure using flash heating lamps. Such
techniques may provide a detailed assessment of damage
growth through the thickness of the composite structure 11
and thus ultimately provide a better understanding of dam-
age progression modes that can lead to ultimate failure. The
progression of damage 1n between such validation measure-
ments can be recorded in the monitoring device 25 to
document failure.

At step S38, the monitoring device 25 executes a control
action with respect to the composite structure 11 1n response
to the detected or predicted failure event. A possible control
action includes the recording of the time of the detected or
predicted failure event in memory (M) of the monitoring
device 25, along with the 2D position or positions of the
initial damage or clusters 27. Over time, a more diverse set
of fatigue monitoring data may be recorded in memory (M)
to provide a more thorough understanding of the failures
modes of the composite structure 11, with possible real-time
applications.

That 1s, additional control actions may include real-time
control actions using the maintenance system 40 shown 1n
FIG. 1, e.g., as step S59. For instance, the maintenance
system 40 may be programmed with the failure prediction
model(s) 42 noted above, which themselves can be popu-
lated with detected or predicted failure event data from the
method 50 for a given actual load or range of actual loads.
That 1s, the monitoring device 25 may be placed 1n com-
munication with the maintenance system 40, or data from
the memory (M) of the momtoring device 25 may be
downloaded to memory of the maintenance system 40. The
maintenance system 40 of FIG. 1 1s thereby made aware of
past damage patterns and past loads corresponding to such
patterns that, as confirmed by the monitoring device 23
using the cameras 30 and the method 50, ultimately resulted
in an actual or predicted failure event.

Once the maintenance system 40 1s so programmed, the
array ol acoustic emission sensors 22 and one or more of the
load sensors 17 may be used to respectively measure acous-
tic emission signals (arrow S ) aboard the aircrait 10 and the
load profile signal (arrow L) in real time, and to transmit
the measured acoustic emission signals (arrow S ) and the
load profile signal (arrow L ;) to the maintenance system 40.
Using the failure prediction model(s) 42 and the recerved
acoustic emission signals (arrow S ), the maintenance sys-
tem 40 can detect, once again 1n real time, whether similar
damage clusters to the damage clusters 27 previously
detected and validated for similar loads via synchronized
thermography or other imaging are present. I so, the main-
tenance system 40 may activate an indicator, e.g., a lamp,
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and/or record a diagnostic code signaling for closer ultra-
sonic or x-ray mspection of the composite structure 11, and
possible replacement of sections of the composite structure
11.

Using the system 100 described above, both acoustic
emission events and thermal, visible, or other imagery
events are time-synchronized to loading on the composite
structure 11 to improve how acoustic and image-based
indications are processed and interpreted. As heat may be
present without structural damage, e.g., due to radiated heat
from a proximate component, and as some amount of
damage may be present without generation of significant
heat, the present approach monitors both the acoustic emis-
sion events and 1mage-based events, synchronized to each
other and to loading, so as to correlate the 1image data with
actual structural damage, as well as to track damage pro-
gression. The method 50 allows heating trends to be 1den-
tified 1n conjunction with clustered acoustic emission events
and plotted as accumulated energy and related thermography
or other image curves, €.g., temperature vs. time or area
pixel vs. time above a calibrated threshold, so as to reveal
where the composite structure 11 1s likely to fail, as well as
to enable any false indications to be disregarded.

Because the method 50 maps acoustic emission events to
thermography or other images, multiple damage sites can be
closely tracked as damage i1s permitted to grow in a con-
trolled manner. As a result, large area NDE capability 1s
made possible for accurately determining damage onset and
growth 1n composite structures under sustained load testing.
The designing, construction, and testing of more advanced
complex composite structures 11 1s thereby enabled.

While the best modes for carrying out the disclosure have
been described 1n detail, those familiar with the art to which
this disclosure relates will recognize various alternative
designs and embodiments for practicing the disclosure
within the scope of the appended claims.

What 1s claimed 1s:

1. A system for monitoring damage progression 1n a
composite structure subjected to an applied load, the system
comprising:

a load sensor operable for measuring the applied load and
outputting a load profile signal indicative of the mea-
sured applied load;

an array of acoustic emission sensors acoustically coupled
to the composite structure, and each operable for simul-
taneously measuring acoustic emission data represent-
ing acoustic emissions from the composite structure 1n
response to the applied load indicative of acoustic
events 1n an area of possible damage to the composite
structure, each of the acoustic emission sensors having
a fixed two-dimensional coordinate associated there-
with;

a camera operable for capturing time-synchronized image
data of the area of possible damage to the composite
structure, 1n a designated portion of the electromagnetic
spectrum, while the composite structure 1s subjected to
the applied load, the time-synchronized image data
being simultaneously collected with measurement of
both the acoustic emission data and applied load, and
containing signatures of interest indicative of the pos-
sible damage, including a size and a location of the
possible damage; and

a monitoring device i communication with the load
sensor, the acoustic emission sensors, and the camera,
wherein the momitoring device 1s configured to syn-
chronously receive the load profile signal from the load
sensor, receive the acoustic emission data from the
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acoustic emission sensors, and receive the image data
from the camera, the two-dimensional coordinates
stored 1n the momtoring device, the monitoring device
to assign to acoustic events a signal energy indicator
comprising one of a low energy indicator, a mid-energy
indicator, or a high energy indicator, and to automati-
cally map the measured acoustic emission data onto the
collected image data by generating clusters of the
acoustic events around the signatures of interest, to
detect an increase 1n size of the clusters indicative of an
arca of damage progression 1n the area of possible
damage by an increase 1n mid-energy and high energy
indicators of acoustic events, predict, using the size and
the location of the possible damage from the 1mage data
and a trend in total signal energy from the acoustic
emission data, a time of failure of the composite
structure 1n the area of damage progression using the
time-synchronized images, and execute a control action
indicative of the predicted time of failure, including
generating an alert signal.

2. The system of claim 1, wherein the control action
includes recording, via the monitoring device, the measured
applied load and a duration between an onset of the damage
and the predicted failure event.

3. The system of claim 1, further comprising: a mainte-
nance device programmed to receive the acoustic emission
data and the load profile signal, and to execute a failure
prediction model to thereby predict, in real time, an occur-
rence of the failure 1n the composite structure.

4. The system of claim 1, wherein the camera 1s config-
ured to capture the image data 1n an infrared range of the
clectromagnetic spectrum.

5. The system of claim 1, wherein the camera 1s config-
ured to capture the image data in a visible range of the
clectromagnetic spectrum.

6. The system of claim 1, wherein the camera includes a
first camera oriented toward a first surface of the composite
structure and a second camera oriented toward a second
surface of the composite structure.

7. The system of claim 1, wherein the load sensor 1s
mechanically coupled to the composite structure.

8. The system of claim 1, wherein the load sensor 1s
configured to remotely sense a displacement of the compos-
ite structure 1n response to the applied load.

9. The system of claim 1, wherein the monitoring device
1s configured to control a resolution of the camera in a
targeted area of the composite structure as a function of a
severity of the acoustic emission data 1n the targeted area.

10. A method for monitoring damage progression in a
composite structure subjected to an applied load, the method
comprising;

measuring acoustic emission data, via an array of acoustic

emission sensors each acoustically coupled to the com-
posite structure each of the acoustic emissions sensors
having a fixed two-dimensional coordinate associated
therewith, the acoustic emission data representing
acoustic emissions from the composite structure in
response to the applied load, when the composite
structure 1s subjected to the applied load, wherein the
acoustic emission data from each of the acoustic emis-
ston sensors 1s simultaneously collected and 1s 1ndica-
tive of acoustic events 1n an area of possible damage to
the composite structure;

synchronously collecting image data of the area of pos-

sible damage via a camera 1n a designated portion of the
clectromagnetic spectrum, such that the collected
image data 1s time-synchronized with respect to mea-
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suring the acoustic emission data, the time-synchro-
nized image data containing 1mage signatures of inter-
est indicative of the possible damage, including a size

14

via the programmable monitoring device, with at least
one of a color, a size, and an opacity of the graphical
indicator corresponding to the total signal energy.

and a location of the possible damage;

measuring the applied load via a load sensor while
synchronously collecting the acoustic emission data
and the image data, such that the applied load 1s
time-synchronized with both the collected 1image data
and the acoustic emission data; and

automatically mapping the collected acoustic emission 10
data onto the collected 1image data via a programmable
monitoring device to thereby detect an area of damage
progression in the composite structure corresponding to
the applied load, by assigning acoustic events a signal
energy indicator comprising one of a low energy indi- 15
cator, a mid-energy indicator, or a high energy indica-
tor, including generating clusters of the acoustic events
around the signatures of mterest, detecting an increase
in si1ze of the clusters indicative of an area of damage
progression 1 the area of possible damage by an 20
increase 1 mid-energy and high energy indicators of
acoustic events, predicting a time of failure of the
composite structure using the time-synchronized
images using the size and the location of the possible
damage from the image data and a trend in total signal ;5
energy of the acoustic emission data, and executing a
control action indicative of the time of failure, includ-
ing generating an alert signal.

11. The method of claim 10, wherein executing a control

action includes: 30

displaying a graphical indicator indicative of the total

signal energy on an image of the composite structure S I T

12. The method of claim 10, further comprising: control-
> ling a frame rate or a resolution of the camera in a targeted
area of the composite structure based on a level of the
acoustic emission data in the targeted area.

13. The method of claim 10, further comprising:

recerving, via a maintenance device programmed with a

failure prediction model, a load profile signal from the

load sensor indicative of the measured applied load;
and

using the load profile signal, the acoustic emission data,

and the failure prediction model to predict, in real time,

an occurrence ol a failure event in the composite
structure.

14. The method of claim 10, wherein the designated range
of the electromagnetic spectrum includes an infrared range
of the electromagnetic spectrum.

15. The method of claim 10, wherein the designated range
of the electromagnetic spectrum includes a visible range of
the electromagnetic spectrum.

16. The method of claim 10, wherein automatically map-
ping the acoustic emission data includes using delayed
image subtraction and 1image averaging to optimize defect
contrast 1n the collected 1mage data.

17. The method of claim 10, further comprising: remov-
ing optical barrel distortion from the collected image data
before automatically mapping the acoustic emission data
onto the image data.
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