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METHODS AND SYSTEMS FOR
STRUCTURAL HEALTH MONITORING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a divisional and claims priority
to U.S. patent application Ser. No. 13/647,935 filed Oct. 9,
2012 for “METHODS AND SYSTEMS FOR STRUC-
TURAL HEALTH MONITORING”, which is hereby incor-
porated by reference in its entirety.

BACKGROUND

[0002] The field of the disclosure relates generally to
structural health monitoring, and more particularly relates to
methods and systems for aircraft structural health monitor-
ing.

[0003] Some structural health monitoring (SHM) systems
can be used to monitor an aircraft structure. One example
SHM system is formed using an array of piezoelectric
transducers (PZTs) bonded to a structure. Each PZT, acting
one at a time, broadcasts a vibration signal and all other
PZTs bonded to the structure record the signal as received at
their location. Such an interrogation is performed when the
structure is at a known, good state and the received signals
are recorded and saved as reference signals. When, at some
future time, the structure is interrogated again, the newly
received signals are compared to the reference signals. Any
differences found between the reference signals and the new
signals may indicate damage to the structure and/or correlate
to the magnitude of damage to the structure. The differences
between the reference signals and the new signals are
generally reduced to a single number called a Damage Index
(DI), with larger values indicating more damage.

[0004] Some known systems use broadband excitation and
use differences in a signal transfer function to calculate a DI.
Damage is localized by noting the location of the actuator
with the highest magnitude DI, identifying the three adjacent
transducers with the greatest sum of DlIs, and then using
center of mass equations to locate damage. Finally, the
system produces a qualitative, but not quantitative, charac-
terization of damage.

BRIEF DESCRIPTION

[0005] According to one aspect of the present disclosure,
A method for use in designing a structural health monitoring
(SHM) system for use in monitoring a host structure is
described. The SHM system includes at least one actuator
and at least one sensor. The method includes creating a first
model of the SHM system using a finite element model
(FEM), creating a second model of the SHM system using
a FEM, simulating signal propagation and response of the
first model and the second model for a first frequency range
including a plurality of excitation frequencies, and deter-
mining, based at least in part on the simulating, a second
frequency range within the first frequency range in which
the simulated response of the SHM system exhibits a
relatively high correlation with the structural damage. The
first model includes structural damage and the second model
does not include the structural damage.

[0006] Another aspect of the present disclosure is a
method for use in designing a structural health monitoring
(SHM) system for use in monitoring a host structure that
may be susceptible to damage. The damage has a damage

Feb. 16, 2017

characteristic influenced, at least in part, by an aging factor.
The SHM system includes at least one actuator and at least
one sensor. The method includes determining a plurality of
damage index (DI) values based, at least in part, on data
acquired by testing the SHM system on at least one sample
host structure, defining an aging factor node representing
possible values of an aging factor of the host structure,
defining a damage characteristic node having discretized
states representing possible values that the damage charac-
teristic may take, determining a probability of each value of
the damage characteristic as a function of the aging factor,
defining a DI node having discretized values representing
possible values of the DI, and combining the aging factor
node, the damage characteristic node, and the DI node into
a Bayesian network.

[0007] Yet another aspect of the present disclosure is a
structural health monitoring (SHM) system for use in moni-
toring a host structure that may be susceptible to damage.
The damage has a damage characteristic influenced, at least
in part, by an aging factor. The SHM system includes at least
one actuator configured to couple to the host structure and
propagate a signal through the host structure, at least one
sensor configured to couple to the host structure and gen-
erate at least one signal in response to the signal propagated
through the host structure by said at least one actuator, and
a controller coupled to said at least one actuator and said at
least one sensor. The controller is configured to receive the
at least one signal from the at least one sensor, calculate a
damage index (DI) based, at least in part, on the at least one
signal, and input the calculated DI to a Bayesian network
configured to output an expected value of the damage
characteristic.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a flowchart of an exemplary method for
use in designing a structural health monitoring (SHM)
system.

[0009] FIG. 2 is an exemplary piezoelectric transducer
designed as part of the method shown in FIG. 1.

[0010] FIG. 3 is a flowchart of an exemplary physics based
simulation for use as part of the method shown in FIG. 1.
[0011] FIG. 4 is a flowchart of an exemplary background
noise data collection method

[0012] FIG. 5 is a flowchart of an exemplary method for
collecting crack waveforms for use as part of the method
shown in FIG. 1.

[0013] FIG. 6 is a flowchart of an exemplary method for
use in evaluating the suite of DIs for use as part of the
method shown in FIG. 1.

[0014] FIG. 7 is a graph of example measured crack length
data plotted against calculated DI for use as part of the
method shown in FIG. 1.

[0015] FIG. 8 is a graph of crack length to natural loga-
rithm of the DI values for use as part of the method shown
in FIG. 1.

[0016] FIG. 9 is an exemplary probability of detection
(POD) curve for use as part of the method shown in FIG. 1.
[0017] FIG. 10 is a graph of background noise data
collected by the process described with respect to FIG. 4.

[0018] FIG. 11 is a Gaussian plot of noise data shown in
FIG. 10.
[0019] FIG. 12 is an exemplary method for use in calcu-

lating a damage index (DI) for use as part of the method
shown in FIG. 1.
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[0020] FIG. 13 is a graph of an example comparison of the
averaged value of two DIs on the left side of a transducer vs.
the averaged values of two DIs the right side of the trans-
ducer for use as part of the method shown in FIG. 1.
[0021] FIG. 14 is a flowchart of a method for use in
building a Bayesian network for structural health monitoring
data fusion for use as part of the method shown in FIG. 1.
[0022] FIG. 15 illustrates a loads node developed as part
of the method shown in FIG. 14.

[0023] FIG. 16 is a prediction resolution developed as part
of the method shown in FIG. 14.

[0024] FIG. 17 is a graph 1700 showing how probabilities
can be calculated by using load cycle vs. crack length data
collected from the test specimens

[0025] FIG. 18 is a graph illustrating how the probability
of a DI value given a particular crack length can be esti-
mated.

[0026] FIG. 19 is a graph of standard error represented by
a Gaussian shape for use as part of the method shown in FIG.
1.

[0027] FIG. 20 is a Damage Index Node with a completed
conditional probability table for use as part of the method
shown in FIG. 1.

[0028] FIG. 21 is a representation of a completed Bayes-
ian network developed as part of the method shown in FIG.
1.

[0029] FIG. 22 is a flow diagram of a method for evalu-
ating the output of the ‘Crack Length’ node.

[0030] FIG. 23 is a simplified diagram of an exemplary
SHM system deployed on a structure.

[0031] FIG. 24 is an exemplary computing device 2400.
[0032] FIG. 25 is a flowchart of an exemplary method for
using a SHM system.

DETAILED DESCRIPTION

[0033] As used herein, an element or step recited in the
singular and proceeded with the word “a” or “an” should be
understood as not excluding plural elements or steps unless
such exclusion is explicitly recited. Furthermore, references
to “one embodiment” of the present invention or the “exem-
plary embodiment” are not intended to be interpreted as
excluding the existence of additional embodiments that also
incorporate the recited features.

[0034] The exemplary methods and systems described
herein relate to structural health monitoring (SHM). More
particularly the exemplary embodiments provide methods
and systems for aircraft structural health monitoring and
development of SHM systems. In general, the embodiments
described herein provide a step by step process for designing
SHM systems for any given piece of structural hardware, a
rigorous process for evaluating a given SHM system, a
method to quantify the performance of a given SHM system
in comparison to current inspection processes, a finite ele-
ment modeling approach to determining excitation frequen-
cies to detect damage and for selecting the best time window
to use for sensed excitation signals, a Bayesian Network
based data fusion technique that fuses in environmental
information (load cycles induced on the structure) with a
damage index (DI) to produce crack detection and estima-
tion of crack length better than either source of information
can produce alone, a new damage location and sensor
selection technique, and/or an exemplar system designed by
this process. Although the methods and systems are
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described herein with reference to aircraft, they may be
applied to any platform for which SHM as described herein
is appropriate.

[0035] The methods and systems described herein provide
an on-board SHM system that is operable to detect a crack
within a specified region within an aircraft structure, locate
the crack within that region, and indicate the length of the
crack. Some embodiments of this disclosure describe a
prescribed series of steps needed to turn raw vibration data
collected under realistic conditions into a reliable and con-
sistent detection of cracks with a relatively low false alarm
rate. This process includes hardware configuration, signal
excitation frequencies, signal processing, damage index
calculation, side selection, data fusion and crack length
estimation.

[0036] An SHM system according to the present disclo-
sure may be deployed onboard an item, such as an aircraft,
having one or more structures to be monitored for damage.
The deployed onboard SHM system may reduce labor cost
and time for unnecessary nondestructive evaluation (NDE)
inspections, reduce the need for expensive teardowns at
locations in aircraft of limited accessibility, provide robust
indications of impending failure of the structure(s) to trigger
safe retirement of the structure or item, and/or improved
availability of the aircraft by limiting time in maintenance to
times when actually necessary. Moreover, the embodiments
described herein may benefit the design phase of an aircraft,
or other item with which the SHM system is used. For
example, the exemplary methods and systems may provide
engineers with the means to reduce structure weight by
avoiding conservative designs, reduce the need for costly
assessments of fatigue critical locations, improve aircraft
dynamic performance, and/or indirectly measure conditions
of interest such as excessive loading or icing conditions of
wings and other structures.

[0037] The methods and systems described herein may be
implemented using computer programming or engineering
techniques including computer software, firmware, hard-
ware or any combination or subset thereof, wherein an
exemplary technical effect may include at least one of: (a)
creating a first model of an SHM system using a finite
element model (FEM); (b) creating a second model of the
SHM system using a FEM; (¢) simulating signal propagation
and response of the first model and the second model for a
first frequency range comprising a plurality of excitation
frequencies; and (d) determining, based at least in part on the
simulating, a second frequency range within the first fre-
quency range in which the simulated response of the SHM
system exhibits a relatively high correlation with the struc-
tural damage.

[0038] Referring more particularly to the drawings, FIG. 1
is a flowchart of an exemplary method 100 for use in
designing an SHM system. FIG. 2 is an exemplary piezo-
electric transducer designed as part of method 100.

[0039] After identifying a region where cracking, or other
damage, is likely to occur (the ‘Hot Spot’), at 102 a
transducer patch or array is designed that can generate and
receive vibration signals that are sensitive to the type of
damage to be detected. In one exemplary embodiment,
transducers 200, shown in FIG. 2, were designed as part of
method 100. Each transducer 200 includes a rectangular
piezoelectric transducer (PZT) 202 that functions as an
actuator to generate a vibration signal. Round PZTs 204
function as sensors to detect the vibration signals generated
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by rectangular PZTs 202. In other embodiments, transducers
200 may have any other suitable shape and/or combination
of actuator and sensor PZTs suitable for use in an SHM
system as described herein.

[0040] Referring again to FIG. 1, at 104, a physics based
simulation of the SHM system is performed. The simulation
is used to identify the excitation frequencies for transducers
200 that will be most responsive to damage to the structure.
Additionally, the simulation will provide a time window for
damage index (DI) calculations.

[0041] FIG. 3 is a flowchart of an exemplary physics based
simulation 300 for use at 104 of FIG. 1. Initially, an
excitation frequency range for the transducers in the SHM
system is chosen for evaluation. At 302, the lowest fre-
quency within this range is selected. At this point, two
models are created: a SHM system model (transducer,
sensor, host structure) using a Finite Element Model (FEM)
and no damage at 304, and a SHM system model (trans-
ducer, sensor, host structure) including target damage using
a FEM at 306. At 308 and 310, signal propagation and
response of each system is simulated. The response of each
of these two systems is compared to determine the sensi-
tivity of the system to damage at 312 and stored at 314. At
316, it is determined whether or not all frequencies within
the range have been simulated. If all frequencies within the
range have not been simulated, a new excitation frequency
is then selected at 302 and the process is repeated. After all
of'the excitation frequencies of interest have been simulated,
a smaller frequency range showing the greatest sensitivity to
damage is chosen, at 318, to be evaluated in real world
testing. In addition, the waveforms generated in the simu-
lation are analyzed to determine which portion of the
waveform is most sensitive to damage. For example, in a
6000 sample waveform, the range 300 to 1500 (the time
window) may show the most changes between the undam-
aged and damaged states. This portion of the waveform may
be selected to calculate damage indexes (DIs) from.
[0042] Returning to FIG. 1, at 106, background noise data
from multiple test specimens that accurately represent the
true structure to be monitored is collected. The purpose of
this process is to collect data to characterize background
noise of the system. This noise may cause variations in the
value of any DI calculated for the system even when no
damage is present. By characterizing this noise statistically,
it is possible to calculate a false alarm rate for the SHM
system.

[0043] A flowchart of one exemplary background noise
data collection method 400 is illustrated in FIG. 4. For each
test specimen of the structure, the test specimen should be
installed in a loading fixture, at 402, such that the system can
be perturbed by cyclically loading the structure (thereby
simulating an aging factor). The perturbations will affect the
structure making the noise waveforms later induced by the
PZT actuators more realistic. It is important that the system
not be loaded so much that damage in the form of cracking
is possible. In the exemplary embodiment, ten loading
cycles are applied at 404 before stopping and then exciting
the structure. Next, an excitation frequency for the PZTs of
the SHM system should be selected at 406. In one example
embodiment the following frequencies were used: 250 KHz,
300 Khz, 350 Khz, 400 Khz, 450 Khz, 500 Khz. These
frequencies were selected based on the physics based simu-
lation. In other embodiments other suitable excitation fre-
quencies may be selected. At 408, the first of the selected
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frequencies is applied to the PZT actuator(s) one at a time
and the response of the PZTs is recorded at 410. In the
exemplary embodiment, the response is sampled at a fre-
quency at least ten times the excitation frequency. In other
embodiments, other sampling frequencies may be used. In
one embodiment, the PZT responses were sampled at 24
megasamples per second until 6000 sample points were
recorded using appropriate hardware anti-aliasing filtering.
This sampled waveform is stored at 412 along with the
number of cumulative cycles applied and the ambient tem-
perature. This process repeats until all excitation frequencies
have been applied and recorded.

[0044] To account for signal changes due to thermal noise,
the test specimen is heated, at 414, after all frequencies have
been applied and recorded. In the exemplary embodiment
the test specimens were heated to increase the temperature
of the specimen five degrees Fahrenheit. In other embodi-
ments, different temperatures may be used and a different
number of temperatures may be tested. Depending on the
environment in which the SHM system is intended to be
used, multiple levels of temperature may be applied and
recorded to test the performance of the temperature com-
pensation algorithm (described below) and/or to select mul-
tiple temperature baselines or reference signals. After the
specimen has been heated, the frequency selection, excita-
tion application, and recording cycle for all selected fre-
quencies, as described above, is repeated. After completion
of the cycle at the increased temperature, it is determined
whether or not the testing, both at ambient temperature and
at the varied temperature(s) has been completed for 1000
load cycles. If yes, the process ends. If not, the entire process
repeats until 1000 load cycles have been applied to the test
specimen and tested. In other embodiments, more or fewer
load cycles may be tested and more or fewer load cycles may
be applied for each iteration of the test. The number of load
cycles applied should be selected to ensure that no damage
occurs to the test specimen. The background noise data
collection for this specimen is now complete and the entire
process should be repeated for the next specimen. The
number of specimens from which noise data is collected
may be any number suitable to provide a representative
sample of background noise for the SHM system applied to
the particular structure.

[0045] With reference again to FIG. 1, crack waveforms
are collected from test specimens of the structure at 108.
This data may be used to characterize potential DIs which in
turn help determine the performance of the SHM system.
This data is also used to determine the relationship between
DI values and crack length.

[0046] FIG. 5 is a flowchart of an exemplary method 500
for collecting crack waveforms. Method 500 is similar to
method 400 shown in FIG. 4, except that test specimens of
the structure are subjected to an aging factor (such as
cyclical loading, temperature cycling, etc.) and tested until
failure of the structure. In the exemplary embodiment,
loading cycles are applied to the structure. More loading
cycles are applied in each iteration, and the length of cracks
developing on the structure are periodically measured and
stored along with the sampled waveforms. For each test
specimen, the test specimen should be installed 501 in a
loading fixture such that the system can be strenuously
loaded to cause cracking in the test specimen. In the exem-
plary embodiment, 500 loading cycles where applied, at
502, in each measurement cycle. In other embodiments,
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more or fewer loading cycles may be applied. The test
specimen is inspected for cracking. If a crack is detected, is
length is measured at 504 and this measurement is stored
along with the cycle number at which the crack occurred at
506. The inspection may be a visual inspection or may be
based on any conventional nondestructive evaluation tech-
nique.

[0047] At 508, an excitation frequency is selected from a
range of excitation frequencies. In the exemplary embodi-
ment the following frequencies were used: 250 KHz, 300
Khz, 350 Khz, 400 Khz, 450 Khz, and 500 Khz. At 510, the
first of the selected frequencies is applied to the PZT
actuator(s) one at a time and the response of the PZTs is
sampled at 512. In the exemplary embodiment, the response
is sampled at a frequency at least ten times the excitation
frequency. In other embodiments, other sampling frequen-
cies may be used. In one embodiment, the PZT responses
were sampled at 24 megasamples per second until 6000
sample points were recorded using appropriate hardware
anti-aliasing filtering. This sampled waveform is stored at
514 along with the number of cumulative cycles applied and
the ambient temperature. This process repeats until all
excitation frequencies have been applied and recorded.
[0048] To account for signal changes due to thermal noise,
the test specimen is heated, at 516, after all frequencies have
been applied and recorded. In the exemplary embodiment
the test specimens were heated to increase the temperature
of the specimen five degrees Fahrenheit. In other embodi-
ments, different temperatures may be used and a different
number of temperatures may be tested. Depending on the
environment in which the SHM system is intended to be
used, multiple levels of temperature may be applied and
recorded to test the performance of the temperature com-
pensation algorithm (described below) and/or to select mul-
tiple temperature baselines or reference signals. After the
specimen has been heated, the frequency selection, excita-
tion application, and recording cycle for all selected fre-
quencies, as described above, is repeated. After completion
of'the cycle at the increased temperature, it is determined, at
518 whether or not the test specimen has failed (e.g., been
destroyed, been damaged beyond repair, been damaged
beyond proper functioning, etc.). If yes, the process ends. If
not, the entire process repeats until the test specimen fails.
The crack length data collection for this specimen is now
complete and the entire process should be repeated for the
next specimen. The number of specimens from which noise
data is collected may be any number suitable to provide a
representative sample of crack length data for the SHM
system applied to the particular structure.

[0049] Referring again to FIG. 1, at 110, the collected data
described above is used to evaluate a suite of DIs to find the
best performing one in terms of Probability of Detection
(POD) and crack length prediction interval.

[0050] FIG. 6 is a flowchart of an exemplary method 600
for use in evaluating the suite of DIs. In general, a DI, a
Probability of Detection Curve, an associated ayg,qs value,
and a prediction interval can all be calculated with any given
technique or algorithm and used as a means for comparing
the relative efficacy of various candidate Damage Index
values. Starting with the first test specimen at 602, a suitable
reference waveform for the specimen is identified at 604.
The reference waveform is selected to be a waveform that
was sampled after loading of the test specimen began, but
before there was any chance of actual cracking. In the

Feb. 16, 2017

exemplary embodiment, the reference waveform taken at the
500th cycle of loading was selected. This reference wave-
form (for a given temperature) will not change for the rest
of the evaluation.

[0051] At 606, a comparison waveform is selected. The
comparison waveforms are selected sequentially beginning
with the first waveform collected after the reference wave-
form was selected. Thus, in the exemplary embodiment, the
first comparison waveform is the first waveform recorded
after the 500th cycle. The reference and comparison wave-
forms are then used as inputs to the process for calculating
a given DI at 608. An exemplary method 1200 for use in
calculating the DI is shown in FIG. 12 and will be described
in detail below.

[0052] Returning to FIG. 6, once the DI has been calcu-
lated, it is stored, along with its corresponding crack length,
in a database at 610. For each waveform that was stored in
the waveform collection phase, the above process is repeated
until no more comparison waveforms remain. The data from
the next test specimen is then selected at 602 and the entire
process until the data from all test specimens has been
processed.

[0053] At this point, all specimens and waveforms have
been processed, and there is a DI value for every crack
measurement, including crack sizes of zero. FIG. 7 is a
graph 700 of example measured crack length data plotted
against calculated DI. In many instances, including the
exemplary embodiment, there will be a nonlinear relation-
ship between crack length and DI as shown.

[0054] At 612 of FIG. 6, a linear regression is performed
to model crack length as a function of DI. Linear regression
is a well-known statistical technique and will not be
described in detail herein. To perform linear regression, the
relationship between the two variables should be a straight
line and random errors of the model (e.g., the scatter about
the fit line) should generally remain constant. If the rela-
tionship is nonlinear as shown in FIG. 7, the data should be
transformed such that the transformed relationship is linear.
In the exemplary embodiment, this is accomplished by
taking the natural logarithm of the DI value. The resulting
graph 800 of crack length to natural logarithm of the DI
values is shown FIG. 8. In other embodiments, any other
suitable technique to transform the relationship to a linear
relationship may be used.

[0055] After the linear regression is performed, a 95%
prediction interval of the linear regression model is calcu-
lated at 614. The 95% prediction interval is the area in which
you expect 95% of all data points to fall. Thus with 95%
confidence, the crack length will be between the mean
output of the linear regression modelxthe prediction inter-
val. The prediction interval is:

+ T0.025,n72\/

where: *Ty ,5,,, 15 students t-distribution with alpha=0.
025, n is the number of data points (also referred to as the
degrees of freedom), x is the DI values (transformed as
appropriate), (x,-X) is the mean value of x subtracted from
each value of x, and S__ is 2,_,"(x,-X)*. SSz is Z,_,"(y-¥)°,
where y is the measured crack value and ¥ is the estimated
y value.

n+l  (x—%7] SSk M
o n-2

n S



US 2017/0046462 Al

[0056] At 616, a Probability of Detection (POD) curve is
calculated. The POD curve generally provides information
about the smallest crack size that can be reliably detected by
an inspection system. An exemplary graph 900 is shown in
FIG. 9. This information is commonly used in ‘Damage
Tolerant Design’, where it is assumed that the structure
initially contains cracks, and those initial crack sizes are
determined by inspection limits. Based on assumed or
measured loads, a crack model predicts that the crack will
grow over time until fracture occurs. The design life is then
calculated as the time to fracture divided by two (as a safety
measure). Before the discussion of the method of calculating
the POD curve, the term ‘POD 90/95” must be explained.
For a given flaw size “a”, POD aq,,5 indicates a 90 percent
detection rate of a crack of length “a” at a 95% confidence
level. In other words, POD a5 indicates 95% confidence
that at least 90% of the defects of a specific size (“a”) will
be detected. The confidence level is a statistical concept that
quantifies the uncertainty in the estimation of a 90% detec-
tion rate.

[0057] Any suitable process for calculating a POD curve
may be used. In the exemplary embodiment, the POD curve
is calculated in accordance with MIL-HDBK-1823A: “Non-
destructive Evaluation System Reliability Assessment”, Apr.
7, 2009. In the exemplary embodiment, an “a vs. a” POD
curve calculation is performed. Forty or more test samples
are created. Ideally the target crack sizes are uniformly
spaced on a Cartesian scale. The crack size is estimated by
correlating the size of a DI also known as “a” to the size of
a known crack “a”. The correlation is accomplished using
linear regression. Initially, x=f(a) and y=g(a), where f and g
are either linear or logarithmic functions selected such that
x and y are linearly related. An estimation of y is found by:

y=PBotPx+e 2),

where f, and f3;x are coefficients to be solved for and ‘e’ is
the residual error, which is normally distributed with a zero
mean and a variance 8°. A threshold “y,,” is set somewhere
near the measured system noise level. ®(z) is the standard
normal cumulative distribution function and Q(z) is the
survivor function: 1-®(z). The POD function is derived as
follows:

POD(a) = 3
th — _ "= /
P(y>ym)=Q M] =1- Q[X(y’l;/iﬁﬁo)ﬁl)}
1

Letting
[0058]

~ m=PBo) and o = K

T A T A
yields:

Pon@ =1~ "0="] @
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[0059] The process of collecting background noise data
was described above with respect to FIG. 4. The background
noise data is used in the calculate POD block 616 to
calculate the crack detection threshold. One example of
background noise data collected by the process described
with respect to FIG. 4, is shown in FIG. 10.

[0060] Ifthe background noise is analyzed and found to be
well represented by a known statistical distribution, the
calculated distribution can be used to determine the false
alarm rate of a system for any given detection threshold y,;,.
FIG. 11 shows a Gaussian ‘probability paper’ plot 1100 of
the noise data that was shown in FIG. 10. In other embodi-
ments, the noise data may be represented by any other
suitable statistical distribution including, for example,
Weibull, Exponential, or Log-Normal. Based on the fact that
the data points lie on the line shown on Gaussian ‘probabil-
ity paper’ plot 1100, it may be determined that the noise has
a Gaussian distribution and the parameters of that distribu-
tion may be calculated using any known statistical methods.
Once the parameters are known, the probability of a noise
value being above a given threshold (y,;) is easily calculated
as per standard statistics. The probability of the background
noise being below various threshold values is shown on plot
1100. Given a particular detection threshold value (y,;,) such
as 0.021, it can be seen that the background noise will
exceed this value 1% of the time and 99% of the time the
noise will be below this value. Thus, any desired value for
a false alarm rate may be selected and the corresponding
threshold value (to get that false alarm rate) can be calcu-
lated from the noise distribution by entering (1-probability
of false alarm) into the inverse cumulative distribution
function.

[0061] A flowchart of a method 1200 for use in calculating
a DI, such as at block 608 in FIG. 6, is shown in FIG. 12.
In method 1200, a reference waveform and a comparison
waveform are selected as described above with reference to
FIG. 6 and passed to the block 1202 in FIG. 12. In the
exemplary embodiment, each waveform is 6000 samples in
length and only the first %3 or 2000 data points are processed.
In other embodiments longer or shorter waveforms may be
used and larger or smaller fractions of that waveform, up to
and including the entire waveform, may be used. At 1204,
phase compensation is performed to account for signal
changes due to temperature variations. At 1206, amplitude
compensation begins with normalization of the comparison
waveform y(n) using:

L vm )

VI 2 )

Baseline waveform x(n) is scaled to minimize the mean
squared energy between it and the unity energy signal y'(n)
by:

X(n)=A-x(n) (6)
, where:
Sy o) ™
)
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These scaled and phase compensated waveforms then
become the new reference and comparison waveforms.

[0062] At 1208, a selected type of DI is calculated using
the compensated signals. In the exemplary embodiment,
only the first 775 points of the compensated signals are used.
This range (1 to 775) was selected by determining the
portion of the signals most sensitive to damage using the
physics based simulation as described above with reference
to FIG. 3. In some cases the beginning part of a signal may
be corrupted with cross talk and later parts of the signal may
get extremely complex with multiple reflections. The appli-
cation and the physics simulation will determine the proper
signal interval. Moreover, different materials and geometries
may respond differently to the various possible damage
indexes. A group of DIs can be chosen from the known
groups and/or independently developed. In some embodi-
ments, these groups are all run through the method 600
(shown in FIG. 6) and their relative POD and prediction
intervals should be compared to select the best one for a
given application. In the exemplary embodiment, a drop in
correlation coeflicient was selected as the type of DI. The
drop in correlation coefficient is:

Fpcc=1-0y, (®),

where o, is the correlation coeflicient between x(n) (the
compensated reference signal) and y(n) (the compensated
comparison signal). This DI measures how well the refer-
ence and comparison waveforms are correlated with one
another. Two perfectly correlated waveforms will have a DI
of zero whereas two uncorrelated waveforms will have a DI
of 1.

[0063] It may be desirable to detect on which side of a
structure a crack is appearing. In the exemplary embodi-
ment, eight sensors are used on each PZT in the SHM
system. The data from the eight sensors can potentially be
used to calculate eight different DIs and thus estimate eight
different crack lengths. Sensors located on the same side of
the PZT as the crack should produce a higher DI value than
those located on the opposite side. The DI values of two
sensors on one side of a transducer are averaged together and
the DI values from two sensors on the other side are
averaged together. The averaging of two DlIs reduces noise
in the system. FIG. 13 is a graph 1300 of an example
comparison of the averaged value of two DIs on the left side
of a transducer vs. the averaged values of two D is the right
side of the transducer. Note that the right side being bigger
indicates a crack on the right side of the structure. Thus, after
the averages are computed for each side of the transducer,
the transducers corresponding to the higher DI values are
chosen to be the reported DI value.

[0064] Returning to FIG. 1, at 112 a data fusion Bayesian
network is built. Bayesian networks, also referred to as
Bayesian belief networks, provide a means of fusing data
from multiple and disparate sources in a mathematically
rigorous and probabilistic framework. They are directed
graphs where the nodes represent random variables and the
arrows connecting them show the probabilistic dependen-
cies between them. Each node has associated with it a
Conditional Probability Table (CPT). The table holds the
conditional probabilities relating the states of its parents to
the probability of its own states. Bayesian networks can also
be thought of as a compact representation of a complete joint
probability table of the random variables under consider-
ation. The advantages of Bayesian networks include natural
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handling of uncertainty and explicit fusion of diverse input
data. They are also modular, which allows the system to
grow and improve over time by inserting additional nodes or
sub-graphs. A Bayesian network can improve its perfor-
mance by means of learning from historical data stored in a
database.

[0065] Bayesian modeling of crack length enables direct
use of DI’s as well as fusing in information about an aging
factor, such as load cycles. Load cycles are a different source
of information than DIs and thus, should provide a signifi-
cant boost in crack length estimation accuracy. Together,
they will enable a probabilistic estimation of crack length
and false alarm probability.

[0066] It should be noted that although this disclosure
discusses load cycles as the aging factor, any information
related to the life of the structure can be substituted. For
example Fatigue Life Expended (FLE) which is a function
of strain peaks and valleys is also a viable aging factor. If
load cycles during specimen testing is not considered an
adequate representation of the real world conditions, another
option is to use crack growth algorithms along with inspec-
tion data from fleet-wide inspection. For example, unex-
pected cracking found at a structure can sometimes result in
a fleet-wide inspection of a structure. In this case crack
lengths and strain cycle information will be known for all
aircraft at a single moment in time. Crack growth algorithms
could then be used to estimate crack lengths forward and
backward in time to gain a probabilistic estimate of crack
length as a function of real world strain cycles in a way
analogous to the technique discussed below.

[0067] The basic structure of a Bayesian network in the
exemplary embodiment includes crack length dependent on
the number of load cycles the structure has been though, and
DI dependent on crack length. Having access to both types
of information will give a better estimate (e.g., having a
smaller uncertainty value) of crack length than either alone.
[0068] FIG. 14 is a flowchart of a method 1400 for use in
building a Bayesian network for structural health monitoring
data fusion. At 1402, 1404, and 1406, the nodes of the
Bayesian network are defined. Each node represents a dis-
crete random variable that can take on one of ‘n’ possible
values, each with a probability ‘p’. In the exemplary
embodiment, the nodes include a loads node, a crack length
node, and a DI node. FIG. 15 illustrates the loads node. This
node has 50 possible states, where each state is 1.64e3 cycles
long. The highest load cycle value should guarantee a
fracture (or the largest crack size of interest). Because the
current load cycle will always be known, the prior prob-
abilities of each of the states does not need to be known and
are set to equal values of 2% each.

[0069] The second node to define is the crack length node.
The probabilities for this node are generated as a function of
load cycles. Continuous variables in Bayesian networks
must be discretized in order to function. The values for crack
length were set with the following reasoning in the exem-
plary embodiment, but may be set higher or lower in other
embodiments. Due to the fact that cracks of around 0.2" can
be reliably detected, the maximum crack length was set to
0.50", with “greater than’ 0.5" being the final category. Fifty
one intervals were used, meaning there is a 10 mil, i.e., ten
thousandths of an inch, prediction resolution as shown in
FIG. 16.

[0070] The next step is to fill out the Conditional Prob-
ability Table or CPT of the crack length node at 1408. This
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table includes the probability of a crack length being within
a certain crack length interval as a function of load cycles.
These probabilities can be calculated by using the load cycle
vs. crack length data collected from the test specimens as
described above. FIG. 17 is a graph 1700 showing how this
may be done in the exemplary embodiment case. Given a
particular number of load cycles, the probability of a crack
length being within a certain range can be calculated by
dividing the number of curves passing through that region
by the total number of curves. Inset 1702 shows that two
curves out of ten have a crack length of between 0.08" and
0.14" after 20 loading cycles. This represents a 20% chance.
In some embodiments more sophisticated calculations may
be made including, for example, calculations employing
Laplace Smoothing.

[0071] The DI node represents the probability the damage
index DI will take on a particular value given a crack length
of a known size.

[0072] FIG. 18 is a graph 1800 that illustrates how the
probability of a DI value given a particular crack length can
be estimated. Graph 1800 includes a linear regression line
for the exemplary DI (known as “a-hat” or “a”) as a function
of crack length “a”. t-hat is the standard error of regression,
which is the sample standard deviation of residuals of the
model. FIG. 19 is a graph of the standard error represented
by a Gaussian shape. This shape can be used along with the
mean value represented by the regression line to provide the
probability distribution of a-hat as a function of crack length
a. The needed model parameters can be obtained by reading
them directly off of a figure similar to FIGS. 18 and 19, or
by performing a regression using any suitable software.
[0073] Once the regression has been completed, the CPT
can be filled out. For each state of the parent node (load
cycle in this case) the mean value of the crack length is
estimated using the regression coefficients. This is accom-
plished by multiplying the slope coeflicient by the center
value of the state interval and then adding the intercept
coefficient. In other embodiments, this is accomplished by
sampling the interval and averaging the results. The result-
ing value will represent the mean value of a Gaussian
distribution p. Next, the standard error of the regression is
used as the standard deviation of the Gaussian distribution o.
These two parameters completely specify the Gaussian
distribution. Finally, the standard normal cumulative distri-
bution function is used to calculate the probability of crack
length being in each of its states according to:

@ CrackLengthy .y — u] (I)[ CrackLengthy,, —u ()]

a a

where p=the output of the regression equation, o=the stan-
dard error of the regression equation,
CracklLengthM AX=the high value of the crack length inter-
val of interest, and CrackLengthMIN=The low value of the
crack length interval of interest. The final result of this
process for the exemplary embodiment is shown in FIG. 20.
Once the Bayesian network has been completed, entering
the known number of load cycles the part has been subjected
to as well as the natural log of chosen DI provides a much
more certain estimate of the crack length than is possible
with either variable alone as shown in FIG. 21.

[0074] The output of the ‘Crack Length’ node can itself be
used a DI and can be evaluated using a modified process to
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that described with respect to FIG. 6, just as any other DI can
be used and evaluated. This process is shown in the flow-
chart 2200 in FIG. 22. The area 2202 shows how the
developed Bayesian network is inserted into the evaluation
process originally showed in FIG. 6. After the conventional
DI has been calculated, its value, along with the current
number of load cycles is used as input the Bayesian network
and its expected value for the crack length is output and
stored as the ‘Bayesian DI’

[0075] After the SHM system has been developed as
described above, including hardware selection, reference
waveforms, DI selection, a Bayesian data fusion network DI
and Bayesian detection threshold, the completed SHM sys-
tem can be used to detect cracks.

[0076] FIG. 23 is a simplified diagram of an exemplary
SHM system 2300 deployed on a structure 2302. Exemplary
system 2300 includes combined transducer assemblies 2304
physically coupled to structure 2302 (having a crack 2303)
and communicatively coupled to a controller 2306. In some
embodiments transducer assemblies 2304 are transducers
200 (shown in FIG. 2) described above. Transducer assem-
blies 2304 include an actuator 2308 configured to propagate
vibrational signal through structure 2302 and sensors 2310
to receive the signal propagated through structure 2302.
Other embodiments may include more or fewer transducer
assemblies 2304 and/or may include actuators 2308 and
sensors 2310 that are not assembled together into an assem-
bly 2304. Moreover, transducer assemblies 2304 may
include any suitable number of actuators 2308 and sensors
2310. Exemplary system 2300 includes one or more addi-
tional sensors 2311. Additional sensors 2311 are each con-
figured to monitor one or more environmental and/or aging
factors. For example, additional sensor 2311 may include a
strain gage to monitor the loading (e.g., strain) experienced
by structure 2302, may be a temperature sensor, etc. In the
exemplary embodiment, assemblies 2304 and sensors 2311
are coupled to controller 2306 by a wired connection. In
other embodiments, assemblies 2304 and/or additional sen-
sors 2311 are coupled to controller 2306 by any other
suitable communicative coupling including, for example, by
a wireless communication connection.

[0077] Controller 2306 is configured (e.g., programmed,
designed, etc.) to operate SHM system 2300 as described
herein. Generally, controller 2306 causes actuators 2308 to
propagate a signal through structure 2302 and samples the
signals detected by sensors 2310 in response to the propa-
gated signal. Controller 2306 then determines if damage
(such as crack 2303) has been detected, determines one or
more characteristics of the damage (such as the length of
crack 2303), and/or determines a prediction interval. Con-
troller 2306 the outputs the results of its determination(s).
The results may be provided in any suitable manner. For
example, controller 2306 may display the results visually on
an attached display device (not shown), may transmit the
results to a remote computing device (not shown), etc. In
some embodiments, controller 2306 is an integral compo-
nent of SHM system 2300 that remains coupled to structure
2302 and transducer assemblies 2304. In other embodi-
ments, controller 2306 is removably coupled to transducer
assemblies 2304 and/or structure 2302, thus permitting
controller to be attached to transducers 2304 only when
system 2300 is to be operated to test structure 2302 for
damage.
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[0078] FIG. 24 illustrates an exemplary configuration of a
computing device 2400. In some embodiments, controller
2306 (shown in FIG. 23) includes computing device 2400.
In some embodiments, one or more steps of the methods of
designing a SHM system are performed by one or more
computing device 2400. Computing device 2400 includes a
processor 2402 for executing instructions. In some embodi-
ments, executable instructions are stored in a memory area
2404. Processor 2402 may include one or more processing
units (e.g., in a multi-core configuration). Memory area 2404
is any device allowing information such as executable
instructions and/or other data to be stored and retrieved.
Memory area 2404 may include one or more computer
readable media. In the exemplary embodiment, computer
readable instructions to permit remote computing device
2400 to operate as described herein are stored in memory
area 2404.

[0079] Computing device 2400 also includes at least one
media output component 2406 for presenting information to
a user 2408. Media output component 2406 is any compo-
nent capable of conveying information to user 2408. In some
embodiments, media output component 2408 includes an
output adapter such as a video adapter and/or an audio
adapter. An output adapter is operatively coupled to proces-
sor 2402 and operatively couplable to an output device such
as a display device (e.g., a liquid crystal display (LCD),
organic light emitting diode (OLED) display, cathode ray
tube (CRT), or “electronic ink” display) and/or an audio
output device (e.g., a speaker or headphones).

[0080] In some embodiments, computing device 2400
includes an input device 2410 for receiving input from user
2408. Input device 2410 may include, for example, a key-
board, a scanner, a pointing device, a mouse, a stylus, a
touch sensitive panel (e.g., a touch pad or a touch screen), a
gyroscope, an accelerometer, a position detector, camera, or
an audio input device. A single component such as a touch
screen may function as both an output device of media
output component 2406 and input device 2410. Moreover, in
some embodiments, computing device 2400 includes more
than one input device 2410 for receiving input from user
2408. For example, computer device may include a key-
board, a touch sensitive panel, and a scanner.

[0081] Computing device 2400 includes a communication
interface 2412, which is communicatively couplable to a
remote device, such as a supervisory computer device, a
remote monitoring device, etc. Communication interface
2412 may include, for example, a wired or wireless network
adapter or a wireless data transceiver for use with a mobile
phone network (e.g., Global System for Mobile communi-
cations (GSM), Code Division Multiple Access (CDMA),
3G, 4G or Bluetooth) or other mobile data network (e.g.,
Worldwide Interoperability for Microwave Access (WI-
MAX)).

[0082] A method 2400 for using a SHM system developed
as described herein, such as SHM system 2300, is shown in
the flowchart of FIG. 25. First, the system 2300 is triggered.
This can be accomplished, for example, manually with a
button push (not shown), automatically based on a schedule,
or automatically if certain conditions are met. In the exem-
plary embodiment, upon activation, controller 2306 excites
actuators 2308 with an excitation signal and samples the
output of the sensors 2310 at 24 megasamples per second
(MS/s) until 6000 samples are collected. This collected data
is used as a comparison waveform. The comparison wave-
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form, along with the stored reference signal is used by
controller 2306 to calculate the standard DI. The standard
DI, along with the number of load cycles on the structure
(possibly as measured by one or more strain gages 2311) are
input to the Bayesian network. The Bayesian network then
outputs the expected crack length value. If this value is
greater than the Bayesian detection threshold, system 2300
reports that a crack has been detected, its estimated length,
and the 95% prediction interval for that length.

[0083] The exemplary methods and systems described
provide a step by step process for designing SHM systems
for any given piece of structural hardware, a rigorous
process for evaluating a given SHM system, a method to
quantify the performance of a given SHM system in com-
parison to current inspection processes, a finite element
modeling approach to determining excitation frequencies to
detect damage and for selecting the best time window to use
for sensed excitation signals, a Bayesian Network based data
fusion technique that fuses in environmental information
(load cycles induced on the structure) with a damage index
(DI) to produce crack detection and estimation of crack
length better than either source of information can produce
alone, a new damage location and sensor selection tech-
nique, and/or an exemplar system designed by this process.
The methods and systems described herein provide an
on-board SHM system that is operable to detect a crack
within a specified region within an aircraft structure, locate
the crack within that region, and indicate the length of the
crack. Some embodiments of this disclosure describe a
prescribed series of steps needed to turn raw vibration data
collected under realistic conditions into a reliable and con-
sistent detection of cracks with a relatively low false alarm
rate. This process includes hardware configuration, signal
excitation frequencies, signal processing, damage index
calculation, side selection, data fusion and crack length
estimation.

[0084] The description of the different advantageous
embodiments has been presented for purposes of illustration
and description, and is not intended to be exhaustive or
limited to the embodiments in the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art. Further, different advantageous
embodiments may provide different advantages as compared
to other advantageous embodiments. The embodiment or
embodiments selected are chosen and described in order to
best explain the principles of the embodiments, the practical
application, and to enable others of ordinary skill in the art
to understand the disclosure for various embodiments with
various modifications as are suited to the particular use
contemplated. This written description uses examples to
disclose various embodiments, which include the best mode,
to enable any person skilled in the art to practice those
embodiments, including making and using any devices or
systems and performing any incorporated methods. The
patentable scope is defined by the claims, and may include
other examples that occur to those skilled in the art. Such
other examples are intended to be within the scope of the
claims if they have structural elements that do not differ
from the literal language of the claims, or if they include
equivalent structural elements with insubstantial differences
from the literal languages of the claims.

1. A method for use in designing a structural health
monitoring (SHM) system for use in monitoring a host
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structure, the SHM system including at least one actuator
and at least one sensor, said method comprising:

creating a first model of the SHM system using a finite

element model (FEM);

creating a second model of the SHM system using a FEM,

wherein the first model includes structural damage and
the second model does not include the structural dam-
age;

simulating signal propagation and response of the first

model and the second model for a first frequency range
comprising a plurality of excitation frequencies; and

determining, based at least in part on said simulating, a

second frequency range within the first frequency range
in which the simulated response of the SHM system
exhibits a relatively high correlation with the structural
damage.

2. A method in accordance with claim 1, wherein said
simulating signal propagation and response comprises, for
each excitation frequency of the plurality of excitation
frequencies, simulating signal propagation and response of
the first model and the second model for a first period of time
and collecting a plurality of samples of the response of the
first model and the second model during the first period of
time, and wherein said method further comprises determin-
ing, based at least in part on said simulating, a range of
frequencies which show sensitivity to damage and a time
range within the first period of time during which the
simulated response of the SHM system exhibits a relatively
high sensitivity to the structural damage.

3. A method in accordance with claim 2, the further
comprising:

coupling the at least one actuator and the at least one

sensor of the SHM system to an undamaged example of
the host structure;

propagating a plurality of signals through the host struc-

ture with the at least one actuator;

collecting responses of the at least one sensor to the

plurality of signals; and

characterizing, based at least in part on the collected

responses, background noise of the SHM system.

4. A method in accordance with claim 3, further compris-
ing:

propagating, with the at least one actuator, a plurality of

signals through a damaged example host structure
having at least one crack;

collecting a plurality of waveforms generated by the at

least one sensor in response to the plurality of signals;
recording characteristics of the crack; and

associating the collected waveforms with the character-

istics of the crack.
5. A method in accordance with claim 4, further compris-
ing:
determining a damage index for each waveform of a
plurality of waveforms of the collected waveforms;

associating each determined damage index with at least
one characteristic of the crack associated with the
collected waveform; and

analyzing the determined damage indexes and the asso-

ciated characteristics to determine at least one perfor-
mance characteristic of the determined damage
indexes.

6. A method in accordance with claim 5, wherein analyz-
ing the determined indexes and associated characteristics
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comprises determining a probability of detection and a crack
characteristic prediction interval.

7. A method accordance with claim 5, further comprising
recording values of an aging factor for the damaged example
host, and wherein associating the collected waveforms with
the characteristics of the crack comprises associating the
collected waveforms with the characteristics of the crack
and the values of the aging factor.

8. A method in accordance with claim 7, further compris-
ing building a Bayesian Network based on the determined
damage indexes, the values of the aging factors, and the
characteristics of the crack.

9. A method in accordance with claim 8, further compris-
ing evaluating the Bayesian Network to determine a detec-
tion threshold.

10-20. (canceled)

21. A computer device for use in designing a structural
health monitoring (SHM) system for use in monitoring a
host structure, said computer device comprising a processor
and a memory device in communication with the processor,
said processor programmed to:

create a first model of the SHM system using a finite

element model (FEM);

create a second model of the SHM system using a FEM,

wherein the first model includes structural damage and
the second model does not include the structural dam-
age;

simulate signal propagation and response of the first

model and the second model for a first frequency range
comprising a plurality of excitation frequencies; and

determine, based at least in part on said simulating, a

second frequency range within the first frequency range
in which the simulated response of the SHM system
exhibits a relatively high correlation with the structural
damage.

22. The computer device in accordance with claim 21,
wherein, for each excitation frequency of the plurality of
excitation frequencies, the processor is further programmed
to simulate signal propagation and response of the first
model and the second model for a first period of time and
collecting a plurality of samples of the response of the first
model and the second model during the first period of time,
and wherein said method further comprises determining,
based at least in part on said simulating, a range of frequen-
cies which show sensitivity to damage and a time range
within the first period of time during which the simulated
response of the SHM system exhibits a relatively high
sensitivity to the structural damage.

23. The computer device in accordance with claim 22,
wherein the processor is further programmed to:

couple at least one actuator and at least one sensor of the

SHM system to an undamaged example of the host
structure;

propagate a plurality of signals through the host structure

with the at least one actuator;

collect responses of the at least one sensor to the plurality

of signals; and

characterize, based at least in part on the collected

responses, background noise of the SHM system.

24. The computer device in accordance with claim 23,
wherein the processor is further programmed to:

propagate, with the at least one actuator, a plurality of

signals through a damaged example host structure
having at least one crack;
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collect a plurality of waveforms generated by the at least
one sensor in response to the plurality of signals;
record characteristics of the crack; and

associate the collected waveforms with the characteristics

of the crack.
25. The computer device in accordance with claim 24,
wherein the processor is further programmed to:
determine a damage index for each waveform of a plu-
rality of waveforms of the collected waveforms;

associate each determined damage index with at least one
characteristic of the crack associated with the collected
waveform; and

analyze the determined damage indexes and the associ-

ated characteristics to determine at least one perfor-
mance characteristic of the determined damage
indexes.

26. The computer device in accordance with claim 25,
wherein the processor is further programmed to determine a
probability of detection and a crack characteristic prediction
interval.

27. The computer device in accordance with claim 25,
wherein the processor is further programmed to:

record values of an aging factor for the damaged example

host; and

associate the collected waveforms with the characteristics

of the crack and the values of the aging factor.

28. The computer device in accordance with claim 27,
wherein the processor is further programmed to build a
Bayesian Network based on the determined damage indexes,
the values of the aging factors, and the characteristics of the
crack.

29. The computer device in accordance with claim 28,
wherein the processor is further programmed to evaluate the
Bayesian Network to determine a detection threshold.
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30. At least one non-transitory computer-readable storage
media having computer-executable instructions embodied
thereon, wherein when executed by a computing device
having at least one processor coupled to at least one memory
device, the computer-executable instructions cause the pro-
cessor to:
create a first model of a structural health monitoring
(SHM) system using a finite element model (FEM);

create a second model of the SHM system using a FEM,
wherein the first model includes structural damage and
the second model does not include the structural dam-
age;

simulate signal propagation and response of the first

model and the second model for a first frequency range
comprising a plurality of excitation frequencies; and

determine, based at least in part on said simulating, a

second frequency range within the first frequency range
in which the simulated response of the SHM system
exhibits a relatively high correlation with the structural
damage.

31. The at least one non-transitory computer-readable
storage media in accordance with claim 30, wherein, for
each excitation frequency of the plurality of excitation
frequencies, the computer-executable instructions further
cause the processor to simulate signal propagation and
response of the first model and the second model for a first
period of time and collecting a plurality of samples of the
response of the first model and the second model during the
first period of time, and wherein said method further com-
prises determining, based at least in part on said simulating,
a range of frequencies which show sensitivity to damage and
a time range within the first period of time during which the
simulated response of the SHM system exhibits a relatively
high sensitivity to the structural damage.
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