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Abstract. A relatively overlooked factor in both global and local methods of health monitoring is the nonlinear stiffness of
structures caused by the cycling of cracks and delaminations. Global methods of health monitoring use modal parameters or
frequency response functions in an inverse procedure to quantify damage in structures with thick sections. Global approaches
use fewer sensors that detect only significantly large damage in structures due to damage caused by transient vibration. However,
local methods use Lambwavepropagation to detect small damage within a structure by an array of closely spaced sensors and
actuators. Local methods also become more difficult to use on thick or non-homogeneous materials becausewavepropagation
becomes complex. This paper develops a combined time series andwavelet analysis technique to improve damage detection in
either thick, complex geometry, or non-homogeneous materials. Awavelet transmittance function (WTF) is defined as the ratio
of continuouswavelet transforms from the time responses at different locations on a structure. A new damage indicator was
developed based uponwavelet transmittance function. The novelty of the method lies in the fact that a near real time inference
about the damage and the approximate extent of damage can be drawn without historical data. A simulated model is illustrated
to highlight the potential of the new damage indicator on a thick aluminum specimen. Then, experimental signal data from two
sets of different experiments conducted on thick structures with a crack and a delamination were analyzed using thewavelet
transmittance function to detect the presence and extent of the damages as reflected on the WTF maps. This paper mainly deals
with the development of WTF and the associated damage indicator by analyzing the simulated and experimental sets of data.
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1. Introduction

Many methods of damage detection are under inves-
tigation and these methods have been successful in lab-
oratory settings using thin plate type structures. How-
ever, fewer investigations have considered damage de-
tection in thick materials. Health monitoring becomes
more difficult in thick materials, and non-homogeneous
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materials. It is considered here that strain vibration
and strain wave propagation of structures contains in-
formation on the health of the structure and this infor-
mation can be extracted by analyzing the time or time-
frequency responses of the structure. As an example,
cracks in vibrating structures, and particularly in thick
structures, open and close (phenomena known as “crack
breathing”), and this affects the amplitude of the time
response [1–3]. These amplitude variations are difficult
to detect and quantify using traditional Fourier analy-
sis. Thus, time signal and time-frequency analyses are
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investigated from which damage may be easier to detect
and roughly quantify. Since much of vibration based
damage detection theory is based on using the Fourier
transform (FT), the limitation of the FT for analyzing
transient signals is briefly discussed first. Then, a time
signal and wavelet-based method of damage detection
is proposed and experimentally investigated.

2. Damage detection theory

Modal analysis and frequency domain methods of
damage detection are based on the Frequency Response
Functions (FRFs) of a structure. Computationally, the
FRFs are obtained by taking the Fourier Transform (FT)
of the steady-state time responses, which is divided by
the FT of the excitations of the structure. The FT is
defined as:

f(ω) =
∫ ∞

−∞
f(t)e−jωtdt (1)

wheref(t) is the time function,j =
√−1, t is time, and

ω is radian frequency. The FT analyzes a signal using
basis functions that extend for an infinite time. This is a
good representation for steady-state stationary signals,
however, transient signals within a steady-state signal
are averaged out and their time reference is lost when
the FT operation is performed. Thus, transient events
from structures with damage may not be detected.

To overcome this limitation of the FT, the Short Time
Fourier Transform (STFT) signal analysis method was
developed in which a windowed function for the Fourier
transform (FT) is used to examine a section of the time
signal centered at a particular timeu. The classical
STFT defined by Gabor is:

STFT=f(u, v)=
∫ ∞

−∞
f(t)g(t− u)e−ivtdt, (2)

whereu is the translation of the window function and
is the frequency [4]. Also,f(t) is the given signal,
andg(t− u) is the window function. This transform is
called the STFT because the multiplication byg(t−u)
localizes the Fourier integral in the neighborhood of
t = u. By repeating the FT at each centered time win-
dow, this process will reveal if a particular frequency is
present in the signal during that time segment. This lin-
ear time-frequency transformation localizes the signal
content into frequency and time information. However,
there is still a limitation of the STFT. The precision
of the time and frequency information is determined
by the size of the time window, which is constant for

all frequencies when using the STFT. If the size of the
time window could vary with frequency, this would in-
crease accuracy. However, there is also a limitation
here, the time and frequency resolution that can be ob-
tained are dependent, and the time-frequency depen-
dence is linked in the Heisenberg uncertainty princi-
ple [5]. Subject to the constraints defined by the uncer-
tainty principle, wavelets can be developed to provide
windowing with variable-sized regions. This produces
more precise low and high frequency information.

3. Time-frequency resolution

The Heisenberg uncertainty principle states that the
energy spread of a time functionf(t) and its Fourier
transform f̂(ω) cannot be simultaneously computed
with arbitrarily small resolution. Gabor defined time-
frequency atoms as waveforms that minimize the en-
ergy spread of a signal in the time-frequency plane. By
windowing the area, the energy can spread for a partic-
ular Gabor atom in both time and frequency producing
a Heisenberg rectangle. Ideally, this rectangle could
shrink to a point that provides exact frequency infor-
mation at any time. In actuality, the Heisenberg Un-
certainty theorem shows that the minimum rectangular
area achievable by a Gabor atom is:

σtσω � 1
2
, (3)

whereσt andσω are the standard deviations that repre-
sent energy spread in the time and frequency domains,
respectively. The definitions of the temporal variance
and the frequency variance of the window functiong
are:

σ2
t =

1
‖g‖2

∫ ∞

−∞
(t− u)2|g(t)|2dt (4)

σ2
ω =

1
2π‖g‖2

∫ ∞

−∞
(ω − v)2|ĝ(ω)|2dω. (5)

Furthermore, consider a scale factor applied to the
Heisenberg Uncertainty principle. A scale applied to
the definition of variance yields a Heisenberg rectangle
with varying resolution. The scaled variance in time
and frequency altered by the scale “a” yields:

σ2
t =

∫ ∞

−∞

(
t− u

a

)2

|ga(t)|2dt

a2σ2
t =

∫ ∞

−∞
(t− u)2|ga(t)|2dt (6)

σ = aσst
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σ2
ω =

1
a2

1
2π

∫ ∞

−∞
(aω − v)2|ĝa(ω)|2dω

(7)
σ2
ω =

1
a2
σ2
sω .

This is the relationship between the scale parame-
ter and the energy spread of the function in time and
frequency as:aσst and σsω

a , respectively [5]. This
relationship explains how the wavelet transform can
increase resolution in time thus emphasizing the fre-
quency transients or non-linear characteristics in a sig-
nal. Smaller scales decrease the time spread and in-
crease the frequency spread, which is shifted to higher
frequencies while the area of the rectangles remains
constant.

4. The continuous wavelet transform

A wavelet functionψ(t) must satisfy certain criteria.
Wavelets are functions in the Hilbert space (the Hilbert
space is a vector space that has a norm, inner product,
and Hermitian symmetry) and are written in the form;
ψ ∈ L2(�), whereL2(�) is the space of finite energy
functions. These wavelets(ψ) have a zero average and
their magnitude is bound through positive and nega-
tive infinite. The family of functions(ψ) whose axes
shift in both time and scale are shown in the following
generalized wavelet equation [6]:

Ψa,u(t) =
1√
a
Ψ

(
t− u

a

)
. (8)

The translation and scaling domains of the wavelet
correspond tou anda in Eq. (8), respectively. Equa-
tion (8) also represents a normalized wavelet atom that
is obtained by the translation and scaling of the mother
waveletψ. The Continuous Wavelet Transform (CWT)
is defined to be:

Wψ(a, u) =
〈
f(t),Ψ∗

a,u(t)
〉

(9)

=
∫ ∞

−∞
f(t)

1√
a
Ψ∗

(
(t− u)
a

)
dt,

wherePsi∗ is the complex conjugate wavelet applied
to the signalf(t). Equation (9) produces CWT coeffi-
cients that are a function of scale and translation. With
the complex form ofΨ, the separation of amplitude and
phase components can be performed.

The Morlet wavelet is used as the CWT because it
has a direct conversion between scale and frequency
that is useful to show the frequency content of vibration
signals. The Morlet wavelet used here is defined as [7]:

Ψ(t) = eiωo|t|e
|t|2
2 . (10)

TheΨ(t) wavelet is computed at the center frequency
ωo for every time pointt. Thus, the Morlet wavelet
has the advantage of computing the time-frequencyplot
for every frequency present within a signal. Also, the
Morlet wavelet can be scaled to identify the effects of
damage on the structural responses.

However, discrete wavelet analysis provides space-
saving coding and is efficient for reconstruction. Al-
though, continuous wavelet analysis is often easier to
interpret since its redundancy tends to reinforce the
traits. This is especially true for detecting subtle trends
in sinusoidal like signals. Very few wavelets have an
explicit analytical expression. Notable exceptions are
the Mexican Hat and the Morlet wavelet. In contrast to
the discrete wavelet transform, the CWT is also contin-
uous in terms of shifting: during computation, the ana-
lyzing wavelet is shifted smoothly over the full domain
of the analyzed function.

5. Transmittance functions

A Transmittance Function (TF) is the ratio of FRFs
at two spatial locations on a structure. Transmittance
functions can detect changes in the properties of a struc-
ture. The derivation of the TF is shown starting with
the equations of motion for a structure:

Mẍ+ Cẋ+Kx = F (t) (11)

wherex(t) is the displacement vector of a structure and
M , C, K, are the mass, damping, and stiffness ma-
trices, andF (t) is the forcing vector. Performing the
Laplace transform on Eq. (11) with zero initial condi-
tions yields:

(Ms2 + Cs+K)X(s) = F (s) (12)

wheres = σ|jω. Settingσ = 0 yields the Fourier
transform, and rearranging gives:

X(jω) = H(jω)F (jω) (13)

whereH(jω) = (−Mω2 + Cjω + K)−1 is the FRF
matrix of the structure. Consider the case in which
the excitation is applied at one point on the structure.
Equation (13) becomes in matrix form:



X1

X2

X3

...
Xn




=




h11 h12 h13 . . . h1n

h21 h22 h23

h313 h32

...
hnn







0
F2

0
...
0




(14)
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Fig. 1. Simulated Cantilever beam with Crack (a) Simulated Healthy Beam’s 8-Element Model Time Signal. (b) Simulated Damage Beam’s
8-Element Model Time Signal.

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
-1.5

-1

-0.5

0

0.5

1

1.5
x 10

-5 Displacement for Healthy Cantilever with 8-elements

time (sec)

D
is

pl
ac

em
en

t 
(m

)

DOF 5
DOF 7

(a) Simulated Healthy Beam's 8-Element Model Time Signal.
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(b) Simulated Damage Beam's 8-Element Model Time Signal. 

Fig. 2. Simulated Time Signals from Transient Responses.

where only the forceF2 is nonzero. The TF between
response points 1 and 2 on the structure is [8]:

T12 =
X1

X2
=
h12h

∗
22

h22h∗22
(15)

The h12 and h22 are the individual FRFs for the
response locations 1 and 2 on the structure due to a force
at point 2 on the structure. For a single excitation, the
TF is independent ofF (t). The complex TF quantifies
the relative dynamic properties of a structure. As the
response points 1 and 2 move spatially closer together,
the TF approaches unity. Thus, the TFs of a structure
can indicate levels of damage, which occur in the mass,
damping, or stiffness parameters as a function of the

frequency of excitation, and the effect of a single force
is removed. The TF is very sensitive to damage because
it is a ratio of functions with many peaks and valleys.
The TF is based on the FT operation. As discussed, the
FT has limitations in detecting nonlinear responses of
structures due to damage. Therefore, the TF is extended
to use wavelets.

Wavelet Transmittance Function (WTF) is developed
as a quick signal processing method for damage detec-
tion. The WTF is written as [9]:

WTF1,2(ω, u) =
W 1
ψ(ω, u)

W 2
ψ(ω, u)

, (16)

which is a real quantity in which the wavelet transform
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Fig. 3. WTF for both Simulated Healthy and Damage beam from Node 5.

A S1 S2

Damaged
Beam

 Healthy 
Beam 

Crack 

Fig. 4. Experimental setup.

W 1
ψ(ω, u) for sensor 1 is divided byW 2

ψ(ω, u) from
sensor 2. The Morlet wavelet is used here in computing
the WTF. Additionally, the mean amplitudeS of the
wavelet transform is:

S1,2 =
1

NPts

Npts∑
n=1

WTF1,2(n). (17)

From this, a normalized damage indicator (NDI) is

computed as:

NDI1,2 =
Npts∑
n=1

(Sh1,2 − Sd1,2)
S1,2

h

. (18)

HereS is the average of all the amplitude values in
the WTF map,Npts is the number of points in the 2-D
wavelet map,h refers to the healthy structure, andd
refers to the damaged structure.
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Fig. 5. Transient time responses for sensors S1 and S2 on the healthy beam. (a) Wavelet Transform from sensor 1 for the healthy beam. (b)
Wavelet Transform from sensor 2 for the healthy beam.

6. Simulated damage detection in a thick
aluminum beam using WTF and NDI

Damage detection in thick materials may need dif-
ferent approaches than the wave propagation methods
used for thin plate structures [10–13]. To verify the
potential of the WTF, a simple finite element Euler-
Bernoulli beam model is developed. This analytical
model is used to study the capability of WTF method
to detect damage and to compare with the experimental
results. However, this model is not a detailed fatigue
crack finite element model, which simulates the high
frequency acoustic emission generated from a crack
closure. Instead, the model will provide a guide for
interpreting the experiment. The model thus developed
is sufficient to highlight the effectiveness of wavelet
transmittance functions. In the simulated example, as
described below, the WTF is applied to nodal vibra-
tion displacements of the damaged and healthy beams.
The change in the displacement magnitude due to the
presence of the crack would be reflected in the WTF
map.

The simple finite element beam model consists of 8
beam elements. The simulated crack location is placed
in the element where the actual physical crack is po-
sitioned on the beam described in detail in the next
section of this paper. The dimensions of the simulated
beam are 35× 1 × 1.25 inches in size. The simulated
crack in the beam is 0.6 inch deep. The crack is 8.7
inches from the fixed-end of a cantilever beam. The
simulation computes a damage case with the crack and
a healthy case without the crack. Newton’s Second Law
of Motion is represented by the following equation:

Mÿ + Cẏ +Ky = F (t), (19)

whereK is stiffness,M is mass,C is the damping,
andF is the force applied to the system as a point
load. Then, Newton’s Second Law is converted into
state-space form,[

ẏ
ÿ

]
=

[
0 I

−M−1K −M−1C

] [
y
ẏ

]
, (20)

to compute the set of linear equations and produces the
displacement for the cantilever. Proportional damping
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(a) Wavelet Transform from sensor 1 for the healthy beam. 

(b)  Wavelet Transform from sensor 2 for the healthy beam. 

 

Fig. 6. Wavelet Transform of the transient response of the healthy beam.

completes the matrices, and the initial displacement is
given toy as a state-space vector. Figure 1 depicts a
4-element simulated cantilever that illustrates the po-
sitioning of the crack within the beam. The numbers
separated by a comma on top of the beam represent
the degrees-of-freedom (DOF), and the other numbers
identify the element. With the state-space equations
for an eight-element beam, Fig. 2(a,b) illustrates the
displacement for DOF 5 and 7. The healthy beam has
lower displacement amplitude in Fig. 2(a) at 43.1 Hz

than the simulated damage beam in Fig. 2(b) at 38.1 Hz
due to the stiffness reduction caused by the crack. Also,
node 7 has higher displacement amplitude than node 5
for both cases, because cantilever deflection increases
closer to the free-end of the beam. Figure 3 shows a
WTF from the healthy and damage simulation at node
5 with S values of 0.9434 and 0.8366 from Eq. (17),
respectively. The NDI from Eq. (18) is 0.1132, which
confirms that stiffness changes within the beam are no-
ticeable by this index.
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  WTF using  Morlet Wavelet 

Fig. 7. WTF no clipping of the transient response of the healthy beam using sensors S1 and S2.
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Fig. 8. Transient time responses for sensors S1 and S2 on the damage beam. (a) Wavelet Transform from sensor 1 for the damage beam. (b)
Wavelet Transform from sensor 2 for the damage beam.

7. Experimentation

Experimental data from a thick aluminum beam with
a fatigue crack and a thick composite flexbeam with

an embedded delamination is analyzed using time sig-
nal analysis and wavelet analysis for detection of the
damage and the extent of it. The experiments thus
conducted and the analysis conducted thereof, are pre-
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(a)  Wavelet Transform from sensor 1 for the damage beam. 

 
(b)  Wavelet Transform from sensor 2 for the damage beam. 

. 

Fig. 9. Wavelet Transform of the transient response of the damage beam.

sented in the following sections.

8. Detection of a fatigue crack in a thick aluminum
beam using WTF and NDI

One technique to identify changes or damage in
structures is by analyzing the structural vibration [14–
17]. Vibration signals measured before the onset of a
crack will be different from the signals after a crack has
formed. The fatigue crack will open and close causing

frequency and amplitude changes in time waveforms.
These frequency and amplitude variations are difficult
to detect and quantify using Fourier analysis [18,19].

In this experiment, time waveforms captured from
identical healthy and damaged beams are compared to
determine the effect of a crack on the vibration re-
sponse. The effectiveness of wavelet analysis to detect
a fatigue crack in a beam is also investigated. Both
beams as shown in Fig. 4 are 35× 1 × 1.25 inches in
dimensions as noted in the above simulated example.
The fatigue crack in the damaged beam is also indicated
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WTF using  Morlet Wavelet 

Fig. 10. WTF no clipping of the transient response of the damaged beam using sensors S1 and S2.
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Fig. 11. Time responses of sensors S1 and S2 on the healthy beam for the sinusoidal input.

in Fig. 4. The size of the crack is 0.6 inch deep and
the crack was grown from a 0.1 inch notch on the top
of the beam. The fatigue crack was developed using
a three-point-bend fixture, and the beam was cycled
at its yield strength until the crack formed. The load
was then reduced until the crack reached the desired
depth. Figure 4 also shows two cantilever beams with
three Lead Zirconate Titanate (PZT) patches attached

to each beam. The PZT patch near the clamped end of
the beam is used as the actuator (A). The second and
third PZT patches are used as sensors (S1 and S2). The
measurements were recorded by a LeCroy oscilloscope
at a 10 kHz sampling rate and downloaded onto a PC
hard drive through a RS-232 connection.

This objective of this experiment was to apply the
WTF and NDI on the sensor outputs to identify a fa-
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Fig. 12. Time responses of sensors S1 and S2 on the damage beam for the sinusoidal input.

WTF using  Morlet Wavelet 

Fig. 13. WTF no clipping of the sinusoidal response of the healthy beam using sensors S1 and S2.

tigue crack in a cantilever beam. How the fatigue crack
affects each beam can be determined by examining the
strain vibration signals from sensors S1 and S2 for tran-
sient and sinusoidal excitations. Figure 5 shows the
time responses from sensors S1 and S2 due to the free
response of the healthy beam. The tip of the beam was
initially displaced at the free end, for a known amount,

to generate the free response. The first natural fre-
quency of the healthy beam is found to be at 38.8 Hz.
The time responses from sensors S1 and S2 as shown
in Fig. 5 have a small amplitude difference that is as-
sociated with the location of the PZT sensors on the
cantilever beam. The strain field is larger in S1 because
of the larger bending moment closer to the fixed end
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WTF using  Morlet Wavelet

Fig. 14. WTF no clipping of the sinusoidal response of the damaged beam using sensors S1 and S2. (a) Helicopter rotor system (Picture Courtesy
of Boeing Company). (b) Flexbeam tested.

of the beam. The wavelet transforms in Fig. 6 do not
indicate any substantial differences in the responses of
sensors S1 and S2 for the healthy case. The WTF for
the free response of the healthy beam is computed us-
ing the signals from sensors S1 and S2 and is plotted
in Fig. 7. The value from Eq. (23) is 1.6875 for the
healthy beam. Figure 8 shows the time responses from
sensors S1 and S2 due to the free response of the dam-
aged beam. Figure 9 for the damage beam shows the
wavelet transform plots for sensors S1 and S2. These
wavelet transforms reveal the damage to the beam by
the time required to reduce the amplitude of the time
traces compared to Fig. 6. The WTF for the damaged
beam is shown in Fig. 10. The S value is 1.2448 for
the damaged beam, which has a natural frequency of
36.9 Hz. The free response of the damaged beam gen-
erates additional frequencies during the crack closure,
which are apparent from the non-symmetric WTF map
in Fig. 10. The NDI is 0.2623 for the transient input.

The steady-state sinusoid responses from the healthy
beam are shown in Fig. 11. The steady-state sine re-
sponses from the damaged beam are shown in Fig. 12,
which illustrates the stiffness reduction caused by the
fatigue crack. This stiffness reduction creates an am-
plitude reduction in the WTF that is shown by com-
paring Figs 13 and 14. Corresponding to Fig. 13, the
value is 1.0489 for the healthy beam. Corresponding

to Fig. 14, the value is 0.7586 for the damaged beam
with the sinusoidal input. The NDI is calculated as
0.2768. Thus, the NDI values confirmed there is dam-
age present in the cracked cantilever beam using the
transient and continuous excitations. Further testing
would be necessary with different crack sizes to relate
the damage size to the change in the WTF function.
Note, that that while the transient response (sensor volt-
age) magnitude is four times larger than the sine re-
sponse; the NDI values are almost the same for the two
different excitation cases. This is because the WTF is
a normalized damage indicator that removes the effect
of the amplitude of the excitation.

Note that the wavelet plots have sporadic undulations
that are caused by the WTF calculation. There can be
computational error associated with division. Exam-
ples of this error are most clearly evident at 0.02 and
0.06 seconds in Fig. 13. The example numerically is
the equivalent of dividing 0.0001 by 0.000001 that pro-
duces 100 as a WTF value. Thus, the frequency con-
tent is zero for the low frequency portion of the WTF
plot. Also, there is a clipping algorithm to reduce the
division error. Clipping creates the appearance of flat
regions where the maximum amplitudes of two sensors
are averaged and multiplied by a chosen percentage
generating a cliplevel so the general trend of WTF plot
is recognized. However, the clipping algorithm was not
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Flexbeam Component with Offal Intact 

(a) Helicopter rotor system (Picture Courtesy of Boeing Company).
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(b)  Flexbeam tested. 

Fig. 15. Schematic of a helicopter rotor system and a helicopter flexbeam.

used in all WTF plots, the flat regions often just appear
planar however higher resolution reveals undulations.

9. Detecting delamination in a helicopter flexbeam

Detection of fatigue cracks and delaminations is an
important area of current research in helicopter rotor
systems. The rotor components shown in Figure 15 re-
quire high maintenance. If a health monitoring scheme

for the rotor systems could be developed to continu-
ously determine the structural integrity of these compo-
nents, this would improve the safety and reliability of
rotorcraft and significantly reduce maintenance costs.
The function of the monitoring system is to detect any
damage occurring to the flexbeam and rotor blade, to
monitor the dynamic response of the rotor system for
high levels, and to provide usage information on the
health and the dynamic response of the rotor system.
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Fig. 16. Cross-section view of the flexbeam construction.
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Fig. 17. Input, healthy, and damage time responses of the flexbeam for a 50 kHz sinusoidal burst excitation.

This information would be available immediately and
can be used to define the performance limit for the he-
licopter based on the condition of the structure. The
challenges in designing this monitoring system are re-
lated to the materials and operating conditions of the ro-
tor system. The flexbeam where it attaches to the rotor
is a critical section that is thick and non-homogeneous
and is constructed using fiberglass with a center alu-
minum layer. The loading conditions include: signif-
icant aerodynamic and large dynamic loads, external
damping in bending and torsion modes. Also, there is
difficulty monitoring pure interrogation signals in the
airborne (rotating blade) condition.

An experiment is performed using the flexbeam
shown in Fig. 15(b). A single cycle sinusoidal burst
of 50 kHz is simultaneously input through the PZT

patches S1 and S3 in both the legs of the flexbeam and
is sensed by the collocated sensors S2 and S4 under-
neath. The input from the signal amplifier is used as
the trigger to acquire the signal by an oscilloscope. The
actuators and sensors were also reversed to verify the
reciprocity of the responses. Figure 16 shows the cross
sectional arrangement of the collocated sensors and the
actuators and the composite material constituting each
of the legs of the flexbeam. Dimensions and the ex-
act thickness were not given for proprietary reasons,
but various thickness measurements are referenced in
Fig. 15(b).

Figure 17 shows the input excitation and the output
responses from the damaged leg sensor S2, and from
the healthy leg sensor S4. Clearly there are three char-
acteristics present in Fig. 17 that distinguish between
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Fig. 18. FFT of the input, healthy, and damage responses of the flexbeam. (a) Contour plot of the 50 kHz sinusoidal input signal. (b) Mesh Plot
of the 50 kHz sinusoidal input signal.

the healthy and the damaged leg responses. These are:
(1) Time delay: The time delay between the input ex-
citation and the response of sensor S4 in the healthy
leg is distinctly shorter than the response of sensor S2
in the damaged leg; (2) Waveform characteristics: The
waveform patterns from the sensors in the two legs have
significantly different shapes; and (3) Leading Edge
amplitude: The leading edge amplitude of the output
waveform obtained from the sensor S2 in the damaged
leg is clearly attenuated compared to the leading edge
amplitude of the output waveform obtained from the
sensor S4 in the healthy leg. To explain this behavior,
referring to Fig. 16, the high frequency moment actu-
ated on the top of the leg is not fully transferred to the
bottom of the leg due to the delamination. Thus, the
bottom patch on the leg with the delamination has a
reduced and delayed strain response. An optimal exci-
tation frequency in the range of 50 kHz to 75 kHz was
chosen to locate damage and provide sufficiently large
signal amplitude considering the excitation frequency,
wavelength, and size of the PZT patch. Figure 18 is a
FT of the signals and shows that the maximum energy
occurs near 35 kHz for the input signal, 20 kHz for
the healthy signal, and 35 kHz for the damaged signal.
When exciting at low frequencies below 1 kHz, the
global vibration modes of the flexbeam are excited and
the damage is not obvious.

The wavelet transforms of the time responses are
shown in Fig. 19 using the Morlet wavelet. Fig-

ures 19(a, b) give the contour and mesh wavelet plots
for the input excitation, respectively. Figures 19(a, b)
show that the amplitude is large for the frequency range
for the input excitation from 0 to 60 kHz with maximum
energy intensity near 35 kHz, occurring from 0.5ms to
0.75ms. The output response in Figs 20(a, b) from the
healthy leg sensor S4 is given in the contour and mesh
wavelet plots. The frequency range shown in Figs 20(a,
b) of the healthy leg response at S4 is between 0 and
30 kHz with the maximum energy intensity occurring
around 20 kHz from 0.25ms to 1.2ms. Figures 21(a,
b) show the contour and mesh wavelet plots for the
output response from the damaged leg sensor S2 near
the delamination. The Figs 21(a, b) also show that the
frequency range for the damaged leg output response
at S2 is between 10 kHz and 50 kHz with maximum
energy intensity at around from 0.4ms to 0.1ms.

Clearly the time delay in the output response from
the damaged leg sensor S2 near the delamination is
longer than the output response from the healthy leg
sensor S4. Also, the amplitude of the maximum energy
for the healthy response (∼2.5) is larger than for the
damaged response (∼0.25). This may occur because
the material in the flexbeam attenuates the responses
and the higher frequencies are suppressed as shown by
comparing the input excitation with the output response
from the healthy leg sensor in Figs 19 and 20. However,
the higher frequencies are reintroduced in the response
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(a)  Contour plot of the 50 kHz sinusoidal input signal. 

Morlet Wavelet Transform 

 
(b)  Mesh Plot of the 50 kHz sinusoidal input signal. 

 

Fig. 19. Wavelet plots of the 50 kHz sinusoidal input signal. (a) Contour plot of the healthy response from sensor S4. (b) Mesh plot of the healthy
response from sensor S4.

from the damaged leg as shown in Fig. 21 Energy during
the “crack breathing” from the delamination may be
converted into higher frequencies in the time waveform
causing higher frequency scattering in the wavelet map.

Additionally, the WTF was investigated to determine
how well this technique would quantify the non-linear
effects created by the damage. The WTF was computed
from the healthy and damaged leg of the flexbeam as
shown in Fig. 22(a,b). At one percent clipping the pat-
tern became apparent in Fig. 22(a,b) with some spuri-
ous peaks, however, the pattern at five percent clipping
is clear in Fig. 22(a,b). This outline may represent the

frequency-time region in which structural health moni-
toring could be conducted. A structural health monitor-
ing technique could use the time axis to identify when
the delamination readmits the high frequency compo-
nents into the signal, and thus the location of damage
through the depth of the flexbeam might be calculated.
Dominant energy levels are depicted by the frequen-
cies present in the time waveforms. This frequency
content information could be utilized in a control al-
gorithm to maintain structural integrity for in-flight re-
liability. Monitoring complex systems like the heli-
copter rotor system using WTFs can improve safety
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Morlet Wavelet Transform 

 
(a)  Contour plot of the healthy response from sensor S4. 

Morlet Wavelet Transform 

 
(b)  Mesh plot of the healthy response from sensor S4. 

 

Fig. 20. Wavelet plots of the response of the healthy leg of the flexbeam. (a) Contour plot of the damage response from sensor S2. (b) Mesh plot
of the damaged response from sensor S2.

and reduce maintenance cost. However, environmental
effects such as variations in flight speed could create
additional non-linear behavior that has not been taken
into account in this research. Note the WTF’s ampli-
tude is normalized to eliminate some environmental ef-
fects, which would prove beneficial on an actual ro-
tor system. Further research is required to fully deter-
mine the sensitivity of the WTF method. This research
should include vibrating the flexbeam transversely and
using the four patches as sensors only to measure the

strain responses and compute WTF’s to detect damage.
This would be a passive technique to detect damage
and would simplify health monitoring on an operating
helicopter.

10. Conclusions

When a fatigue crack or delamination opens and
closes the stiffness of the structure changes and this
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Morlet Wavelet Transform 

 
(a) Contour plot of the damage response from sensor S2. 

 

Morlet Wavelet Transform 

 
(b)  Mesh plot of the damaged response from sensor S2. 

 

Fig. 21. Wavelet plots of the response of the damage leg of the flexbeam at sensor S2. (a) WTF 5% clipping contour plot using the damaged
(sensor S2) and healthy responses (sensor S4) (a) WTF 5% clipping mesh plot using the damaged (sensor S2) and healthy responses (sensor S4).

causes frequency and time variations in the vibration re-
sponse of the structure. These frequency and time vari-
ations are difficult to detect and quantify using conven-
tional signal processing techniques. Accordingly, time-
frequency analyses and dynamic strain signals were
investigated to provide a more positive indication of
damage. The simulated and the experimental data ver-
ified the effectiveness of using PZT patches bonded on
the surfaces of thick aluminum and non-homogeneous
composite materials for sensing known variations in

time waveforms due to a fatigue crack or delamination.
Furthermore, this approach is a simpler and less ex-
pensive method than embedding sensors in a material,
which cannot be done in many applications.

This research highlights the potential of wavelet
analysis to identify a fatigue crack using wavelet trans-
forms due to their filtering capabilities. Thus, the
wavelet transform has the potential to identify certain
frequency content within broadband noise. Therefore,
crack closures create high frequency acoustic waves
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Fig. 22. WTF plots for the damaged helicopter flexbeam.

and the ambient noise creates broadband noise. The
wavelet signal processing technique has the ability to
isolate the dominant energies or frequencies present
within those time signals. However, a pure transmit-
tance function does not filter data; and, as a result,
transmittance is often very difficult to interpret. By
filtering the noise out of the time signal in the wavelet
transform the resulting WTF produces a NDI, which
is a meaningful value that can evaluate structural in-
tegrity. An application of the wavelet transform and
WTF also produced meaningful results concerning the
amplitude and time variations that happen due to de-
laminations in a helicopter flexbeam. Also, the WTF’s

amplitudes normalize the energy levels present in the
time waveforms minimizing the environmental effects,
which make the technique suitable for practical use.
Most importantly, a region was shown that may identify
the time and frequency information useful for damage
quantification.
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