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Ultrasonic guided waves inspection using Lamb waves is suitable for damage detection in metallic structures.

This paper will present experimental results obtained using guided Lamb waves to detect flaws in aluminum

specimens with design features applicable to space applications. Two aluminum panels were fabricated from a

variable-thickness aluminum top plate, with two bolted I-beams edge stiffeners and four bonded angle stiffeners.

Artificial damages were introduced in the two panels: cracks, corrosions, and disbonds. The proposed investigation

methods used bonded piezoelectric wafer active sensors to excite and receive Lamb waves. Three wave propagation

methods were used: pitch–catch, pulse–echo, and the embedded ultrasonic structural radar. In addition, we also

used a standing-wave damage detection technique, the electromechanical impedance method. The paper will

present in detail the salient results from using these methods for damage detection and structural health

monitoring. Where appropriate, comparison between different methods in detecting the same damage will be

performed. The results have demonstrated the ability of piezoelectric wafer active sensors working in conjunction

with guided Lamb waves to detect various types of damages present in complex geometry structures typical of

space applications.

Nomenclature

A0 = antisymmetric Lamb-wave mode
C = zero-load capacitance of the piezoelectric wafer active

sensor
Dj = electrical displacement
dkij = piezoelectric coupling effect
Ek = electrical field
Sij = mechanical strain
S0 = symmetric Lamb-wave mode

sEijkl = mechanical compliance

Tkl = mechanical stress

Z = electromechanical impedance
ZPWAS = electrical impedance of the piezoelectric wafer active

sensor
Zstr = mechanical impedance of the structure
"Tjk = dielectric permittivity at zero mechanical stress
�31 = electromechanical cross-coupling coefficient

I. Introduction

S TRUCTURAL health monitoring (SHM) is an emerging
research area with multiple applications. SHM assesses the state

of structural health and, through appropriate data processing and
interpretation, predicts the remaining life of the structure. There are
many ultrasonic nondestructive evaluation, nondestructive inspec-

tion, and nondestructive testing techniques for identifying local
damage and detecting flaws in metallic structures. Ultrasonic nonde-
struction evaluation (NDE) methods rely on elastic wave propaga-
tion and reflection within the material. They try to identify the wave
field disturbances due to local damage and flaws. Ultrasonic testing
involves one or more of the following measurements: time of flight
(TOF), path length, frequency, phase angle, amplitude, impedance,
and angle of wave deflection (reflection and refraction). Conven-
tional ultrasonic methods include the pulse–echo, the pitch–catch (or
pulse–transmission), phased arrays, and the pulse–resonance
techniques.

This paper will investigate and report on the possibility of using

ultrasonic nondestructive evaluation methods and the opportunity

for developing a structural health monitoring system for space

applications on metallic structures. SHM determines the health of a

structure by reading an array of sensors permanently attached on the

structure and monitored over time. SHM can be either passive or

active. Passive SHM infers the state of the structure using passive

sensors that are monitored over time and fed into a structural model.

Active SHM uses active sensors that interrogate the structure to

detect the presence of damage, and to estimate its extent and

intensity. One active SHM method employs piezoelectric wafer

active sensors, which send and receive ultrasonic Lamb waves and

determine the presence of cracks, delaminations, disbonds, and

corrosions. Two approaches are being considered: 1) traveling

waves, and 2) standing waves.
The novelty of this work represents the concept of a low-cost and

lightweight damage detection system using permanently attached

piezoelectric wafer active sensors in conjunction with guided Lamb

waves used on realistic space-type application specimens. The

system will permit continuous or on-demand structural damage

assessment of the entire structure. The major finding of this research

is the possibility of using combined ultrasonic methods to detect

various types of induced damages on real-type application structures:

pulse–echo, pitch–catch, phased arrays [embedded ultrasonics

structural radar (EUSR)], and the electromechanical impedance.

This work is based on the effort and the results the authors have

achieved in the past several years [1–4]. Although much work has
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been done in the composite area [5–7], this study reports on results
obtained solely on metallic structures.

II. Piezoelectric Wafer Active Sensors

Guided waves can be generated and detected using several
methods. In conventional ultrasonic methods, guided waves are
generated using large ultrasonic transducers that are usually
positioned at an angle through a wedge. Another method to create
guided waves is to use comb transducers. The comb spacing is such
that it tunes with the guided half-wavelength.

The method used in this experiment to excite and receive guided
waves uses piezoelectric wafer active sensors (PWAS), which are
small unobtrusive transducers permanently attached to the structure
[1,2] (Fig. 1a). PWAS are thin piezoelectric ceramicwafers, round or
rectangular in shape (Fig. 1b), and are small, lightweight, and
inexpensive compared with traditional ultrasonic transducers.

PWAS operate on the piezoelectric principle that couples the
electrical andmechanical variables in thematerial (mechanical strain
Sij, mechanical stress Tkl, electrical field Ek, and electrical
displacement Dj) in the form

Sij � sEijklTkl � dkijEk Dj � djklTkl � "TjkEk

where SEijkl is the mechanical compliance of the material measured at

zero electric field (E� 0), "Tjk is the dielectric permittivity measured

at zero mechanical stress (T � 0), and dkij represents the

piezoelectric coupling effect. When an applied stress on the sensor
is converted into an electric charge, this phenomenon is called the
direct piezoelectric effect. The inverse effect, conversely, will
produce strain when a voltage is applied on the sensor. In this way,
the PWAS can be used as both transmitter and receiver. For NDE
applications, PWAS couple their in-plane motion, excited by the
applied oscillatory voltage through the piezoelectric effect, with the
Lamb-waves particle motion on the material surface. Lamb waves
can be either quasi axial �S0; S1; S2; . . .�, or quasi flexural
�A0; A1; A2; . . .�.

An important characteristic of PWAS, which distinguishes them
from conventional ultrasonic transducers, is their capability of tuning
into various guided-wave modes. Moulin et al. [8] were among the
first to realize the generation of Lamb waves with an attached
piezoelectric disc. Using finite element modeling and experimental
results, they showed the excitation of S0, S1, A0, A1, and A2 Lamb
waves at up to 2.5MHz frequencies. Lin andYuan [9] studied the use
of piezoceramic discs for generation and detection of circular-crested
flexural waves in a composite plate using the Mindlin theory. The
solution was derived in terms of Henkel functions. Propagation of
smoothed tone bursts was also studied. The theoretical predictions
compared favorably with experimental measurements. Liu et al. [10]
investigated the input–output characteristic of piezoelectric
structural health monitoring systems for composite plates. Lee and
Staszewski [11,12] used finite differences and local interaction
simulation approach (LISA) to model the generation of Lamb waves
with surface-mounted piezoceramic wafers for the detection of

Fig. 1 PWAS a) attached to the structure, b) rectangular shape array.

Fig. 2 Structural panel design.
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structural damage. Numerical simulation compared favorably with
experiments. Lin et al. [13] reported experimental results indicating
that the piezoelectric transducers effectiveness in exciting A0 and S0
Lamb modes varies significantly with the PWAS location across the
laminate thickness.

Although a complete modeling of this interaction is not yet
available, some simplified models exist that clarify the underlying
principles of Lamb-wave tuning with PWAS transducers. Giurgiutiu
[14] developed a plane-strain analysis of the PWAS-structure
interaction using the space-domain Fourier analysis. This model
illustrates the principles of PWAS Lamb-wave mode tuning, and
opens the path for a more comprehensive analysis.

III. Spacecraft Panels

Two aluminum test panels were fabricated by NextGen
Aeronautics, Inc. The panels consist of the skin (Al 7075,
609:60 � 596:90 � 3:18 mm) with a 76.2-mm-diam hole in the
center, two spars (Al 6061 I-beams, 76:20 � 63:50 � 6:35 mm and
609.60 mm length), four stiffeners (Al 6063, 25:40 � 25:40 �
3:18 mm and 469.90 mm length), and fasteners installed from the
skin side (Fig. 2).

The stiffeners were bonded to the aluminum skin using a structural
adhesive, Hysol EA 9394. Damages were artificially introduced in
the two specimens including cracks (CK), corrosions (CR), disbonds
(DB), and cracks under bolts (CB). A summary of the type and size of
the damages is provided in Table 1.

A schematic of the aluminum panel 1 specimen showing the
location of the damage is presented in Fig. 3. Panel 1 contains
disbonds, cracks, and corrosions. The disbonds are located between
the stiffeners and the skin. They are of two types: partial disbonds
DB1 and DB3, and complete disbonds DB2 and DB4. The corrosion
damages were simulated asmachined areas were part of material that
was removed. The four cracks presented are in the shape of a slit and
are through cracks located on the skin of the panel.

The two panels were instrumented with piezoelectric wafer active
sensors as shown in Fig. 3. The PWAS are used for both sensing and
receiving Lamb waves. The location and the number of sensors is
dependant on the detection method. The pitch–catch detection
method is based on wave propagation and should be used for the
detection of disbonds. The method works best on thin plates and
shells with relatively little curvature. Circular PWAS wafers with a
7 mm diameter and a thickness of 0.2 mm should be used. The
placement of PWAS sensors depends on the type and resolution of
damage to be detected. As a general rule, PWAS should be located
within 50 mm of the critical area: typically near the edge of a bond.
The pulse–echo detectionmethod is also based onwave propagation,
but can be used for the detection of both disbonds and cracks.
Circular PWAS wafers with a 7-mm-diam and 0.2 mm thickness
should be used as well. PWAS can be located up to 200mm from the
critical area if the stiffness is relatively constant. To detect damage on
a panel, sensors should be located near the edge of the panel. For
damage in large stiffness areas (under large stiffeners or pad-ups),
sensors should be located along the centerline of the feature (i.e.,
along the spar or rib). For cracks, an array of at least three sensors

Table 1 Induced panel damages

Panel 1 Panel 2

ID Size, mm ID Size, mm

CK1 19:05 � 0:38 � thru thickness CB1 93:98 � 0:38 � thru thickness
CK2 12:70 � 0:38 � thru thickness CB2 8:89 � 0:38 � thru thickness
CK3 12:70 � 0:38 � thru thickness CB3 17:78 � 0:38 � thru thickness
CK4 12:70 � 0:38 � thru thickness CB4 8:89 � 0:38 � thru thickness
CR1 41:91 � 9:65 � 0:64 CB5 17:78 � 0:38 � thru thickness
CR2 12:70 � 9:65 � 0:64 CB6 17:78 � 0:38 � thru thickness
DB1 50:80 � 12:70 CR1 58:42 � 12:70 � 0:64
DB2 25:40 � 25:40 CR2 50:80 � 12:70 � 0:64
DB3 50:80 � 12:70 —— ——

DB4 25:40 � 25:40 —— ——

Fig. 3 Schematic of the location and the type of the damage a) on the panel 1 specimen (top view), and b) on the panel 2 specimen (bottom view).
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should be used in conjunction with the EUSR algorithm (embedded
ultrasonic structural radar). PWAS sensors should be installed after
the part is assembled to minimize potential sensor damage, but they
could be installed on a part before assembly if necessary. Finding the
exact location or the optimum location of the sensors on the
specimens was not part of the objectives of the present work and
hence not investigated. Other authors have considered the location of
the sensors and reported results in their work [15,16].

In applications where the location of the damage is not known, the
method of choice would be the EUSR, which gives the possibility of
scanning large areas for various types of defects. The advantage of
the EUSR is that it uses a localized array of sensors and through
proper tuning is able to scan a large area of the specimen. When the
location of the damage is not determined, the “hot spots” that are
known to be prone to damage will be instrumented with sensors
arrays.

The experimental setup is presented in Fig. 4. AnHP 33120 signal
generator was used to excite the sensors with a three-count sine
smoothed burst signal at a frequency of 330 kHz. The received signal
was displayed on a Tektronix TDS 210 digital oscilloscope and
transferred to a laptop. For the electromechanical impedance
method, the instrumentation setup is shown in Fig. 4b. The real part
of the EM impedance spectrum was recorded using an HP 4194A
impedance analyzer. The frequency range of the excitation was from
150 kHz to 1.5 MHz.

IV. Detection Strategies

In the experiments conducted in this study, a significant number of
PWAS transducers were initially used to ensure a good signal
response near known damage locations. The detection capabilities
usedwere 1)wave propagation, which includes pitch–catch (disbond

detection), pulse–echo (disbond and crack detection), and embedded
ultrasonic structural radar (crack detection); and 2) standing waves,
which includes electromechanical impedance (E/M) (disbond, crack,
and corrosion detection).

Damage in real life occurs from very small cracks that can develop
faster or slower depending on the environment and the working
regime, and can lead to catastrophic failure. In our study, we are
interested in detecting damages of such sizes that are in the range of
3–5 level of damage and can cause catastrophic failures. Incipient
damage detection was not part of the objectives of this research,
although previous work was conducted in this direction [17]. Of
interest to the industrial community is the ability to determine, based
on the size of the damage and the growth rate, how much life the
structure still has. The work we conducted addresses the first part:
detection of significant damage in various forms to the structure.

A. Pitch–Catch Method

The pitch–catch method can be used to detect structural changes
that take place between a transmitter transducer and a receiver
transducer. The detection is performed through the examination of
the guided-wave amplitude, phase, dispersion, and time of flight in
comparison with a “pristine” situation. Guided-wave modes that are
strongly influenced by small changes in the material stiffness and
thickness (such as theA0 Lambwave) arewell suited for thismethod.
Typical applications include 1) corrosion detection in metallic
structures, 2) diffused damage in composites, 3) disbond detection in
adhesive joints, 4) delamination detection in layered composites, etc.
The pitch–catch method can also be used to detect the presence of
cracks from the wave signal diffracted by the crack.

The pitch–catch method detects damage from the changes Lamb
waves undergo when traveling through a damaged region. The
method uses the transducers in pairs: one acts as transmitter, and the
other as receiver. In the embedded pitch–catch method (Fig. 5), the
transducers are either permanently attached to the structure or
inserted between the layers of composite lay-up.

B. Pulse–Echo Method

In conventional NDE, the pulse–echo method has traditionally
been used for through-the-thickness testing. For large area
inspection, through-the-thickness testing requires manual or
mechanical moving of the transducer over the area of interest,
which is labor intensive and time consuming. For this type of
application, it seems that guided-wave pulse–echomethods are more
appropriate, because wide coverage could be achieved from a single
location.

For crack detection with the pulse–echo method, an appropriate
Lamb-wave mode must be selected. Giurgiutiu [14] used finite
element simulation to show that the S0 Lamb waves can give much

Fig. 4 Instrumentation setup for a) wave propagation, b) electromechanical impedance.

Transmitter  
(Wave Exciter)

V1 V2

Receiver  
(Wave Detector) 

Lamb waves 

Damaged region

Fig. 5 Ultrasonic damage detection using PWAS: pitch–catch method.

Crack 

Transmitter-Receiver 
PWAS 

Fig. 6 Ultrasonic damage detection using PWAS: pulse–echo method.
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better reflections from through-the-thickness cracks than the A0

Lamb waves. This effect can be attributed to S0 being 1) better
reflected from the crack, and 2) much less dispersive. The first fact
gives a strong signal, whereas the second ensures that the wave
packet is compact and easy to interpret.

The use of Lamb-wave pulse–echo methods with bonded PWAS
follows the general principles of conventional Lamb-wave NDE. A
PWAS transducer attached to the structure acts as both transmitter

and receiver of acoustic guided waves traveling in the structure. If
damage is in the path of the travelingwave (i.e., crack), then thewave
sent by the PWAS is partially reflected at the crack. The echo is
captured at the same PWAS acting as receiver (Fig. 6). For the
method to be successful, it is important that a low-dispersion Lamb
wave is used. The selection of such a wave, e.g., the S0 mode, is
achieved through the Lamb-wave tuning methods [14].

C. Embedded Ultrasonic Structural Radar

Real-time phased-array systems have become very popular in
NDE practice. Giurgiutiu and Bao [18] developed a PWAS phased-
array application and named it embedded ultrasonic structural radar
(EUSR). Its principle of operation is derived from two general
concepts: the guidedLamb-wave generationwith piezoelectricwafer
active sensors (PWAS), and the principles of conventional phased-
array radar (Fig. 7).

v t V t( ) sin( )= ω PWAS 
transducer

ce(ω)

F(t) ke(ω)

me(ω)

( )u t
i t I t( ) sin( )= +ω φ

Fig. 8 Ultrasonic damage detection using PWAS: E/M impedance

method.

Fig. 7 Phased array a) conventional (GE Inspection Technology), and b) EUSR PWAS.

Table 2 Test matrix

Method Sensor no. Excitation Mode Damage

Transmitter Receiver Freq., kHz Amplitude, V (peak to peak)

Pitch–catch a1 a3 110 10 S0 DB1
a9 a11 110 10 S0 DB2
a17 a19 110 10 S0 DB3
a23 a25 110 10 S0 C
a7 a13 110 10 S0 DB2
a8 a14 110 10 S0 C
a20 a15 110 10 S0 C
a21 a16 110 10 S0 DB3

Pulse–echo a5 110 10 S0 CK1
a6 110 10 S0 C
a1 110 10 S0 DB1
a3 110 10 S0 DB1
a4 110 10 S0 DB1
a7 110 10 S0 DB2
a13 110 10 S0 DB2
a9 110 10 S0 DB2
a12 110 10 S0 C
a8 110 10 S0 C
a14 110 10 S0 C
a16 110 10 S0 DB3
a21 110 10 S0 DB3
a17 110 10 S0 DB3
a19 110 10 S0 C
a15 110 10 S0 C
a20 110 10 S0 C
a23 110 10 S0 C
a25 110 10 S0 DB4
a22 110 10 S0 C

E/M Imped. a2 —— —— —— DB1
a5 —— —— —— CK1
a6 —— —— —— C
a10 —— —— —— DB2
a18 —— —— —— DB3
a24 —— —— —— C
a26 —— —— —— DB4
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The EUSR approach is different from the conventional phased-
array approach in two aspects: 1) it can use attached or embedded
PWAS transducers, and 2) it works in virtual time, not in real time.

Of these two, the latter is most important for structural health
monitoring, because it permits the phased-array benefits without the
drawback of real-time multiple channel phasing. Whereas real-time
phased-array transducers require heavy and complex multichannel
phasing equipment, the virtual-time approach adopted by the EUSR
method can be done with only one channel and very simple
equipment.

The principles of conventional phased-array radar [19] are applied
to the EUSR algorithm assuming a uniform linear array of M
transmitter/receivers PWAS, where each PWAS acts as a pointwise
omnidirectional source/sink. The PWAS in the array are spaced at the
distanced� �=2, which is assumedmuch smaller than the distance r
to a generic, far-distance pointP. Becaused� r, the rays joining the
sensors with the pointP can be assimilated with a parallel fascicle, of
angle �. Therefore, for themth PWAS, the distancewill be shortened
by m�d cos��. If all the PWAS are fired simultaneously, the signal
from the mth PWAS will arrive at P quicker by
�m��� �m�d cos��=c. Yet, if the PWAS are not fired
simultaneously, but with some individual delays, �m,
m� 0; 1; . . . ;M � 1, then the total signal received at pointPwill be

a0_20kHz speed

0 20 40 60 80 100 120 140 160 180 200

Time (micro-sec)

Excitation Received s0_110kHz speed

0 5 10 15 20 25 30 35 40 45 50

Time (micro-sec)

Excitation Received

∆ tA0 ∆ tS0

S0 330kHz A0 60kHz 

a) b)

Fig. 9 Time of flight for the wave transmitted from PWAS no. 1 to arrive at PWAS no. 2 when a) the A0 Lamb mode was excited, and b) the S0 Lamb

mode was excited.

Fig. 10 PWAS location used to calculate the A0 and S0 Lamb modes
wave speed.
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Fig. 11 Pulse–echo method: received signal at PWAS no. 1.
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sP�t� �
1���
r
p

XM�1
m�0

sT

�
t � r

c
��m��� � �m

�

where 1=
���
r
p

represents the decrease in the wave amplitude due to the
omnidirectional two-dimensional radiation, and r=c is the delay due
to the travel distance between the reference PWAS (m� 0) and the
point P. (It is important to note that wave-energy conservation with
no dissipation is assumed.)

D. Electromechanical Impedance Method

The impedance method is a damage detection technique
complementary to thewave propagation techniques. Themechanical
impedance method consists of exciting vibrations of bonded plates
using a specialized transducer that simultaneously measures the
applied normal force and the induced velocity.

The electromechanical impedance method is an emerging
technology that offers distinctive advantage over the mechanical
impedance method. Whereas the mechanical impedance method
uses normal force excitation, the E/M impedance method uses in-
plane strain. The mechanical impedance transducer measures
mechanical quantities (force and velocity/acceleration) to indirectly
calculate the mechanical impedance, whereas the E/M impedance
active sensor measures the E/M impedance directly as an electrical
quantity. The principles of the E/M impedance technique are
illustrated in Fig. 8.

The effect of a piezoelectric wafer active sensor affixed to the
structure is to apply a local strain parallel to the surface that creates
stationary elastic waves in the structure. The structure presents to the
active sensor the drive-point impedance, Zstr�!� � i!me�!��
ce�!� � ike�!�=!. Through the mechanical coupling between the
PWAS and the host structure, on one hand, and through the
electromechanical transduction inside the PWAS, on the other hand,

s0_1_130kHz

-0.005

0

0.005

0.01

0.015

0.02

0 20 40 60 80 100 120 140 160 180 200

Time (micro-sec)

PWAS #2
Pulse-echo 

S0 mode 330 kHz

3-in hole 

2nd 3-in hole

Right taper

Right edge
Top edge

Bottom 
edge

Left edge 

2nd Right 
edge

Fig. 12 Pulse–echo method: received signal at PWAS no. 2.

Fig. 13 PWAS location on panel 1 for pitch–catch tests: a) top face of panel 1, and b) bottom face of panel 1.
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the drive-point structural impedance is directly reflected into the
effective electrical impedance as seen at the active sensor terminals.
The apparent electromechanical impedance of the piezoelectric
active sensor as coupled to the host structure is

Z�!� �
�
i!C

�
1 � �231

Zstr�!�
ZPWAS�!� � Zstr�!�

���1

whereZ�!� is the equivalent electromechanical admittance as seen at
the PWAS terminals, C is the zero-load capacitance of the PWAS,

�31 is the electromechanical cross-coupling coefficient of the PWAS
(�31 � d13=

������������
�s11 �"33
p

), Zstr is the impedance of the structure, and
ZPWAS is the impedance of the PWAS. The electromechanical
impedance method is applied by scanning a predetermined
frequency range in the hundreds of kilohertz band and recording the
complex impedance spectrum. By comparing the impedance spectra
taken at various times during the service life of a structure,
meaningful information can be extracted pertinent to structural
degradation and the appearance of incipient damage. It must be noted
that the frequency range must be high enough for the signal
wavelength to be significantly smaller than the defect size.

V. Experimental Results

For consistency and a straightforward data collection and data
manipulation, a test matrix was developed. A sample of the test
matrix for data collection from the PWAS is presented in Table 2.

A. Piezoelectric Wafer Active Sensors Calibration

The geometry of the piezoelectric wafer has an effect on the
desired performance. A wafer with length l, width b, and thickness h
that are widely separated (h� b� l) will predominantly exhibit
one-dimensional motion in the direction of length. PWAS are
capable of geometric tuning through matching between their
characteristic direction and the half-wavelength of the exited Lamb
mode. Rectangular shaped PWAS with high length-to-width ratio
can generate unidirectional Lamb waves through half-wavelength
tuning in the length direction. Circular PWAS excite omnidirectional
Lamb waves that propagate in circular wave fronts. Omnidirectional

0 20 40 60 80 100 120

Time (micro-sec)
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No damage 
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S0_a9_a11_110kH

a) b)
Fig. 14 Pitch–catch method: a) signal traveling over the disbond DB1; b) signals traveling over the disbond DB2 and DB3.
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Fig. 15 Damage index of the three signals showing an increase of theDI
with the severity of the damage.

Fig. 16 PWAS location on panel 1, pulse–echo method: a) top face of Panel 1, and b) bottom face of panel 1.
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Lamb waves are also generated by square PWAS, although their
pattern is somehow irregular in the PWAS proximity. At far enough
distance, the wave front generated by square PWAS is practically
identical with that generated by circular PWAS.

Among the factors that can affect PWAS calibration, we
considered 1) environment, and 2) adhesive bond layer. The
influence of the neighboring sensors may also be important, but most
of our sensors were sparsely placed. The influence of specimen-free
edges is important in certain cases, but this effect does not apply to
the investigative approach used in this study.

The environment can have an effect on the sensors and needs to be
taken into account when sensors are calibrated and when bonding
methods are selected. In previous work [20,21], this effect was
studied and evaluated extensively. The results showed that repeated
differential thermal expansion and extended environmental attacks
can lead to PWAS failure. This emphasizes the importance of
achieving proper adhesion between the PWAS and the structure, and
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Fig. 17 Pulse–echomethod: pristine data from PWAS a8, a20, and a21

showing a good consistent response.
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of damage.

Fig. 19 PWAS arrays locations on panel 1 for the EUSR tests.

Fig. 20 EUSR inspection result of the array no. 1, plate 1.
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of using protective coating to minimize the ingression of adverse
agents.

Another factor that can affect the performances of a sensor is the
thickness of the bond layer. The bond layer can influence directly the
dynamic response of the sensor. Not only the thickness of the bond
layer, but also the properties of the adhesive itself play a role in the
behavior of the sensor. Modeling of the bond layer (interaction with
the host structure and the sensor) and the adhesive effects have been
studied by several researchers and the results have been reported in
the literature [22–24].

Two PWASwere attached to a testing sample skin to calculate the
wave speed for the A0 and S0 Lamb modes. The pitch–catch method

was used and a three-count sine smoothed burst signal was sent from
PWAS no. 1 (the transmitter) to PWAS no. 2 (the receiver). After
several trials, the optimum excitation frequency for theA0 mode was
chosen as 60 kHz, and for the S0 mode, 330 kHz. The sent and
received signals are shown in Fig. 9.

Using the information extracted from Fig. 10, the group wave
speed was calculated as

�tA0 � 84:8 �s; �tS0 � 28:6 �s; L� 143 mm

cA0 �
L

�tA0
� 1:7 mm=�s; cS0 �

L

�tS0
� 5 mm=�s

Fig. 21 EUSR inspection result of array no. 2, plate 1.

Fig. 22 PWAS location on panel 1 for the E/M impedance tests: a) top face of panel 1, and b) bottom face of panel 1.
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where cA0 is the group phase velocity of theA0 mode, cS0 is the group
phase velocity of the S0 mode, �t is the time of flight, and L is the
distance between the two sensors.

To validate the transmission and reception of Lamb waves and to
positively identify the reflections in the received signal, the pulse–
echo method was used. Knowing the location of the damage (middle
circle) and the relative position of the edges of the plate from the two
PWAS, as well as the group velocity, the reflections can be labeled in
the time domain response (Figs. 11 and 12).

B. Experiments with the Pitch–Catch Method

In this section, the disbond detection using the pitch–catchmethod
was investigated. The PWAS used for the pitch–catch method and
the actual location of the sensors used on panel 1 is presented in
Fig. 13.

The locations of the disbonds are presented in Fig. 13a: DB1 is
located between PWAS a1 and PWAS a3, DB2 is located between
PWAS a9 and PWAS a11, and DB3 is between PWAS a17 and
PWAS a19. Disbonds DB1 and DB3 are 50:80 � 12:70 mm and
represent partial disbond of the stiffener, and DB2 is 25:40 mm2 and
represents total disbond of the stiffener. The results for the disbonds
DB1, DB2, and DB3 are presented in Fig. 14. They show the signals
sent and received from sensors located on a stiffener with a disbond
and the signal received by a sensor located on a stiffener without a
disbond.

It can be seen from Fig. 14a that there is a strong difference
between the wave traveling over a disbond and the same wave
traveling over a good bond. For a better quantification of the damage
present in the received signals, a damage index was developed. The
damage index (DI) will take into consideration the energy of the
wave traveling over a pristine area and the energy of the wave
traveling over a disbonded area:

DI � 1 �
Energypristine

Energydamage

�
�
0; no damage

1; 100% damage

Figure 15 shows that the DI increases going from an undamaged
area to different types of disbonds and this is in accordance with an
increase in the severity of the damage.

C. Experiments with the Pulse–Echo Method

In this section, the disbond detection using the pulse–echomethod
was investigated. The PWASused for the pulse–echomethod and the
actual location of the sensors used on panel 1 is presented in Fig. 16:

For disbond detection using the pulse–echomethod, a three-count
smoothed sine burst at 330 kHz was used to excite S0 mode Lamb
waves into the testing specimen. The results shown in Figs. 17 and 18
refer to the disbond DB2. For this case, the PWAS a7, a8, a20, and
a21 were used. PWAS a7 is located close to the disbond DB2,
whereas PWAS a8, a20, and a21 are located in a pristine area where
no damage is present. The comparison of the signal received from the
damage with the signals where there is no damage is presented in
Fig. 17.

Figure 18 shows clear changes in the received signal (additional
reflections) close to the damage. The presence of additional
reflections is associated with echoes from the disbonded area.

D. Experiments with the Embedded Ultrasonic Structural Radar

The PWAS used for the embedded ultrasonic structural radar
method and the actual location of the sensors on panel 1 is presented
in Fig. 19.

Two phased arrays have been mounted on the top face of panel 1.
Each array consists of eight PWAS spaced at 1 mm intervals. The
excitation frequency used in the experiment was 330 kHz and the
calculated group velocity was 5 mm=�s as shown in Sec. V.A. After
the data were collected from the sensors, the parallel algorithm was
used to construct the time-frequency domain signal. Next, the
330 kHz component was extracted using continuous wavelet
transform. The Hilbert transform was applied to the filtered signal to
get its envelope. In the A-scan image in Fig. 20, the continuous

wavelet transform (CWT) filtered signals at the dial indicated
direction and the envelopes of the respective signals are shown. The
two-dimensional images show the inspection result of the specific
PWAS array.

The location of the crack with respect to array no. 1 is 50 mm
perpendicular to the array which is the worst case possible because
the echo from such a crack is equivalent to the echo of a hole with the
diameter equal to the width of the slit, in this case 0.005 in. or
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Fig. 23 E/M impedance method: resonant frequencies spectrum
showing increased amplitude for the signal received at the sensor located
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0.13mm.Therefore, it is very hard to distinguish the echo on the two-
dimensional plot in Fig. 20. The location of the second damage with
respect to array no. 2 is 170mmparallel to the array. Themiddle hole
has generated a strong reflection labeled as 1 in Fig. 21. The
centerline of the circle is 220mmaway from the array and the circle is
symmetric to the perpendicular centerline of both the circle and the
array. From the asymmetric image labeled as 2 in Fig. 21, we can
generally tell there may be some disturbance resulting from damage
around the circumference at the centerline.

E. Experiments with the Electromechanical Impedance Method

The PWAS used for the E/M impedance method and the actual
location of the sensors used on panel 1 is presented in Fig. 22. The E/
M impedance method was used to detect disbonds, cracks, and
corrosions. The results are presented in Figs. 23 and 24. The
impedance spectrum from PWAS a1, a2, and a3 is presented in
Fig. 23. It can be seen that the resonant spectrums of the signals from
PWAS a1 and a3 located on an area with good bond are almost
identical. The resonant spectrum from PWAS a2 located on the
disbond DB1 is very different, showing new strong resonant peaks
associated with the presence of the disbond.

The E/M impedancemethod also showed good results in detecting
corrosion. In Fig. 25 the resonant spectrum for the sensors PWAS
b30 (corroded area) and PWAS b31 (undamaged area) are presented.
The shift in the resonant frequency peak for the PWAS b30 is very
clear, which is an indication of a structural change due to the
corrosion.

The same phenomenon of shifted and prominent resonant
frequencies is noticeable in the crack CK1 detection shown in
Fig. 25. PWAS a30 and PWAS b31 show a consistent resonant
spectrum and PWAS a29 presents the features mentioned in the
preceding paragraphs.

VI. Conclusions

This paper has presented the results of experimental investigations
conducted to demonstrate the possibility of using piezoelectric wafer
active sensors for structural health monitoring with space
applications. The objective of this work was to show feasibility of
key structural health monitoring technologies applied to realistic
structural components for space applications. This work has been
conducted in collaboration with NextGen Aeronautics, Inc., who
was responsible for the generalmanagement of the project and for the
manufacturing of the spacecraft panel specimens.

The experimental results presented in this paper indicate that
PWAS-based structural health monitoring can be successfully
applied to the damage detection in metallic specimens typical of
current spacecraft structures. The comparison of various damage
types and various detectionmethods employed in our study indicates
that no single method is capable of universally detecting all the
damage types that can appear in a typical spacecraft structure. To
assist in this interpretation, Table 3 gives a summary of how various
damage detection methods fared in relation with the various damage
types considered in our tests. From Table 3, one sees that some
methods are more appropriate for certain damage types and less
appropriate for other damage types. The results are based on near-
field and medium-field damage detection for a specific damage size.
The use of far-field damage detection was not practical in our studies
due to the relatively small size of our specimens.

Hence, the main conclusion of our study is that a multimethod
approach is the advisable course of action for detecting amultitude of
damage types as considered in our study. This allows us to conclude
that successful damage detection can be achieved by using, in
combination, both traveling waves methods (pitch–catch, pulse–
echo, and phased arrays), as well as standing waves methods
(electromechanical impedance method). For most cases, most of
these damage detection approaches can be achieved with the same
installation of PWAS transducers into the structure, which illustrates
the versatility of PWAS-based structural health monitoring
strategies.
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