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Piezoelectric Wafer Active
Sensors for Structural Health
Monitoring of Composite
Structures Using Tuned
Guided Waves
Piezoelectric wafer active sensors (PWAS) are lightweight and inexpensive transducers
that enable a large class of structural health monitoring (SHM) applications such as: (a)
embedded guided wave ultrasonics, i.e., pitch-catch, pulse-echo, phased arrays; (b) high-
frequency modal sensing, i.e., the electro-mechanical (E=M) impedance method; and (c)
passive detection (acoustic emission and impact detection). The focus of this paper is on
the challenges posed by using PWAS transducers in the composite structures as different
from the metallic structures on which this methodology was initially developed. After a
brief introduction, the paper reviews the PWAS-based SHM principles. It follows with a
discussion of guided wave propagation in composites and PWAS tuning effects. Then, it
discusses damage modes in composites. Finally, the paper presents some experimental
results with damage detection in composite specimens. Hole damage and impact damage
were detected using pitch-catch method with tuned guided waves being sent between a
transmitter PWAS and a received PWAS. Root mean square deviation (RMSD) damage
index (DI) were shown to correlate well with hole size and impact intensity. The paper
ends with summary and conclusion; suggestions for further work are also presented.
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Introduction

Structural health monitoring (SHM) is an emerging technology
with multiple applications in the evaluation of critical structures.
The goal of SHM research is to develop a monitoring methodol-
ogy that is capable of detecting and identifying, with minimal
human intervention, various damage types during the service life
of the structure. Numerous approaches have been utilized in
recent years to perform structural health monitoring [1–3]; they
can be broadly classified into two categories: passive methods and
active methods. Passive SHM methods (such as acoustic emission,
impact detection, strain measurement, etc.) have been studied lon-
ger and are relatively mature; however, they suffer from several
drawbacks which limit their utility (need for continuous monitor-
ing, indirect inference of damage existence, etc.). Active SHM
methods are currently of greater interest due to their ability to per-
form on-demand interrogation of a structure while the structure is
still in service. One of the promising active SHM methods utilizes
arrays of piezoelectric wafer active sensors (PWAS) bonded to a
structure for both transmitting and receiving ultrasonic waves in
order to achieve damage detection [4]. When used to interrogate
thin-wall structures, the PWAS are effective guided wave trans-
ducers which couple their in-plane motion with the guided wave
particle motion on the material surface. The in-plane PWAS
motion is excited by an applied high-frequency voltage through
the d31 piezoelectric coupling. Optimum excitation and detection
takes place when the PWAS length is in certain ratios with the
wavelength of the guided wave modes. The PWAS action as ultra-
sonic transducers is fundamentally different from that of conven-
tional ultrasonic transducers. Conventional ultrasonic transducers

act through surface tapping, i.e., by applying vibration pressure to
the structural surface. The PWAS transducers act through surface
pinching and are strain coupled with the structural surface. This
allows the PWAS transducers to have a greater efficiency in trans-
mitting and receiving ultrasonic surface and guided waves when
compared with the conventional ultrasonic transducers.

There has been a marked increase in recent years in the use of
composite materials in numerous types of structures. Composites
have gained popularity in high-performance products that need to
be lightweight, yet strong enough to take high loads such as aero-
space structures, space launchers, satellites, and racing cars. Their
growing use has arisen from their high specific strength and stiff-
ness in comparison with metals and from the ability to shape and
tailor a structure to produce more efficient configurations [5].

For this reason, it is important to study how active SHM methods
(which were initially developed for isotropic metallic structures)
can be extended to detecting damage in composite materials, which
are multilayered and anisotropic. For example, one of the most
troubling forms of damage in laminated composites is low-velocity
impact damage. This type of damage can leave no visual traces, but
subsurface delaminations can significantly reduce the strength of
the structure. Finding this type of damage is very challenging.

The present paper presents and discusses the challenges and
opportunities related to the use of PWAS in generating and sens-
ing ultrasonic guided waves in composite materials and how they
can be used to detect damage in composite structures. The paper
starts with a review of the general principles of PWAS-based
SHM. Then, it discusses the analytical challenges of studying
guided waves in composites and shows how the concept of guided
wave tuning with PWAS can be applied in the case of composite
structures: theoretical predictions and experimental results of
PWAS-guided waves tuning in a composite plate are compara-
tively presented. Subsequently, the paper gives a brief presenta-
tion of the main composite materials damage types which are
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often different from those encountered in metallic structures.
Finally, the paper presents experimental results on detecting hole
and impact damage in composite plates with PWAS-based active
SHM methods. The final part of the paper presents the conclusions
and makes suggestions for further work.

PWAS Principles

PWAS are the enabling technology for active SHM systems. PWAS
couples the electrical and mechanical effects (mechanical strain, Sij,
mechanical stress, Tkl, electrical field, Ek, and electrical displacement
Dj) through the tensorial piezoelectric constitutive equations

Sij ¼ sE
ijklTkl þ dkijEk

Dj ¼ djklTkl þ eT
jkEk (1)

where, sE
ijkl is the mechanical compliance of the material measured

at zero electric field (E ¼ 0), eT
jk is the dielectric permittivity

measured at zero mechanical stress (T ¼ 0), and dkij represents
the piezoelectric coupling effect. PWAS utilize the d31 coupling
between in-plane strain and transverse electric field. A 7-mm diame-
ter PWAS, 0.2 mm thin, weighs a bare 78 mg and costs around �$1
each. PWAS are lightweight and inexpensive and hence can be
deployed in large numbers on the monitored structure. Just like con-
ventional ultrasonic transducers, PWAS utilize the piezoelectric
effect to generate and receive ultrasonic waves. However, PWAS are
different from conventional ultrasonic transducers in several aspects:

1. PWAS are firmly coupled with the structure through an ad-
hesive bonding, whereas conventional ultrasonic transducers
are weakly coupled through gel, water, or air.

2. PWAS are nonresonant devices that can be tuned selectively
into several guided wave modes, whereas conventional ultra-
sonic transducers are resonant narrow-band devices.

3. PWAS are inexpensive and can be deployed in large quanti-
ties on the structure, whereas conventional ultrasonic trans-
ducers are expensive and used one at a time.

By using Lamb waves in a thin-wall structure, one can detect
structural anomaly, i.e., cracks, corrosions, delaminations, and

other damage. Because of the physical, mechanical, and piezo-
electric properties of PWAS transducers, they act as both trans-
mitters and receivers of Lamb waves traveling through the
structure. Upon excitation with an electric signal, the PWAS gen-
erate Lamb waves in a thin-wall structure. The generated Lamb
waves travel through the structure and are reflected or diffracted
by the structural boundaries, discontinuities, and damage. The
reflected or diffracted waves arrive at the PWAS where they are
transformed into electric signals.

PWAS transducers can serve several purposes [4,6–8]: (a) high-
bandwidth strain sensors; (b) high-bandwidth wave exciters and
receivers; (c) resonators; (d) embedded modal sensors with the
electromechanical (E=M) impedance method. The PWAS trans-
ducers have various modes of operation (Fig. 1): (i) active sensing
of far-field damage using pulse-echo, pitch-catch, and phased
array methods, (ii) active sensing of near-field damage using high-
frequency E=M impedance method and thickness-gage mode, and
(iii) passive sensing of damage-generating events through detec-
tion of low-velocity impacts and acoustic emission at the tip of
advancing cracks. Damage detection using PWAS phased arrays
can detect both broadside and offside cracks independently with
scanning beams emitting from a central location.

Guided Waves in Composites

Composite materials combine the properties of two or more
constituent materials in order to achieve properties that are not
achievable by the individual constituents. For example, carbon
fiber reinforced plastics (CFRP) composites combine the extreme
specific stiffness and strength of carbon fibers with the binding
properties of a polymeric matrix. For high-performance structural
applications, laminated composites made up of high strength/
stiffness unidirectional layers stacked at various angles have
gained wide application. The choice of the orientation angles in
the stacking sequence allows tailoring of the composite properties
along certain preferential directions that are expected to experi-
ence highest operational loads. The simplest layup sequence is the
0=90 (cross-ply) laminate, which consists of alternating 0-deg and
90-deg layers. Some layup sequences such as 0=45=90 and
0=60=120 are dubbed “quasi-isotropic” because they try to

Fig. 1 Modes of operation of piezoelectric wafer active sensors (PWAS) transducers: (a) propagating guided Lamb
waves; (b) standing guided Lamb waves; (c) PWAS phased arrays
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equalize the effective properties by applying the fibers in several
directions.

The evaluation of structural integrity using guided Lamb wave
ultrasonics has long been acknowledged as a very promising tech-
nique. Several investigators [9–11] have envisioned the inspection
of large metallic plates from a single location using transducer
arrays where each element acts as both transmitter and receiver.
Guided signals are generated at different angles around the trans-
ducer positions and the signal reflections from the boundaries are
processed for damage detection. This configuration is very prom-
ising for isotropic material but might have some limitations for fi-
brous composite structures due to the change in properties with
fiber direction. In recent years, numerous investigations have
explored Lamb wave techniques for the detection of damage in
composite laminates [12]. In order to take full advantage of Lamb
wave techniques for composite damage detection, one needs to
first understand and model how guided waves propagate in com-
posite structures which are much more complicated than in iso-
tropic metallic structures.

The guided waves propagating in composite structures are more
difficult to model than those propagating in isotropic metallic
structures because of the composite material is inherent anisotropy
and multilayered, with each layer having a different orientation.
A composite plate is made of N layers; each layer is made of uni-
directional fibers, which give the layer in orthotropic properties;
the fiber orientation varies from layer to layer according to the lay-
up sequence. The study of wave propagation in a laminated com-
posite is achieved by linking together the wave propagation in each
composite layer with that in adjacent layers using the equilibrium
and compatibility conditions at the interfaces between layers and
boundary conditions at the top and bottom surfaces of the plate.

Dispersion Curves for Composite Structures. We developed
a computer code to predict the wave propagation properties in a
laminated composite using the analysis method presented in Ref.
[13]. With this computer code, we run a number of simulation
examples. First, we analyzed the dispersion curves for a unidirec-
tional graphite-epoxy composite (65% graphite, 35% epoxy, v=v).
Figure 2 shows these dispersion curves for two orientation angles,
h ¼ 0� and h ¼ 36�. It is apparent that, for h ¼ 0� (i.e., wave
propagating along the fiber direction) the dispersion curves of the
symmetric, antisymmetric, and shear horizontal modes are clearly
decoupled. However, for the off-axis direction h ¼ 36�, the three
mode types are strongly coupled. The wave velocity is higher
when the wave propagates along the fiber direction. As the angle
of the wave propagation direction increases, the phase velocity
decreases till reaching a minimum in the direction perpendicular
to the fiber. This is due to the fact that along the fiber the material
stiffness is greater than in all the other directions and it decreases
while h increases. When we analyzed the dispersion curves for a

ð0=45=90=�45Þ2s

� �
quasi-isotropic CFRP laminated composite

plate (upon which we later conducted experimental tests) we
found even more complicated dispersion curves. However, we
observed that at low nd values a simpler pattern emerges with
only the quasi-A0, quasi-S0, and quasi-SH0 modes being present.

Tuned Guided Waves in Composite Structures

The tuning between PWAS transducers and guides waves in
isotropic metallic plates is relatively well understood and modeled
[4]. The gist of the concept is that manipulation of PWAS size
and frequency allow for selective preferential excitation of certain
guided wave modes and the rejection of other guided wave modes,
as needed by the particular SHM application. A similar tuning
effect is also possible in anisotropic composite plates, only that
the analysis is more complicated due to the anisotropic wave
propagation characteristics inherent in composite materials.

To verify our analysis, we performed experiments on a 1240-
mm by 1240-mm quasi-isotropic composite plate with a PWAS
transmitter and several PWAS receivers installed along various
directions with respect to the fiber orientation in the top layer of
the composite plate. The plate had an overall thickness of 2.25
mm; the plate a [(0=45=90=-45)2]S layup from T300=5208 carbon
fiber unidirectional prepreg. Figure 3 shows the central part of the
composite plate where 7-mm round PWAS transducers (0.2-mm
thick, American Piezo Ceramics APC-850) were installed. The
PWAS denoted with the letter T was the transmitter while those
denoted with R were the receivers (R1…R5). The distance
between the receivers and the transmitter was 250 mm. The incre-
ment angle between sequential receivers was Dh ¼ 22:5�. In addi-
tion, a pair of 7-mm square PWAS were placed along the fiber
direction, with S1 being the transmitter and S2 the receiver.
Smoothed 3-count tone-burst excitation signals were used with
frequency varying from 15 kHz to 600 kHz in steps of 15 kHz. At
each frequency, we collected the wave amplitude and the time of
flight for all the waves present. Three guided wave modes were
detected: quasi-S0, quasi-A0, and quasi-SH0. Figure 4(a) shows
the experimentally measured signal amplitudes for the three
guided waves. The quasi-A0 reaches a peak response at around 50
kHz and then decreases. In fact, the quasi-A0 mode disappears as
soon as the quasi-SH wave appears. The quasi-S0 mode reaches a
peak at 450 kHz and then decreases. The quasi-SH0 mode reaches
a peak response at around 325 kHz. Figure 4(b) shows a compari-
son between theoretical prediction and experimental values for
the A0 mode; the match between theory and experiment is quite
good, which gives confidence in our modeling approach.

Damage in Composite Materials

The damage and failure of metallic structures is relatively well
understood; their in service damage and failure occurs mostly due

Fig. 2 Dispersion curves for unidirectional 65=35 graphite-epoxy plate: (a) h ¼ 0�; (b)
h ¼ 36�. Note: c is the wave speed in m=s; nd is the dimensionless wavenumber-half
thickness product.
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to fatigue cracks that propagate under cyclic loading. In contrast,
the damage of composite materials occurs in many more ways
than that in metals [14], [15]. Composites fail differently under
tension than they fail in compression, and the effect of fastener
holes is much more complicated than in metals. In addition, the
composites are prone to hidden damage from low-velocity impact
(e.g., the drop of a hand tool); such damage can be barely visible
and may go undetected, but its effect on the degradation of the
composite structure strength can be dramatic.

Current design requirements for composite structures are much
more stringent than for metallic structures. Military aircraft com-
ponents have to comply with an Aircraft Structural Integrity Pro-
gram (ASIP) following the JSSG 2006 [16] and MIL-HDBK-1530
[17] guidelines. Pre-existing manufacturing flaws and service-
induced cracking are assumed to exist, even if undetected and the
ASIP function is to manage this fact while preventing aircraft
accidents and downtime. In general, metallic structures are
allowed to exhibit a certain amount of subcritical crack growth
within the design life of the component. Detectable cracks are
noted and managed as part of the maintenance and inspection

process. In contrast, no known delamination-cracks are allowed to
exist (much less grow) in composite structures. However, the
composite components are generally designed to tolerate a certain
size of undetectable damage. Of course, this additional “safety
margin” comes with a weight penalty, which could be mitigated
through better understanding of composite damage detection and
management mechanisms.

Composite structures are prone to a particular type of damage
that is not critical in metallic aerospace structures, i.e., low-veloc-
ity impact damage [18]. Such damage may occur during manufac-
turing or in service due to, say, a hand tool being dropped onto a
thin-wall composite part. A low-velocity impact may damage the
structure without leaving any visible marks on the surface (“barely
visible damage”). In this case, the impact result takes the form of
delaminations in the composite layup. (A more drastic impact
may also show spalling on the back side, while having no visible
marks on the front side). Delamination due to barely visible
impact damage can significantly diminish the composite compres-
sion strength (delaminated plies have a much weaker buckling
resistance than the same plies solidly bonded together). Manufac-
turing companies place emphasis on testing the open-hole com-
pression strength after impact as part of the qualifying procedure
for their composite structures.

In order to satisfy the damage tolerance requirements, one has
to demonstrate that an aircraft structure possesses adequate resid-
ual strength at the end of service life in the presence of an
assumed worst-case damage, as for example that caused by a low-
velocity impact on a composite structure. This may be accom-
plished by showing positive margins-of-safety at the maximum
recommended load. Worst-case damage is defined as the damage
caused by an impact event (e.g., a 1-in. hemispherical impactor)
at the lesser of the following two energy levels: (a) 100 ft-lb or (b)
energy to cause a visible dent (0.1-in. deep). Detection of delami-
nations due to barely visible impact damage is a major emphasis
in composite SHM research.

Damage Detection Experiments in Composite Materials

A series of experiments were performed to detect two types of
damage in composite plates. The first type of damage used in
these experiments was a small hole of increasing diameter. Holes
are generally not a representative type of damage for composite
structures; however, we decide to use holes first in our damage
detection tests because this type of damage can be easily manufac-
tured and reproduced with accuracy. The second type of damage
considered in these experiments was impact damage. This type of
damage was produced using an inertial impactor of various
weights dropped from various heights.

Fig. 4 Tuning of PWAS guided waves in composites: (a) quasi-A0 mode, quasi-S0 mode,
quasi-SH0 mode. (b) comparison of theoretical prediction (full line) vs. experimental values for
A0 mode.

Fig. 3 Experiment setup measuring directional wave speeds in
a [(0=45=90=-45)2]S plate 1240-mm x 1240-mm with 2.25-mm
thickness. The plate was laminated from T300=5208 unidirec-
tional CFRP tape
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The specimen consisted of a 1240-mm by 1240-mm quasi-iso-
tropic plate with a [(0=45=90=�45)2]S layup of T300=5208 uni-
directional tape; the overall thickness was 2.25 mm. The
experimental setup is shown in Fig. 5; the label “hole” indicates
the location of the hole damage and the labels “1” and “2” indi-
cate the impact locations. A set of twelve PWAS transducers were
installed in pairs. The PWAS pairs were (p0,p1), (p2,p3), (p4,p5),
(p8,p9), (p10,p11), (p12,p13). The distance between the PWAS
transducers in each pair was 300 mm. The excitation signal was a
3-count 11-V smoothed tone-burst. The data were collected auto-
matically from PWAS p0, p1, p5, p8, p12, and p13 using an
ASCU2 automatic signal collection unit (Fig. 5). Each PWAS was
in turn transmitter and receiver. Three frequencies were chosen
according to the wave tuning principle: (i) f ¼ 54 kHz, when only
the A0 mode is present; (ii) f ¼ 225 kHz, when only the S0 mode
is present; and (iii) f ¼ 255 kHz, when the S0 mode has maximum
amplitude. Four sequential baseline readings were taken with the
plate undamaged. Subsequent readings were taken after each dam-
age type was applied to the plate.

Hole Damage Detection in a Quasi-isotropic Composite
Plate. A hole of increasing size was drilled between PWAS p1
and p12. The location of the hole was halfway between these two
PWAS transducers. The diameter of the hole was increased in 14
steps from zero through �6mm (Table 1). At each damage step,
several readings were taken. Data processing consisted in compar-
ing each reading with the baseline (reading 00) and calculating
the damage index (DI). The DI value was computed with the root
mean square deviation (RMSD) algorithm. We analyzed the DI
data with statistical software and stated our conclusions to a sig-
nificance of 99%. Results for f ¼ 54 kHz, when only the A0 mode
is present, are shown in Fig. 6. Similar results were obtained for
the other tuning frequencies. From these experiments it was found
that, with 99% confidence, the minimum detectable hole size was
2.77 mm.

Impact Damage Experiments. Two impact damage levels
were produced on the plate by choosing different impactor config-
urations (i.e., weights and heights). Thus three steps were identi-
fied (Table 2), with step 1 being “no damage” and step 3 being
“maximum damage”. The impactor used for damage location 1
had a total weight of 1391 g (3 lb 1.1 oz.). The first impact had an
energy level of 6 ft-lb and hit the plate at about 3.42 m=s (11.22

Fig. 5 Experimental set-up for damage detection on quasi-isotropic composite panel: Featured on the plate are: 14 PWAS
transducers (p0 through p13); one hole damage; two impact locations (1 and 2)

Table 1 Hole diameters for the damage detection experiments
on quasi-isotropic composite panel

Step Reading #
Hole size

in mil (mm) Step Reading #
Hole size

in mil (mm)

1 00–03 0 2 04–07 032 (0.81)
3 08–11 059 (1.50) 4 12–15 063 (1.60)
5 16–19 078 (1.98) 6 20–23 109 (2.77)
7 24–28 125 (3.18) 8 29–32 141 (3.58)
9 33–36 156 (3.96) 10 37–40 172 (4.37)
11 41–44 188 (4.78) 12 45–48 203 (5.16)
13 49–52 219 (5.56) 14 53–56 234 (5.94)

Fig. 6 Pitch-catch hole detection results showing DI values at
different damage step values and different PWAS pairs for
f ¼ 54 kHz, i.e., when only A0 mode is present

Table 2 Synopsis of the impacts applied to the composite
plate at location 1

Damage location Readings Energy Velocity Step

1 00–10 — — 1
11–20 6 ft-lb 11.2 ft=s 2
21–30 12 ft-lb 16.0 ft=s 3
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ft=s); the second impact had an energy level of 12 ft-lb and hit the
plate at about 4.84 m=s (15.87 ft=s). The impactor used for dam-
age location 2 had a total weight of 891 g (1 lb 15.5 oz.). The first
impact had an energy level of 6 ft-lb and hit the plate at about
4.28 m=sec (14.03 ft=s); the second impact had an energy level of
12 ft-lb and hit the plate at about 6 m=sec (19.83 ft=s). The detec-
tion consisted in sending pitch-catch waves packets at each of the
three tuning frequencies: (i) f ¼ 54 kHz, when only the A0 mode
is present; (ii) f ¼ 225 kHz, when only the S0 mode is present;
and (iii) f ¼ 255 kHz, when the S0 mode has maximum ampli-
tude. Figure 7 shows the results for the impact at location 1 and
two PWAS pairs, 10-09 and 12-11. It is apparent that the damage
is detected. However, the PWAS pair 12-11 shows a higher sensi-
tivity to the detection of the 12 ft-lb damage than the PWAS pair
10-09. Similar results were obtained for the damage location 2.

Summary and Conclusion

This paper has presented an investigation in the use of PWAS
to perform SHM of composite structures using tuned guided
waves. The paper started with an introduction of the PWAS trans-
ducers and a review of the various ways in which PWAS may
detect damage using traveling guided waves, standing waves, and
phased arrays. Next, the paper discussed the challenge of guided
wave propagation in composite materials and presented some ana-
lytical predictions of the dispersion curves which are more com-
plicated that for isotropic metallic materials. However, it was
shown that the wave tuning effect initially identified for metallic
materials can be also identified in composite materials; tuning
measurements performed on a composite plate were presented in
comparison with theoretical predictions.

After discussing briefly the damage modes commonly met in
structural composites, the paper presented experimental results
obtained on a large composite plate. Two damage types were con-
sidered: (i) hole damage; and (ii) impact damage. The detection
method used in these experiments was pitch-catch with three tun-
ing frequencies were: (i) f ¼ 54 kHz, when only the A0 mode is
present; (ii) f ¼ 225 kHz, when only the S0 mode is present; and
(iii) f ¼ 255 kHz, when the S0 mode has maximum amplitude. It
was found that, with 99% confidence, the minimum detectable
hole size was 2.77 mm. In the impact damage experiments, it was
found that tuned A0 guided wave mode were much more effective
in detecting impact damage in quasi-isotropic carbon-epoxy plates
than S0 mode. It was also found that, because of the anisotropy of
the composite material, the directional placement of the PWAS
transducers plays an important role in their detection capabilities.

However, the results presented in this paper are exploratory in
nature and preliminary. Further research needs to be done to better

understand the interaction of guided waves with damage in com-
posite materials and how various guide-wave types interact with
various types of damage.
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