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ABSTRACT 

Piezoelectric wafer active sensors (PWAS) are 
lightweight and inexpensive enablers for 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; (c) passive 
detection (acoustic emission and impact detection). The focus 
of this paper will be on the challenges and opportunities posed 
by the composite structures as different from the metallic 
structures on which this methodology was initially developed. 
After a brief introduction, the paper discusses damage modes 
in composites. Then, it reviews the PWAS-based SHM 
principles. It follows with a discussion of guided wave 
propagation in composites and PWAS tuning effects. Finally, 
the paper presents some experimental results with damage 
detection in composite specimens. The paper ends with 
conclusions and suggestions for further work 
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 methodology 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 [1-4]; 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 
longer and are relatively mature; however, they suffer from 
several drawbacks which limit their utility (need for 
continuous monitoring, indirect inference of damage 

existence, etc.). Active SHM methods are currently of greater 
interest due to their ability to interrogate a structure at will. 
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[5-7]. When used to 
interrogate thin-wall structures, the PWAS are effective 
guided wave transducers by coupling their in-plane motion 
with the guided wave particle motion on the material surface. 
The in-plane PWAS motion is excited by the applied 
oscillatory voltage through the d31 piezoelectric coupling. 
Optimum excitation and detection happens when the PWAS 
length is in certain ratios with the wavelength of the guided 
wave modes. The PWAS action as ultrasonic transducers is 
fundamentally different from that of conventional 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 transmitting 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, 
particularly in air and spacecraft structures. Composites have 
gained popularity in high-performance products that need to 
be lightweight, yet strong enough to take high loads such as 
aerospace structures, space launchers, satellites, and racing 
cars. Their growing use has arisen from their high specific 
strength and stiffness, when compared to metals, and the 
ability to shape and tailor their structure to produce more 
aerodynamically efficient configurations[8]. 
 For this reason, it is important to study how active SHM 
methods (which were initially developed for isotropic metallic 
structures) can be extended to reliably detecting damage in 
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these new types of materials, which are multi-layered and 
anisotropic. One of the most troubling forms of damage in 
laminar 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.  
 The present paper presents and discusses the challenges 
and opportunities related to the use of PWAS in generating 
and sensing ultrasonic guided waves in composite materials 
and how they can be used to detect damage in composite 
structures. The paper starts with a brief a presentation of the 
main composite materials damage types which are often 
different from those encountered in metallic structures. Then, 
it reviews the principles of PWAS-based SHM. Subsequently, 
the paper 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 
tuning results are comparatively presented. Finally, the paper 
presents experimental results on detecting hole and impact 
damage in composite plates with PWAS-based pitch-catch and 
pulse-echo methods. Hole damage detection experiments were 
performed on unidirectional and quasi-isotropic plates, 
whereas impact damage detection experiments were 
performed only on quasi-isotropic plates. The paper ends with 
conclusions and suggestions for further work. 

DAMAGE IN COMPOSITE MATERIALS 
 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 composites combine the extreme specific 
stiffness and strength of carbon fibers with the binding 
properties of a polymeric matrix. In general, composites can 
be created from any two materials (metals, ceramics, 
polymers, elastomers, glasses) that could be mixed in many 
ways (particulate inclusions, chopped-fiber, woven, 
unidirectional fibers, etc.); the final composite properties vary 
with (a) the choice of constituents, and (b) the composite 
architecture. For high-performance structural applications, 
laminate 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 
experience highest operational loads. The simplest layup 
sequence is the 0/90 (cross-ply) laminate, which consists of 
alternating 0-deg and 90-deg layers (Figure 1). Some layup 
sequences such as 0/45/90 and 0/60/120 are dubbed ‘quasi-
isotropic’ because they try to equalize the effective properties 
by applying the fibers in several directions. 
 The damage and failure of metallic structures is relatively 
well understood; their in-service damage and failure occurs 
mostly due to fatigue cracks that propagate under cyclic 
loading in metallic material. In contrast, the damage of 

composite materials occurs in many more ways than that of 
metals[9,10]. 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. These various damage aspects will be discussed 
briefly in the next sections.  
 

 
 
Figure 1: Longitudinal tension of a 0/90 composite 
laminate highlighting several damage modes: (a) matrix 
cracking in transverse (T) lamina; (b) splitting of 
longitudinal (L) laminae; (c) delamination between T and 
L laminae 

 Current design requirements for composite structures are 
much more stringent than for metallic structures. Military 
aircraft components have to comply with an Aircraft 
Structural Integrity Program (ASIP) following the JSSG 
2006[11] and MIL-STD-1530[12] 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 sub-critical 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 structure. 
However, the composite components are generally designed to 
tolerate a certain size of undetectable damage. Of course, this 
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additional ‘safety margin’ comes with a weight penalty, which 
could be mitigated through better understanding of composite 
damage detection and management mechanisms. 
 In order to satisfy the damage tolerance requirements, one 
has to demonstrate that an aircraft structure possesses 
adequate residual 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 accomplished 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). 

IMPACT DAMAGE IN COMPOSITE STRUCTURES 
Composite aerospace structures are prone to a particular type 
of damage that is not critical in metallic aerospace structures, 
i.e., low-velocity impact damage. Such damage may occur 
during manufacturing or in service due to, say, a hand tool 
being dropped onto a thin-wall composite part. When such an 
impact happens on a conventional metallic structural part, 
either the part is not damaged at all, or, if it is damaged, then it 
shows clearly as an indent or scratch. In composite structures, 
a similar impact may damage the structure without leaving 
any visible marks on the surface (so called 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 may not 
have a large effect on the tension strength of the composite, 
but it can significantly diminish the composite compression 
strength (delaminated plies have a much weaker buckling 
resistance than the same plies solidly bonded together). Both 
component buckling strength and local buckling strength may 
be affected; when a fastening hole is present, this effect may 
be even worse. For this reason, manufacturing companies 
place a strong emphasis on testing the open-hole 
compression strength after impact of their composite 
structures. Detection of delaminations due to barely visible 
impact damage is a major emphasis in composite SHM 
research. 

DAMAGE DETECTION IN COMPOSITE MATERIALS 
We have seen that the inherent macroscopic anisotropy and 
multi-material architecture of the composite materials results 
in internal damage types which are significantly different from 
those encountered in isotropic metallic materials. Currently, 
one of the most commonly encountered damage types in 
composite materials is that caused by low-velocity impact; this 
damage susceptibility (which is not encountered in metallic 
structures) is mainly due to the low interlaminar strength of 
conventional composite layups. Significant degradation of the 
mechanical properties can easily occur as a result of low-
velocity impact even for barely visible damage. Different 

types of damage may be encountered in the impacted region, 
including matrix (resin) cracking, delaminations (interlaminar 
cracking) and broken fibers. In the future, as composite 
structures accumulate years of service, other damage types 
related to fatigue effects are also expected to become 
significant. 
 To date, much effort has been put into identifying reliable 
non-destructive evaluation (NDE) techniques for the 
detection, location, and characterization of composite 
materials damage with a special attention to subsurface 
delaminations due to manufacturing defects or to low-velocity 
impacts. Thermography, shearography, radiography, and 
ultrasonics are among the most commonly used NDE 
techniques[13,14]. These NDE techniques require stripping 
the aircraft and even removal of individual components; they 
employ bulky transducers, operate with point scanning, and, 
in general, are time consuming, labor intensive, and 
expensive. As a result, the current cost of composite structures 
inspection is very high, at least one order of magnitude greater 
than for metallic structures[15]. In order for composite 
structures to be economically viable and to realize their full 
design potential, it is essential that their operation and 
maintenance is conducted in a safe and economical manner, 
on par with that of existing metallic structures. For this reason, 
the development of new composite damage detection methods 
that can be applied rapidly and reliably to detect critical 
composite flaws is an ongoing concern. The permanently 
attached damage sensing technologies developed under the 
structural health monitoring (SHM) thrust are a promising 
research direction because, when implemented, they would 
permit the interrogation at will of the composite structures and 
the reliable and credible detection of internal damage in order 
to increase flight safety and reduce operational costs. This 
technology, though promising, is still in its infancy and many 
theoretical and experimental challenges still have to be 
resolved, as illustrated next. 

PWAS PRINCIPLES 
Piezoelectric wafer active sensors (PWAS) are the enabling 
technology for active SHM systems. PWAS couples the 
electrical and mechanical effects (mechanical strain, ijS , 

mechanical stress, klT , electrical field, kE , and electrical 

displacement jD ) through the tensorial piezoelectric 

constitutive equations 
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where, E
ijkls  is the mechanical compliance of the material 

measured at zero electric field ( 0E  ), T
jk is the dielectric 

permittivity measured at zero mechanical stress ( 0T  ), and 

kijd  represents the piezoelectric coupling effect. PWAS utilize 



 4 Copyright © 2010 by ASME 

the 31d  coupling between in-plane strain and transverse 

electric field. A 7-mm diameter 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 conventional 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 

adhesive bonding, whereas conventional ultrasonic 
transducers are weakly coupled through gel, water, or air.  

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

3. PWAS are inexpensive and can be deployed in large 
quantities on the structure, whereas conventional 
ultrasonic transducers 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 
piezoelectric properties of PWAS transducers, they act as both 
transmitters and receivers of Lamb waves traveling through 
the structure. Upon excitation with an electric signal, the 
PWAS generate 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[16]: (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. 
By application types, PWAS transducers can be used for (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 detection 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 
The evaluation of structural integrity using Lamb wave 
ultrasonics has long been acknowledged as a very promising 
technique. Several investigators[17-19] 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 transducer positions and the signal reflections from 
the boundaries are processed for damage detection. This 

configuration is very promising for isotropic material but 
might have some limitations for fibrous 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[10,20,21]. 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 
composite structures which is much more complicated than in 
isotropic 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 unidirectional fibers hence they are 
layers of orthotropic properties; however, the layer orientation 
varies from layer to layer. Consider a wave propagating in the 
material and assume that the angle between the fiber direction 
and the direction of wave propagation for the thk  layer is k . 

Define the global coordinate system 1 2 3, ,x x x  such that 1x  is 

aligned with the direction of wave propagation. Also define a 
local coordinate system 1 2 3, ,x x x    such that 1x  is parallel to the 

fiber direction (principal axes). The stiffness matrix of the kth 
layer can be written as 
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where 'C  is the layer stiffness in local principal axes, and C  
is the stiffness matrix in global axes aligned with the direction 
of wave propagation, whereas T1 and T2 are the coordinate 
transformation matrices for stress and strain, respectively. 
Assume that the wave propagation direction is parallel to the 
plane 1 2x x  and assume that the displacement solution can be 

written as 

      1 3

1 2 3 1 2 3, , , , i x x vtu u u U U U e     (3) 

where  is the wavenumber in the 1x  direction, v   is the 

phase velocity,  is the circular frequency,  is an unknown 
parameter equal to the ratio between the wavenumber in the 

3x  direction and the wavenumber in the 1x  direction, and Ui 

is the displacement amplitude. The equation of motion in each 
composite layer can be solved to yield the expressions for the 
displacement field 1 2 3( , , )u u u  in terms of the layer properties 
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and boundary conditions at the top and bottom of the layer. 
(The characteristic equation for wave propagation in an 
orthotropic layer is more complicated than that for isotropic 
materials, but still solvable.) 
 After the wave propagation inside each layer is setup in 
terms of layer properties and boundary conditions at the top 
and bottom contact surfaces with the other layers, the next 
step is to solve for wave propagation in the complete 
composite laminate. This is achieved by linking together the 
composite layers by imposing equilibrium and compatibility 
conditions at the interfaces, i.e., matching stresses and 
displacements. Two solution approaches exist: (a) the transfer 
matrix approach; and (b) the global matrix approach. In the 
transfer matrix (TM) approach[22-26], the tractions and 
strains at the bottom of one layer are described in terms of 
those of the top of the layer through a transfer matrix, which 
depends on the properties and orientation of that specific 
layer, i.e., 

 
 
 

 
 
 

k k
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k k

u u
A

 

 

 

         
      

 (4) 

where the matrix kA  is the layer-transfer matrix for the thk  

layer. The transfer between two consecutive layers is achieved 
by imposing displacements continuity force equilibrium at the 
interfaces between consecutive layers. Thus, boundary 
conditions at the top of the composite plate (e.g., wave 
excitation) are propagated from layer to layer to the bottom of 
the plate through the sequential layer to layer transfer. In the 
end, we relate the displacements and stresses of the top of the 
layered plate to those at its bottom through the overall transfer 
matrix, A , given by 

 
1

N

k
k

A A


  (5) 

Thus, a small linear system of equation is setup in which the 
boundary conditions at the top of the plate are relate to the 
boundary conditions at bottom of the plate. To find the 
dispersion curves and modeshapes, one assumes traction-free 
conditions at both top and bottom surfaces and solves the 
resulting homogenous system in terms of unknown top and 
bottom displacements. The resulting eigenvalue problem 
yields eigen wave numbers and the associate eigen 
displacements at the top and bottom of the plates. The eigen 
wave numbers yield the phase velocities at the assumed 
frequency; the dispersion curves are then obtained by 
repeating the process over a frequency range. The eigen 
displacements are propagated through the matrix transfer 
process through all the layers in order to determine the 
thickness mode shape of that particular guided wave mode. 
Though simple in formulation, the TM method suffers from 

numerical instability because error accumulates in the layer 
transfers. To address the numerical instabilities, Rokhlin and 
Wang[27,28] address this numerical instability issue by 
introducing the layer stiffness matrix and using an efficient 
recursive algorithm to calculate the global stiffness matrix for 
the complete laminate. The layer stiffness matrix relates the 
stresses at the top and bottom of the layer with the 
corresponding displacements. The terms in the matrix have 
only exponentially decaying terms and hence the transfer 
process becomes more stable.  
 

 
Figure 2 Dispersion curves for unidirectional 65/35 

graphite-epoxy plate: (a) 0   ; (b) 36   ; (d) 90   . 
Note: c  is the wave speed in m/s; d  is the dimensionless 

wavenumber-half thickness product 

DISPERSION CURVES FOR COMPOSITE 
STRUCTURES 
 We coded the TM approach following Nayfeh26. Figure 2 
shows the dispersion curves derived for a unidirectional 
composite plate made of one layer of 65% graphite 35% 
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epoxy. These dispersion curves depend on the propagation 
direction,  ; the cases 0  and 36     are presented in Figure 
2. It is apparent that, for 0    (i.e., wave propagating along 
the fiber direction) the dispersion curves are clearly decoupled 
into quasi-antisymmetric (A0, A1, A2,…), quasi symmetric 
(S0, S1, S2, …), and quasi-shear horizontal (SH0, SH1, 
SH2,…) wave modes. However, this in not the case for the 
off-axis direction 36   , in which case 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   increases. 
 Next, we analyzed various composite layups. The 
dispersion curves for a  2(0/45/90/-45) s  quasi-isotropic 

layup were developed. Over a large d  range, the dispersion 

curves showed a complicated pattern of tightly coupled 
composite-plate wave modes; however, a zoom-in to low d  

values revealed a simpler pattern in which the A0, S0, SH0 
modes were clearly traceable. 
 

 
Figure 3 Directional dependence of wave propagation 
wave front in unidirectional 65% graphite 35% epoxy 
plate (solid blue line: 400 kHz-mm fd  ; dash red line: 

1,700 kHz-mmfd  ) Note: axes units are dimensionless 

for relative illustration of wave front distortion 

GROUP VELOCITY IN COMPOSITE STRUCTURES 
In isotropic metallic plates, the calculation of group velocity, 

gc , a.k.a., energy velocity, Ec , is rather straight forward, 

since it is done by differentiation of frequency with respect to 

wave number, i.e., gc







. In anisotropic fibrous 

composite, the calculation of group velocity is rather more 

complicated and it has to use the slowness curve. The phase 
slowness is the inverse of the phase velocity; hence, the phase 
slowness curve shows how the relative arrival time of a plane 
wave propagating in an anisotropic plate varies with the 
direction of wave propagation. Assume we want to find the 
group velocity Ec  for a wave propagating along direction   

with respect to the fiber direction. By definition, the group 
velocity vector is perpendicular to the phase slowness curve. 
By drawing the normal to the slowness curve at point P we 
determine the direction of the group velocity vector Ec ; this 

direction is oriented along angle  . By elementary geometry, 

the group velocity magnitude is given by 
cosE

c
c


  where 

    .  

 Knowing the magnitude of Ec  and the angle   for each 

propagation direction, one can construct the wave surface. 
Figure 3 shows the corresponding wave front contours. It is 
apparent that the wave propagation is faster along the fiber 
direction than across the fiber direction. This observation is 
consistent with the fact that the fibrous composite is much 
stiffer along the fibers than across the fibers. The fact that the 
wave front contour varies with the frequency-thickness 
product is also apparent in Figure 3.  

 
Figure 4 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 unidirectional tape 

TUNED GUIDED WAVES IN COMPOSITE 
STRUCTURES 
The tuning between PWAS transducers and guides waves in 
isotropic metallic plates is relatively well understood and 
modeled30. 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 under consideration. A similar tuning effect is also 
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possible in anisotropic composite plates, only that the analysis 
is more complicated due to the anisotropic wave propagation 
characteristics inherent in composite materials.  

 
Figure 5 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 

 We performed experiments on a composite plate with 
PWAS receivers installed at various directions from the PWAS 
transmitter. Figure 4 shows the experimental setup: a 1240-
mm x 1240-mm quasi-isotropic plate was used. 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 tape. Figure 
4 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 step angle 
between sequential receivers was 22.5   . In addition, 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. 
The signal frequency was swept from 15 kHz to 600 kHz in 
steps of 15 kHz. At each frequency, the wave amplitude and 
the time of flight for all the waves present were collected. 
Since carbon fiber is electrically conductive, the composite 
plate could be used as ground and only a single excitation 
wire had to be cabled to each PWAS transducer. We found 
that the ground quality affects the signal strength; to obtain a 
strong signal, a good electrical ground was achieved through 
bonding a sheet of copper on the composite surface. In this 
way the signal was strong and consistent during the 
experiments. 
Three guided wave modes were detected: quasi-S0, quasi-A0, 
and quasi-SH0. Figure 5a 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 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 5b shows a comparison 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. 

EXPERIMENTAL RESULTS OF DAMAGE 
DETECTION IN COMPOSITE PLATES 
We did a series of experiments to detect damage in composite 
plates. The first type of damage we used in our 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 manufactured 
and reproduced with accuracy. The second type of damage we 
considered in our experiments was impact damage. This type 
of damage was produced using an inertial impactor. Details of 
these two types of experiments are given in the following two 
sections. 

HOLE DAMAGE DETECTION IN UNIDIRECTIONAL 
COMPOSITE SPECIMENS 
We performed experiments to detect small holes of increasing 
size in unidirectional composite strips.  
Two unidirectional strips were used for these experiments. 
Both strips we instrumented with two 7-mm round PWAS 
placed 150 mm apart. The PWAS transducers were used in 
pitch catch mode. In one experimental setup, the hole damage 
was placed directly in the pitch-catch path; since this 
placement is the most favorable for detection, we used this 
experiments to determine the detection threshold, i.e., the 
smallest detectable hole size. In the second experimental 
setup, we placed the hole offset by 20 mm from the pitch-
catch path. Again, we performed detection experiments with 
holes of increasing size in order to determined the smallest 
detectible hole size in this less favorable condition. The hole 
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size diameters increased in 11 steps from zero through 6.4 
mm. The first readings were taken when the strips were 
undamaged (baselines). Than, we drilled a 0.8 mm hole on 
both, and we enlarged them in 11 steps till they reached 6.35 
mm in diameter. All readings were recorded at 480 kHz. At 
this frequency we have a single strong S0 wave packet. 

 
Figure 6 DI analysis of pitch-catch hole damage 
detection in an unidirectional composite strip 

 The collected data were analyzed with the damage index 
(DI) method. The DI value was computed with the root mean 
square deviation (RMSD) algorithm. The resulting DI values 
were plotted (Figure 6). The detection results for the case 
when the hole is directly in the pitch-catch path are given in 
Figure 6. The first five readings were for the baseline, i.e., for 
the pristine specimen without damage. The next five readings 
are for the specimen with the 0.8-mm hole, and so on. If we 
look at Figure 6a representing the results for the damage in the 
direct pitch-catch path, we note that, as soon as damage was 
inflicted on the specimen, the DI value changed. This 
indicates that the detection method is very sensitive to small 
damage. The next three groups on the plot in Figure 6a give 
the DI values for hole sizes of 0.8, 1.5, and 1.6 mm. We note 
that the change from 0.8 mm to 1.5 mm damage size produced 
a clear jump in the DI value, but the next two changes were 
much smaller; this seems to be consistent with the fact that the 
relative change from 1.5 mm to 1.6 mm is much smaller than 
from 0.8 mm to 1.5 mm. The DI values keep increasing with 
increasing hole size; the only anomaly is that no change was 
registered by the DI when the hole size increased from 2 mm 
to 2.4 mm. It is to notice that the biggest jumps in DI values 
(from reading 20 to reading 21 and from reading 45 to reading 
46) were achieved for the biggest changes in hole size. Similar 
results were obtained for the detection of the hole placed 
offside from the pitch-catch path. 
 Figure 8a shows the 54-kHz  detection results; at 54-kHz , 
only A0 mode was present. The wave velocity is 1580 m/sec; 
the wavelength is 29.3 mm. Figure 8 shows the box plot of the 
DI values for the three different PWAS pairs. As the hole 
diameter increases, the DI values for the two PWAS pairs 
close to the hole (p0-p13 and p1-p12) increases while the DI 

for the PWAS pair p5–p8 remain almost constant. We 
analyzed the data with statistical software (SAS) and we 
observed that with a significance of 99%, PWAS pair p1–p12 
can detect the presence of a hole with at lest 2.77-mm 
diameter. On the other hand, the PWAS pair p0–p13 could 
detect the presence of a hole with the same 99% significance 
only when the hole diameter was at lest 3.18 mm. The DI for 
the PWAS pair p05-p08 did not show any significant change, 
as expected. Similar results were obtained for the other 
frequency cases. Other experiments conducted on this quasi 
isotropic composite specimen include pulse-echo detection of 
holes and detection of impact damage. 
 

 
Figure 7 Experimental set-up for hole 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) 
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HOLE DAMAGE DETECTION IN A QUASI-ISOTROPIC 
COMPOSITE PLATE 

In this set of experiments, we used a 1240-mm x 1240-mm 
quasi-isotropic plate with a [(0/45/90/-45)2]S layup of 
T300/5208 unidirectional tape; the overall thickness was 2.25 
mm. Two damage types were considered: (a) drilled holes of 
increasing diameter; and (b) impact created with an inertial 
impactor. The experimental setup is shown in Figure 7. The 
two holes are marked as ‘hole’. The impact location is marked 
as 1 and 2. A set of 12 PWAS transducers were installed in 
pairs as shown in Figure 7. The PWAS pairs were (p0,p1), 
(p2,p3), (p4,p5), (p8,p9), (p10,p11), (p12,p13). The distance 
between the PWAS pairs was 300 mm. The excitation signal 
was a 3-count 11-V smoothed tone burst. The data were 
collected automatically using an ASCU2 signal switch (Figure 
7). We collected data from PWAS p0, p1, p5, p8, p12, p13. 
Each PWAS was in turn transmitter and receiver. Three 
frequency values were used: (i) 54 kHzf  , when only the 

A0 mode is present; (ii) 225 kHzf  , when only the S0 

mode is present; and (iii) 255 kHzf  , when the S0 mode 

has maximum amplitude. Four sequential baseline readings 
were taken with the plate undamaged. Subsequent readings 
were taken after each damage type was applied to the plate. A 
hole of increasing size was drilled between PWAS p1 and p12 
(see Figure 7). The location of the hole was halfway between 
these two PWAS. The diameter of the hole was increased in 
14 steps from zero through ~ 6 mm . At each damage step, 
several readings were taken. Data processing consisted in 
comparing 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 
(SAS) and stated our conclusions to a significance of 99% 
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Figure 8 Pitch-catch hole detection results showing DI 
values at different damage step values and different 
PWAS pairs. (a) 54 kHzf  , i.e., when only A0 mode is 

present 

CONCLUSION 
This paper has presented how piezoelectric wafer active 
sensors (PWAS) can be used to detect damage in composite 
structures. 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; (c) passive detection (acoustic emission and impact 
detection). The focus of this paper has been on the challenges 
and opportunities posed by the composite structures as 
different from the metallic structures on which this 
methodology was initially developed. After a brief 
introduction, the paper discussed the damage modes 
commonly met in aerospace composite structures. Then, it 
reviewed the PWAS-based SHM principles. It follows with a 
discussion of guided wave propagation in composites and 
PWAS tuning effects.  
 The paper presented experimental damage detection 
results in composites: (i) hole damage in unidirectional and 
quasi-isotropic plates; and (ii) impact damage in quasi-
isotropic plates. In unidirectional carbon-epoxy composite 
strips, it was found that the minimum detectable hole size 
was 0.8 mm. The detection method used in these experiments 
was pitch-catch with 480-kHz tuned S0 waves. In quasi-
isotropic carbon-epoxy composite plates, it was found that the 
minimum detectable hole size with 99% confidence was 
2.77 mm. In these experiments, we used several tuned guided 
wave modes, A0 waves at 54 kHz; and S0 waves at 225 kHz 
and 255 kHz. The detection methods used in these 
experiments were both pitch-catch and pulse-echo. 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.  
 Further research needs to be done to better understand the 
interaction of guided waves with damage in composite 
materials and how various guide-wave types interact with 
various types of damage. 
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