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Abstract— Advanced composite materials have applications 

in many areas. However, the mechanical performance of 

composite materials under damage is very complicated. The 

tensile strength of composite materials is typically much 

lower than its compressive strength, making the composite 

material vulnerable to matrix cracking, fiber fracture, 

delamination and interfacial debonding. Nondestructive 

testing NDT methods currently used to detect damage in 

composite materials have several disadvantages; they are 

expensive, complicated devices that do not readily allow for 

online health monitoring or monitoring of large areas. These 

disadvantages limit the usefulness of NDT methods for 

testing composite materials. For example, in the aviation 

industry, where composite materials have many applications, 

ordinary NDT methods can only be used locally. Despite this 

limitation, these methods are employed because damage 

cannot readily be located visually. However, the structures 

are large, so a great deal of time and money is invested in 

using these NDT methods—yet they cannot test nor locate 

damage in real time. This study focuses on an active 

monitoring method for damage detection applied to 

composite structures. Different specimens made up of fiber 

epoxy resin in the form of composite structures are studied. 

Wavelet analysis methods are adopted to post process the raw 

monitored signal. A new damage signature is introduced to 

determine the presence and extent of damage in composites, 

while eliminating the influence of different distances between 

the active actuator and active monitoring elements. The 

proposed method is shown to be effective, reliable, and 

straightforward for the specimens considered in the present 

study, which are composed of different materials and suffer 

various levels of damage. An online real-time active 

monitoring system for damage detection is described that is 

based on this research. 
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I. INTRODUCTION 

On a macroscopic scale, composites have been around for 

centuries, whether in the form of straw-clay bricks or a 

concrete aggregate roadway. In mechanical design 

applications, composites are engineered materials comprising 

reinforcement fibers, particles, flakes, and the like embedded 

in a supporting matrix of polymers, metals or ceramics. The 

matrix is the bonding element that can be shaped, while the 

reinforcement enhances the material properties of the matrix. 

Properly designed, the new material has properties superior 

to those of either original material alone, such as higher 

stiffness or better strength-to-weight ratios. The matrix 

component is usually an epoxy or polymide-resin that 

transfers the load between broken fibers and unbroken ones, 

and between fibers not oriented along the lines of tension. 

Fibers serve to resist tension, the matrix resists shear, and in 

combination, the new material resists compression. Such 

aerospace-grade materials are formed to the end-shape, and 

generally require heat and pressure for manufacturing. 

Molding and casting are two common processes, and the end 

product (individual layers or plies) can be further laid up 

(laminated) to achieve final performance specifications. Each 

ply has its own material properties, fiber orientation, and 

thickness. Possible advantages of using composites as 

compared to traditional metals and alloys include reduced 

costs due to lower production costs, long-term durability and 

reduced maintenance requirements; lighter weight or the 

possibility to readily create non-uniform weight distributions; 

higher strength-to-weight ratios and directional strength or 

stiffness; the opportunity to design larger, single-piece parts 

with unusual geometries; corrosion or weather resistance; low 

thermal conductivity and coefficient of expansion; and non-

magnetic, high-dielectric strength. 

Structural health monitoring and damage detection 

has been an important concern in the design, operation, 

maintenance, and repair of many military and civil structures 

and machinery equipment. Under scheduled maintenance 

conditions, damage detection has been accomplished with 

nondestructive inspection and evaluation techniques. 

Examples of these techniques include magna flux, 

radiography, thermal imaging, acoustic microscopy, and 

various eddy current and ultrasonic methods. Damage 

detection techniques have also been developed for in-situ and 

in-service structural health monitoring. In principle, these 

techniques allow the detection of incipient damage in service 

environments by monitoring vibration characteristics, strain 

variations, acoustic emission, dielectric response, or 

electromechanical impedance of the host structure. The 

development of successful in-situ and in-service monitoring 

methods depends on two key factors: sensing technology and 

the associated signal analysis and interpretation algorithm. In 

the area of sensors, piezoelectric transducers have many 

advantages. They are active sensors in the sense that they can 

be used both to receive and generate signals, and their signals 

usually do not require conditioning treatment. In principle, 

these active sensors can perform two functions. In the passive 

mode, they can monitor dynamic events (e.g. foreign-object 

impact and damage-induced acoustic emission) by sensing 

the response of the structure. In the active mode, they can 

evaluate real-time structural properties and identify existing 

damage by sending and receiving programmed diagnostic 

signals. 

Two kinds of damage are considered: Delamination 

and impact damage. The development of specimens and an 

experimental active monitoring system, the choice of active 

actuating signals, post processing of the monitored signal, the 

damage interpretation method, and the influence of distance 

between the active actuator and active monitor elements in 
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the active monitor system are all discussed in detail. Wavelets 

analysis methods are adapted to post process the raw 

monitored signal. A new damage signature which eliminates 

the influence of different distances between the active 

monitoring elements is introduced to determine the presence 

and extent of damage in composites. This method has proven 

to be effective, reliable and straight forward in the study of 

the above-mentioned specimens, which are composed of 

different materials and suffer various levels of damage. 

II. PIEZOELECTRIC WAFER ACTIVE SENSORS 

Piezoelectric wafer active sensors (PWAS) are inexpensive 

permanently-attached small transducers (Figure 1) that 

operate on the piezoelectric principle. The direct piezoelectric 

effect is manifested when the applied stress on the sensor is 

converted into electric charge. Conversely, the inverse effect 

will produce strain when a voltage is applied to the sensor. In 

this way the PWAS can be used as both transmitter and 

receiver of elastic waves. The same sensors are used for both 

exciting (actuating) and reading (sensing) the received 

signals. Other advantages of using piezoelectric wafer active 

sensors for structural health monitoring are: 

1) PWAS are small, non-intrusive, and inexpensive 

intimately affixed to the structure and can actively 

interrogating the structure. 

2) PWAS are non-resonant devices with wide band 

capabilities. They can be wired into sensor arrays that are 

connected to data concentrators and wireless 

communicators. 

3) PWAS have captured the interest of academia and 

industry due to their low cost and non-intrusive nature. 

Piezoelectric wafer active sensors (PWAS) operate on the 

piezoelectric effect: 

a) Direct effect 

Applying stress on the surface of a piezoelectric material will 

generate an electric field; 

b) Indirect effect 

An electric field applied to a piezoelectric material will cause 

the material to contract. 

PWAS can be manufactured in thin layers of lead 

zicronate titanate (PZT) material and can have various shapes 

(discs, rectangles, etc.) A piezoelectric wafer active sensor 

(PWAS) is permanently bonded on the surface of a structure 

through a layer of adhesive as shown in Figure 1. The PWAS 

interacts with the structure through the adhesive layer. The 

adhesive layer acts as a shear layer and is transmitting the 

mechanical effects from the PWAS to the structure and vice 

versa through shear effects. 

 
Fig. 1: PWAS Attached to the Structure 

III. EXPERIMENTAL WORK 

The instrumentation setup consists of an ME 916 (6MHz) 

function generator to generate the excitation signal, a 

SCIENTECH 7100C (100MHz) Dual Trace digital 

oscilloscope to collect the signal from the PWAS, and a 

computer to store and analyze the signal. In our preliminary 

investigation we sent and received signals using an array of 6 

PWAS, one is used as transmitters, other used as receivers. 

This section discusses the process of manufacturing 

the composites as well as the components of the experimental 

systems, the type of actuation signal employed, and post 

processing of the actively monitored signal, development of 

the new damage signature, and test results. A Teflon slice 

having dimensions (50x50) mm are embedded in composite 

plate at the time of manufacturing the specimens this 

embedded Teflon sheet considered as a type of delamination 

or damage in composite plate. 

 

 
Fig. 2: Experimental Setup for Vibration Analysis by using 

PZT 

Experimental Setup Consists of: 

1) Function Generator: ME 916 (6MHz) 

2) Digital Storage Oscilloscope: SCIENTECH 7100C 

(100MHz) Dual Trace 

3) PZT Mounted Specimens: PZT Actuators & Sensors 

IV. DEVELOPMENT OF SPECIMEN 
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Fig. 3: Development of Specimen 

V. PATHS OF LAMB WAVES PROPAGATION & OVERALL PART 

COVERAGE 

In the experimental configurations Lamb wave propagation is 

used to perform instantaneous baseline structural health 

monitoring. Lamb waves are excited in a round robin fashion 

such that each PZT transducer acts as both a sensor and an 

actuator. For example, PZT 1 will act as an actuator and 

excite a Lamb wave in the plate while the surrounding 

transducers will act as sensors, recording response data. PZT 

2 will then act as an actuator and the surrounding transducers 

will act as sensors. This process is repeated until Lamb waves 

traveling along each path are recorded. Three different path 

lengths are used in the square configuration and six path 

lengths are used in the circular configuration. The individual 

path lengths as well as the total part coverage can be seen in 

Figure 4 for the square pattern and in Figure 5 for the circular 

pattern. For each PZT used as an actuator, not all of the 

remaining transducers are used to collect response data. 

 
Fig. 4: Paths of Lamb Waves 

 
Fig. 5: Overall Part Coverage 

 
Fig. 6: Simulation of Reflections from Edges 

A. Simulation of Reflections from Plate Edges 

The energy of the signal traveling along the bond line is less 

than the energy of the signal traveling outside the bond line: 

the signal is weaker because the adhesive layer is absorbing 

part of the energy of the transmitted wave. For a better 

understanding of the complexity of wave propagation in the 

bonded structure and the multiple reflections that will arrive 

at the same time or very close to each other, a simulation of 

the reflections arriving at each sensor was done. 
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 TIME (MICRO SECONDS) for reflections 

from 

SENS

OR 

NO. 

LEFT 

EDGE 

RIGHT 

EDGE 

TOP 

EDG

E 

BOTTO

M 

EDGE 

DISB

OND 

SENS

OR 1 
100 365 174 200 107 

SENS

OR 2 
170 292 174 200 37 

SENS

OR 3 
289 170 174 200 37 

SENS

OR 4 
358 100 174 200 107 

SENS

OR 5 
162 162 62 305 90 

SENS

OR 6 
162 162 280 68 90 

Table 1: Time of Reflection from Plate Edges for Each 

Sensor 

 
Graph 1: Reflections from Plate Edges for Each Sensor 

From Graph 1 it can be seen that multiple reflections 

will arrive at the same time and they will overlap making the 

identification process difficult. Sensor located to the right of 

the first disbond, we see between 100m sec and 150m sec that 

there are three reflections that will overlap: 

1) Reflection from the right edge of the specimen; 

2) Reflection from the top edge of the specimen and; 

3) The reflection from the disbond. In order to eliminate 

some of the reflections from the edges of the specimen, 

non-drying modeling clay was used on the periphery of 

the specimen. 

B. Selection of Active Actuation Signal 

The type of active actuation signal used in the damage 

identification process is very important. The actuation signal 

can vary from conventional constant amplitude sinusoidal 

waves to bursts, sweeps, impulses, etc. In this research, the 

actuation signal should be broadband. Thus, an impulse 

signal is attractive. There are three aspects of such an 

impulsive signal that need to be determined: shape, width and 

amplitude. Because the structure is linear and vibration 

amplitudes should be small, the amplitude of the impulse can 

be somewhat arbitrarily specified. In this study, impulses 

with a half-sine wave and a rectangular shape are tested on 

the specimens considered. 

 
Graph 2: Active Monitoring Signal under Half-Sine Wave 

Actuation 

C. Post Processing of the Actively Monitored Signal 

Experimental results show the actively monitored signal is 

very repeatable. However, even under laboratory conditions, 

noise is still present, including a 50 Hz electric line noise. The 

sensitivity of piezoelectric elements is very high. These 

elements are easily influenced by noise in the working 

environment that will lead to difficulty in the interpretation of 

the monitored signal. Wavelet analysis is therefore adopted 

for post processing of the raw monitored signal. As opposed 

to ordinary FFT analysis, wavelet analysis methods have both 

good time-frequency resolution and provide a constant band 

wise frequency analysis. 

 
Graph 3: Signal after Post Processing of Plate Specimen 

D. Development of a New Signature 

In order to effectively monitor damage in the structure, a 

reliable signature should be developed that is related only to 

damage. Many experiments show that the relationship 

between the highest peak amplitude and the propagating 

distance of the actively monitored signal in the structure can 

be described using an exponential relationship of the form: 

A = A0e−αx 

Where, A= the peak amplitude of the actively 

monitored signal, x=the distance of signal propagation, α = 

attenuation coefficient, A0 = the initial peak amplitude value 

at the point of actuation. To reduce the propagation distance 

effect on peak value, a new signature can be defined as: 

Ns =
A0

e−αx
 

In fact, the newly-defined signature is the initial 

peak amplitude of the actively monitored signal, so it 

eliminates the propagation distance effect and emphasizes the 

effect of damage on the actively monitored signal. 

E. Lamb Waves through Composite Plate 

Graph 4 represents the signal received at locations 2, 3, 4, 5, 

and 6 when the PWAS at 1 was excited in the frequency band 

50-350 kHz. These signals traveled over the bond area, 

consisting of the Teflon layers plus the adhesive in between. 

However it is remarkable that signals of good quality and 

strength are observed in spite the small size of our PWAS 

devices. Also noticed in Graph 4 is how frequency affects the 

amplitude of the signal transmission. This aspect is important 

for designing PWAS installation that is tuned to certain Lamb 

modes. 
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Graph 4:  S0 and A0 Modes for Lamb Waves (Specimen 

without Delamination) 

Graph 5 shows that, at relatively low frequency, 

good signals are received. However, as indicated by the Lamb 

waver theory, these signals are of the flexural type (A0) and 

thus highly dispersive. Of considerable interest are the signals 

of axial type (S0), which have a lower dispersion rate, and 

hence are better suited to ultrasonic NDE. This fact is very 

encouraging because the S0 modes have very little dispersion 

at 200-260 kHz and hence could be use in the pulse-echo 

mode. 

 
Graph 5:  S0 and A0 Modes for Lamb Waves (Specimen 

with Centered Triangular Delamination) 

F. Least Square Approach 

To determine the new signature, a least-squares approach is 

employed structure peak-to-peak response for all of the 

actuator and sensor pairs on  the structure that do not have 

damage between them, the values of A0 for the healthy 

structure and the coefficient a for a specimen can be 

calculated. Results of the least-squares curve-fitting method 

are shown in Graph No. 7.8 shows the calculated A0 in a 

healthy state and α coefficient for specimens. 

 
Graph 6: Effect of Distance of Propagation on Signal 

Amplitude. 

VI. CALCULATIONS 

1) Co-efficient for Specimen α 

α = 1 − R2 

α = 1 − 0.963 

α =  0.037 

2) New Damage Signature Value for Different Peak 

Amplitudes for Specimen without Delamination 

a) For Sensor 1-2 

Peak amplitude A0 = 35mv 

Distance of Signal Propagation x = 7.5cm 

Ns =
A0

e−αx
 

Ns =
35

e−0.037×7.5
 

Ns = 46.19 

b) For Sensor 1-3 

Peak amplitude A0 = 24mv 

Distance of Signal Propagation x = 19.5cm 

Ns =
A0

e−αx
 

Ns =
24

e−0.037×19.5
 

Ns = 49.38 

c) For Sensor 1-4 

Peak amplitude A0 = 18mv 

Distance of Signal Propagation x = 26.7cm 

Ns =
A0

e−αx
 

Ns =
18

e−0.037×26.7
 

Ns = 48.34 

3) New Damage Signature Value for Different Peak 

Amplitudes for Specimen with Centered Triangular 

Delamination 

a) For Sensor 1-2 

Peak amplitude A0 = 32mv 

Distance of Signal Propagation x = 7.5cm 

Ns =
A0

e−αx
 

Ns =
32

e−0.037×7.5
 

Ns = 42.23 

b) For Sensor 1-3 

Peak amplitude A0 = 13mv 

Distance of Signal Propagation x = 19.5cm 

Ns =
A0

e−αx
 

Ns =
13

e−0.037×19.5
 

Ns = 26.75 

 

c) For Sensor 1-4 

Peak amplitude A0 = 9mv 

Distance of Signal Propagation x = 26.7cm 

Ns =
A0

e−αx
 

Ns =
9

e−0.037×26.7
 

Ns = 24.17 
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VII. RESULT TABLE 

Specimen A0 α Ns 

Composite Plate Without Damage 

(7.5cm) 

 

35 

 

0.037 

 

46.19 

(19.5cm) 24 0.037 49.38 

(26.7cm) 18 0.037 48.34 

Table 2: New Damage Signature for Healthy Specimen 

without Delamination 

Specimen No. 

Propagati

on 

Distance 

(cm) 

Signal 

Peak 

Amplitu

de 

Ns 
Dama

ge 

SPECIMEN 

WITH 

CENTERED 

TRIANGULAR 

DELAMINATI

ON 

7.5 

(sensor 1) 
32 

42.2

3 
Yes 

19.5 

(sensor 2) 
13 

26.7

5 
Yes 

26.7 

(sensor 3) 
9 

24.1

7 
Yes 

Table 3: Result Table Showing the Results for Change in 

Damage Signature for Various Specimens Tested 

VIII. CONCLUSION 

The composite plate made of epoxy-fiberglass composite and 

one Teflon layer in the middle. The face sheets have higher 

stiffness, which is easier for the high frequency signal to 

propagate in while the composite plate has a higher ability to 

absorb the signal. So when delamination happens, the signal 

tends to travel more in the face sheet material, which reduces 

the high frequency components of signal that are absorbed. A 

new damage signature has been introduced to determine both 

the existence and the extent of damage; this signature is not 

sensitive to the distance between the active monitoring 

elements. Experiments have shown this signature to be 

effective and readily-obtained. Based on this study, an online 

real-time active monitoring system for damage detection has 

been successfully established. 
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