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ABSTRACT 

Structural health monitoring (SHM) is a fast-growing field that is extending into 

many industries. SHM uses a set of sensing elements permanently attached to or 

embedded in the structure in order to effectively monitor its structural integrity, detect 

and quantify damage that develops during the entirety of its life. Effective SHM will not 

only increase the safety of structures, it will also limit the amount of manual, error prone 

inspections that currently dominate the field. Over the past several decades, much work 

has been done in developing SHM methods. 

Composite materials are at the leading edge of material selection for many types of 

structures, offering a high strength to weight ratio resulting in a better performance. As 

the use of composite materials becomes more prevalent, especially in human-rated 

structures, the need to have an accurate measure of the damage present in the material is 

important. Due to their intrinsic anisotropic and heterogeneous properties, SHM for 

composite structures face a lot of challenges. 

This thesis is focused on studying the state of the art methods for damage detection 

and health monitoring on composites, as well as developing a novel active sensing 

method which utilizes the embeddable low-profile piezoelectric wafer active sensors 

(PWAS). PWAS utilize the piezoelectric principle to convert electric energy to 
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mechanical energy or mechanical energy back to electrical energy. This type of sensor 

can be readily mounted on the existing structures or embedded into them during the 

manufacturing process without degrading the structural performance. Though the damage 

detection capabilities of PWAS have been proven effectively for metallic structures by 

many researchers, a limited amount of work has been done on composites. This thesis 

explores the damage detection capabilities of the PWAS on composites using wave 

propagation as well as electromechanical impedance spectroscopy methods. The damage 

studied includes both material level damage and structural level damage. The self-

diagnosis capability of the sensor has also been developed in this study.  
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1 INTRODUCTION 

The goal of this research was to develop and test a complete structural health 

monitoring system for damage detection on composite structures. A structural health 

monitoring (SHM) system is permanently installed on a structure and assesses the 

“health” of the structure throughout its life. This SHM system consists of damage 

detection sensors, hardware for data collection and processing, and software to control 

the system. An SHM system can give on demand analyzes of the state of the structures. 

Piezoelectric wafer active sensors (PWAS) are very small, non-intrusive sensors that 

could be part of an SHM system. PWAS have been developed for use on thin-walled 

aircraft structures, pipelines, high-temperature applications, and other structures, however 

the development of PWAS for damage detection on composite materials has been 

limited. In an effort to further develop PWAS for composite use, several different types 

of composite laminates are studied. These composites are subjected to different types of 

damage while the damage detection capabilities of the PWAS are tested. The 

survivability of the PWAS is also explored for space applications. In addition to sensor 

development, hardware and software development for composite applications is done so 

that a complete SHM system for composite health monitoring can successfully be 

created.  
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2 STATE OF THE ART 

The field of structural health monitoring (SHM) is a fast-growing field that is 

extending into many industries. The goal of SHM is to effectively monitor a structure and 

detect and identify damage that develops during the entirety of its life. Effectively doing 

so would not only increase the safety of structures, but it would also limit the amount of 

error prone human inspections that need to be done. Over the past decades, much work 

has been done to develop a number of SHM methods.  

Performing effective structural diagnosis in composites is a relatively complex 

process requiring measurements, modeling, and simulation capabilities spanning multiple 

lengths scales. To achieve this goal, one must identify the material-level details necessary 

to define the operational material degradation mechanism that generate property and 

performance changes, especially in the early life of a structural element. A corollary to 

this challenge is that measurement methods must be available to quantify the effects of 

progressive degradation at the material level. In order to provide real time information 

regarding damage accumulation from material scale to structural scale, sensors and 

sensing methods need to be developed.  

2.1 COMPOSITE MATERIALS 

When designing a structure for an application, the material selection is an essential 

part. The properties of materials are analyzed, often with a metric to assist in the process, 

and a material is selected based on trade-offs between its desirable and undesirable traits. 
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Because simple mechanical properties like stiffness and strength are not the only traits 

that need to be taken into account, the process of material selection can be complicated. 

For aerospace, automotive and naval applications, materials with a high strength to 

weight ratio offer the best performance. Composite materials offer such properties along 

with other desirable properties, thus placing composite material use at the leading edge of 

material selection for many types of structures. A composite material can have a strength-

to-weight ratio that is around 5 times that of aluminum or steel. This is especially useful 

in the aerospace industry where weight is at a premium. Another unique and beneficial 

trait of composites is the ability to customize the properties in different directions, 

creating an anisotropic material. This allows for additional weight savings.  

The term “composite” can be used to describe any material that is comprised of a 

homogeneous matrix reinforced by material with higher strength and stiffness properties. 

The focus of this study will be on fiber-reinforced polymer-matrix composite material. 

Specifically, composite laminates, which are stacked layers of composite plies, will be 

the subject of study.  

2.2 DAMAGE IN COMPOSITES 

Before any SHM method can be used successfully, a knowledge of the possible 

damage must be attained. Some SHM techniques are better suited for a particular type of 

damage than others. When the possible loads that the structure will undergo are known, 

and the potential damage that will be incurred by the structure from the load are also 

known, a successful SHM system can be developed. 

Damage can be incurred in a composite through several mechanisms. Damage can 

come from some external mechanism which causes harm, such as an object hitting a 
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composite structure causing impact damage. Normal loading conditions also cause 

damage. The effect of damage in composites is much more complicated than in metals. If 

a metal structure is intact, it is usually still functional for load bearing applications. 

However, a composite material can lose its functionality while remaining intact, because 

the stiffness is significantly reduced as it undergoes fatigue loading (Talreja, 1981).  

2.2.1 Fatigue damage 

Tension, compression and shear are the three modes of failure in composite 

laminates. Before the ultimate failure of the composite, these three modes will cause a 

progression of damage throughout an area of the structure. This progressive damage is 

subcritical but will eventually lead to failure and cannot be ignored. 

When a composite laminate has a load applied to it, the individual layers that make 

up the composite will have a normal stress in the fiber direction, a normal in-plane stress 

perpendicular to the fibers and a shear in-plane stress (Talreja, 1981). If there is a tensile 

in-plane stress and perpendicular to the fibers, small cracks will develop in the matrix. 

The individual lamina that make up the composite will be subjected to one of the 

three types of loading previously discussed. When the loading is parallel to the fibers in 

the lamina, according to Talreja, the propagation of damage in low-load cyclic loading 

occurs as shown in XFigure 1X, stage 1. The matrix begins to develop cracks, while the 

fibers remain intact. If the load is low enough, these cracks will not continue to propagate 

either because the cracks have reached a fiber/matrix interface or because of the 

inhomogeneous nature of the material. Once these cracks stop propagating, no more 

fracture surfaces will be created until the fatigue limit has been reached. 
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When the loading increases to an intermediate level XFigure 1X, stage 2, the damage 

development will be different than in the low-loading case. Because the load is higher, 

the matrix cracks may not stop at the fiber/matrix interface as in the previous case. There 

are several things that could happen at this stage. As the matrix crack reaches the fiber, 

the stress concentration may cause the fiber to break, forming a larger crack. If the stress 

concentration is not high enough for the fiber to break, a separation of the fiber and 

matrix could occur in this area. As these damage mechanisms propagate, reaching new 

fiber/matrix interfaces and causing either fiber fractures or fiber/matrix separation, 

eventually the degradation of the composite will be great enough to cause fracture. 

  

Figure 1 A plot of the typical growth of damage and reduction in stiffness and remaining 

strength throughout the life of the composite (Talreja, 1981) 

If the fatigue loading level increases to a load near the ultimate strength, some fibers 

will fail immediately. As the cyclic loading continues, more fibers will break throughout 
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the composite. When enough fibers have fractured in a particular area, a crack will form 

between them leading to a rapid failure of the composite. At this level of loading, the 

final fracture will occur quickly and the damage progression trend, as shown in XFigure 1X, 

will not occur.  

If the load in the composite causes an individual lamina to be subjected to an off-

axis load, the lamina will behave differently. Matrix cracks will still form during the 

beginning of the fatigue cycling. In the previous case, the load caused the matrix crack to 

propagate perpendicular to the fiber, causing the crack to eventually reach a fiber and 

stop its progression. In the off-axis case, the cracks form parallel to the fibers. These 

cracks can then propagate freely down the length of the fiber, usually at the fiber/matrix 

interface. Debonds between the fibers and matrix occur because of this loading condition.  

The damage that occurs in a composite laminate is governed by the processes in 

each individual lamina as previously discussed. In general, the damage progression in a 

composite laminate will happen as follows. Small microcracks will develop in the matrix 

mainly between fibers that are not parallel to the loading direction. The microcracks will 

grow and become macroscopic cracks as the cyclic loading continues. At this point, the 

material has reached the Characteristic Damage State (CDS). From here, the cracks in the 

matrix will spread through the ply in which they began. The stress concentrations will 

cause microcracks to develop in the plies on either side. The stress concentrations 

between plies will cause local delaminations. Once delaminations have formed, the 

damage in material will increase rapidly and then fail completely. This behavior is shown 

in XFigure 1X. Because of this behavior, a composite structure should be periodically 

inspected to monitor the progression of damage 
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2.2.2 Impact Damage 

During the life of a composite structure, it may be subjected to multiple low-energy 

impacts. The degradation of the structure that happens as a result of these impacts has 

been the topic of many studies. Unlike fatigue loading, which causes a predictable 

progression from one damage mechanism to another, impact loading can cause matrix 

cracking, debonding between fibers and matrix, delaminations, and fiber breakage. This 

damage can be created simultaneously, seriously damaging the composite. In a composite 

material, even if the impact energy is very low, damage can still be created. Because of 

the low energy associated with the impact, it will not usually cause a great deal of visible 

damage, especially on the surface of impact. This kind of non-surface damage is known 

as “barely visible impact damage.” Even damage that does not readily show up with non-

destructive testing can cause the life of the composite to shorten. This kind of damage is 

known as “barely detectable impact damage.”  

Azouaoui (2010) describes the damage happening as an impact occurs on the 

surface of a composite material: the lamina near the surface will be crushed, causing 

matrix cracking and fiber breaking. Internally, the impact will cause transverse matrix 

cracks, delaminations and broken fibers. In each layer, the damage from the impact will 

cause increasingly larger areas of damage, creating a small damaged area near the impact 

surface and a large damaged area near the back surface. On the back surface, there is 

often fiber breakage due to spalling from the stress wave generated at impact.  
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Figure 2 A diagram of damage created by an impact (Azouaoui 2010) 

As previously discussed, the stiffness of a composite material will decrease as 

damage develops from impacts in the structure. The residual tensile stiffness in the 

composite evolves in three different stages as it undergoes repeated impact damage. In 

the first few impacts, the stiffness sharply decreases because of the large amount of 

delamination damage that occurs with each impact. As the delaminations reach a 

saturation point in the impact area the stiffness ceases to decrease sharply and decreases 

at a slow linear rate, almost staying at a constant value. As the composite continues to 

sustain impact damage, it the stiffness will eventually begin to rapidly decrease again, 

resulting in the failure of the structure. The damage in the specimen can be correlated to 

the reduction in stiffness. Based on the residual stiffness, a damage parameter can be 

formulated to describe the growth of stiffness-reducing damage from the beginning to the 

end of the composites life (Azouaoui, 2010). Experimental data, XFigure 3X, confirms the 

theoretical predictions, XFigure 4X. 
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Figure 3 Experimental tensile stiffness evolution (left) and damage development (right) during 

the life of a composite laminate subjected to impact damage (Azouaoui 2010) 

 

Figure 4 Theoretical stiffness evolution and damage development during the life of a 

composite laminate (Reifsnider 2003) 

2.3 DAMAGE DETECTION APPROACHES FOR COMPOSITE HEALTH MONITORING 

There are many different methods that are used for damage detection in composite 

materials. All of these methods can be divided into one of two categories: structural 
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health monitoring (SHM) or nondestructive evaluation (NDE). An SHM system is an 

embedded system of fixed sensors which are permanently attached to the structure. The 

monitoring is either on demand or continuous. An NDE approach consists of inspecting a 

structure, usually when it is offline, with adjustable and moveable sensors that 

systematically check the structure for damage. While an SHM system has the benefit of 

being able to monitor a structure while it is in service, tracking the growth of damage and 

providing a frequent report of the state of the structure, some capabilities are sacrificed so 

the system can be attached to the structure (cost, size, weight need to be considered). 

NDE has the benefit of being able to use large, expensive equipment for damage 

detection, however the downfall is that the structure needs to be taken offline for the 

inspection. In general, NDE based damage detection is used more often than SHM. For 

SHM systems to become the standard for damage detection, the benefits of using SHM 

systems need to outweigh the benefits of NDE methods. In the following subsections, 

various NDE and SHM techniques are discussed to give the reader an idea of the current 

damage detection capabilities for composite materials, as well as the capabilities an SHM 

system needs to have for it to become a widely used damage detection method. 

2.3.1 Visual 

Visual inspection, although rudimentary, has been a staple in the health monitoring 

field, especially in metallic and concrete structures, making up 80-90% of all structural 

inspections. Inspectors use normal vision as well as magnifying devices such as 

magnifying glasses or borescopes to locate damage and quantify its seriousness. The 

complicated damage modes in composite materials make visual inspection a greater 

challenge. The more visible damage is not necessarily more serious than less visible 
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damage. Impact damage can be barely visible on the impact side of the structure while on 

the back side the damage can be easily seen.  

Visual inspections can usually only be done when a structure is not in service. 

Because not all damage types are easily detectable, the damage may propagate to a very 

serious level between inspections. As the field of composite structures grows, better 

techniques need to be developed and validated for health monitoring of composites, 

especially while the structure is in service. 

2.3.2 Tap Testing 

While not used quite as extensively as visual inspection, tap testing is a frequently 

used method for discovering irregularities in a composite structure. When a coin or tap 

hammer is used to tap the surface of the composite, the sound of the impact can give 

information about damage in the region. A pristine, damage free structure will have a 

ringing sound while a damaged area will have a dull sound. However, the indicators of 

whether an area is damaged or undamaged are vague and subjective. Inspectors must be 

trained to be able to use this method to consistently find damage.  

In order to reduce the variability in these tests, more automated systems have been 

developed. Several organizations, Mitsui Heavy Industries, Boeing, and Iowa State 

University, have developed instrumented tap hammers that can be used to inspect a 

structure without the need for the operator to listen to the response. A robotic system was 

developed by Miltec for the specific application of monitoring helicopter rotor blades. 

These systems have increased the effectiveness of the tap method. However, this method 

is effective for monitoring large damage like delaminations but may not be sensitive 
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enough to find smaller amounts of damage. This method is also only viable for a structure 

that is not in service.  

2.3.3 Mechanical Impedance Method 

2.3.3.1 Mechanical impedance analysis (MIA) 

The mechanical impedance method has been developed over several decades and is 

the dominant technique for detecting disbonds in laminated structures and delaminations 

in composite materials up to a depth of 6 mm (Giurgiutiu, 2008). The mechanical 

impedance is the resistance of a structure to an applied force, (1), where ( )Z ω  is the 

mechanical impedance as it varies with frequency, ω , ( )F ω  is the applied harmonic 

force and ( )u ω  is the induced velocity (Fahy, 2001).  
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A transducer is used to apply a normal force to the structure while measuring the 

induced velocity. This method was originally studied by Lange (1978) for use in 

nondestructive testing. The mechanical impedance method was further developed by 

Cawley (1984) for identifying local disbonds in bonded thin plates.  

Mechanical impedance analysis (MIA) is used in the nondestructive testing 

community to test bonded structures like composites materials and honeycomb structures. 

Changes in the local stiffness can be found using MIA. Piezoelectric materials are used in 

the probe to excite vibrations in the structure and then to measure the response (Capriotti, 

2000). The MIA technique utilizes a moveable probe to methodically interrogate a 

structure. The bulky transducers limit the use of MIA to the NDE/NDT field and prevent 
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this method from becoming a realistic SHM method which requires a permanently 

bonded network of sensors that can continuously monitor the structure. 

2.3.3.2 Electromechanical Impedance method 

The electromechanical (E/M) impedance is very similar to the MIA technique 

discussed in the previous section. Several key differences are described by Giurgiutiu 

(2008) which give the E/M impedance method an advantage for SHM use. The E/M 

impedance method uses piezoelectric wafer active sensors (PWAS) to create an in-plane 

strain excitation whereas the MIA method uses a transducer to create a normal force 

excitation. The MIA method uses the force and velocity measurements to calculate the 

structural impedance. The PWAS, consisting of only a thin piezoelectric wafer and 

electrodes on either side, is coupled to the structure and the electrical impedance 

measured at the electrodes is a direct reflection of the structural impedance. The thin, 

non-intrusive nature of the PWAS as well as the simple measurement method makes the 

E/M impedance method a viable SHM method. 

2.3.4 Acoustic emission (AE) monitoring 

Any kind of defect, like a crack, delamination, disbond, impact, etc., in a structure 

will release energy into the structure as it grows due to an applied load. The released 

energy generates elastic waves which propagate outward from the defect. An acoustic 

emission (AE) is simply the transient elastic wave that originates from an energy release 

in the material, usually from the edges of a defect.  

AE monitoring is a relatively old, well-tested method for damage detection. Some of 

the benefits of AE are its ability to detect very small changes in damaged areas. Because 

a growing defect, regardless of its orientation, will create elastic waves, AE will be able 
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to detect a defect regardless of orientation. It can be difficult to quantify the detected 

damage using AE. Because of reflections, wave propagation speeds depending on 

direction, and attenuation, the “triangulating” of damage in composite materials using AE 

signals is very complicated.  

During the loading of a composite structure, it has been reported that AE events will 

cluster around the place in structure where failure will eventually occur (Joosse, 

2002),(Anastassopoulos, 2002). XFigure 5 shows the correlation between acoustic 

emissions and a loading which is causing damage growth.  

 

Figure 5 As loading/displacement are increased, the amount of acoustic emission counts are 

also increased. 

2.3.5 Ultrasonic waves 

Ultrasonic NDE and SHM methods use elastic waves that propagate in a structure 

for damage detection. Local damage will cause a disturbance in the wave field which can 

be detected utilizing one the following measurements: time of flight (TOF; wave transit 

or delay), path length, frequency, phase angle, amplitude, acoustic impedance, and angle 

of wave deflection (reflection and refraction) (Cuc and Giurgiutiu, 2007).  
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Ultrasonic methods have been used in the detection of damage for many years. 

Although there are several methods of using ultrasonic waves to detect damage, all 

operate on the same basic principles. A transmitter is used to create ultrasonic waves in 

the structure. The waves travel through the structure and are picked up by one or several 

receivers. Depending on the application, either waves traveling through the thickness, e.g. 

a P-waves, or waves traveling parallel to the surface of the structure, e.g. guided Lamb 

waves, are used to detect damage.  

2.3.5.1 P-wave method 

Using P-waves, a transmitter and receiver can be placed on opposite sides of the 

structure in a “through-transmission” setup. Typically, an ultrasonic transducer serves as 

the transmitter or receiver. These transducers are coupled to the structure through 

couplant, water, or air. If the wave transmitted between them crosses a damaged area, it 

can be dispersed, attenuated or shifted in time (Giurgiutiu and Cuc, 2007). Damage can 

be found and quantified by analyzing these changes. In general, damage perpendicular to 

the surface is difficult to detect using this method.   

Another common method uses a single sensor as a transmitter as well as a receiver 

and is called “pulse-echo.” The wave transmitted into the structure will reflect off at the 

boundaries and be received again by the sensor. Damage perpendicular to the surface, 

e.g. delaminations or impact damage, will reflect the wave back toward the sensor. 

Damage can be located by searching the structure for reflections that are not from the 

structural boundaries. 

Both of the through-transmission and the pulse-echo method for damage detection 

with P-waves utilize a P-wave that travels into the thickness. A single measurement will 
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only yield information about a very small area. In order to inspect a structure, the 

transmitter and receiver need to be moved over the entire surface, taking measurements at 

many locations. An example scan is shown in XFigure 14X on page X27X. While this method 

is a very popular and capable NDE method, the need to methodically scan the structure 

limits its use to only NDE. Although it would be impossible to continuously monitor a 

structure using this method with ultrasonic transducers, other methods such as a laser 

based transmitter and an interferometer or laser vibrometer receiver might have the 

potential to be used for SHM. 

2.3.5.2 Guided wave method 

Ultrasonic sensors can also be used to transmit and receive guided waves which 

travel parallel to the surfaces. Guided waves can be used to monitor damage using two 

sensors in a pitch-catch mode or using a single sensor in pulse-echo mode. Guided waves 

are not only sensitive to delaminations and impact damage, but also to cracking and other 

damage perpendicular to the surface.  

While the P-wave methods have difficulty detecting damage that is perpendicular to 

the surface, guided waves excel at detecting these types of flaws. In thin-wall structures, 

such as airframes and tubes, guided Lamb wave have the advantage over the P-wave 

method in detecting damage because it can cover a large area with only a few transmitter 

and receiver locations. Utilizing several transducers and techniques like phased arrays, 

sparse arrays, acoustic wave imaging (AWI) (Michaels, 2006) , pitch-catch, or pulse-

echo, guided waves can be used to gain an accurate understanding of the damage present 

in a structure 
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In guided wave NDE, wedge transducers, comb transducers or electromagnetic 

acoustic transducers (EMATs) are commonly used to excite waves in the structure (Yu, 

2008). These transducers are all limited to NDE because of their size. A transducer that 

can be used for SHM must be compact and unobtrusive.  PWAS are capable of acting as 

transmitters or receivers of guided waves (primarily Lamb waves, but shear horizontal 

and Rayleigh waves also possible) (Giurgiutiu, 2008). Because of its size, the PWAS is a 

good candidate for a permanently installed network which uses guided waves for SHM. 

2.3.6 Thermography 

Thermography is a non-contact optical method that is used to assess damage in a 

structure, either external or internal, by measuring the distribution of infrared (IR) 

radiation. The field of thermography is divided into two areas, passive infrared 

thermography (PIT) and active infrared thermography (AIT) (Ciang, 2008). PIT is a 

limited method of monitoring a structure that performs better when the ambient 

temperature is different than the normal operating temperature of the structure. A passive 

approach will only give a general idea of where damage is located and not a quantitative 

measure of it. An active approach to thermography can give accurate information of 

damage in a structure. 

In active infrared thermography, an external stimulus such as a heat source is used 

to raise the temperature of the specimen being inspected. The heating and cooling process 

is recorded by an infrared camera. Damage can be found in the material by observing the 

rate of heat diffusion over the entire surface. Because this damage detection method is 

full-field, the damage can be detected anywhere on specimen, without prejudice toward 

certain areas. This damage detection method is particularly suited to detect damage in 
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sandwich panels, skin-to-core disbonds, delaminations, impact damage, and disbonds in 

adhesive layers (Hung, 2009). 

The heating of the specimen can be done in four different ways: a single long 

excitation, a single transient pulse excitation, periodic excitation, and mechanical 

vibration. The excitation method is chosen based on the thermal conductivity, diffusion, 

or effusivity of the specimen being inspected. 

  

Figure 6 A typical testing setup for thermography (Hung, 2009) 

The single pulse excitation method, or pulsed thermography (PT) is a thermography 

method which can be used to find damage in composite materials. An excitation source 

like a flash lamp is directed at the specimen’s surface for a short period of time, e.g. 3 ms, 

causing the surface of the specimen to quickly increase in temperature. A typical setup is 

shown in XFigure 6X. As the heat dissipates throughout the structure, an IR camera 

monitors the change in surface temperature. As the heat encounters damage in the 

composite, it will not be conducted through it at the same rate as an undamaged section. 

This difference in heat conduction can be observed with an IR camera because the area of 

the surface above the defect will be higher than the surrounding area. In composite 
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materials, damage parallel to the surface, e.g. delaminations and debonds, surface and 

sub-surface flaws are the simplest to detect.  

 

Figure 7 The effects of shallow flaws will appear on the surface sooner than the effects of 

deeper flaws. Bright regions in the IR picture of the surface show damage (Hung, 

2009) 

The long thermal excitation method works in a similar way as the pulsed 

thermography method. The surface is heated and the dissipation of heat is analyzed with 

an IR camera. In some materials, like the ones with low thermal conductivity or sandwich 

structures, pulsed thermography is not capable of revealing damage because the transient 

heat does not interact with the damaged area. With the long thermal excitation method, 

the specimen is heated for a longer period of time, usually from 1-30 minutes depending 

on the material. Because of the longer exposure time, the heat is able to conduct 

throughout the specimen. The damage, even if it is deep within the structure, will then 

cause an elevated temperature area on the surface, allowing the location, size and shape 

of the damage to be estimated. The long thermal exciation method is well-suited for 

composites which have a much lower thermal conductivity than metals. 
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Perodic or lock-in thermography is very similar to the pulsed thermography method 

discussed earlier. The heat creating device is pulsed perodically, usually between 3 and 

1000 times per second. The damage in the structure will cause periodically oscillating 

heat sources on the surface of the specimen. The phase of the heat source on the 

specimen surface as well as the averaging that is a result of the repeated excitations  

results in a method that may be able to perform better than the pulsed or long exication 

methods (Breitenstein, 2003). 

Vibrothermography approaches thermography from a different direction because it 

uses using mechanical oscillation to heat the specimen instead of a heat source like a 

flash lamp. Due to friction between the faces of a defect in the composite, e.g. a crack, 

debond, or delamination, the damaged area will increase in temperature. An IR camera 

that is monitoring the surface can then detect and locate the damaged areas. A closed 

crack can be detected using this method while the previously discussed method might not 

be able. However, the frequency of the mechanical oscillations can influence the damage 

detection ability of the method (Salazar, 2010). 

Overall, thermography is a proven technique for nondestructive testing on 

composites. If the process of heating the surface of the structure can be simplified, 

thermography may become a viable method for in service health monitoring.   

2.3.7 Optical 

2.3.7.1 Shearography 

Shearography, also known as speckle pattern shearing interferometry (SPSI), is a 

technique that utilizes the superposition of light waves in order to measure surface 

deformation. This method is non-contact and provides full-field direct measurement of 
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selected first derivatives of specific surface displacement components. It is widely 

accepted as an industrial NDT method (Hung).  

When used in NDT applications, shearography reveals a material defect by 

detecting the defect-induced deformation anomaly. Since the underlying principle of this 

technique is based upon the response of a defect to the applied stress, it is necessary to 

apply suitable stress to deform the test object during inspection. The development of 

shearographic NDT technology has focused on innovation of a practical means for 

subjecting an object to conditions (e.g., stress) that would readily reveal flaws. If loading 

is applied in some manner, ideally the stress mode should be similar to the service 

stresses. Thus, flaws that are critical and detrimental to the service life of the object 

would be revealed, and cosmetic flaws that do not undermine the structural integrity of 

the test object can be ignored, thereby minimizing false rejections during inspection.  

In an unloaded state, the specimen is illuminated by a laser point source that has 

been expanded. The light from the laser is scattered off of the specimen, through the 

shearing device and into the CCD camera which captures the speckle pattern. (One of the 

more common shearing devices is the double-refractive Wollaston prism) (Hung). The 

specimen is then loaded, preferably to a normal operating load, and another image is 

captured. The images are subtracted and a new image is formed which shows the strain 

on the surface of the specimen. 
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Figure 8  A typical setup for shearography (Hung, 2009) 

 

Figure 9 From left to right: A shearogram obtained from a rectangular plate, wrapped phase 

of the shearogram, and unwrapped phase of shearogram (Hung, 2009) 

As the response of the specimen due to the applied stress is viewed, abnormalities 

caused by defects are revealed. Because the loading of the specimen during the 

shearography testing is similar to the loading conditions, only flaws that detrimental to 

the service life of the specimen will be seen and cosmetic flaws are ignored. This 

phenomenon makes shearography more useful than many other health monitoring 

methods in that the criticality of each flaw is determined and not just size or location 
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information. Because the strain is directly measured, shearography can still be used when 

the specimen undergoes some rigid-body movement, although as the rigid-body 

movement increases the image quality decreases. 

 

Figure 10 Using shearography, two of the four delaminations can be seen. The undetected 

delaminations are within the white circles drawn on the figure. (Hung 

The loading of the specimen can be done through partial vacuum, acoustics and 

thermal-shock excitation. These methods are non-contact and cause little rigid-body 

movement. The acoustic excitation, by a powerful speaker, for example, or a thermal-

shock excitation, e.g. by means of heat lamps, are the simplest methods of loading the 

specimen, especially when the specimen is still in service.  

This method can be used to find several types of damage including impact damage, 

delaminations, debonds, and macro cracks. So far, this method is suited for testing 

structures that are not in service. While mobile testing units have been created, they are 

still large and could not be extensively used in-situ. 
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2.3.7.2 Digital Image Correlation (DIC) 

Digital Image Correlation (DIC) can be used to monitor objects that are being 

deformed under load (Sutton, 2008). This method utilizes one or more cameras that 

acquire images of the specimen. These images can be compared with each other and the 

full-field displacement and strain on the specimen’s surface can be determined. A speckle 

pattern is usually applied to the object to ensure that the full-field measurements of the 

surface can be found. 

2-D DIC first utilized only one camera and was intended for use on objects that 

deform primarily in-plane. Its capabilities were later expanded to 3-D using two or more 

synchronized cameras to image the object. These cameras are positioned so each has a 

separate viewpoint of the object. This enables the DIC method to be used to accurately 

find surface deformations even when the object is subjected to large amounts of rotation 

and translation.  

 

Figure 11 A composite sample with a speckle pattern for use with DIC 

2.3.8 Optical Fibers 

Another damage detection method is through the use of optical fibers. Optical fiber 

sensors are small and versatile, having the ability to be integrated into composite 

materials for damage detection (Kuang, 2003). Several types of optical fiber sensors exist 

and are used to monitor structures for damage. The two predominant ones are fiber Bragg 

gratings (FBG) and intensity-based optical fibers.  
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2.3.8.1 Intensity-based optical fiber sensing 

A simple method of using optical fibers is the intensity-based optical fiber sensor. 

These sensors are used by measuring the light intensity level within the fiber (Ciang, 

2009). By attaching these sensors to a structure, the load can be measured. A light, e.g. 

from a focused light emitting diode, is transmitted into the fiber. As the light travels 

through the fiber, the power of the light will be reduced. At the other end of the fiber, a 

photo-detector measures the optical power. The attenuation of the light in the fiber is 

related to the strain in the fiber. As cracks appear transverse to the fiber, the light is 

greatly attenuated. By knowing these principles, an estimation of the structures health can 

be given based on the optical power that the photo-detector measures. The benefit of this 

method is its simplicity, not requiring complicated processing or electronics.  

 

Figure 12 The relation between optical power, crack density and strain are shown. It can be 

seen that the optical power is affected by both the strain and the crack density 

(Ciang, 2009) 
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2.3.8.2 Fiber Bragg Grating (FBG) 

Fiber Bragg grating (FBG) sensors are the primary optical fiber method used in the 

damage detection field. These sensors are very capable and provide many advantages 

over other types of optical fiber sensors. FBGs have a multiplexing capability and the 

ability to sense strain in just one small region of the fiber. Together, these capabilities 

allow for strain mapping over the entire area on which the fibers are placed. FBGs are 

used by monitoring shifts in optical wavelength and, as a result, are not susceptible to the 

same problems that plague electrical strain gages, like signal attenuation, background 

noise, electrical interference, or power surges (Guemes et al., 2010), (Ciang, 2009). 

FBGs are created by using UV light to create multiple mirrors over the length of the 

fiber which reflects only a narrow part of a broadband light source that is sent through the 

fiber. There are two methods of reading the strain from the different parts of the fiber. In 

one method, the mirrors, or grating, can be created so that each grating reflects a different 

frequency of the incoming light. This allows the strain measurements for each grating to 

be separated. Another method is to create all of the gratings so they reflect the same 

frequency. A strain field generated using this technique is shown below. 

  

Figure 13 A network was created by one fiber to map the strain on the surface of the 

composite plate (Guemes et al., 2010) 
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For health monitoring, FBGs are adept at measuring strain with a minimal amount 

of instrumentation of the composite, making these sensors very capable of in-service 

monitoring. Also because of the optical nature of the FBG, the strain readings are not 

prone to drift during a long-term test. They are also useful in detecting delaminations and 

impact damage as shown in the figures below. Recent work has also been done on using 

FBGs for real time impact detection and acoustic emission detection.  

 

 

Figure 14 The top figure shows an ultrasonic C-scan of an impacted area. The bottom figure 

shows the strain increase in the impacted area measured by a FBG sensor 

(Guemes et al., 2010). 

2.3.8.3 Optical Fuse 

By embedding a network of short fibers into the composite structure during its 

fabricated, a “fuse” method can be used to detect damage. The embedded fibers act as 

optical fibers. If damage, e.g. from an impact, is incurred by the structure, the fibers in 



 

 28

the area of damage will break. The state of the structure can be determined by simply 

testing if the fibers are able to transmit light. The fibers running through the damaged 

area won’t be capable of transmitting light, allowing the damage to be localized on the 

structure (Ciang, 2009). 

2.3.9 Penetrating Radiation 

Penetrating radiation, e.g. X-rays, can be used to detect damage in composite 

materials. X-rays are capable of penetrating any kind of composite material.  

2.3.9.1 Radiography 

In radiography, a source of ionizing radiation, like X-rays or gamma rays, is placed 

on one side of the composite specimen while a photographic film or an imaging plate is 

placed on the other side. Some of the radiation will be absorbed by the specimen and 

some will pass through and be recorded by the imaging device.  

Radiography is particularly useful in finding damage parallel to the surface like 

impact damage and delaminations. The harmful nature of radiation prevents radiography 

from becoming a widely used technique to monitor structures while they are in-service.  

2.3.9.2 Computed Tomography 

Computed tomography (CT) is a method of damage detection that can produce 3-D 

images of the composite specimen. Through analyzing the 3-D image or the 2-D cross-

section that comprise it, damage can be located and measured.  

One of the main of the benefits of using this method is ability to accurately measure 

damage regardless of orientation. However, CT is very limited as a SHM method because 
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the specimen must be small enough to fit inside the CT machine. It is more appropriate as 

a means of validating other health monitoring methods. 

2.3.10 Electrical Methods 

The vast majority of health monitoring methods either require sensors to be attached 

to the composite or require non-contact measurement systems to be close to the surface 

with a clear view of it. One method that requires neither of these stipulations is the 

electrical measurement method. With this method, the composite structure itself becomes 

the sensor. There are several electrical measurement methods, but each one measures the 

response of the structure due to an applied voltage. With this method, very small defects 

can be detected. Two of the predominant electrical damage detection methods are the 

electrical resistance method and the electrochemical impedance spectroscopy method 

(ECIS).  

2.3.10.1 Electrical Resistance 

The electrical resistance method simply uses the DC resistance across an area of the 

composite as an indicator of damage. It is a very simple method in terms of the required 

instrumentation. Composites usually contain either carbon or glass fibers. Carbon fibers 

are naturally conductive while glass fibers are not. Because of this, the electrical 

resistance method can only be used to monitor carbon fiber composite materials. It is also 

important to note that the epoxy matrix is an insulator, leaving the carbon fibers as the 

only conductive material in the composite. In a carbon fiber composite, the resistance 

will be the lowest along the fibers in the same lamina because the electrical current does 

not need to move from one fiber to another. The resistance will increase if the 

measurement is taken perpendicular to the fiber direction, e.g. through the thickness or 
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transversely across the lamina. In the perpendicular direction, the resistance will not be 

infinite, even though the epoxy matrix is nonconductive. Because the fibers are not 

completely straight or parallel, at many points through the composite, fibers will contact 

with each other creating conductive paths throughout the composite in any direction, 

(Chung, 2001).  

As the matrix cracks due to loading, some of the previous fiber-fiber contacts will 

begin to separate and the resistance will increase in the directions perpendicular to the 

fibers. By monitoring the resistance in these directions, the amount of matrix cracking 

can be monitored.  

When fibers break in the composite, usually through impact damage or the normal 

progression of fatigue damage, the resistance in the fiber direction will increase. Because 

a break in a fiber causes a gap in the previous conductive path, the electrical current will 

need to use fiber-fiber contacts to bypass the newly created gap, increasing the resistance.  

 

Figure 15 This graph shows the variation in resistance as the specimen is subjected to tension 

fatigue testing. There is fiber breakage at cycle 218,281 which causes an increase in 

resistance (Chung, 2001) 

The electrical resistance method is a simple way to monitor the damage in 

conductive composite materials. The usefulness of this method comes from its minimal 
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amount of required instrumentation as well as its ability to detect very small changes in 

material. 

2.3.10.2 Electrochemical Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy (ECIS) has increasingly been used to 

study the change in the microstructure of materials. The ECIS method consists of 

sweeping the frequency of a small voltage AC signal. The material response can then be 

seen over a range of frequencies. The application of ECIS for composite damage 

detection has been a recent development. The electrical conductivity of the composite is 

affected by changes in the microstructure. Because of this phenomenon, the composite 

has the potential to become a sensor and quantify the amount of damage that it has 

accumulated (Fazzino, 2008). This method is similar to the DC resistance measurement 

method, however it is more sensitive and can be used on non-conductive materials like 

glass-epoxy composites. 

On conductive composites, like CFRP, the damage detection principles are very 

similar to the DC electrical resistance method. The conductive fibers are the dominant 

current carriers and damage can be found using the principles discussed in section 

X2.3.10.1X. 

On non-conductive composites, like glass fiber reinforced plastic (GFRP), both the 

glass and the epoxy act as insulators. When damage is incurred, either through loading or 

external sources like impact damage, humid air will fill the newly created voids. The 

impedance through the composite will be reduced. This impedance reduction serves as a 

measure of the damage present in the material. In order to magnify the effects of the air-

filled voids, the composite specimens can be soaked in a saline solution prior to the 
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impedance measurement. The saline solution greatly decreases the impedance by creating 

new conductive paths through part of the composite.  

Typically the results of ECIS are view in either a Bode or Nyquist plot. As the 

composite is damaged, the Bode plot shows that the impedance will decrease, especially 

in the low frequency region. The Nyquist plot also changes when damage is developed 

although it is more difficult to quantify the change.  

  

Figure 16 As damage increases, the Bode plot will become more level at lower frequencies. 

The Nyquist plot shows a decrease in slope as damage grows (Fazzino, 2008) 

The capability of ECIS to monitor any type of composite material makes it a good 

method for monitoring damage in composites. Very small changes in the material can be 

detected, making this method especially good for monitoring the damage development 

incurred by fatigue loading. 
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3 WAVE PROPAGATION METHODS FOR PWAS STRUCTURAL HEALTH 

MONITORING OF COMPOSITES 

The goal of structural health monitoring (SHM) systems is to have a diagnosis of the 

current health and safety of a structure by detecting damage using either active sensing or 

passive sensing. Both methods can be used to provide information about damage in a 

structure. Using an active sensing approach, the sensors transmit waves into the structure, 

interrogating it and then providing a determination of the amount of damage present in 

the structure. The enabling component of SHM is the piezoelectric wafer active sensors 

(PWAS). 

3.1 PIEZOELECTRIC WAFER ACTIVE SENSOR 

PWAS are simple transducers that utilize the piezoelectric principle to convert 

electric energy to mechanical energy or mechanical energy back to electrical energy. 

These sensors have been used under various names for embedded ultrasonic testing for 

structural health monitoring. PWAS are a type of ultrasonic transducers that are bonded 

to the structure and can be left on the structure for its remaining life.  

PWAS operate on the piezoelectric principle coupling electrical and mechanical 

variables. The following equations, (1) and (2), define how the mechanical strain, ijS , 

and stress,
klT , and electrical field, 

kE , and displacement, jD , relate, where E

ijkls  is the 

mechanical compliance of the material at zero electrical field ( 0)E = , 
klT  is the stress, 

T

jkε  is the dielectric constant at zero stress ( 0)T = , and jkld  is the induced strain 
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coefficient (mechanical strain per unit electric field). In order to create in-plane strain 

from a transverse electric field or vice versa, the 
31d  property is utilized by the PWAS.  

 E

ij ijkl kl kij kS s T d E= +  (2) 

 T

j jkl kl jk kD d T Eε= +  (3) 

 

 

Figure 17 Schematic of the PWAS shows the coupling of the in-plane shear stress (Giurgiutiu, 

2008) 

There are two methods of using the PWAS as an active sensor. The first is through 

the use of wave propagation and is capable of sensing far-field damage. The second 

method is through standing waves and uses high-frequency electro-mechanical 

impedance to find damage in the near-field damage. The standing wave method will be 

presented in the next Chapter. 

3.2 PWAS WAVE PROPAGATION METHOD 

The PWAS are capable of exciting and receiving guided Lamb waves in a thin-wall 

structure such as a plate, an aircraft skin, or a large storage tank. There are two ways that 

the PWAS can be used for structural health monitoring with propagating guided waves, 

(a) pitch-catch and (b) pulse-echo.  
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3.2.1 Pitch-Catch 

When two or more PWAS are bonded to a structure, guided Lamb waves can be 

transmitted and received between them. One PWAS first acts as a transmitter while the 

other PWAS act as receivers. Then another PWAS acts as a transmitter while all the 

others act as receivers. This round-robin “pitch-catch” pattern is continued until waves 

have been transmitted and received from every PWAS on the structure. These collected 

signals comprise the first scan and form the baseline to which all future scans are 

compared. Damage that has developed in the structure between the PWAS pairs can be 

detected by comparing a current scan (taken after the damage was incurred) with the 

original baseline scan. The Lamb wave will change as is travels through a damaged area. 

It may be attenuated or amplified. It may become more dispersed or even change speed. 

This method can be used to detect delaminations, cracks, disbonds in joints or impact 

damage.  

 In plane pitch-catch 

 

Figure 18 Diagram of a pitch-catch setup being used to detect a damaged region 

3.2.2 Pulse-Echo 

While the pitch-catch method utilizes two PWAS transducers, one to transmit the 

wave and the other to receive it, the pulse-echo method only uses one transducer. A 

PWAS bonded to a structure can both transmit and receive waves. The PWAS is first to 

used transmit the wave into the structure. It then “listens” for the wave reflection or back 
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scatter to return. The collected signals can be compared to the baseline signal and damage 

can be found. For the pulse-echo method to be successful, the transmitted wave needs to 

reflect off of the damage. Different types of damage will reflect the Lamb wave to a 

greater or lesser degree. Damage through the thickness will reflect the largest percentage 

of the transmitted wave. The pulse-echo method can successfully be used to detect cracks 

and through damage. Delaminations are more difficult to detect using the pulse echo 

method.  

In plane pulse-echo 

 

Figure 19 Diagram of a pulse-echo setup being used to detect a damaged region 

To quantify the damage, the RMSD damage metric can be also used. For this 

method, the procedure is the same as for pitch-catch and pulse-echo. The RMSD value 

will be a good indicator of amount of damage the composite has developed near the 

PWAS. Another method is to first subtract the baseline signal from the new signal. The 

reflected scattered wave packet is now the only non-zero part of the signal. This signal, as 

well as several others from nearby PWAS, can be used to locate the damage.  

3.3 PWAS-WAVE MODE TUNING ON COMPOSITE PLATES 

PWAS are primarily used to excite Lamb waves which are elastic waves that are 

guided by the boundaries of a plate or other thin structure through which they travel. In 

isotropic materials, there are two types of Lamb waves, symmetric (S0, S1, S2 …) and 

antisymmetric (A0, A1, A2 …).  
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Figure 20 An example of the wave motion for both S0 and A0 modes (Giurgiutiu, 2008) 

A PWAS bonded to the surface of a structure will excite at least one of each wave 

modes. When there are two wave modes present (i.e. S0 and A0), they can interfere with 

each other and complicate the damage detection process. The strength and speed of these 

wave modes depends on the frequency of the transmitted wave, the thickness of the plate 

and PWAS size. By selecting a frequency that maximizes the strength of a particular 

wave, the chances for damage detection become greater. The experimental amplitude of 

both the S0 and A0 wave modes generated by a 7 mm square PWAS on a 1 mm thick 

aluminum plate is shown in XFigure 21X. From this figure, it can be seen that there are 

several frequencies that can be chosen to maximize wave amplitude (~60 kHz for the A0 

mode and ~330 kHz for the S0 mode) or minimize a particular wave mode (~210 kHz 

minimizes the A0 amplitude) which simplifies the damage detection process. This is 

called “PWAS-wave mode tuning.” 
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Single PWAS excitation
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Figure 21 A plot of the amplitude of both the S0 and A0 modes over a range of frequencies in 

a 1 mm thick aluminum plate 

In thin-wall composite structures, tuning becomes more complicated. In addition to 

the symmetric and antisymmetric Lamb wave modes, shear horizontal (SH) wave can 

also be present (Yu et al., 2008). In Figure 22, captured wave packets are shown for each 

of the possible wave modes in the composite thin-walled cylinder shown in Figure 23. 

From Figure 22, it can be seen that the SH mode is very dispersive so it will not be used 

in the following damage detection experiments.  
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Figure 22 A view of the S0, A0 and SH (from left to right) wave modes at their respective 

maximum amplitudes 

Even in a quasi-isotropic composite, the amplitude and wave speed can be highly 

dependent on the direction of propagation. XFigure 23X shows a cylindrical quasi-isotropic 

composite structure. Several PWAS are bonded to it and tuning curves as well as group 
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velocity curves are generated, XFigure 24X. The A0 and S0 wave modes are affected greatly 

by the directionality, however the SH is not.  

 

Figure 23 A PWAS bonded to a thin-walled composite cylinder.  

 

Figure 24 Tuning curves for both the circumferential and longitudinal propagation directions 

 

Figure 25 Group velocity plots for both the circumferential and longitudinal propagation 

directions 
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3.4 DAMAGE QUANTIFICATION 

There are several methods for determining if damage has been sustained by the 

structure. Two signals can be visually compared looking for dispersion or a change in 

amplitude or speed. This method is not recommended because it can be difficult to 

visually detect a small change in the signal. It is also impractical for a large amount of 

signals. Another method is to compare the signals can be compared statistically through 

the use of a metric, say the root mean square deviation (RMSD). The RMSD metric, (3), 

will generate a single number that quantifies the difference between two signals, 0

is  and 

is .  

 

0 2
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This method is used extensively in the structural health monitoring field  

(Giurgiutiu, 2008). RMSD can be more sensitive to some types of damages and won’t 

always give a clear picture of the damage in the structure (Giurgiutiu, 2008), but it 

usually is a good damage indicator (RMSD DI). The pitch-catch method is very flexible 

because it can detect damage in a large area with a relatively small number of PWAS. 

3.5 THROUGH HOLE DETECTION IN UNIDIRECTIONAL COMPOSITE LAMINATES  

Unidirectional carbon fiber reinforced plastic (CFRP) composite strips were used to 

test damage detection using wave propagation, XFigure 26X. The composite strips 

dimensions were 400 mm x 51 mm (16” x 2”) and 1 mm thick. The orientation of the 

specimen was so the longest dimension corresponded with the directions of the fibers. 
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Two PWAS were placed 150 mm apart along the center of the specimen. Because the 

carbon fiber is conductive, a ground connection could be placed away from the sensors at 

the end of the strip.  

 

Figure 26 Unidirectional CFRP laminate used for through hole detection 

In order to test damage that extends all the way through the thickness, a hole was 

drilled through the composite. PWAS 1 acted as the transmitter and PWAS 2 acted as the 

receiver in the pitch-catch setup. Baseline signals were collected before any damage was 

created. It was decided that the S0 wave mode should be used because of its sensitivity to 

through-thickness damage. To create an S0 wave, a 3-count tone burst signal at 480 kHz 

was used. This frequency was determined through tuning to be the peak of the S0 

response. Damage was introduced by drilling a hole in the exact center of the strip. The 

first hole that was drilled had a diameter of 0.8 mm. After the hole was drilled another set 

of data was collected. The hole was then enlarged in steps, taking data after every 

increase in diameter until a final diameter of 6.35 mm was reached. The data sets were 

compared using the RMSD DI metric. At each step, five sets of data were taken to verify 

that the signals at each step were consistent with each other and also obtain a statistical 

measurement of the speed. 
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The DI results are shown in the graph in XFigure 27X. The different hole sizes are 

shown in the table in XFigure 27X. After a hole of less than 1 mm in diameter was drilled, 

there is a definite jump in the DI. Every increase in hole diameter produces a jump in the 

DI expect for the increase from 3.18 mm to 3.57 mm. The test shows that the S0 mode is 

very sensitive to damage that extends through the thickness, especially when the damage 

lies in the path of a pitch-catch pair of PWAS transducers. 

. 

Figure 27 The RMSD metric shows an increase every time the hole size in increased 

The same experiment was repeated again using the same setup as before but with 

the hole created off of the center line about half distance from the center line to the edge 

of the specimen. The S0 mode was used again. The results for this test, XFigure 28X, are 

very similar to the previous test. There is a jump in the DI even after the first hole is 

drilled. Every increase from there also produces a jump in the DI except the increase 

from 2.00 mm to 2.38 mm, where the DI stays level. This test shows that even when the 

damage is not directly in the path of the PWAS, it can still be found. For both of these 

tests, the detectable hole size is extremely small. This may be due to the high signal to 

noise ratio of the collected signals. This is from a combination of the low-noise 
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environment in which the test was completed and the large 18 VPP excitation signal. The 

unidirectional nature of the composite may also be a cause.   

 

Figure 28 The RMSD DI shows that the hole-axis hole was also able to be detected 

3.5.1 Quasi-isotropic CFRP composite – through-hole detection  

A quasi-isotropic CFRP plate was used to test several types of damage. The plate 

consisted of 16 layers in a 2[(0 / 45 / 90 / 45) ]
S

−  configuration creating a total thickness of 

2.25 mm. Two types of damage were created on this plate; through holes were created, 

Hole #1 and Hole #2, as well as different levels of impact damage. Six pairs of PWAS 

were installed in a grid pattern in the middle of the plate, XFigure 29X. There was a 30 mm 

distance between each PWAS. Frequency tuning was done on the plate and three 

frequencies were chosen for the excitation signal. The first frequency of 54 kHz was 

chosen because it is the frequency at which the A0 wave mode is maximized. The next 

frequency, 225 kHz, gives a strong S0 wave mode while the other possible wave modes, 

A0 and SH0, are minimized. The final frequency was 255 kHz; this frequency gave the 

strongest possible S0 mode, however, there is some interference from the SH0 mode in 

the collected signal.  
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In order to test the through-hole detection capabilities of the PWAS in pitch-catch 

mode, six PWAS were used, four near the hole and two far from the hole. For Hole #2, 

which was 15 cm away from the PWAS on either side, the diameter was increased 

according to XTable 1X. A power drill with steel bit was used to increase the size of the 

hole. The numbering of the PWAS and the location of Hole #2 is shown in XFigure 29X. 

Four readings were collected for every increment in hole size to ensure that there were no 

anomalous readings and get an estimation of the statistical spread. 

The PWAS pairs 00 and 13, 01 and 12, and 05 and 08 were used to detect Hole #2. 

PWAS 05 and 08 are used as a control because the area between those sensors is pristine 

and will not change over the course of this experiment. The peak A0 wave was at 54 kHz 

while the peak S0 wave was at 225 kHz. Both of these frequencies were used during the 

test. Unfortunately, the older data acquisition system was the only one available at the 

time of this experiment, so the excitation voltage of 8V is lower than ideal and may 

change the minimum detectable hole size.  

                   

Figure 29 The PWAS were installed in a grid pattern with a 30 mm distance between all PWAS 

pairs (right). Hole #1 can be seen between two PWAS pairs (left). 
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The results for both the A0 and S0 waves are discussed below. The A0 mode is 

unaffected by the hole during the first several damage increments. When the hole size 

reaches 3.175 mm, it is detectable by the PWAS 01 and 12 as well as PWAS 00 and 13. 

PWAS 05 and 08 showed no upward trend in the DI during the test. The S0 mode gave 

similar results. There is no obvious trend in the first couple of increments. However, 

when the hole reaches 2.76 mm in diameter, the DI for both PWAS pair near the damage 

begins to rise, while the DI for the PWAS pair far from the damage stays level. From 

these results, it shows that small holes in a quasi-isotropic composite are detectable by 

PWAS through the use of pitch-catch with Lamb waves. If the excitation voltage were 

higher, the detectability of smaller hole sizes would most likely increase. 

Table 1 The hole was increased in 15 steps with 4 signals being collected at each step. The hole 

sizes and corresponding signal number are shown. 

Step Signal number Hole size mil [mm] Step Reading Hole size mil [mm] 

1 00 - 03 0 2 04 - 07 032 [0.8128] 

3 08 - 11 059 [1.4986] 4 12 - 15 063 [1.6] 

5 16 - 19 078 [1.9812] 6 20 - 23 109 [2.7686] 

7 24 -28 125 [3.175] 8 29 - 32 141 [3.5814] 

9 33 - 36 156 [3.9624] 10 37 - 40 172 [4.3688] 

11 41 - 44 188 [4.7752] 12 45 - 48 203 [5.1562] 

13 49 - 52 219 [5.5626] 14 53 - 56 234 [5.9436] 

15 57 - 60 250 [6.35]    
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Figure 30 The RMSD DI results using the A0 mode show that the hole was detected at 3.175 

mm or at data set 24 – 28. 

 

Figure 31 The RMSD DI results using the S0 mode show that the hole was detected at 2.76 

mm or at data set 20 – 23. 
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3.5.2 Quasi-isotropic CFRP composite – impact damage detection 

Another type of damage that can occur in a composite is impact damage. This is a 

common type of damage that can be nearly invisible to visual inspection, barely visible 

damage, but can be very serious for structural strength. In order to create reproducible 

impact damage an impactor was built and used, XFigure 32X. The impactor had a 12.7 mm 

diameter hemispherical tip with a base weight of 0.391 kg. Additional weights could be 

added to increase the impact energy.  

 

Figure 32 The impactor was created so weights could be added or removed 

The total energy of an impact is a combination of impactor weight and velocity. The 

impactor was used to create two areas of impact damage on the quasi-isotropic CFRP. At 

the first location, Impact 01 in XFigure 33X, 10 baseline readings were taken for the entire 

PWAS network. The impactor was dropped from a height of 0.59 m with a weight of 

1.391 kg creating an impact of 8.13 J. Another 10 readings were collected. The impactor 

was dropped again at the same location, this time from 1.19 m, creating an impact of 

16.27 J. A final set of 10 readings were collected. The readings were compared using 

RMSD as the damage index. Another set a scans were collected at a location far from the 

impact. These scans are compared to those in the damaged region to verify that any 

change in the DI values were not coincidental. The 8.13 J impact did not produced any 

visual damage while the 16.27 J impact produced a small amount visual damage.  
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Figure 33 The locations of the impact tests are shown. Only impact 01 shows any visual 

damage 

The scans were done at both the maximum A0 and maximum S0 frequencies to find 

which one could better detect impact damage. XFigure 34X and XFigure 35X show the RMSD 

DI values over the course of the test. The impact damage was created between PWAS 11 

and 12 locations. The region between PWAS 9 and 10 remained unchanged throughout 

the test and will serve as the control. After the first impact, there is a slight change in the 

DI values for all of the A0 data, even for the control. The DI values for the S0 readings 

were very inconsistent and showed little change after the first impact. After the second 

impact the DI values for the A0 signals increased drastically for damaged region while  

those for the undamaged region changed very little. 
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Figure 34 The A0 mode is capable being used to detect the second impact 

 

Figure 35 The S0 mode shows a slight increase in the RMSD DI after the second impact 
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A similar test was done at another location on the plate. The same impact energy 

was used, however the weight of the impactor was reduced and the height it was 

increased. The first impact was created by dropping a 0.891 kg impactor from a height of 

1.07 m. The second impact was created in the same location by dropping a 0.891 kg 

impactor from a height of 1.85 m. There was no visual damage from either impact. Like 

in the other test, ten scans, both A0 and S0, were taken at each step. The results, XFigure 

36X and XFigure 37X, were very similar to the previous test. After the first impact, there is a 

small increase in all of the A0 scans. The separation between the DI for the A0 scans 

from the damaged area and the control area was not large enough to be able to conclude 

that the impact damage was detected. The S0 scans after the first impact did not show a 

consistent separation between the DI for the damaged area and the undamaged area. After 

the second impact, there was a very clear increase in the DI for the A0 mode in the 

damaged area, but not for the control area. The S0 mode, again, did not produce any 

significant changes.  

 

Figure 36 The A0 mode is capable being used to detect the second impact at Impact location 2 
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Figure 37 The S0 mode shows no trend RMSD DI  

After creating two impacts at two different locations, it can be seen that the A0 

wave mode is well-suited for impact damage detection. The S0 mode did not produce 

consistent results.  

3.6 DAMAGE DETECTION IN COMPOSITE LAP-JOINT 

A lap-joint from an experimental fuel-tank was obtained, XFigure 38X. This lap joint 

was comprised of a thick CFRP composite plate bonded to a thinner one, XFigure 39X. 

There are several delaminations type flaws that were inserted into the composite during 

its fabrication. These were most likely double layer Teflon patch inserts that simulated 

delaminations. The Teflon layers create a traction free area inside the composite which is 

similar to an actual delamination.  
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Figure 38 The lap joint interface could be used in a fuel tank such as this 

 

Figure 39 The lap-joint is comprised of a thick and thinner specimen bonded together 

PWAS transducers were bonded to the composite lap-joint to test their ability to 

detect these inserts. Because these inserts were placed in the composite when it was 

created, it is not possible to get a baseline reading. Instead, signals from pristine areas 

were compared with those from areas that contained the simulated damage. While this 

method is not ideal, because the conditions will not be identical every time, it still gave 

an idea of how the Lamb waves are affected by traveling through the damaged area.  

Three PWAS pairs were bonded as shown in XFigure 40X. The middle pair of PWAS 

is situated such that the Lamb waves cross directly though the simulated damage. The 

two pairs on either side are situated such that the Lamb waves cross through pristine 

areas. Both the A0 and S0 wave modes are be used to detect the damage. Several sets of 
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data were taken between each pair. This data was then compared with the signal from 

PWAS 1 and 2 using the RMSD method.  

 

Figure 40 The locations of the simulated delaminations are shown by the cross-hairs 

The results for the test are discussed below. The results for the A0 mode show that 

the damage is easily detectable. The sensor pairs on either side of the damaged area give 

relatively low DI values while the pair that crosses the damage has a very large DI value. 

The S0 wave transmitted at 210 kHz gives similar results. The path that crosses the 

delamination is obvious because it has the largest DI value. However, the other pristine 

path has a large DI value too that could lead to a false conclusion about the condition of 

the material in that path. From this test, the A0 mode showed that it could easily detect 

the simulated delamination and give consistent results. The S0 mode was not as 

consistent but still may be able to be used to detect delaminations. 
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Figure 41 The A0, left, and S0, right, are capable of detecting the simulated delamination 

although the A0 provides a more definite detection 

This specimen was also used for impact damage detection. The same impactor that 

was previously discussed was used to create impact damage in the lap-joint. Like in the 

test on the quasi-isotropic plate, two impacts will be made in each location, one at 8.13 J 

and the other at 16.27 J, and the detection capabilities of the PWAS were tested. Three 

pairs of PWAS are bonded to the composite lap-joint as shown in the figure below. A 

baseline scan of both the maximum A0, at 60 kHz, and maximum S0, at 318 kHz, were 

collected from pair 1. Two excitation voltages were used, 18 VPP and 10 VPP. A total of 

10 signals were captured for the baseline for both the A0 and S0 wave modes. An 8.13 J 

impact was created between the PWAS in pair 1. Another 10 signals were captured for 

both the A0 and S0 modes. A second impact, with an energy of 16.27 J, was then created 

in the same location as the first impact. The PWAS and impact locations are shown in the 

figures below. In the data, Figure 43, Figure 44 and Figure 45, two signals are shown, 

one is a pitch-catch from PWAS 00 to PWAS 02 and the other is a pitch-catch from 

pristine pristine 

Path through 

delamination 
Path through 

delamination 

pristine 
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PWAS 02 to PWAS 00. The reason for the wide difference between these signals in 

Figure 45 is unknown, warranting further investigation in the future. 

 

 

Figure 42 The layout of the PWAS on the lap-joint (top). PWAS pair 1 with two impacts created 

between them (bottom) 

After applying the RMSD method to the signals, the results were compared. The A0 

mode was significantly changed after the first impact, XFigure 43X. The S0 mode also was 

changed, XFigure 45X, though not as significantly as the A0 mode. Although both modes 

can be used to detect the damage, the A0 mode is affected to a greater extent by this type 

of damage. XFigure 44X shows the results when the 10 VPP excitation is used. The impact 

damage is not able to be detected, confirming that the ASCU2 board is not a viable 

composite SHM tool. This confirms the work on impact detection on the quasi-isotropic 

plate.  
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Figure 43 The A0 mode with an 18 VPP excitation is capable of detecting the first 8.13 J 

impact but does not sense the increase in damage from the second impact 

 

Figure 44 The A0 mode with a 10 VPP excitation and the ASCU2 board is not capable of 

detecting damage 
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Figure 45 The S0 mode with an 18 VPP excitation is capable of detecting the first 8.13 J 

impact but does cannot detect increase in damage from the second impact 

consistently 

The same test was repeated while the lap-joint was at a cryogenic temperature. An 

excitation voltage of 18 VPP was used. The damage detection capability was better for 

the cryogenic test than the room temperature test.  
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Figure 46 The A0 mode, left, and the S0 mode, right, both show a clear capability to detect 

each impact  

3.7 DAMAGE DETECTION IS THICK COMPOSITE PLATE 

A thick (~0.5”) composite, XFigure 47X, with delaminations type flaws insert during 

manufacturing was used to verify ability of the PWAS to detect delaminations at room 

and cryogenic temperatures. The defects in this specimen were known because an 

ultrasonic C-scan, XFigure 25X, was included with the specimen. 

 

 

Figure 47 The thick composite plate with an interface on one side 
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Figure 48 An ultrasonic C-scan of the thick composite plate (left). The PWAS layout is shown 

on the right. 

The pitch-catch method was used to study how the Lamb wave was affected by the 

presence of a delamination in its path. The two pristine paths (01-04 and 04-07) were 

compared to the four paths that contained delaminations (00-05, 02-03, 05-08, and 03-06) 

while the specimen was at room temperature, XFigure 49X and XFigure 50X. The test was 

repeated while to specimen was below -150 degrees C, XFigure 51X and XFigure 52X. 
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Figure 49 Delamination detection with the A0 mode at room temperature 
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Figure 50 Delamination detection with the S0 mode at room temperature 
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Figure 51 Delamination detection with the A0 mode at cryogenic temperature 
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Figure 52 Delamination detection with the S0 mode at cryogenic temperature 

At room temperature, the low frequency A0 mode was sensitive to the 

delaminations. The high frequency S0 mode was also sensitive to the delaminations but 

the depth  and size of the delaminations affected the PWAS’s sensitivity. A cryogenic 

temperatures, the PWAS were still able to detect the presence of the delaminations. The 

sensitivity to delaminations of the S0 mode changed significantly when the specimen was 

cooled to a cryogenic temperature. At this temperature, the S0 mode showed a greater 

capability of damage detection than the A0 mode. 

All of the previously discussed experiments show that the PWAS can be used to 

find delaminations, through-holes and impact damage. Through-hole damage was 

detected in both unidirectional and quasi-isotropic composite laminates. Impact damage 

was detected in both a thin quasi-isotropic composite laminate and a thick composite lap-

joint at both room and cryogenic temperatures. The detection of delaminations was also 

demonstrated on a thick composite plate. The damage detection capabilities, previously 

verified for metallic structures, has now also been verified for a variety damage types in a 

variety of composite laminates  
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4 ELECTROMECHANICAL (E/M) IMPEDANCE METHOD FOR PWAS 

STRUCTURAL HEALTH MONITORING OF COMPOSITES 

4.1 E/M IMPEDANCE BY PIEZOELECTRIC WAFER ACTIVE SENSOR 

As discussed earlier, there are two method of using the PWAS as an active sensor. 

The first is through the use of wave propagation and is capable of sensing far-field 

damage. The second method senses near-field damage and uses high-frequency electro-

mechanical impedance to find damage. 

The electromechanical (E/M) impedance method is a technique that can be used to 

detect damage in structures (Lin et al, 2010)). The piezoelectric wafer active sensors can 

be used to excite mechanical vibrations in a structure. The measured electro-mechanical 

impedance response is primarily a function of the dynamics of the structure. During a 

frequency sweep, the measured real part of the E/M impedance follows the up and down 

variation as the structural impedance goes through the peaks and valleys of the structural 

resonances and anti-resonances. When there are natural frequencies in the range of 1 – 

1000 kHz, like in smaller objects, E/M impedance is a good method for detecting local 

damage. As the structure changes at the local level due to any kind of damage, the local 

structural dynamics will change. The E/M impedance method is able to find very small 

changes in the previously mentioned frequency range. The changes usually exhibit 

themselves as shifts in the peaks of the real part of the impedance spectrum.  
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4.2 DAMAGE PROGRESSION MEASUREMENT EXPERIMENTS 

A test was done to study the initial stages of damage growth. A theoretical model 

was first created using a 1-D model. As discussed previously, damage growth will cause 

a stiffness reduction. According to the 1-D model, a reduction in stiffness will cause a 

decrease in frequency of the peaks of the impedance spectrum. This is shown in Figure 

53. 

 

Figure 53 As the stiffness decreases, it is predicted that the resonant peaks in the real 

impedance, Re(Z), spectrum will shift to the left 

4.2.1 Material  

This study is focused on a woven glass-epoxy composite. The material is Norplex 

NP130 and is a 5-layer woven glass fabric combined with an epoxy resin. A 0.04” thick 

sheet of this material was cut into thin strips measuring 6” x 0.5”. In order to better 

understand the material, the material engineering constants, 
1E , 

2E , 
12G , and 

12ν  need to 

be calculated. Monotonic tensile test to failure were done on each strip. The tests were 

done using an MTS 810 and the TestWare-SX software. An extensometer was used to 

measure the strain. For each orientation, the nonlinear strain was subtracted out. From the 
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remaining elastic strain, 
1E , 

2E , and 
12G , can be calculated. The in-plane poisson’s ratio, 

12ν , was found using image correlation comparing the longitudinal and transverse strains. 

 

Figure 54 Stress-strain curves to failure for several orientations of the composite 

 

( )6

1 *10E psi  ( )6

2 *10E psi  ( )6

12 *10G psi  12ν  

3.646 3.341 0.806 0.15 

Table 2 The elastic material constants for the glass-epoxy composite 

4.2.2 Test Setup 

The goal of the experiments was to study the initial stages of damage growth. In 

order to study this stage and determine the limits of the damage detection methods, two 

cyclic loads were used. These loads are shown in the figure below. The first test was 

conducted cycling between 155 lbf and 55 lbf which is approximately 8.2 ksi and 2.9 ksi, 

respectively. After it was determined that damage could be detected, another series of 

tests were run while cycling between 75 lbf and 55 lbf which is approximately 4 ksi and 
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2.9 ksi, respectively. The fatigue tests were stopped at several points so the composite 

could be “scanned” using the three damage detection methods. These points were after 

100, 500, 1000 and 5000 cycles. The frequency of the cyclic loading was approximately 

at 1 Hz. An MTS 810 load frame was used to carry out the fatigue loading. 

 

Figure 55 Both of these fatigue loads were used to test the composite samples 

A large 0.04” thick sheet of the glass-epoxy composite was cut into small strips 

which measured 6” x 0.5”. These strips were oriented so the 0 degree direction of the 

composite was parallel to the length of the strip. For this test, only the 0 degree direction 

strips are used. Because of the fiber directions in these strips, we expect the fibers 

running parallel to the length to bear the majority of the load. These fibers are stiff and 

will not develop a large amount of plastic work. Because of the small loads that are 

applied to the composite strips, it is expected that the fibers will not sustain much 

damage. The matrix between the fibers running perpendicular to the length is expected to 

develop small microcracks.  

4.2.3 Experimental Results 

Two PWAS were installed near the center of the composite strip. Both sensors are 

used during the experiment so the results can be verified. Three E/M impedance scans 
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were taken by each PWAS at each stopping point in the fatigue loading. The E/M 

impedance scans were taken by an HP4194A Impedance Analyzer. The focus of the E/M 

impedance scans is on the peaks near 200 kHz. These peaks stand out very well and the 

scans are very consistent in this range.  

 

Figure 56 PWAS bonded to a composite specimen 

The scans for the 55 to 155 lbf cycling are shown below. For both PWAS on the 

composite strip, it can be seen that there is a frequency shift downward and to the left in 

the resonant peaks of the real part of the impedance spectrum. The leftward shift 

confirms the prediction that as cracks develop, the stiffness will decrease and this will 

cause a leftward shift in the E/M impedance scan. In order to see the damage progression 

measured by the PWAS, a plot of the frequency shift is shown in Figure 58. From the 

graphs, it appears that the majority of the damage in the composite developed during the 

first 500 cycles. The shape of the frequency shift is similar to graph of the stiffness 

reduction in composites that was shown in Figure 4. 
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Figure 57 Sensors 1 and 2 both show a frequency shift to the left at the resonant peaks 

 

Figure 58 The frequency shift shows the growth of microcracks in the composite 

The scans for the 55 to 155 lbf cycling are shown below. There is no evidence of a 

shift in the resonant peaks of the real part of the impedance spectrum. Throughout the 

test, the resonant peak does not shift at all. From this result, several conclusions could be 

drawn. Maybe microcracks did not form at all during the fatigue loading or the load was 

too small to cause the microcracks that were present to grow. If there were microcracks 

growing in the composite during the fatigue load, the microcracks may have been too 

small for the E/M impedance scan from the PWAS to change a measurable amount. 
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Figure 59 Sensors 1 and 2 on this sample show almost no change in the resonant peak 

4.3 PWAS SELF-DIAGNOSIS 

In order to validate the damage predicted by changes in the frequency spectrum in 

an impedance measurement, it needs to be proved that the changes come from changes in 

the structure and not changes in the bond layer of PWAS itself.  

4.3.1 Diagnosis of PWAS cracking 

As a PWAS undergoes static or fatigue loading in tension or bending, there is a 

possibility that it could develop cracks. Because the E/M impedance scan reflects both 

the dynamics of the structure and the sensor, a crack could cause significant changes in 

the impedance spectrum. A method needs to be in place to determine the state of the 

sensor as well as the structure that is being monitored.  
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Figure 60 Cracks developing in the PWAS as it undergoes fatigue compression-bending 

loading 

A visual check of the sensor with a magnifying glass can be used to identify 

cracking. A direct view of the sensor’s surface might not be available during the 

monitoring process so alternate methods of sensor crack detection need to be found. 

The PWAS, with an electrode on either side of a dielectric material, has a natural 

capacitance. As long as the area and separation between the electrodes of the PWAS do 

not change, the capacitance of the PWAS will remain constant. If a crack grew across the 

top electrode of the PWAS, it would be separated, effectively creating two capacitors, 

although only one will be connected to the leads. If the capacitance was measured at this 

point, it could be reduced significantly.   

In order to test the theory of using a capacitance measurement to determine the 

health of the sensor, an experiment was run. A cyclic bending test was conducted, 

measuring the capacitance of the PWAS before and after a crack was visually were 

detected. The capacitance of the pristine PWAS was 2.183 nF while after the crack 
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appeared, the capacitance dropped to 1.171 nF. This method can be used to continuously 

to monitor PWAS for cracks while they are in-service. 

In order to develop a better understanding of the impedance method, the PWAS 

bonded to a structure can be modeled as a 1-D system (Giurgiutiu, 2008). The impedance 

at the terminals of the PWAS is shown in X(5)X. From X(5)X, it can be seen that both the 

structure and the PWAS contribute to the impedance measurement.  
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Because the real impedance reflects a combination of the PWAS stiffness and the 

structural dynamic stiffness, a change in the geometry of the PWAS will cause the real 

impedance to change. Since the effective size of the PWAS is reduced when a crack 

divides it, high frequency peaks are expected to appear. 

Several compression-bending tests were conducted with PWAS mounted on the 

surface of glass-epoxy composite strips. The specimens were subjected to fatigue 

loading, increasing the displacement every cycle. The impedance of the PWAS was 

measured after every cycle. As the PWAS was subjected to greater and greater curvature, 

cracks began to develop on its surface. These cracks created new, higher resonance peaks 

between 1 and 3 MHz. As the cracks grew in length, the new resonance peaks also grew.  
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Figure 61 Real impedance, R=Re(Z), measured by the PWAS as it undergoes large 

deformation, fatigue bending. New peaks grow in the high frequency range as cycles 

increase. 

The real impedance can provide insight into the health of the sensor by looking for 

growing high frequency peaks. If the PWAS is already being used to monitor the 

structure at low frequencies, a simple scan up to a higher frequency will give an 

indication of the state of the sensor.  

4.3.2 Diagnosis of bond degradation 

In the 1-D model of the PWAS bonded to a structure, there is an assumption that the 

PWAS is perfectly coupled with the structure. In reality, the bond layer can degrade 

because of the loading conditions. In some cases, the degradation can be so severe that a 

partial of full disbond of the PWAS occurs. In the transition from being a well-bonded 

PWAS to becoming a completely free PWAS, the impedance will experience a change. 

The two extreme conditions, well-bonded and free, have been extensively studied by past 

researchers. The transition stage has not been extensively studied because of the 

difficulty in controlling the bond degradation. The simplest difference between a well-

bonded PWAS and a free PWAS is in the imaginary impedance spectrum. The 

differences can be observed in the figure below. The free PWAS has a much steeper 

As cycles increase, the real 

impedance follows these trends 
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slope and lower values in the low frequency imaginary impedance spectrum than the 

well-bonded PWAS.   

 

Figure 62 A comparison of the imaginary impedance, Im(Z), for a bonded PWAS and a free 

PWAS 

As the bond between the PWAS and the structure degrades, the PWAS will 

transition from a well-bonded PWAS to a free PWAS. The imaginary impedance can be 

used to track this transition. During the degradation process, the slope of the imaginary 

impedance will become steeper in slope and lower in the impedance value. This change 

can be observed in the figure below. As the sensor becomes disbonded from the structure, 

it becomes closer the trend observed for a free PWAS. Using the imaginary impedance, 

the bond integrity of a PWAS can be determined.  

 

Free PWAS 

Bonded 

PWAS 
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Figure 63 Imaginary impedance, Im(Z), measured by the PWAS as it undergoes large 

deformation, fatigue compression-bending 

4.4 VALIDATION OF PWAS FOR SPACE APPLICATIONS USING THE 

ELECTROMECHANICAL IMPEDANCE METHOD 

Many studies have been done assessing the durability and survivability of PWAS at 

high temperatures, while being exposed to environmental factors and while being 

exposed to water and maintenance fluids (Lin et al., 2010). These studies verified that 

ability of the PWAS to survive extreme environments. The aerospace field is one of the 

fields that has most readily adopted composite materials for aircraft and spacecraft 

design. Unlike structures in many other industries, like wind turbines, automotive panels, 

bridge repair, etc., aerospace structures are subjected to extreme conditions like cryogenic 

temperatures while under load.  

4.4.1 Cryogenic Temperature Survivability 

Validating the PWAS at cryogenic temperatures poses several difficulties. First, the 

temperature is difficult to achieve. Also, not only the PWAS itself, but also the solder, 

wiring and adhesive need to be tested.  

The adhesive was tested first. The standard adhesive used to bond PWAS is M-

Bond 200. This adhesive, however, is not rated for use at cryogenic temperatures. 

Last cycle 

Second to last cycle 
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Another adhesive, M-Bond AE-15, was chosen for comparison. The impedance baseline 

was measured. Then, the small specimen with a PWAS bonded to it were submerged in 

liquid nitrogen until the temperature of the specimen reached steady state. Another 

impedance measurement was taken and then the specimen was removed from the liquid 

nitrogen. After reaching room temperature, a third impedance measurement was done. 

Finally, the specimen was submerged into the liquid nitrogen and, after reaching a steady 

state temperature, another impedance measurement was taken. The results are shown in 

Figure 64. For the PWAS bonded with M-Bond 200, after the second submersion in 

liquid nitrogen, the PWAS became debonded from the specimen. This is evident by 

observing the change in the real impedance spectrum. After the first cycle, while the 

specimen was submerged, the real impedance only shows one resonant peak. This peak 

corresponds to the resonant frequency of a free PWAS. Another change is in the 

structural resonant peaks. These peaks disappear after the PWAS was submerged a 

second time. This signifies that the structure and the PWAS are no longer coupled 

together.  

 

Figure 64 The real impedance measurement for the PWAS bonded with M-Bond 200 
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The real impedance spectrum for the PWAS bonded with M-Bond AE-15 is shown 

in the figure below. Unlike in the previous case, the adhesive did not fail. The structural 

resonant peaks show no change when comparing the two room temperature 

measurements or when comparing the two cryogenic temperature measurements. Based 

on these tests, it was concluded that the M-Bond 200 was not capable of performing well 

at cryogenic temperatures. The M-Bond AE-15 was selected as the adhesive of choice for 

future cryogenic testing. 

 

Figure 65 The real impedance, Re(Z), measurement for the PWAS bonded with M-Bond AE-

15 

Once a proper adhesive was selected, the survivability test could be conducted on 

the PWAS. From the adhesive testing, it was apparent that the PWAS could survive at 

least two cycles of being submerged in liquid nitrogen. Another set of tests were done, 

this time subjecting the PWAS to ten cycles of the being submerged in liquid nitrogen. 

The impedance was measured both while the specimen and PWAS were at room 

temperature and while the specimen and PWAS were submerged in the liquid nitrogen.  
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The real impedance, Re(Z), is be used to monitor the PWAS during this test. In 

Figure 66, the real impedance, Re(Z), is shown while the PWAS were at room 

temperature between the cryogenic cycling. The structural resonances show that there are 

no observable shifts in frequency or in the peak impedance values of the resonant peaks. 

The eleven measurements are all consistent with each other. From this graph, it is 

concluded that the PWAS survived the thermal loading. 

 

 

Figure 66 The real impedance, Re(Z), measurement of a bonded PWAS at room temperature, 

between the cryogenic cycles 

The real impedance measurements are also recorded while the specimen and PWAS 

were submerged in liquid nitrogen. These measurements are shown in Figure 67. Unlike 

the consistent measurements at the room temperature, the cryogenic impedance 

measurements were moderately inconsistent. Although there were no observable trends in 

the resonant peaks, there was a fluctuation in the central frequencies of the peaks. It is 

interesting that this fluctuation disappears when the PWAS is returned to room 

temperature. There is a consistent increase in the impedance while the specimen is 
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submerged in the liquid nitrogen. This increase comes from the increased damping due to 

the liquid nitrogen being in contact with the specimen surface. 

 

Figure 67 The real impedance, Re(Z), measurement of a bonded PWAS at cryogenic 

temperature (77 K), as it undergoes thermal cycling. The bottom is a zoomed-in view 

of a resonant peak and shows the irregularity of the peak both in frequency and 

amplitude. 

The survivability tests verified the cryogenic capabilities of the PWAS, wiring, 

adhesive, solder, and substrate. After determining the capabilities of each of these 

components, installation guidelines for cryogenic testing were developed. The PWAS 
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proved that it was capable of repeated submersion in liquid nitrogen. The M-Bond AE-15 

adhesive performed well, verifying the manufacturer’s specifications. An indium based 

solder was used because it was rated for cryogenic temperatures while the silver-lead 

solder was not. Special cryogenic rated 34 AWG wire was used to connect the PWAS to 

the data acquisition board. The test results are shown in the table below. 

Table 3 A summary of the cryogenic validation tests 

Substrate Piezoelectric Solder Adhesive Operation Outcome 

Composite PZT AgPb 200 Pitch-Catch Disbonded 

Composite PZT AgPb AE-15 Pitch-Catch Operational 

Composite PZT Indium AE-15 Pitch-Catch Operational 

100mm Al PZT AgPb 200 E/M Imp Disbonded after 2 submersions 

100mm Al PZT AgPb AE-15 E/M Imp Operational after 10 submersions 

4.4.2 Mechanical loading survivability 

In the past, researchers (Lin et al., 2010) have verified the ability of the PWAS to 

survive fatigue loading. The previous tests described in the chapter validated the ability 

of the PWAS to survive cryogenic temperatures. In order to be successfully used in space 

applications, the PWAS will need to survive a fatigue mechanical loading while 

simultaneously being at cryogenic temperatures. This test was first done on an aluminum 

specimen because of the specimen could be shaped into the typical “dogbone” shape. The 

“dogbone” shape allows the concentration of stress in the center of the specimen instead 

of in the grips. A Styrofoam container was created to allow cryogenic testing in standard 

MTS tensile machines. A picture and diagram of this container is shown in Figure 68. 

The outer area was filled with liquid nitrogen cooling the inner area and the specimen to 
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approximately -190 degrees Celsius. The container was placed on the MTS test machine 

and the specimen was secured in the machine grips. This setup is shown in Figure 68.  

         

 

Figure 68 The specimen fits through the inner cylinder of the container, separating it from the 

liquid nitrogen while still cooling it to a cryogenic temperature (~80 K). 

The specimen was loaded up to 5000 µs. The real impedance was measured as 

several steps during the loading process. These results are shown in Figure 69. The 

impedance is consistent throughout the loading process showing that the PWAS can 

survive static loads up to 5000 µs at cryogenic temperatures. To the best of the author’s 

knowledge, this was the first time a PWAS has successfully taken impedance 

measurements while being loaded at cryogenic temperatures 
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Figure 69 The real impedance Re(Z) of a bonded PWAS as it is strained at a cryogenic 

temperature 

4.4.3 PWAS transducer integrity during SHM tests 

During the process of inducing damage in the composite specimens discussed in the 

previous chapter, there was concern that the PWAS could be damaged from the shock of 

the impact or vibration during the drilling of the holes. Using the diagnosis methods 

previously discussed, the health the PWAS were checked after each stage in the damage 

creation process. 

During the impact damage detection test on the composite lap-joint, the real 

impedance was used to verify the integrity of the PWAS. This impact test is described in 

detail in the chapter on wave propagation methods for PWAS SHM. An impact is a 

T= -190° C 
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violent dynamic event that could potentially harm the nearby sensors. If these sensors are 

damaged, the pitch-catch wave propagation technique will not give accurate results.  

The real impedance was measured twice before the first impact, twice after the 6 ft-

lb impact and twice after the 12 ft-lb impact. The results for two PWAS are shown in the 

figures below. The impedance does not change after the impact events. This shows that 

the PWAS did not sustain any damage during either impact.  
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Figure 70 The real impedance of two PWAS bonded shows no change after either impact 

In a previously described test, the damage detection capability on a CFRP plate was 

tested. A hole was drilled through the plate to imitate through-thickness damage like a 

crack. The diameter of this hole was increased in several steps so the threshold size for 

detection could be determined. The drilling process created a large amount of vibrations 

in the plate. The impedance method was used to verify the integrity of the PWAS after 

each increase in hole size. The real impedance spectrum for PWAS #12 while Hole #2 

was being drilled is shown in Figure 71. The hole size varied from 0 mm at the beginning 

to 6.35 mm at step 15. A more detailed list of the hole sizes is given in the previous 
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chapter. Because the hole was 15 cm away from the PWAS, it is not near-field damage 

and cannot be detected by the PWAS.  

 

Figure 71 The real impedance of two PWAS bonded shows no change as the hole size is 

increased 
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5 HARDWARE AND SOFTWARE DEVELOPMENT FOR PWAS SHM 

An SHM system requires the development of sensors as well as an acquisition 

system to interface with the sensors, capture data, and process the data predicting the 

damage present in the structure. An acquisition system consists of both hardware to 

control the sensors and software for the user to input the monitoring parameters. 

5.1 HARDWARE 

In a general setup for wave propagation with PWAS, two instruments are needed, 

one to generate a signal to be transmitted and another to collect the received signals. In 

my work, an HP 33120A function generator is used to generate a 3-count tone burst used 

to excite the PWAS. A Tektronix TDS5054B oscilloscope is used to capture, display, and 

save the received waves. These instruments are shown in XFigure 72X while a pitch-catch 

test is being done on composite plate. In scenarios where the waves experience large 

attenuation or where the required distance of travel is large, an amplifier may be used. 
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Figure 72  The function generator and oscilloscope typically used for wave propagation 

experiments. The amplifier may also be used if needed. 

The oscilloscope has four input channels. This limits the amount of PWAS that can 

be connected at one time.  An automated system had been previously developed that 

allowed up to 64 PWAS to be connected at one time, XFigure 73X. All of the PWAS are 

connected through a circuit board which is connected to the function generator and 

oscilloscope. The board uses the oscilloscope to capture signals from 4 PWAS at a time, 

automatically switching between all of the PWAS until the entire PWAS network has 

been covered.  

 

Figure 73 A schematic of the data acquisition system 

This system however is limited in the excitation voltage that it can support. The 

maximum peak-to-peak voltage is approximately 10 volts peak-to-peak (VPP). While this 
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may be acceptable for some applications, such as in thin aluminum plates, the attenuation 

experience by Lamb waves in composites is much greater than in metals. In order to 

receive a good signal, the transmitted wave may need to be stronger than one produced 

by an 10 VPP tone burst. To meet this need, a new automated data acquisition system 

was created, Figure 74 X. This system is capable of transmitting signals up to 100 VPP, 

enabling the transmission of stronger excitation signals that will generate further-

traveling waves in composites. The board can connect 8 PWAS to a 4-channel 

oscilloscope and function generator or impedance analyzer and provide a means of 

automatically collecting pitch-catch, pulse-echo, or E/M impedance data from the PWAS 

network. The board is controlled by a computer through a microcontroller. This design 

allows the complex switching process to be handled by the microcontroller, which 

interprets simple commands (ASCII characters to select the transmitting and receiving 

PWAS) from the computer through a serial connection. This feature gives future 

programmers an easier task when a new program is being created because no knowledge 

of the board’s circuitry needs to be known. 
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Figure 74 The new automated data acquisition board capable transmitting high voltage signals 

to the PWAS 

The increased amplitude of the transmission wave also increases the likelihood that 

damage will be detected. A test was done on a thick CFRP composite plate with impact 

damage. XFigure 75X shows that using a higher amplitude excitation can lead to a better 

chance of detection. At 18 VPP, the damage from an impact is easily detected however, 

at 10 VPP, the damage did not cause any noticeable trend in the RMSD DI. 
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Figure 75 The A0 mode can be used to detect damage caused by an impact after the Reading 

#11 when the transmission signal is 18 VPP (left) but not when the signal is 10 VPP 

(right). 

The new hardware development opens the door for composite laminates to be 

monitored with large PWAS networks. Using the design of this circuit board, larger, 

more capable boards can be produced in the future. 

5.2 SOFTWARE 

An equally important part of an SHM system is the software interfaces. The 

software is necessary to control the hardware and ultimately the sensors. Software has 

both a user-interface and a back-end which controls the hardware based on the user input. 

Even if the hardware has limited capabilities, the software may be able to improve the 

capabilities. The reciprocal is also true; a very capable piece of hardware can be limited 

by the software that controls it. In an effort to further improve the capabilities of the 

PWAS for composite SHM, several software programs were written. 
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5.2.1 Instrument interfaces 

5.2.1.1 Wave propagation 

As discussed previously, in a wave propagation setup, a signal generator and a 

signal capture device are needed. In normal use, each of these instruments needs to be 

controlled manually, requiring the user to save each channel of data on the oscilloscope 

individually and adjusting the excitation frequency on the function generator every time 

the user desires to use a different wave mode. In order to create a truly automated system, 

in addition to controlling the PWAS with the switching board that was created, the 

oscilloscope and function generator must also be controlled.  

After evaluating several programming languages that would be used to create an 

automated wave propagation system, it was decided that National Instrument’s LabVIEW 

software provided the best user interface controls as well as the quickest development 

time. Using this software, a program, shown in XFigure 76X, was created that, with minimal 

user input, automates that data collection process for PWAS network. The user is able to 

choose several frequencies of excitation so the A0, S0 and other modes can be used. The 

number of sensors in the network is chosen and the data collection process can begin. 

This program is specifically designed for the HP33120A function generator and the 

TDS5054B oscilloscope, although it can easily be adapted for other hardware. 
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Figure 76 The user interface for the data acquisition system was created in LabVIEW 

5.2.1.2 E/M Impedance (HP4194A) 

An impedance analyzer is needed for the PWAS to be used in the E/M impedance 

mode. The HP 4194A Impedance and Gain/Phase Analyzer is used for most of the 

majority of the E/M impedance data that is collected, although the Cypher Instruments 

C60 is also when a more portable instrument is needed.  

The HP 4194A is a very limited device when it is controlled by its own built-in 

software. It is not capable of saving data and only 401 data points can be collected over 

the entire specified data range. A program was created in LabVIEW to control both 

impedance analyzers, the HP 4194A and the C60, and save the data that is collected. This 

program allows the user to control every aspect of the impedance scan through an 

intuitive interface. Instead of choosing the frequency range and only getting 401 data 
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points in the scan, the program allows the user to allow choose the frequency resolution, 

while the back-end of the program compiles the necessary scans to achieve the desired 

resolution.  

The data acquisition board discussed in the previous section can also be used for 

E/M impedance scans with the HP 4194A or the C60. Up to 8 PWAS can be connected at 

one time. The LabVIEW program controls the impedance analyzer and the board so the 

impedance scans can done one at a time until the entire network has been scanned. Scans 

can also be triggered over the internet so the entire E/M impedance based PWAS SHM 

can be controlled remotely. 

 

Figure 77 The E/M impedance SHM program can control the impedance analyzer and the data 

acquisition board and even be triggered over the internet 
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A complete SHM system needs to not only capture signals from the sensors; it also 

needs to process the data to be able to report the health of the structure. An algorithm that 

quantifies the damage growth is required for processing. The RMSD DI, eq , is the 

typical algorithm that is used to process E/M impedance data. Additional functionality 

was built into the E/M impedance data acquisition program so the collected data could be 

analyzed as well, XFigure 78X. After a scan has been completed, the data can be analyzed 

using the RMSD DI, alternative damage metrics like MAPD and CCD. 

In addition to quantifying the damage that was detected by the PWAS, the program 

is useful for viewing the data. Viewing the data can provide information that a simple 

damage metric cannot. A “playback” tool is available to aid in the understanding of how 

the E/M impedance changes as damage is introduced to the system. This tool can be used 

to quickly replay the entire history of E/M impedance scans from beginning to end. 
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Figure 78 The data analyzing portion of the E/M impedance SHM program 

5.2.2 Data analyzing tool 

The capabilities of the data analyzing portion of the E/M impedance program 

proved very useful for doing a fast analysis of the data but the capabilities were limited. 

A new program was created using a portion of the E/M impedance program. The new 

general data analyzing tool, XFigure 79X, was created for both E/M impedance and wave 

propagation data with features like damage index comparison as well as the playback of 

data. A new feature gives the user the ability to zoom into a small section of the data and 

examine the entire history in this range. The “windowing” feature also limits the damage 

metric calculation to only the data within the specified range. When analyzing E/M 

impedance data, this feature enables the user to gain a better understanding of specific 

frequencies that were changed due to damage. When analyzing wave propagation pitch-

catch data, using the “windowing” feature allows the user to gain a better understanding 

of where the damage is located relative to the PWAS pair, e.g. if the main wave packet is 

changed, the damage is most likely directly between the PWAS pair, while if the change 

comes sometime after the main wave packet is received, it is most likely a reflection and 

the damage location is off of the path of the PWAS pair. 
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Figure 79 The new Data Analyzing Tool that is capable of handling both E/M impedance and 

wave propagation data 

5.2.3 Tuning Curve tool 

As discussed in the second chapter, a necessary step in developing an effective 

SHM monitoring scheme is “tuning” the transmission frequency to maximize the chance 

of damage detection. In order to find the best frequency for the transmission, a tuning 

curve needs to be generated. Typically this is done by setting up a PWAS pair for pitch-

catch using a function generator and an oscilloscope. The frequency of the function 

generator is swept from a low frequency, e.g. 1 kHz, to a high frequency, e.g. 500 kHz. 

At each frequency a wave is transmitted through the plate and the received wave is 
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displayed on the oscilloscope. The amplitude of each of the present wave modes is 

recorded. If a high resolution, e.g. a 1 kHz step, is desired, the test can take several hours 

to perform. Because of the time consuming nature of creating a tuning curve, a low 

resolution is often used, giving an inaccurate “optimal” frequency. 

In an effort to address this issue a program was designed to interface with the 

function generator and oscilloscope, automatically stepping through a set range of 

frequencies, recording the wave mode amplitudes and ultimately generating a high 

resolution tuning curve with minimal user input. An example of a tuning curve generated 

by this program is shown in XFigure 80X. This test was done on a 1 mm thick aluminum 

plate with two 7 mm square PWAS as the transmitter and receiver. 
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Figure 80 A tuning curve generated by the automatic tuning curve generator program. A 1 mm 

thick aluminum plate was used with 7 mm square PWAS as the transmitter and 

receiver.  
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6 CONCLUSIONS 

The focus of this study was on developing a novel active sensing method which 

utilized PWAS for damage detection. During this study, PWAS-enabled wave 

propagation methods were used for SHM testing of several types of composite laminates 

at room temperature and in a cryogenic environment. The use of E/M impedance was 

studied for use in fatigue damage detection, sensor self-diagnosis and bonding layer 

diagnosis. Hardware and software solutions were also explored specifically for use in 

composite SHM. The major contributions are listed as follows:  

(1) PWAS have been proven to be capable SHM sensors for composite laminates. 

(2) It was shown that PWAS can detect through-thickness damage, impact damage, 

delaminations, and fatigue damage growth. 

(3) It was found that the S0 mode is more sensitive to through-thickness damage 

while the A0 mode was more sensitive to damage close to the surface, like 

impact damage. 

(4) A cryogenic environment changes the sensitiveness of both A0 and S0 modes, 

so when developing a damage detection test plan, room temperature and 

cryogenic temperature should be considered separately. 

(5) The E/M impedance method was used to detect the onset of damage from 

fatigue loading. 

(6) The E/M impedance method was also useful for diagnosing the state of the 

sensor and its installation with the real impedance, Re(Z), being capable of 
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showing cracks in the PWAS and the imaginary impedance, Im(Z), showing 

bond layer change. 

(7) A new data acquisition board was developed and created to allow larger 

amplitude excitations to be used with a PWAS network on a composite 

structure. 

(8) Software was created for both the wave propagation and E/M impedance SHM 

methods. 

(9) A data analyzing tool was created to allow the user to quickly examine data 

collected up to that point. 

(10) A program was created to automatically generate a high resolution tuning curve 

with a minimal amount of user input for any material, geometry and PWAS 

configuration  
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