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ABSTRACT OF THE DISSERTATION 

 

Development of Self-Monitoring Structural Composites with Integrated Sensing 

Networks 

 

by 

Yi Huang 

Doctor of Philosophy in Engineering Sciences (Applied Mechanics) 

University of California, San Diego, 2008 

Professor Sia Nemat-Nasser, Chair 

 

There is a growing need for the development of in-service structural health 

monitoring systems to rapidly assess the health condition and durability of composite 

structures. Recent progress in sensor technologies, signal processing and electronics has 

made it possible to fulfill this demand. The present work seeks to develop an intelligent 

composite, by integrating a micro-sensor array and network communication nodes that 

enables self-sensing and self-damage-diagnosis capabilities without compromising the 

structural integrity of the composite. The integrity and mechanical behavior of 

unidirectional fiber glass/epoxy composites with integrated simulated sensors are 

investigated. Particularly, the damage initiation within the material is sought numerical 



 xix

study and verified by experimental observations. The issue of data management through 

the development of localized processing algorithms is also addressed. A feature 

extraction algorithm using the spatially distributed 2D CWT is proposed for a sensor 

network to automatically detect and locate the local features around the damage sites.  

The implementation of this algorithm into the Nearest-neighbor mesh network is also 

demonstrated. Experimental and numerical studies are carried out to characterize the 

acoustic wave propagation in thin glass fiber/epoxy composite plates for the application 

of Acoustic Emission (AE) technique for health monitoring.  Finally, a prototype sensor 

network system using an array of polyvinilidene (PVDF) sensors and a 4-tree micro-

controller network architecture is presented. A damage identification approach based on 

the AE technique and pre-calibrated look-up tables is thus proposed to be implemented to 

our sensor network system. The advantage of such a network system is the low 

bandwidth and computational power demands since the detection and identification of an 

anomaly is performed locally, in-network, rather than using an external processor. 

 

 



 1  

Chapter 1.  

Introduction 

1.1 INTRODUCTION TO SHM 

Knowledge of the integrity of the in-service structure on a real-time basis is 

critical for optimal use of the structure, minimizing the downtime and avoiding 

catastrophic failures (Chang 1999). Although scheduled maintenance or periodic 

inspections can accumulate limited knowledge of structural integrity, they are normally 

expensive and cause downtime. In case of aerospace industry, currently 27% of an 

average aircraft’s life cycle cost, both for commercial and military vehicles, is spent on 

inspection and repair (S.R. et al. 1999). Corresponding opportunity cost associated with 

the loss in operational availability during maintenance is also significant. Similarly, 

operation and maintenance costs associated with civil infrastructure around the world are 

tremendous. According to Federal Highway Administration’s (FHWA) report, 5.3% of 

bridges on the National Highway System (which carry over 70% of all bridge traffic) 

were categorized as structurally deficient in 2007 (Scovel III 2007). Immediate 

addressing current bridge deficiencies could cost about $65 billion.   

Nondestructive evaluation (NDE) techniques are nowadays well established in 

various industries to determine the integrity of structure components by quantitatively 

measuring some characteristic of an object. Conventional NDE techniques have been 

playing a crucial role in assuring cost effective operation, safety and reliability of 

structural components. However, currently successful NDE techniques can not be directly 
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applied for in-service inspection of structures since these techniques usually rely on in-

laboratory testing and require bulky instruments (Thomas 1995).  

Recent development in sensor technologies, signal processing and electronics 

have resulted in significant promising techniques to offer autonomous solutions for 

detecting anomaly and assessing the health condition of in-service structures with 

minimum labor involvement. The integration of monitoring components such as sensors 

into structures is one of the key elements, which has attracted much attention in the past 

decade (Chang 1999; S.R. et al. 1999; Doebling et al. 1996; Housner et al. 1997). 

Routinely scheduled maintenance or inspection work are expected to be replaced by the 

integration of a built-in structural health monitoring (SHM) system that can perform 

continuous inspection and damage diagnostics as well as prognostics. Here, the term 

“diagnostics” refers to damage identification while “prognostics” refers to the remaining 

useful life estimation. A SHM system typically is a collection of various technological 

systems, being (a) a sensory system, (b) a data acquisition system, (c) a data processing 

and archiving system, (d) a communication system, and (e) a decision making system 

(Liu et al. 2003). The attractive potential of a properly designed SHM system arise from 

the increased operational availability, the reduced inspection cost and improved life 

safety (Staszewski et al. 2004).   

SHM has demonstrated potential for a wide range of applications from civil 

infrastructures to transportation systems. In bridge industry, integrated sensing systems 

are revolutionizing the way in which bridge safety and performance are monitored.  In 

some countries, the majority of the new built long-span bridges nowadays are equipped 

with modern SHM systems (Koh et al. 2003). For real application of SHM in aerospace 
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industry, Boeing’s new 7E7 aircraft are expected to have a full-time SHM system with 

embedded sensors acting as the central nervous system of the plane (Butterworth-Hayes 

2003).  

Damage identification is the primary goal of a SHM system. The problem of 

damage identification can be classified into the following levels (Worden et al. 2005): (1) 

detection, (2) localization, (3) classification, (4) quantification, and (5) prediction. The 

existence of damage is recognized at level 1 while its geometric position is provided by 

localization techniques at level 2. At the level 3 and level 4, the damage type is classified 

and the severity of damage is estimated. Finally, at the prediction level, the remaining life 

estimation is performed based on the damage information, future loading and knowledge 

about damage propagation. Remain life estimation is also referred to as damage 

prognostics.  

Vibration-based approach and wave-based approach are two most commonly used 

damage identification techniques. Vibration-based technique can be considered as a 

global approach which is based upon relatively low frequency vibration measurements of 

the structure. The premise of vibration-based structural damage identification is that 

changes in structural characteristics such as mass, stiffness, and energy dissipation 

mechanisms, will in turn influence the vibration response of structures (Doebling et al. 

1996; Sohn et al. 2003). Thus changes in global dynamic properties such as natural 

frequencies, damping ratios, mode shapes, etc., can be used as damage indicators in 

identifying damage and reflecting the health condition of the studied structures. There 

have been numerous studies conducted on vibration-based structural damage 

identification in civil structures such as bridges and buildings (Farrar et al. 1998; Duffey 



 4

et al. 2001; Meack et al. 2000; Carden et al. 2004; Guan et al. 2006; He et al. 2007; Porter 

et al. 2004; Nayeri et al. 2008). 

Wave-based approach assesses the health status of structures using either passive 

diagnosis or active diagnosis. For active diagnostics, transient diagnostic waves are 

excited by actuating sources such as piezoelectric devices. The health status of the 

structure is estimated by the response waves received by the sensing devices. Conversely, 

passive diagnostics rely on excitation sources generated by the structural damage itself, 

i.e. impact or Acoustic Emission (AE). Unlike vibration-based approach, which mainly 

monitors the global performance of entire structures, wave-based approach can 

effectively obtain the local damage information at a low damage level. In recent years, 

damage identification studies have been conducted to locate and even quantify damage 

based on wave-based techniques (Tan et al. 1995; Gaul et al. 1997).  

 

1.2 MOTIVATION AND OBJECTIVES 

Composite materials offer a number of advantages over traditional engineering 

materials such as their high modulus-to-density ratio, strength-to-weight ratio, resistance 

to fatigue, resistance to corrosion and low thermal expansion (Mallick 1993). The 

advantage features of composite materials have boosted growth of applications in 

markets such as transportation, construction, corrosion-resistance, marine, infrastructure, 

consumer products, electrical, aircraft and aerospace and appliances and business 

equipment.  
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In applications such as primary structural members under severe operating 

conditions, the structural health condition estimation and durability evaluation are critical 

issues to be investigated. NDE techniques are generally required to detect composite 

failures. However, some types of damage in composites are difficult to reliably detect 

using presently available NDE techniques while the structure is in service.  In addition, 

current inspection techniques are usually performed after the damage has already 

occurred, leaving the inspection process to look for residual signs of the failure condition. 

The increasing demand for in-situ SHM has stimulated efforts to integrate self- and 

environmental-sensing capabilities into composite materials and structures.  

Integrating sensors into composite materials for SHM has attracted a lot of 

attention in recent studies. Surface mounting and embedding are the primary options for 

the integration. Although surface mounting offers easy access and maintenance, it is not 

feasible in some applications due to the operating environment or the system 

requirements. Embedding the sensors allows for protection from adverse environmental 

conditions. The volume of work in the related areas is vast, only a few examples are 

listed here. A manufacturing method was developed by Lin and Chang (Lin et al. 2002) 

for embedding a network of distributed piezoceramic actuators/sensors into laminated 

carbon/epoxy composite structures for health monitoring. The printed circuit technique 

was applied to fabricate a thin flexible layer with a network of piezoceramics. The 

follow-up work by Park and Chang (Park et al. 2003) developed an active sensing 

diagnostic technique for the sensor layer to detect impact damage in thick composites. 

Yan and Yam (Yan et al. 2002) proposed a method for online detection of initial damage 

in composite structures using embedded piezoelectric sensors/actuators and wavelet 
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decomposition technique. Ghoshal et al (Ghoshal et al. 2004) embedded continuous 

acoustic sensors placed at right angles in laminated composites for sensing and locating 

AE and impact source.  

To monitor the condition of large continuous structures, a network of distributed 

reliable and economical sensors is required (Chang 1999). The achievement of 

embedding sensor networks into composite materials for SHM involves various aspects 

of concerns regarding the structural integrity in the presence of the electronic devices, the 

selection of suitable sensors and network topology, and the development of efficient data 

handling methods coupled with feasible damage identification algorithms. 

Adding health monitoring functionalities by integrating micro-devices within 

composites brings out structural integrity concerns about the effect of the inclusions on 

the load-carrying capability of the resulting structures, their expected service lives, and 

the associated failure mechanisms. The presence of the embedded micro-devices causes 

material and geometric discontinuities which can be responsible for unwanted 

stress/strain concentrations with consequent stiffness reduction and degradation of the 

overall material performance, necessitating the study of the mechanical interaction 

among the host material, the embedded devices, and their interfaces.  

There are many sensors available in the market or being developed such as fiber 

optics, piezoelectric materials, strain gages, MEMS sensors, can be applied for SHM 

purposes. The selection of suitable sensors depends on the mechanical integration with 

the host material and the reliability of sensors under service loading conditions and 

environments. Additionally, the network architecture for manipulation of sensor data 
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should best suit the dominant computational algorithm and the cost and reliability 

considerations.  

For the SHM of real structure, integrating a high density of sensors is typically 

needed. This imposes a requirement of high special resolution data acquisition, which in 

turn brings the question of data handling and bandwidth. Extracting all data from 

integrated sensor network and performing external processing, is a computationally 

infeasible procedure. Even for a moderated sized structure, the bandwidth needed to 

transport the data would grow to unrealizable levels. As well, the computational 

requirements become intractable. It is therefore necessary to develop efficient localized 

processing algorithms that are hierarchical in structure and can be easily distributed 

across the network. Such algorithms will introduce some primitive processing capability 

to the each sensor node, so that decision making in part becomes controlled by the local 

elements.  

The present work is directed towards development a smart composite, by 

integrating a network of micro-sensor array and network communication nodes to a 

laminated composite in a way that enables self-sensing and self-diagnosing without 

compromising structural integrity of the composite (Figure 1.1). These structurally-

integrated embedded micro-sensors render the composite information-based, so that it 

can monitor and report on the local structural environment. Furthermore, each of these 

sensors is addressable and connected to a mixed signal microprocessor unit in a small 

form factor. With proper network topology and communication strategy, the 

microprocessors function together to provide data communications both between network 

nodes and toward an external client. For the purpose of SHM, physics-based damage 
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identification algorithms must be developed and implemented to the microprocessors. 

Such algorithms are anticipated to integrate with physics-based models of structural 

failure and can be easily distributed across the network so that satisfy localized data 

handling scenario. Coupled with the localized physics-based damage identification 

algorithms, the proposed smart composite will have the capability to automatically detect 

and interpret adverse changes (damage signature) in their environment.  

 

Microprocessor & Micro-sensor

Composite layers

Composite layers

Embedded network layer

In-Network Processing

 

Figure 1.1.  Integration of a sensor network in a composite plate 

1.3 OVERVIEW OF THE DISSERTATION 

The dissertation is organized as follows: 

• Chapter 2 deals with the integrity and mechanical behavior of unidirectional fiber 

glass/epoxy composites with integrated simulated SHM sensors. Particularly, the 

damage initiation within the material and its identification are sought by both 
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experimental and numerical studies. The experimental findings are first summarized, 

and then the numerical analysis is addressed in detail. 

• Chapter 3 proposes a damage identification method using the spatially distributed 2D 

CWT algorithm for a sensor network to automatically detect and extract the local 

features around the damage sites. The implementation of such a data feature 

extraction algorithm into the Nearest-neighbor mesh network is also demonstrated. 

• Chapter 4 demonstrates experimental and numerical studies for characterizing the 

acoustic wave propagation in thin glass fiber/epoxy composite plates. The application 

of the Garbor Wavelet Transform to the time-frequency analysis of transient waves is 

also demonstrated. Triangulation source localization based on such technique is thus 

discussed. 

• Chapter 5 presents a prototype sensor network system developed using an array of 

polyvinilidene (PVDF) sensors for real-time, in-situ Acoustic Emission monitoring 

and a 4-tree micro-controller network architecture for data acquisition, signal 

processing, communication schemes and other needed peripheral functions. A 

damage detection and identification approach based on the AE technique was 

proposed to be implemented into the material for the source localization. 

• Chapter 6 gives the summary and conclusions of this research work.  
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Chapter 2.  

Onset of Resin Micro-cracks in Unidirectional Glass Fiber 

Laminates with Integrated SHM Sensors 

 

The embedment of micro-sensors and micro-devices into composite laminates for 

structural health monitoring systems leads to stress/strain concentrations due to 

geometrical and material discontinuities around such embedded inclusions, with high 

potential to initiate premature failures. To address this specific issue, unidirectional S2 

glass fiber/epoxy laminated composites are fabricated with embedded small inclusions 

that mimic potential sensors and microprocessors. Experimental investigation was 

performed to study the integrity and mechanical behavior of the laminated composites 

with the simulated sensors. In the meantime, Finite-element simulations were conducted 

to study the effect of the embedded simulated micro-sensors on the stress/strain fields and 

failure mechanisms within the host composite laminates.  

 

2.1 INTRODUCTION 

Adding health monitoring functionalities by integrating micro-devices within 

composites brings out structural integrity concerns about the effect of the inclusions on 

the load-carrying capability of the resulting structures, their expected service lives, and 

the associated failure mechanisms. The presence of the embedded micro-devices causes 

material and geometric discontinuities which can be responsible for unwanted 

stress/strain concentrations with consequent stiffness reduction and degradation of the 
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overall material performance, necessitating the study of the mechanical interaction 

among the host material, the embedded devices, and their interfaces.  

To assess the effects on the material strength and failure, several experimental 

studies have been performed with both passive (or simulated) and active embedded 

devices. Warkentin and Crawley (Warkentin et al. 1991) explored the feasibility of 

embedding active integrated circuits on silicon chips within graphite/epoxy laminates. 

Their results displayed that the presence of the integrated device had no effect on the 

longitudinal mechanical properties while caused a 15% reduction of the maximum 

bearable stress. Kim et al. (Kim et al. 1992) studied the strengths under uniaxial 

compressive and three point bending loads of embedded and non-embedded graphite 

composites with thermosetting and thermoplastic resins. Strain gauges or thermocouples 

were integrated within the host material to simulate the embedment of health monitoring 

sensors. They concluded that the embedded sensors had a negligible influence on the 

strength of the materials analyzed.  

Efforts have also been directed towards developing embedding techniques to 

reduce the effects of the embedment on the material integrity. Singh and Vizzini (Singh 

et al. 1994) proposed an interlacing technique that could increase the static strength of the 

composite structures with embedded actuators by redistributing through the thickness the 

load around the inclusion and the host/inclusion interface. Another work by Vizzini and 

Shulka (Shukla et al. 1996) performed a different embedding procedure to integrate thick 

dummy sensors within unidirectional graphite/epoxy laminates. The embedding was 

made by cutting the plies around the embedded simulated sensors so that the strength of 

the material relied on the remaining plies. Based on their study, a dispersed interlacing 
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technique showed the best result in improving the embedded material strength. A few 

years later, Hansen and Vizzini (Hansen et al. 2000) conducted experimental studies on 

the effect of the interlacing configuration on the structural integrity of the host and the 

host/device interface under fatigue loading conditions. Static tension and tension-tension 

fatigue tests were carried out on unidirectional graphite/epoxy specimens with embedded 

glass slices. Significant differences in the static and fatigue strengths were found for 

different embedding techniques. Comparing to those with interlacing technique applied, 

the fatigue life of embedded samples was found to be severely degraded if the 

embedment was accomplished by using a cut-out method. Recently, Ghasemi-Nejhad et 

al. (Ghasemi-Nejhad et al. 2005) proposed three techniques for embedding active 

piezoceramic actuators and patches within the woven carbon/epoxy material. Their study 

mainly focused on the material fabrication process.  

The effects of embedding active PZT sensors on the strength and fatigue behavior 

of quasi-isotropic graphite/epoxy laminates were investigated by Mall and Coleman 

(Mall et al. 1998). Their results showed that in monotonic tensile tests, both the ultimate 

average strength and Young’s modulus of the laminates with or without PZT were within 

4% of each other and their fatigue lives were similar. Similarly, Paget and Levin (Paget et 

al. 1999) performed static tensile and compressive tests on cross-ply carbon/epoxy 

composite specimens with embedded thin PZT transducers. They concluded that the 

strength of the studied laminate was not affected by the embedded PZT sensors with their 

inter-connectors. Additionally, the final failure was found not to coincide with the 

embedded PZT location in the composite. The integrity of graphite/epoxy laminates with 

embedded PZT sensors under quasi-static and fatigue loads was also investigated by Mall 
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(Mall 2002). Samples with and without material cutouts were studied. According to their 

results,neither the static strength nor the fatigue life was affected by the embedded sensor 

and by the embedment technique.  

Efforts have also been conducted to study of the integration of fiber-optic sensors 

into composites. Holl and Boyd (Holl et al. 1993) evaluated the strength and failure 

modes of graphite laminates with embedded fiber-optic sensors under both tensile and 

compressive static loads. No sensitivity to the embedded fiber optic sensors was found 

for both unidirectional and quasi-isotropic host laminates.  With the application of optical 

microscopy and Moiré interferometry techniques, Sirkis et al. (Sirkis et al. 1994) studied 

the effect of embedded optical fiber sensors and piezoceramic actuators on the failure 

mechanisms of laminated thick composites. They concluded that the lay-up of the 

material examined and its thickness could affect the impact of the optical fibers on the 

strain state.   

From these studies it appears that in cases where the thickness of the inclusion 

does not alter significantly the through-the-thickness geometry of the host material, the 

resulting stress concentration is rather small, and thus has negligible effects on the 

material integrity. However, in cases where the integrated devices are not suitably small, 

the strength reduction as well as the resulting damage mechanisms need to be 

investigated and quantified. 

Several numerical studies have addressed the effects of the embedded optical 

fiber sensors on the failure mechanisms of the composite laminates. Dasgupta et al. 

(Dasgupta et al. 1992) have used the Rayleigh-Ritz method to investigate the effect of the 

geometry of the resin-rich region around the fiber-optic sensors embedded in laminated 
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composites. The predicted geometry was discretized for finite-element analysis to obtain 

stress information in the vicinity of the resin pocket. Levin and Nilsson (Levin et al. 

1994) have performed finite-element analysis to determine the local stress field in a 

tensile composite specimen with an embedded EFPI-sensor. The actual reduced local 

fiber volume content around the sensor was determined based on the image analysis 

technique and used in the computational modeling. Their results showed that the sensor-

coating and the coating-composite interfaces are the sites where failure is initiated due to 

the stress concentration caused by the cavity in the EFPI-sensor. Eaton et al. (Eaton et al. 

1995) have analyzed the stress and strain concentrations in and around an optical fiber 

embedded in composite laminates. Three general laminate constructions are studied. For 

the case of optical fibers embedded perpendicularly to the neighboring fibers, they 

observed that significant stress concentration occurred in the distorted plies representing 

a shift of the load path away from the resin pocket tip. Recently, Shivakumar and 

Bhargava (Shivakumar et al. 2005) have studied the effect of the impact on an ‘eye’-

shaped resin pocket defect produced by embedding a fiber-optic sensor perpendicularly 

to the reinforcing fibers. The fiber waviness due to the embedment of the sensor is 

represented in their finite-element study by using a local element coordinate system 

parallel to the distorted fibers. Based on the computed stress concentration factors and 

residual curing stresses, the fracture stress was calculated using the maximum stress 

criterion. Their results indicate that, under a tensile loading, the initial failure is by 

transverse matrix cracking at the resin pocket root, which then leads to a final fracture by 

fiber breakage.         
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Among the few numerical studies on embedded rectangular implants, Chow and 

Graves (Chow et al. 1992) investigate the stress and displacement fields near a soft 

implant in a laminated composite material. The implant is embedded by cutting several 

plies of the composites. Their results indicate that the interlaminar stresses are an order of 

magnitude lower than the stress representing the applied far-field load and the stress 

concentration factor is dependent on the stacking sequence of the laminates. Singh and 

Vizzini (Singh et al. 1994) have analyzed the interlaminar stress state surrounding an 

interlaced, active piezoceramic actuator embedded within a unidirectional composite 

laminate. Their FE model appears to be insensitive to the transition resin layer thickness 

and the resin-pocket length when the length is greater than seven times the ply thickness. 

They conclude that interlacing increases the strength of the composite structure with 

embedded actuators by redistributing the load around the inclusion and the host-inclusion 

interface.  They also state that the delamination in the host composite is virtually 

independent of whether or not the inclusion is active. 

The present work is the continuation of the studies on the structural integrity of 

laminated composites with embedded passive or simulated sensors. Both tensile and 

three-point bending tests have been conducted in CEAM/UCSD to determine the 

mechanical impact of the embedded micro-sensor on the strength and fatigue life of the 

host unidirectional S2-glass/epoxy composite.  

For the tensile tests, the sensors/microprocessors were simulated by integrating 

small chip resistors within the material and the material behavior was monitored using 

the acoustic emission technique. Moreover, micrographic inspections were used to help 

the understanding of the micro-cracks initiation (Ghezzo, Huang and Nemat-Nasser, 
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2008). In the meanwhile, quasi-static three-point bending (short-beam) tests were also 

conducted to characterize the short beam shear strength as well as the subsequent effects 

of embedding the commonly used circuit board material (G-10/FR4 Garolite) and chip 

resistors used to simulate embedded micro-sensors at the mid-plane (Schaaf et al. 2005).   

FEM analysis was performed to investigate the impact on the local stress and 

strain fields of the resin-rich area and the fiber distortion due to the embedment of the 

rectangular shape implant and understand the damage mechanisms.  In addition, von 

Mises and Drucker-Prager criteria are applied to identify and locate the damage initiation 

sites. 

This work focuses on the investigation of the micro-crack initiation within the 

composite laminates with embedded dummy sensors under quasi-static tensile loading 

conditions. Experimental investigation and the observed failure modes are first 

summarized, and then the numerical analysis is addressed in detail for the understanding 

of the damage mechanisms. Finally, the finite-element simulation results are compared 

with the experimental data, showing a rather good agreement.  

 

2.2 SUMMARY OF EXPERIMENTAL INVESTIGATION 

This chapter summarized the experimental investigation to the understanding of 

the damage mechanisms within a fiber glass/epoxy composite laminate containing 

inclusions. For details of this experimental study, please refer to reference (Ghezzo, 

Huang and Nemat-Nasser, 2008). 
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2.2.1. Sample Fabrication 

A fiber glass S2/BT250E-1LV epoxy prepreg tape with 53% fiber volume 

fraction (by Bryte Technologies Inc.) was used to obtain [0]2, [0]4, [0]6 laminates. The 

curing of the resin was achieved by hot pressing the material at 121˚C under 0.34MPa 

pressure. Two sets of panels, blank panels (without embedded dummy sensors, [0]2) and 

panels with integrated devices ([0]4 and [0]6) were fabricated. 0805 chip resistors (by Koa 

Speer Electronics Inc., see Figure 2.1), whose dimension are 2.03 mm ( SL ) by 1.27 mm 

( SW ) by 0.55 mm ( ST ), were embedded at the mid-plane of the material stacking 

sequence to simulate the presence of SHM sensors, and with their lengths aligned with 

the fiber direction. 

Tensile test samples were then cut from the panels using a diamond wheel saw 

according to the ASTM 3039 standard. Particularly, the samples were cut to have the 

implants centrally located for the panels with integrated chip resistors. Fiber glass/epoxy 

tabs were bonded to the specimens’ two ends to avoid failure at the grips. Strain gauges 

were also attached to the samples for monitoring their behavior in quasi-static tensile 

tests. 

 

Figure 2.1. Structure of the dummy sensor (courtesy of KOA SPEER ELECTRONICS 
INC.) 
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Figure 2.2 shows the photomicrograph of a cross section along the fiber direction 

of a [0]6 virgin sample at the dummy sensor location. The embedment of relatively thick 

inclusions is observed to force the fibers surrounding the implant to distort, leaving two 

resin-rich areas along the fiber direction, symmetrically located with respect to the 

integrated dummy sensor. The presence of few distributed voids within the resin matrix 

can also be found. However, very few voids were located at the sensor-resin matrix 

interface, which allow us to assume a good quality of the bond achieved between the 

composite and the simulated sensor surfaces during the fabrication. 

 

 

Figure 2.2. Photomicrograph of the resin pocket area around the embedded dummy 
sensor: side view, along the fiber direction (Ghezzo, Huang and Nemat-Nasser, 2008).  

 

2.2.2. Experimental procedure 

The quasi-static tensile tests were carried out using a servo-hydraulic MTS testing 

machine equipped under a constant displacement rate. Samples of each type (blank [0]2 

and [0]4 with inclusion) were monotonically loaded in tension until failure, while being 

monitored continuously by a PCI-2 acoustic emission system produced by Physical 

Acoustic Corporation. External R50D acoustic sensors were clamped on the surface of 

Tip of the resin pocket 

Voids Simulated 
sensor 
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the sample with vacuum grease for detecting the AE activities. The AE data collection 

and analysis were achieved using an AEWIN software. 

Additional information about the material failure mechanism was obtained from 

micrographic inspections of the material microstructure. Both virgin and loaded [0]6 

samples with simulated sensors were cut, polished and analyzed using standard optical 

microscopy. In order to identify possible sites of micro-crack initiation into the resin 

matrix, the loaded samples were removed from the grips after a certain load was reached, 

and then cut and polished progressively to show their microstructure at different distances 

from the implant.  

 

2.2.3. Observed failure mechanism 

As mentioned before, blank [0]2 samples and [0]4 samples with inclusions were 

monotonically loaded in tension until failure. From these tests, it is found that the 

simulated sensor did not seem to affect the in-plane material properties and had a 

negligible effect on the samples’ tensile strength. However the failure process was 

remarkably different. The blank samples typically appeared to be failed by progressive 

edge delamination; while crack initiation and propagation at the sensor location followed 

by a sudden catastrophic failure were observed for samples with inclusions.  

The typical material response and the acoustic events detected during the tests for 

samples with integrated dummy sensor are presented in Figure 2.3. Significant acoustic 

emissions were detected at a stress level 80-106MPa for almost all the tests, which is 

25% of the stress that is observed to induce acoustic activity in the material without 

implants. Correspondingly, the amplitude of the detected early emissions is generally at 
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least 10db higher. Due to different failure process, the distribution of the events was also 

observed to be different. In cases with embedded dummy sensors, the starting events 

were at the sensor location; while for the material without implants, the detected AE 

events appear a uniform distribution.  

Additionally, the frequency of the first events detected in blank samples is within 

a 100-180 kHz range, which is mainly attributed to flaw growth and fiber pull-out. On the 

other hand, the corresponding events acquired for samples with inclusions are associated 

with a higher range of 150-300 kHz, which are more likely due to the fiber-matrix 

debonding at the implant-composite interface, and corresponding matrix failure.  

 

Figure 2.3. Typical material response and acoustic behavior under tensile load of sample 
with integrated dummy sensor (Ghezzo, Huang and Nemat-Nasser, 2008). 

 

The microstructure of the material with and without implants was also explored to 

support the abovementioned observations. Figure 2.4-2.5 display the state of the material 

surrounding the implant in one of the samples that had been loaded to render the visible 
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damage for optical microscopy. Comparing with the cross sections of virgin samples, a 

considerable number of small cracks can be seen generated along the interface boundary. 

Moreover, no obvious sign of damage is observed in the resin pocket tip region, 

demonstrating that the damage initiation is not at the root of the resin pocket. 

   

Figure 2.4. Photomicrographs of the cross section around the dummy sensor of one 
virgin sample (a) and of one sample tested until 400 MPa (b) (Ghezzo, Huang and 

Nemat-Nasser, 2008). 

 

 

Figure 2.5. SEM images of micro-cracks localized at the interface between composite 
resin and integrated device (Ghezzo, Huang and Nemat-Nasser, 2008). 

Debonded and cracked 
interface 

Integrated device

Crack 

(a) (b) 



 26

2.3 NUMERICAL STUDY 

2.3.1. Idealized Model for the host-sensor system 

As shown before, the embedded rectangular-shaped simulated sensor in a fiber 

reinforced composite creates a resin pocket. For our numerical study, the dimensions of 

the resin pocket are measured off the micrographs of sectioned samples. The protective 

polymeric coating material in this analysis is assumed to have the same material 

properties as the composite matrix and the effect of the resistive film is ignored.   

The idealized 2D model is shown in Figure 2.6. The length ( L ), width (W ) and 

thickness (T ) of the model are 150mm, 25.4mm, 3mm, respectively. DH , the height of 

the region where the fibers are disturbed from axiality is about 0.55mm, based on the 

micrograph measurements. The resin pocket region’s half-length, RPL , is about 2.7mm. 

The thin transition resin layer between the sensor and the composite areas, acting as a 

compliant shear layer, has the thickness TRT = 0.01mm. The resin pocket root has an angle 

of 1.21 degree. The radius of curvature of the sensor fillet angle ( CR ) is about 0.06mm. 

Based on our preliminary simulation study, the introduction of such a fillet angle at the 

sensor corner can greatly reduce the stress concentration without affecting the initial 

failure mode.  

The length ( CL ) of the region covered by the metal coating is about 0.406mm. 

The three metal coating layers (from outer to inner: tin solder plating, nickel plating, 

copper inner electrode) are assumed to be 0.01mm thick for each layer. The baseline 

model (model 1) contains 6 different material areas, sensor substrate, 3 metal coating 
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layers, neat epoxy resin, and glass/epoxy composite. The curved lines represent the 

profile of the reinforcing fibers. The properties of each material are listed in Table 2.1.  

 

Figure 2.6. Idealized Model 
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Table 2.1a Material properties used in the analysis 

Young’s modulus 
[GPa] 

Shear 
modulus 

[GPa] 
Poisson’s 

ratio 

Coefficient of 
thermal 

expansion 
[ Co/10 6− ] 

Material xE  yE  xyG  xyv  xα  yα  
Alumina 
substrate 300.00 300.00 130.00 0.22 6.40 6.40 

Tin solder 
plating 41.40 41.40 15.60 0.33 23.80 23.80 

Nickel plating 207.00 207.00 76.00 0.31 13.10 13.10 
Copper inner 
electrode 110.00 110.00 46.00 0.34 16.40 16.40 

BT250E-1LV 
epoxy resin 3.86 3.86 1.39 0.39 71.00 71.00 

S2/BT250E-1LV 
glass/epoxy   47.80 9.80 3.70 0.3 4.23 46.14 

 

Table 2.1b Material strength properties 

S2/BT250E-1LV glass/epoxy [MPa] BT250E-1LV epoxy resin [MPa] 

Longitudinal Tension Strength c
tF1  1730 Tensile strength r

tF  75 
Transverse Tension Strength c

tF2  67 Compression strength r
cF  115 

In Plane Shear Strength cF6  55   
 

 

2.3.2. Finite-element Analysis 

Due to the symmetry of the idealized model, only one quarter of the sample has 

been considered (Figure 2.7). The center of the embedded simulated sensor is used as the 

origin of the coordinate system, with the length, thickness, and width directions defining 

the x, y, and z axes, respectively.  
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Figure 2.7. One quarter of the 2D model 

A plane strain state has been assumed. Moreover, since the effect of the fiber 

distortion in x-z plane was found to be much smaller than that in the x-y plane, as proven 

by experimental observations, it has been ignored in this work.  

A 3D model has also been studied and the results are compared with those given 

by the 2D plane strain model, but no significant improvement has been found in terms of 

the stress and strain results. 

Four-node quadrilateral plane strain elements are mostly used in this numerical 

analysis. In addition, three-node triangular elements are used to model the tip of the resin 

pocket. Figure 2.8 shows the local finite-element mesh around the resin pocket for the 

baseline model (model 1).  
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Figure 2.8. Local finite-element mesh for model 1 

As is seen, a finer mesh is used for the domain around the sensor and particularly 

the resin pocket root, where maximum stresses are expected. The element shape in these 

critical areas is carefully chosen to better approximate the ply distortion next to the 

inclusion.  

For each element in the composite region where fiber distortion occurs (elements 

modeling the area surrounded by the dashed lines for DHy ≤  in Figure 2.7), a local 

element coordinate system is set up to be parallel to the fiber-distorted profile. This is 

important for simulating the change of the material properties due to the deviation of the 

fiber direction from that of the global x-axis.  

In the finite-element analysis, 8353 nodes and 8153 elements are used. Several 

coarse mesh analyses have also been conducted to check the accuracy of the results. 

Symmetric displacement-boundary conditions are used in the x- and y-directions, 

and a uniform displacement equal to 1% of the model length is imposed at the far ends in 

the longitudinal direction to produce a 1% nominal overall strain. The remote stress, 0σ , 
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is calculated by averaging the resultant end forces, resulting in a stress value of 

476.0MPa for the baseline case. 

In addition to the baseline case, analyses were carried out to study the sensitivity 

of the finite-element model to the variation in the resin pocket length and transition resin 

layer thickness. The effect due to the increase of the fiber volume content around the 

embedment was also studied. 

 

2.3.3. Results and Discussion 

2.3.3.1. Strain and stress fields 

The model for the baseline case is identified as Model 1. Figures 2.9 (a) to (c) 

show the contours of the three strain components around the region where material and 

geometrical discontinuities are present. The maximum longitudinal and shear strains 

appear at the sensor corners within the resin-coating interface (resin rich region).  The 

longitudinal strain is about 9.17% while the shear strain is about 22.65% for the applied 

1% overall strain. The minimum transverse strain (in compression) also concentrates at 

the sensor corners, and is about 7.54%.  

Among the three strain components, the shear strain has the maximum value. 

Since the neat epoxy resin can carry the least strain among all the materials in the model, 

shear debonding at the resin-sensor coating interface is expected to be the main cause of 

failure initiation. This is consistent with our experimental observations. Unlike 

Shivakumar and Bhargava’s work (Shivakumar et al. 2005), the strains at the resin pocket 

root are much smaller than the strains in the sensor neighborhood.  This precludes the tip 

of the resin rich area as a potential site for damage initiation. 
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Figure 2.9. The xxε (a), yyε (b) and xyε (c) strain contours. 

 

(b) 

(a) 
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Figure 2.9 (continued). The xxε (a), yyε (b) and xyε (c) strain contours. 

All the stress components were also computed for the externally imposed nominal 

longitudinal strain of 1%. This nominal strain is equivalent to a 476.0MPa stress in 

tension. Without considering the sensor area (load carrying capability is generally high), 

the maximum longitudinal stress appears in the composite-resin interface at the 

composite region where fibers start to be disturbed. The stress concentration factor 

calculated by normalizing the maximum longitudinal stress with the averaged remote 

stress ( 0/σσ xxK = ) is about 2.54. The maximum and minimum transverse stresses occur 

in the sensor area. At the sensor corner, from the upper edge to the right edge, the stress 

changes from compression to tension. Moreover, the maximum shear stress in composite 

and resin-rich regions concentrates at the sensor corner in the resin-sensor coating 

interface. Its value is about 311.1MPa for a 476.0MPa remote stress, while the maximum 

value computed according to the von Mises criterion is about 570.2MPa.  

(c) 
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The stresses along the resin-composite interface ( RPS LLx +≤≤ 2/0 ) and resin-

sensor coating interface ( 2/2/ SCS LxLL ≤≤− ) are highly critical since they may 

trigger rapid failure by delamination. The distribution of the stresses is shown in Figures 

2.10 (a)-(c). The plots are normalized by the applied remote stress, 0σ , and the x 

coordinate is normalized by the sensor thickness, ST .  

From these plots, the stresses along the resin-composite and resin-sensor coating 

interfaces generally have the same trend, with the magnitude being higher in the latter 

case. The longitudinal and transverse stresses exhibit steep gradients at point A where the 

metal coating layer starts and at point B where the metal coating bends down. The 

maximum stresses appear at the sensor corner area. At the end of the resin pocket (point 

C), the transverse stress increases. However, this small increase is not sufficient to cause 

fiber-matrix splitting. The shear stresses along both interfaces show sharp rises at the 

sensor corner, decreasing monotonically away from the singular point. The three stress 

components at the critical location, STx 75.1≈ , close to point B, where the maximum von 

Mises stress is reached, are 37.1MPa ( xxσ ), -199.3MPa ( yyσ ), and 307.1MPa ( xyσ ), 

respectively. The shear stress component is dominant.  
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Figure 2.10. Variations of 0/σσ xx  (a), 0/σσ yy  (b) and 0/σσ xy  (c) along the resin-
composite and resin-sensor coating interfaces.  

 

(a) 

(b) 
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Figure 2.10 (continued). Variations of 0/σσ xx  (a), 0/σσ yy  (b) and 0/σσ xy  (c) along 
the resin-composite and resin-sensor coating interfaces.  

 
2.3.3.2. Curing stresses 

In this study, the effect of the curing process on the residual stress within the 

material is also taken into consideration. 

The composite panels were cured from 250 Fo  (121.11 Co ) to 75 Fo (23.89 Co , 

the room temperature). The first 90 Fo temperature drop has little impact on the residual 

stresses due to a high viscoelastic relaxation. Therefore, the curing stresses induced from 

160 Fo (121.11 Co , based on the producer’s material data sheet) to 75 Fo (23.89 Co ) are 

computed. The variation of the curing stresses along the resin-composite interface and 

resin-sensor coating interface are plotted in Figures 2.11 (a)-(c). From these plots it 

appears that the longitudinal and the transverse curing stresses have distributions similar 

to the corresponding stresses due to the applied tensile deformation, as shown in Figures 

10a and 10b. These two stress components tend to expedite the failure initiation. On the 

(c) 
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other hand, the shear component due to the curing stress is generally in the direction 

opposite to the shear stress due to the applied tensile load. Therefore, it has positive effect 

on the material strength, increasing the resistance to the failure initiation.  
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Figure 2.11. Variations of xxσ  (a), yyσ  (b) and xyσ (c) due to curing along the resin-
composite and resin-sensor coating interfaces.  

(a) 

(b) 
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Figure 2.11 (continued). Variations of xxσ  (a), yyσ  (b) and xyσ (c) due to curing along 
the resin-composite and resin-sensor coating interfaces.  

 

2.3.3.3. The effect of the transition resin layer thickness 

The baseline model was modified to evaluate the sensitivity to the resin layer 

thickness ( TRT ) and the resin pocket length ( RPL ). The stress state is investigated for the 

transition resin layer thickness ranging from 0.0067 to 0.0167mm. The variations of the 

normalized longitudinal, transverse, and shear stress components along the rein-sensor 

coating interface with respect to various resin layer thicknesses are shown in Figures 2.12 

(a)-(c). The trend in the stress plots remains similar to the baseline case ( TRT =0.01mm). 

The variation of the resin layer thickness has a more significant effect on the shear stress 

in comparison with its effect on the other two stress components. The maximum shear 

stress in the resin-sensor coating interface experiences a 10.5% decrease for a 66.7% 

(c) 
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increase in the resin layer thickness and a 9.5% increase for a 33.3 % decrease in the 

resin layer thickness. In conclusion, the finite-elements model results are not sensitive to 

the thickness chosen for the transition resin layer within the considered range. 

 

 

Figure 2.12. Variations of 0/σσ xx  (a), 0/σσ yy  (b) and 0/σσ xy (c) along the resin-sensor 
coating interface for various TRT .  

(a) 

(b) 
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Figure 2.12 (continued). Variations of 0/σσ xx  (a), 0/σσ yy  (b) and 0/σσ xy (c) along the 
resin-sensor coating interface for various TRT .  

 

2.3.3.4. The effect of the resin pocket length 

The effect of the resin pocket size on the stress state was also investigated. The 

resin pocket lengths varying from 1.35 to 3.375mm were studied. The variations of the 

normalized longitudinal, transverse, and shear stresses along the resin-sensor coating 

interface are shown in Figures 2.13 (a)-(c). The stress distributions for different resin 

pocket lengths remain the same as in the baseline case ( RPL =2.70mm). The transverse 

stress is more sensitive than the other two stress components. The maximum transverse 

direction compressive stress in the resin-sensor coating interface experiences a 5.1% 

decrease for a 25% increase in the resin pocket length and a 23.5% increase for a 50% 

(c) 
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decrease in the resin pocket length. From these results it appears that the RPL  value 

doesn’t have a profound impact on the stress results. 

 

 

Figure 2.13. Variations of 0/σσ xx  (a), 0/σσ yy  (b) and 0/σσ xy (c) along the resin-sensor 
coating interface for various RPL .  

(a) 

(b) 
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Figure 2.13 (continued). Variations of 0/σσ xx  (a), 0/σσ yy  (b) and 0/σσ xy (c) along the 
resin-sensor coating interface for various RPL .  

 

2.3.3.5. Effect of local fiber volume content increase 

The experimental observations show that the fibers are more closely packed 

around the inclusion due to the embedding process. This fact may affect the local 

composite material properties. To simulate the effect due to the change of the fiber 

volume content in the fiber disturbance region ( DHy ≤ ), a new model, designated as 

Model 2, was studied. For simplicity, only 2 new regions were introduced in Model 2, as 

shown in Figure 2.14. Region 1 was assumed to contain 70% fiber. Region 2 is a 

transition region, which has the average properties between the 70% fiber content 

composite and the normal 53% fiber content composite. The lengths of the two regions 

are 1.5 and 1.7mm, respectively.  The material properties for these two regions are listed 

(c) 
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in Table 2.2. The rest of the model is the same as Model 1. The applied load is still 

equivalent to a 1% nominal longitudinal strain.  

 

 

Figure 2.14. Local finite-element mesh for Model 2 

 

Table 2.2 Material properties used in Model 2. 

Young’s 
modulus [GPa] 

Shear 
modulus 

[GPa] 
Poisson’s 

ratio 

Coefficient of 
thermal 

expansion 
[ Co/10 6− ] 

Material xE  yE  xyG  xyv  xα  yα  

Region 1 (70% fiber) 61.99 11.66 4.24 0.28 2.90 30.18 

Region 2 54.90 10.73 3.97 0.29 3.57 38.16 
 

The stress and strain fields computed for Model 2 are similar to those of Model 1. 

The averaged remote stress, 0σ , corresponding to the applied 1% nominal strain is about 

477.2MPa. As for Model 1, the maximum von Mises stress within the resin layer appears 

at the sensor corner in the resin-sensor coating interface. Its value is about 575.7MPa. 
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The distribution of the stresses along the resin-sensor coating interface where micro-

cracking is expected to initiate is plotted in Figures 2.15 (a)-(c) and compared with the 

results from Model 1. All the stresses are normalized by the remote stress, 0σ .  

In conclusion, it appears that the variation of the local fiber volume content 

assigned to the aforementioned regions in the model and created to reproduce the local 

fiber distortion around the embedded dummy sensor, is responsible for a change in the 

stress values (tensile, transverse, and shear) of less than 8% of those of the baseline case 

(Model 1).  
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Figure 2.15. Variations of 0/σσ xx  (a), 0/σσ yy  (b) and 0/σσ xy (c) along the resin-sensor 
coating interface for the two models.  
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Figure 2.15 (continued). Variations of 0/σσ xx  (a), 0/σσ yy  (b) and 0/σσ xy (c) along the 
resin-sensor coating interface for the two models.  

(b) 

(c) 
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2.3.4. Failure analysis 

Since S2 glass fiber has a much higher Young’s modulus than the neat epoxy 

resin, most of the load is carried by the fibers so that the ultimate failure strength is 

mainly determined by the fiber volume fraction. Embedding micro-sensors and devices 

without cutting the plies around the implants (cut-out methods) is not expected to have a 

significant impact on the ultimate failure strength since it does not significantly modify 

the material properties. From the experimental observations it appears that the embedding 

process causes an averaged decrease of only 2.6% in the ultimate failure strength. 

Moreover, the stress concentration factor of 2.54 is much smaller than the one caused by 

a 1 mm through-the-thickness hole in the same host laminate (about 4 by numerical 

computation). This again suggests that the impact of the embedded dummy senor on the 

ultimate strength is rather small. 

The curing stresses are very small in comparison with the ultimate failure 

strength. The impact of the curing effect on the ultimate strength seems to be negligible. 

The stress applied at the far end that can initiate local failure is referred to as the 

failure initiation stress in this work. Based on the stress distribution results for the 

baseline model reported in the previous section, the stress values that cause the initiation 

of the failure were calculated both for the composite area and the neat resin area 

separately. 

For the composite domain, the maximum stress criterion is used. Failure is 

assumed to occur when at least one stress component along one of the principal material 

axes reaches the value of the corresponding material strength. The criteria are defined as 

follows: 
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Tension failure: 

c
tF11 =σ  or c

tF22 =σ .                                                  (1a) 

Compression failure: 

c
cF11 =σ  or c

cF22 =σ .                                                  (1b) 

Shear failure: 

cF66 =σ .                                                             (1c) 

Here, the subscripts 1 and 2 refer to the principal material axes of the composite 

material (which correspond to the local element coordinate system). 

For the neat resin area (including the transition resin layer and the resin pocket), 

the von Mises criterion and the Drucker-Prager criterion are considered. Failure is 

assumed to occur when the stress components satisfy the chosen failure criterion. The 

criteria are defined as follows: 

The von Mises criterion: 
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The Drucker-Prager criterion: 
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where 1σ , 2σ , and 3σ  denote the principal stresses, which are the eigenvalues of the 

stress components in the global coordinates. If a curing effect is included, each of these 

global stresses is the sum of the stress due to the externally applied tensile load and the 

thermal curing stress.  r
tF and r

cF are the tensile and compression strengths of the epoxy 

resin, respectively. The Drucker-Prager criterion is a more suitable criterion for 

describing the failure of composite resins due to multi-axial stress states, than the von 

Mises criterion (Groot et al. 1987). 

 

Table 2.3 Failure initiation stress. 

Prediction (MPa) 
Von Mises Drucker-Prager 

Curing stress Curing stress 

Not  included Included Not  included Included 

Experiment 
(MPa) 

62.6 52.2 79.6 51.1 46~106 

 

Using these criteria and the material strength given in Table 2.1b, the failure 

initiation stress was predicted for the baseline model. Table 2.3 summarizes the 

prediction results. Since the failure always appears first in the resin area, only the results 

concerning the resin area are present.  

The site of failure initiation is located at the sensor corner within the resin-sensor 

interface independently of the criterion chosen. This result is consistent with the 

experimental observations. The overall impact of the curing stresses seems to expedite 

the failure initiation. 
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The failure mode is complicated if the curing effect is included, since the shear 

stress is not dominant any longer. From the experimental point of view, the failure 

prediction based on the numerical results without considering the curing effect, is closer 

to the real case where failure in a shearing mode has actually been observed.  

 

2.4 CONCLUDING REMARKS 

The presence of the embedded micro-sensors in laminated composites is expected 

to initiate premature failure due to the micromechanical interactions occur at the fiber 

glass/epoxy laminate and the embedded dummy sensor interfaces. Experimental investigation 

was conducted to determine the mechanical impact of the implant on the integrity and 

mechanical behavior of host composites. 

Additionally, FEM analysis was conducted to study the effect of the embedded 

simulated micro sensors on the stress/strain fields and failure mechanisms within the host 

composite laminate. The following summarizes our findings: 

− The embedment process causes material and geometrical discontinuities within 

the composite laminate, which are responsible for localized high values of the 

stress concentrations which affect the initiation of the failure and the development 

of the damage.  

− Under a tensile loading, the initial failure is expected to be matrix cracking at the 

sensor corner in the resin-sensor coating interface. The failure initiation load was 

predicted using the von Mises and the Drucker-Prager criteria. Good agreement 

has been found between the numerical predictions and the experimental 

observations. 
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− The sensitivity analyses show that the transition resin layer thickness and the resin 

pocket length have no profound impact on the stress results. 

− The effect due to the increase of the fiber volume content around the embedment 

is small. The overall effect of the residual curing stresses tends to expedite the 

failure initiation. 
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Chapter 3.  

Damage Identification with Spatially Distributed 2D 

Continuous Wavelet Transform 

When materials in a structure suffer damage, the mechanical response of the 

structure is modified, particularly in the vicinity of the damaged zones. Such local 

perturbations in the structural response generally are very small but they can be detected 

using wavelet transform techniques. To this end, a distributed two-dimensional (2D) 

Continuous Wavelet Transform (CWT) algorithm is developed which can use data from 

discrete sets of nodes and provide spatially continuous variation in the structural response 

parameters to monitor structural degradation. Combined with an embedded sensor 

network to provide nodal response signals, this algorithm has the potential for Structural 

Health Monitoring (SHM). The advantageous features of this algorithm are its reliance on 

local data, its ability to yield spatially continuous information, and its limited 

communication and computation requirements. The feasibility of the method is 

demonstrated using two illustrative examples: one is based on the crack-tip strain field of 

a plate subjected to biaxial loads, and the other is based on the deflection field of a simply 

supported plate with defects subjected to static or impacting transverse loads (using a 

finite-element method (FEM) to obtain solutions). For each case, a set of discrete data is 

used to simulate the nodal sensor response, and then the 2D CWT is applied to detect the 

damage. The damage positions are accurately located and the damage severity is 
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qualitatively assessed. In addition, a 3D data case (2D spatial signal with time history) is 

examined to demonstrate the feasibility of using a 3D CWT for SHM. 

 

3.1 INTRODUCTION 

Most engineering structures suffer damage during their service life. To ensure 

structural integrity and hence maintain safety, in-service Structural Health Monitoring 

(SHM) techniques are required for many sensitive structural systems. Smart structures 

and materials present new opportunities for SHM. These are structures which can sense 

and perhaps respond/adapt to changes in their state and in their environment (Staszewski 

et al. 2004). In general, advanced smart structures require sensors, actuators, controllers, 

and signal processors that are integrated into the structural materials. The smart SHM 

system usually consists of: (1) a network of sensors for collecting performance data 

measures; and (2) a data analysis algorithm/software for interpreting the data in terms of 

the physical conditions of the structural system (Hera et al. 2004). 

Most traditional SHM algorithms are based on frequency and stiffness analysis, 

seeking to extract damage information from the resulting changes in the structural 

stiffness and natural frequency of the structure. The Fast Fourier Transform (FFT) is a 

widely used tool for this kind of analysis. Wavelet transform, as an extension of the 

traditional Fourier transform, has become an effective tool for SHM in recent years. 

Newland (Newland 1993) was probably the first to realize the potential of wavelet 

transform in vibration signal analysis. Surace and Ruotolo (Surace et al. 1994) and Wang 

and McFadden (Wang et al. 1996) introduced the use of wavelet transform to analyze 

vibration signal in a time domain for damage detection. More recently, Deng and 
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Giurgiutiu (Deng et al. 1999) have discussed the application of piezoelectric transducers 

and wavelet transforms for the identification of damage by foreign-object impact on steel 

beams and composite panels. The transducers are surface mounted as sensors to receive 

elastic wave signals produced by the impact event. The wavelet transform is then used to 

process the signals received by the sensors and to determine the wave arrival instances at 

the sensor locations, from which the impact location is calculated based on elastic wave 

propagation theory. Similarly, Salehian et al. (Salehian et al. 2003) have used the wavelet 

approach to locate a suddenly imposed structural damage in a continuum such as a plate. 

The suddenly imposed damage is simulated as an impulse signal and the resulting 

response data are collected at a set of sensor locations. The wavelet transform is used to 

obtain the travel times from impact point to the sensor locations, and hence to establish 

the location of the impact damage.  Yan and Yam (Yan et al. 2004) have studied the 

delamination damage in a laminated composite plate, using embedded piezoelectric 

patches. The damage detection is based on the energy variation in the structural dynamic 

response, characterized using wavelet analysis. Kim and Melhem (Kim et al. 2003) have 

compared the use of FFT and CWT to detect the progression of damage in a pre-stressed 

beam subjected to fatigue damage. They conclude that CWT has the potential of 

becoming an effective tool for damage detection and SHM for structures with irregularly 

changing natural frequencies. For large-scale civil structures, Moyo and Brownjohn 

(Moyo et al. 2002) have applied wavelet analysis to identify events and changes in the 

structural state of a bridge during and after its construction. 

The above-mentioned contributions use the wavelet transform to analyze signals 

in the time domain. In reality, a self-monitoring structure with embedded spatially 
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distributed sensor networks provides both time domain signals and also spatially 

distributed structural response data such as strain, displacement, temperature, or 

acceleration measures, which may be analyzed using spatial wavelet transform. The 

application of spatial wavelet to SHM was first considered by Liew and Wang (Liew et al. 

1998). Their results show that crack identification in beams via wavelet analysis is 

possible, whereas it can hardly be accomplished by the traditional eigenvalue analysis. 

Wang and Deng (Wang et al. 1999) have demonstrated the feasibility of spatial wavelet 

transform in detecting the local structural response perturbation that is caused by the 

presence of cracks. Basically, two cases are studied. First, they consider the deflection 

response of a cantilever beam containing a short transverse crack, and subjected to static 

or impact loads.  Then, they consider the displacement response of a large sheet structure 

(a plate in plane strain or plane stress condition) containing a through-thickness crack. 

Chang and Sun (Chang et al. 2003) have proposed a Wavelet Packet Signature (WPS) 

curvature method for structural damage assessment. The WPS is extracted from the 

response, measured at various locations, and the spatial distribution of the curvature of 

the WPS is used to locate and quantify the damage. Chang and Chen (Chang et al. 2003) 

have used spatial wavelet transform to analyze the modal profiles of a Timoshenko beam 

containing a transverse crack. They demonstrate that the distribution of the wavelet 

coefficients can be used to identify the crack position even when the crack is small. These 

contributions deal with one-dimensional signals. 

The current work is part of an effort to develop smart composite materials that can 

perform SHM on themselves using embedded micro-sensors and network communication 
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nodes. The nearest-neighbor mesh network, as shown in Figure 3.1, is considered in this 

study. The processing characteristics of the network are as follows: 

 The data sequence )2,1( kkx , defined over Nk <≤ 10 , Nk <≤ 20 , is acquired and 

processed by an NN × array of nodes. 

 Each node contains a micro-sensor and a microcontroller with limited capabilities. 

 Each micro-sensor is wired to its own microcontroller, and each microcontroller is 

then wired only to its nearest neighbors, identified as up, down, left, and right. 

 

1 1 1

3

1

1

1

3

6

 

Figure 3.1. Nearest-neighbor mesh network. Reproduced from Rye (2007). 

Here we propose a locally-performed (in situ at embedded nodes) distributed 

algorithm for identifying the location of defects/failures in a 2D structure. The idea is to 

use a distributed 2D spatial CWT, based on the Loewke et al. (Loewket et al. 2005) 

contribution that employs a 1D FFT transform, and our own work on a distributed 2D 

FFT algorithm. We concentrate on local in situ processing for two primary reasons. First, 

in the low power, low bandwidth, embedded networks that are scalable, processing is 
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constrained to be local. Second, even if all the information were extracted and processed 

externally, it is computationally infeasible to fuse all the available data optimally. 

 

3.2 CWT ALGORITHM 

3.2.1 Why Wavelet Transform 

Although Fourier Transform (FT) is extensively used, it has major short comings 

for our application. For non-stationary signals, FT provides spectral components but not 

their temporal positions, since the temporal information is lost upon FT application 

(Polikar). In a similar way, FT can detect the presence of local perturbations for spatial 

signals, but not their actual locations. Wavelet transform does not have these 

shortcomings, as it can detect the presence and the location of perturbations, and the 

instant of their occurrence, simultaneously.  

 

3.2.2 FFT and IFFT 

The 2D CWT algorithm uses FFT and Inverse FFT (IFFT). In a sensor network, 

information is obtained at discrete points.  This requires a Discrete Fourier Transform 

(DFT) technique.  FFT is a fast and efficient in computing the DFT.   

The DFT is usually defined for a discrete function ),( nmx  that is nonzero only 

over a finite region, say, 10 −≤≤ rNm and 10 −≤≤ cNn . The two-dimensional 

cr NN ×  DFT and its inverse cr NN ×  IDFT relations are defined by 
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When M and N  have the same power of 2 ( kNM 2== ), the 2D DFT can be 

efficiently implemented using the Row-Column FFT or Radix-2 by 2 Vector-Radix FFT; 

see (Loewket et al. 2005). Here we use Row-Column FFT as an example. In Row-

Column FFT, 1D FTs are sequentially performed on each row and then each column of 

the original sequence.  The order of operations is as follows: First, bit-reverse each row, 

and calculate transforms of length 12 , 22 , 32 ,…, k2 , using the Radix-2 butterfly network 

for each row. Second, bit-reverse each column, and calculate transforms of length 12 , 22 , 

32 ,…, k2 ,  for each column. 

The 2D FFT can be efficiently implemented by sequentially performing 1D FFTs 

across each row and then each column of the 2D array.  Figure 3.2 shows the 
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communication steps and calculation requirements for 1D-distributed FFT in an 8-node 

network. 

The 1D IFFT is simple. It takes the complex conjugate of the input, performs a 

1D FFT, takes the complex conjugate of the results, and normalizes it with respect to the 

input data length.  The 2D IFFT is a bit more complex. The first step is to remove each 

row of the input, treat it as a 1D vector, form its complex conjugate, and perform a 1D 

FFT on it. After that, put the resulting rows back into the input matrix and take its 

transpose. The second step is to take each column out, then perform 1D FFT. After that, 

take the complex conjugate and normalize with input data size (for cr NN ×  input data, 

normalized with cr NN ).  Put these columns back into the input matrix and take the 

transpose again, accomplishing the 2D IFFT transform. 

 

3.2.3 CWT and 2D-3D CWT 

Let )(tx be a signal in the time domain from minus infinity to plus infinity. The 1-

dimensional CWT is defined as, 

∫
∞

∞−

−
=Ψ= dt

s
bttx

s
bsbscwt x )()(1),(),( *ψψ  ,                       (3) 

where b and s are the translation and scale parameters, respectively, and the superscript * 

denotes complex conjugation. The transformation function )(1)(, s
bt

s
tbs

−
= ψψ  is 

generated by translating and scaling a mother wavelet, )(tψ . ),( bscwt  is called the 

wavelet coefficient. Wavelets with integer parameters, )2(2)( 2/
, ktt jj
kj −= ψψ , are 
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more often used in wavelet transforms, where j and k are the scale and translation 

parameters. In this paper, the term scale refers to the exponent j and not to s, where 

js −= 2 and jkb −×= 2 . For our application, the suitable range of the j is from about -8 to 

40.  

 

Figure 3.2. Distributed 1D FFT for an 8-node network. 

We see that CWT in the time domain is a convolution process. It can be proved 

that, for )()( 2 RLtx ∈ , we can bypass this convolution process by performing a CWT in 

the frequency domain, as follows: 

)()(),( ωωω ⋅Φ= sXssCWT                                            (4) 
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Here, X and Φ are the Fourier Transform of )(tx and )(tψ , respectively. ω is the 

frequency parameter. ),( ωsCWT  is the Fourier Transform of ),( bscwt . Based on the 

above equation, if we know the Fourier Transform of the mother wavelet, the 1D CWT 

can be reached by performing FFT on the input signal, then point-wise multiplying the 

FFT results with the Fourier Transform of the mother wavelet (using Np /2 ⋅= πω , 

1,...,1,0 −= Np  is the grid-point position, and N is the signal length), and after that, 

performing IFFT on the generated vector. 

Similarly, for a 2-dimensional signal, )(),( 2 RLyxf ∈ , the following equations 

hold:  

),(),(),,(2

),(),(1),,(2

212121 ωωωωωω

ψ

⋅⋅Φ⋅⋅=

−−
⋅

⋅
= ∫∫

ssFssDCWT

dxdy
s

by
s

axyxf
ss

basDcwt
.                          (5) 

Using the same method as 1D CWT, a 2DCWT can be performed on discrete data, 

bypassing the convolution process. The algorithm satisfies our requirement of local 

processing and communication capability.  

The idea of this 2D CWT algorithm comes from WaveLab802 CWT code 

(Donoho et al.). In this paper, all the 2D CWTs are performed using the 2D Sombrero 

wavelet. Below are its expressions in the time and frequency domains:  
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The flowchart for performing this 2D CWT is shown in Figure 3. Other mother 

wavelets, such as Gauss, Gauss derivative, and Morlet have been tried, but Sombrero 
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wavelet is the one that gave the most promising result in damage detection. Structural 

damage usually introduces sharp data perturbation in the spatial response, which is 

similar to the profile of the Sombrero wavelet. Using the same idea, we can easily 

develop an algorithm for 3D CWT. 

  For a 3-dimensional signal, )(),,( 2 RLtyxf ∈ , we set, 

),,(),,()(),,,(3

),,(),,(1),,,(3

321321
2/3

21 ωωωωωωωω
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−−−
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s
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s

by
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axtyxf
sss

cbasDcwt
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The expressions for the 3D-Sombrero wavelet in the time and frequency domains 

are as the follows: 
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3.3 DISTRIBUTED 2D CWT 

The 2D CWT algorithm discuss above is based on the assumption that all 

computations would happen on a single processor. As we have mentioned, it can be 

generalized as follows: perform a 2D FFT on the input 2D matrix signal, then multiply 

point-wise the Fourier Transform of the 2D mother wavelet by the corresponding entry of 

the matrix  that resulted from the 2D FFT (array multiplication), and finally, perform an 

IFFT on the matrix generated in the previous step.  Figure 3.3 is a flowchart of this 

algorithm. 
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Figure 3.3. Flowchart of the 2D CWT algorithm. 

In the 2D CWT algorithm, the 2D FFT and IFFT (for k
cr NN 2== ) with 

butterfly operations can be performed independently and concurrently in separate 

processors (Rye 2007), which is appropriate for distributed processing. The array 

multiplication process does not require communication between different processors.  

Thus, the process can be performed in each processor separately. Hence, once we have 

defined the scale and have stored the FFT coefficients of the designed mother wavelet at 

each grid point of the corresponding processor, the entire 2D CWT algorithm can be 

realized through a distributed processing. 

 

3.3.1 Communication and Computational Requirements of Distributed 2D CWT 

Using the given processing capabilities of the network, we can determine the 

communication and computations that would be required to perform the proposed 

distributed algorithm using an array of microcontrollers. We evaluate these requirements 

in terms of the communication and computational steps. One communication step is 

assumed to include all necessary data transfers from one node to its appropriate neighbor 

concurrently over the entire microcontroller array. Here, we assume that, at each instant, 
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a node can either send data to or receive data from one neighboring node only. Similarly, 

one computational step includes all computations (addition, multiplication, division, etc.) 

concurrently over the entire microcontroller array.  

The number of communication steps required for the distributed 2D FFT (both 

Row-Column and Vector-Radix) of size N by N is 212 8logN N−  (Loewket et al. 2005). 

The communication requirement for the distributed 2D IFFT is the same as that for the 

2D FFT, since the complex conjugating and normalizing procedures do not require data 

communication. The array multiplication process does not have any communication cost 

either. The total number of communication steps required for distributed 2D CWT 

is NNNN 22 log1624)log812(2 −=−× . 

The number of computational steps required for the 2D FFT (Row-Column) of 

size N by N is N2log4 (for Vector-Radix algorithm it is 3log2 N) (Rye 2007). The 

number of computational steps required for the 2D IFFT (Row-Column) of size N by N 

is 3log4 2 +N , since it has two extra complex conjugating processes and one extra 

normalizing process. The array multiplication process requires one step. So the total 

number of computational steps required for a distributed 2D CWT is 4log8 2 +N .                                    

 

3.3.2 Implementing Distributed 2D CWT in a Virtual Sensor Network 

To test our distributed algorithm, LabVIEW codes are developed to simulate the 

functioning of 2 sets of sensor networks with 8×8 (see Figure 3.4) and 16×16 sensors, 

respectively. These networks exactly follow the processing characteristics we stated in 

the first section, that is, all the computations are performed locally at each node and all 
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the communications are made between neighboring nodes. Every node in these virtual 

network codes shares an identical sub vi file which simulates the functioning of a 

microsensor for data collecting and a microcontroller for data communication and local 

computation. The distributed 2D CWT algorithm has been successfully implemented in 

these virtual networks. For given 2D simulated sensing data, and the chosen mother 

wavelet and the specific scale for the analysis, the codes can graphically output the 

corresponding 2D FFT and 2D CWT coefficients. Demonstration of virtual network with 

implemented 2D CWT is shown in the appendix.  

 

Figure 3.4. An 8x8 virtual sensor network in LabVIEW 

3.3.3 Automatic Damage Detection with Distributed 2D Spatial CWT  

As Wang and Deng (Wang et al. 1999) have pointed out, spatially distributed 

signals can be analyzed by wavelets that are used to analyze signals in the time domain. 

To this end, we simply substitute for the time t a spatial coordinate variable. When 

damage (e.g., cracks) and defects develop in a structure, the associated spatially 
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distributed structural response such as displacement, or strain, or temperature field will 

contain corresponding additional information in the form of local perturbations 

(discontinuity, singularity). With an embedded sensor network, the structure can provide 

the necessary spatial signals. The CWT has the capability of detecting the presence and 

location of the local perturbation in these signals, making it a powerful tool for SHM.  

For a 2D spatial signal, the 2D spatial CWT is used. The automated damage 

detection procedure can be implemented as follows. First, the microcontrollers collect the 

spatially distributed response of interest from the embedded sensors. Then they locally 

preprocess the collected data and output the local damage level. For example, comparing 

current data with the original data collected at the undamaged stage (stored locally in the 

sensors or microcontrollers) based on a predefined damage index will renter the local 

damage signature. This step has only a 1-step computational cost. If the embedded 

sensors are sufficiently dense (dense sensor network), one may bypass this step, since the 

collected raw data at the current stage may have obvious local perturbations.  

Furthermore, the microcontroller network performs a fine-scale 2D CWT on the 

preprocessed spatially distributed signal. We note the necessity of using a fine-scale 

CWT because the wavelet transform is a multi resolution transform. The transforms are 

performed with various scaled versions of the mother wavelet, and the local perturbation 

cannot be detected if we do not use a suitably fine scale. Finally, let the network scan the 

transformed data.  If a sudden change is seen on the wavelet coefficients, then there are 

perturbations that have been caused due to the structural damage. A possible way to 

implement this is to store in each microcontroller a preset threshold value.  Then, any 

microcontroller with a wavelet coefficient higher than this value would be required to 
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automatically flag its position. This requires a 1-step computation, while the 

communication requirement depends on the damage position. This 2D spatial CWT 

method is a locally-controlled method since all the data processing can be completed by 

the local microcontrollers and the communication and computational requirements are 

very limited. 

The method discussed above can be used to monitor a 2D structure, detecting the 

presence of damage and its location. With a 3D CWT algorithm, we can detect damage in 

a 3D structure. For a 2D structure with time history information, the method can be used 

to identify the damage location and the instant of its occurrence.   

 

3.4 FEASIBILITY STUDY 

In this section, we consider illustrative examples to check the feasibility of the 2D 

spatial CWT to detect structural damage.  Two sets of problems are examined.  The first 

is a plate containing a crack and subjected to a bi-axial load. The spatial signal in this 

case is the strain field in the vicinity of the crack. We use this problem to show how a 2D 

CWT works with a dense network signal, and how the CWT results relate to the chosen 

CWT scales. The second is a simply supported plate with one or more local defects, 

subjected to a static or an impact transverse load. The considered spatial signal is the 

change in the displacement field due to the presence of such defects. We do not use mode 

shapes as our spatial signal, as has been done by Chang and Chen (Chang et al. 2003), 

because the mode-shape calculation requires a considerable amount of computation that 

cannot be performed locally (in situ) by microprocessors.   This example demonstrates 

how 2D CWT works with a sparse network signal.  In the last part of this section, we 
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discuss the use of 3D CWT for detecting the perturbation of 3D signals, consisting of 2D 

spatial data and their time history.    

 

3.4.1 A plate with a through-thickness crack under bi-axial load 

The schematic diagram in Figure 3.5 (a) shows a typical case of a plate with a 

through-thickness crack under a bi-axial load. The grey squares represent the embedded 

micro-sensors. The black bar from a−  to a  denotes a crack.  α  is the angle between the 

applied stress, 0σ , and the crack, and β  is the angle between the rows of sensors and the 

crack. 
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Figure 3.5. (a) A typical case of a plate with embedded sensors, containing a through-
thickness crack and subjected to a bi-axial load; (b) Parameters used to calculate the 

strain field in a plate containing a crack and subjected to a biaxial load. 

A densely distributed sensor network is required to reveal the local features 

around a crack tip. Consider a large plate containing a small crack. An embedded 8 by 8 

sensor network that collects 8 by 8 spatial response signals cannot provide sufficient 

information to reveal the local features around the crack tip.  If, on the other hand, multi-

scale sensors that can record multi-scale data (such as both strain and strain gradient) are 

used, then one may employ a multi-scale data fusing technique (such as interpolation or 

neural network) to obtain adequate information (Studer et al. 2004) to complete the 
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analysis.  In what follows, we use analytical solutions to simulate the response at each 

sensor location. We choose the strain data as the sensor signal, and calculate the strain 

field analytically, using the following equations that are obtained based on the Kolosoff-

Muskhelishvili method (Muskhelishvili 1954); Figure 3.5 (b) gives the definition of 

various parameters used in these expressions. 
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The strain field is now calculated from these stress components, using linear 

elasticity stress-strain relations. Assuming a plane stress isotropic response, and 

setting 3.0 ,E GPa=  33.0=υ  for polymeric composites, we have the strain field shown 

in Figure 6 for 0 1MPaσ = and 2=k . A 256 by 256 (dense network) uniform grid system 

of 4/4 ≤≤− ax , 4/4 ≤≤− ay  squares is used to calculate the yyε strain data at each 

point to simulate the sensor's response.  
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Figure 3.6. Typical yyε strain component of a plate that contains a crack, simulating the 
response of a 256 by 256 sensor network. 

The strain yyε  response data (see Figure 3.6) shows 2 singularities at the two crack 

tips. This is the dominant local feature that demonstrates the presence of a crack. With a 

fine scale, this kind of local perturbation can be easily detected by a 2D CWT, and the 

crack can be located. We have applied the 2D CWT with different scales and have plotted 

the resulting 256 by 256 wavelet coefficient values for each case in Figures 3.5 (a) to 3.5 

(c).  
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Figure 3.7. 2D CWT coefficients for strain response (at scale j=-8 (a), j=-4 (b) & j=0 (c)).  

The figures show that a course scale, e.g., j=-8, identifies only the low-frequency 

signals (the valley between the two singularities in Figure 3.7); when the scale is refined 

by increasing the value of j, then higher frequency signals (the two singularities caused 

by the crack tip stress concentration) gradually appear while the lower ones gradually 

disappear; when j reaches a certain value (here j = 0), only the high-frequency signals are 

detected and their locations are precisely established. It thus appears that, the 2D CWT 

can be used to locate the crack position in a static biaxial loading case, since the locations 
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of the high-frequency signals are associated with the crack tips. Once the crack tips are 

located, we can very accurately identify the crack length and its orientation.  

To evaluate the performance of the 2D spatial CWT in the presence of noise, we 

add a random noise part to the original 256 by 256 spatial signals (Figure 3.8(a)). The 2D 

CWT coefficients at scales j = -2 and -4 are shown in Figures 3.8(b) and 3.8(c). In 

comparison with Figures 3.7(b), we find that this noise has very small effect on the 

course-scale data. Since noise generally contains mostly high-frequency data, it can only 

significantly affect the high-frequency information. In reality, using 2D spatial CWT to 

detect local perturbations in a signal, one should seek to find such a fine scale that does 

locate the perturbations as precisely as needed, but, at same time, does not distort the data 

due to the noise effects. 
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Figure 3.8. (a) Strain field with noise; (b) 2D CWT coefficients at scale j=-4 for strain 
response (with noise); (c) 2D CWT coefficients at scale j=-2 for strain response (with 

noise). 

 

3.4.2 A simply supported plate with defects under transverse static load 

By the preceding examples, we have shown that a 2D spatial CWT can readily 

detect certain local features, given a suitably dense set of sensor data points. We now 

consider cases where we do not have such detailed information, say, we only have a 16 

by 16 embedded sensor network that provides only a 16 by 16 set of data points (sparse 
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sensor network), and ask whether our tool still can detect the damage.  To examine this, 

we study a simply supported plate subjected to transverse static loads. For simplicity, we 

consider a 1.5 m2 square plate of 0.05 m thickness; the unit m can stand for any chosen 

unit of length. The damaged areas are 0.1 by 0.1 m2 squares with some level of bending 

rigidity reduction in comparison with the healthy state. The plate has 16 by 16 nodes for 

data collection. The values of the deflection (the z-direction displacement) at these nodes 

are computed using a finite-element method (FEM) and are recorded as the spatial sensor 

response signals. The plate is homogeneous and isotropic with a Young’s modulus of 

GPaE 0.3=  and Poisson's ratio of 33.0=υ , and 10 kg/m3 density. 

We started with the simplest case, assuming the plate is subject to a point load at a 

node around the middle of the plate, and it only contains one damaged area, as shown in 

Figure 3.9(a). The black square represent the region of the plate with a 20% reduction of 

the bending rigidity. The point load is 100 N. We compute and record the 16 by 16 

deflection data for this damaged state (Figure 3.10(a)). As in the previous case, we 

perform a 2D CWT on the 16 by 16 data points. However, the results do not show any 

sudden change in the damaged location this time, although there is one sudden change 

indicating the effect of the point load. The reason is that this sparse (16 by 16) response 

signal cannot provide the local perturbation information. If we want to use the same 2D 

CWT technique to detect local perturbation, we need to find a way to preprocess the raw 

damaged-state data points first. We know that the presence of the damaged element 

should cause a sudden change in the local response signal. By subtracting the original 

response signal, or say, the baseline information for the undamaged plate from the 

response signal of the damaged plate, we can obtain deflection-variation data (Figure 
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3.10(b)), which contain enough information for damage detection. Thus, we use the 

difference between the damaged and undamaged plate data as the input for the 2D CWT. 

The resulting wavelet coefficients are shown in Figure 3.10(c). A sudden change is found 

exactly at the location of the damaged area.  

 

Figure 3.9. Schematic diagram of a simply supported plate with damaged areas subjected 
to a point load ((a) one damaged area, (b) 6 damaged areas at different damage levels). 

We now consider a more complex case, assuming that the plate has 6 damaged 

areas (A, B, C, D, E and F), as shown in Figure 3.9(b). The black areas denote 20% 

reduction in bending rigidity, while the grey ones denote 10% reduction. Following the 

procedure described before, we first compute the deflection-variation between damaged 

and undamaged plates for this case (shown in Figure 3.11(a)). Then, we perform a 2D 

CWT transform on the 16 by 16 spatially distributed signals.  The wavelet coefficients 

are plotted in Figure 3.11(b). It is observed that six suddenly changed areas (the one near 

the upper right corner is caused by the edge effect) are revealed which exactly represent 

all the six damaged areas. We even can identify the damage level by evaluating the level 

of the sudden changes. 
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Figure 3.10. (a) The recorded 16 by 16 deflection data; (b) The 16 by 16 deflection-
variation data;  (c) 2D CWT coefficients of the deflection-variation data after damage at 

scale j=1 (1 point static load, 1 damaged area).  
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Figure 3.11. (a) The 16 by 16 deflection-variation data; (b) 2D CWT coefficients of the 
deflection-variation data after damage at scale j=1 (1 point static load, 6 damaged areas).  

The above problems are subjected to single point static loading at specific 

positions. We also performed other tests and found that the no matter where the point 

load is placed, this method successfully identifies the damaged areas. In addition, we 

found that under multipoint loading or uniformly distributed pressure, the presented 

method still holds and the 2D CWT results of the deflection-variation data are very 

similar to the one point load case.  

 

3.4.3 A simply supported plate with defects under transverse impact loading 

The previous cases demonstrated that 2D CWT can detect damage with 2D 

spatially distributed signals. We reconsidered the first problem in the previous section 4.2 

(one damage area, single point load) by changing the single point load to be an impact 

point load (triangular impulse) as defined below: 
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                             (10) 

Here F  and t  are in Newtons and seconds, respectively. 

The dynamic response (16 by 16 deflection data) of the plate at the instant 

06.0=t [s] was computed by FEM transient dynamic analysis. The same way as in the 

static cases, due to the low density information, the damaged area can not be detected 

directly by the wavelet transform. Following the procedure we proposed before by 

subtracting the response data for undamaged state, we got the 16 by 16 spatial signal 

variation (Figure 3.12(a)) as the input for 2D CWT. After performing the wavelet 

transform, we plotted the wavelet coefficients in Figure 3.12(b). From these figures, we 

can see that before performing the 2D CWT, the local perturbation at the damaged area 

can not be found directly from the response signal change; while after the 2D CWT at a 

fine scale, the damaged area is clearly located. 

 

Figure 3.12. (a) The 16 by 16 deflection variation data (1 point impact load, 1 damage 
area, unit [m]); (b) 2D CWT coefficients of the deflection-variation data after damage at 

scale j=3 (1 point impact load, 1 damaged area).  
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It is observed that the same way as in the static cases, the damaged area appeared 

as a sudden change exactly at the damaged location for this dynamic case. Our study 

showed that the magnitude of this sudden change depends on how close the data 

collecting time is to the tip of the triangular load. 

 

3.4.4 3D case 

Imagine a healthy simply supported plate under a single transverse point-load, 

starting at 1=t  sec (we used MATLAB, so the original point is 1 instead of 0) 

until 8=t sec, as assumed in section 4.2. At 9=t sec, a sudden damage appears on an 

element, causing 20% reduction in the bending rigidity. Recording the 2D spatial 

response signal (the plate’s deflection-variation relative to its healthy state) from 1=t sec 

to 16=t sec, we have 16 by 16 by 16 data points. Figure 3.13(a) plots 2 slice planes 

denoting the data at 1=t sec and 9=t sec, using the color bar to show the magnitude of 

the deflection change. We can clearly see that at 1=t sec there is no deflection change, 

while at 9=t sec, the damaged element (the black one) causes a large change in the 

deflection. 
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Figure 3.13. (a) Deflection changes at different times (slice plane: t=1, t=9); (b) 3D CWT 
coefficients (slice plane: t=1 & 9 sec, x=12dm, y=12dm). 

Performing 3D CWT on this 3D data by using the formulae in section 2, we have 

obtained the 3D CWT coefficients. To help understand this data, we plotted 4 slice planes 

for 1=t sec, 9=t sec, 12=x dm, 12=y dm, see Figure 3.13(b). The color bar again 

shows the magnitude of the 3D data. From the plot (neglecting the edge effects at 

1=t sec), the maximum perturbation of data is found at 9=t sec, and at the position of 

the damage, revealing when and where the damage appears.  For demonstration purposes, 

we use the 3D Sombrero wavelet to study this phenomenon in both the time and the 

spatial domains. An alternative method is using a 1D wavelet to detect the instant that the 

damage occurs, and, then, using a 2D wavelet, to detect the damage position. For 

example, perform 1D Haar wavelet transform on the time domain since it is better for 

detecting data jumps and then perform 2D Sombrero wavelet on the spatial domain. 
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3.5 CONCLUSION 

Wavelet’s multi-resolution feature makes it an alternative to Fourier analysis. 

This work proposes a damage identification method using the spatially distributed 2D 

CWT algorithm for a sensor network to automatically detect and locate the local features 

around the damage sites. This method is suitable for both dense and sparse sensor 

networks. The advantageous features of using the 2D CWT algorithm are its localized 

processing and limited communication and computation requirement. The feasibility of 

this damage identification method is demonstrated by using 2D CWT to study the spatial 

response signal of given cases. Based on our study, we concluded that the proposed 

method can be used to accurately locate the damage positions and qualitatively assess the 

damage severity.  

 

3.6 APPENDIX 

To demonstrate the feasibility of using the distributed 2D CWT for defect 

detection in smart composites with embedded sensors and its performance in the network, 

we include the following example.  A 10 by 10 array of DS18B20X 1-Wire digital 

thermometers was fabricated on FR4 circuit board material.  After verification of the 

operation, it was embedded in an aramid fiber reinforced composite panel (Nemat-Nasser 

et al. 2006). This panel is shown in Figure 3.14. The distributed 2D CWT algorithm 

requests k2 by k2  ( Nk ,...2,1= ) microcontroller array. This example uses a 16 by 16 

virtual network with a microsensor and a microcontroller at each node as described in 

chapter 3.2. We collected the 16 by 16 hand temperature data by placing a hand multiple 

times on the 10 by 10 panel, and in order to add local data perturbation, we change 3 
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values of 16 by 16 data to simulate a needle at room temperature that is attached to the 

hand (Figure 3.15). This temperature distribution data were loaded into the virtual 

network program simulating the temperature value were sensed by each of the 256 

sensors and collected its local microcontroller at the same moment.  The microcontrollers 

perform 2D CWT at a predetermined scale (scale=1 for this case) through network 

communication and processing. By comparing the raw temperature data and the data after 

network processing, we can clearly see the data perturbation caused by a local defect (the 

needle) was exaggerated. At this stage, such local defect can be precisely located by a 

simple finding maximum algorithm.  

 

 

Figure 3.14. Composite panel with embedded network of individual addressable thermal 
sensors. A hand is placed on the panel (left) generating a thermal image (right). 

Reproduced from Nemat-Nasser et al. (2006). 
 



 

 

85

 

Figure 3.15. Input and output of the 16 x 16 virtual network. Raw temperature data 
distribution (left), data after network processing (right).  
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Chapter 4. 

Plate Wave Propagation in Laminated Composites and 

Triangulation Source Localization 

The initiation and propagation of damage in composite laminates generate 

Acoustic Emission (AE) events. The use of the AE technique has been applied quite 

extensively for real time monitoring of in-service composite structures and general 

maintenance. Understanding the propagation of AE signals in such dispersive, anisotropic 

media is needed for the application of the AE technique. In the present work, 

experimental and numerical studies are performed to characterize the acoustic wave 

propagation in thin glass fiber/epoxy composite plates. The application of the Garbor 

Wavelet Transform to the time-frequency analysis of transient waves is also presented in 

order to capture the arrival time of the flexural wave mode. Triangulation source 

localization based on such technique is here discussed. It is shown that a better accuracy 

of the results is obtained than the traditional threshold crossing technique can instead 

provide.  

 

4.1 INTRODUCTION 

Reliability assurance of composite structures requires an in-situ, real time 

Structural Health Monitoring (SHM) system. The main objective of such system is to 

constantly monitor and detect early stage local damage in order to prevent catastrophic 

failure and prolong the service life of the structure. The vibration-based and wave-based 
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approaches are two commonly used techniques in recent SHM studies. The wave-based 

approach assesses the health status of composite structures using either Acoustic 

Emission (AE) signals or guided waves generated by active sensors. Unlike the vibration-

based method, which mainly monitors the global performance of entire structures, the 

wave-based approach can effectively obtain the local damage information such as 

delamination or matrix-cracking at a low damage level. The Acoustic Emission technique 

is considered in this work. 

AE is a naturally occurring phenomenon of transient elastic waves generation due 

to a rapid energy release from a localized source within a material. Such elastic waves 

propagating in thin, plate-like geometries are governed by Lamb’s homogeneous 

equation, from which they derive their name and are in fact commonly called Lamb 

waves. With Lamb waves, a number of modes of particle vibration are possible. These 

modes travel in composite media at different velocities and exhibit dispersion 

characteristics (Noiret et al. 1989; Tang et al. 1989; Prosser 1991; Prosser et al. 1992). 

The two most common modes are the symmetric or extensional and asymmetric or 

flexural modes. The flexural mode dominates the AE signal for source motions with large 

out-of-plane components such as delamination phenomena or point source impact. As 

stated in ASTM 3171, the latter can be well simulated experimentally with standard 

pencil lead break on the surface of the testing plate. The AE signal from primarily in-

plane source motions like matrix cracking or fiber breakage contains a large extensional 

mode component. Such signals can be simulated by breaking the lead on the edge of the 

plate (Prosser et al. 1994).  
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Approximate plate theories have been widely studied for the analysis of wave 

propagation in composite laminates. The Classical Plate Theory for laminated plates has 

been further developed by Reissner and Starvsky (Reissner et al. 1961), Dong et al. 

(Dong et al. 1962) and summarized by Ashton and Whitney (Ashton et al. 1970). Based 

on the Kirchhoff hypotheses, the CPT neglects transverse shear deformation effects. To 

solve many different problems given by this approximation, a variety of improved shear 

deformation theories based on the original Mindlin’s theory for laminates have also been 

proposed (Whitney et al. 1970; Lo et al. 1977; Reddy 1984).  

The present study uses a Mindlin’s shear deformation theory which incorporates 

the effects of transverse shear and rotary inertia, to determine the phase and group 

velocities and their dispersion relations for thin glass fiber-epoxy composite plates. The 

theoretical predictions of the flexural mode group velocities are then compared with our 

experimental measurements. Such experiments are performed using the pencil lead break 

technique to excite the flexural wave motion on the surface of a thin S2 glass fiber-epoxy 

composite plate. Wavelet Transform analysis based on Garbor wavelet function is used to 

extract the arrival times of flexural waves at each frequency and obtain the corresponding 

group velocities. Source location experiments for our anisotropic composite plate are 

carried out using the frequency-dependent arrival times and the directional-dependent 

flexural mode velocities.  
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4.2 PROPAGATION CHARACTERISTICS OF PLATE-MODE WAVES IN 

THIN COMPOSITE PLATES 

4.2.1 Numerical Analysis 

4.2.1.1 Dispersion relation of plate waves 

To investigate the application of the Acoustic Emission technique for the 

successful implementation of the damage detection in the SHM system we designed and 

fabricated, the elastic wave propagation is studied in this work.  

We consider a laminated composite plate of thickness h and origin of the global 

coordinate system located at the mid-plane, with z axis in normal direction. The 

displacement field which includes the transverse shear effect (Mindlin’s theory) is 

assumed to be: 
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where u , v , w are the displacements in the x, y and z directions, 0u , 0v , 0w defines the 

mid-plane displacements, and xψ , yψ  are the rotation components along x and y axes.  

From the strain-displacement relations, we have the following non-zero strain 

components: 
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The stress-strain relations are thus given by: 
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where ijQ is the transformed and reduced stiffness matrix, which is a function of z for 

layered materials. It can be routinely calculated from the lamina properties (stiffness 

matrix ijQ ) and coordinate transformations (Daniel et al. 1994). The force and moment 

resultants per unit length are defined as: 
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where h is the plate thickness. From equation (2)-(4), the following plate constitutive 

relations can be yielded: 
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where ∫
−

=
2/

2/

2 ),,1(),,(
h

h
ijijijij dzzzQDBA , and 6/5=κ is the shear correction factor. 

Neglecting body forces, the equations of motion for symmetric laminates are written as: 
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where ρ is the mass density. For symmetric laminates, the coupling stiffness ijB ’s are zero. 

Substituting equation (5) into equation (6), we have: 
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In the case of harmonic wave propagation, the displacement functions are 

assumed to take the form: 

)(
00 ),,,,(),,,,( tykxki

yxyx
yxeWVUwvu ωψψ −+ΨΨ=                                                  (8) 

where U , V , W , xΨ and yΨ are the amplitudes of the plane waves, ω  is the angular 

frequency, θcoskkx =  and θsinkk y = are the components of wave number k  in the x- 
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and y-directions, respectively. θ is the wave propagation direction. Substituting equation 

(8) into equation (7) yields the following equations: 
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The determinant of equation (9) gives the dispersion relation in terms of the 

angular velocity ω , the propagation direction θ  and the wave number k  for 5 plane 

wave modes (2 symmetric modes: 0S  mode, 1S  mode and 3 antisymmetric modes: 0A  

mode, 1A  mode, SH mode  ) propagating in a symmetric composite laminate. The lowest 

symmetric mode ( 0S ) and antisymmetric mode ( 0A ) are often called the extensional and 

the flexural modes, respectively.  
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4.2.1.2 Phase and group velocities 

The phase velocity of a wave is the rate at which the phase of the wave propagates 

in space. This is the speed at which the phase of any one frequency component of the 

wave travels. The group velocity of a wave is the velocity with which the variations in 

the shape of the wave's amplitude (known as the modulation or envelope of the wave) 

propagate through space. 

Based on equation (9) and (10), the magnitude of wave number k can be 

calculated for given values ofω andθ . The phase velocity kc p /ω=  is thus obtained. The 

group velocity vector and its magnitude for anisotropic media are defined as: 

22,/],[ gygxg
T

gygxg ccccc +=∂∂== kc ω                                   (11)                         

where T
gygxg cc ],[=c and T

yx kk ],[=k . k∂∂ /ω can be analytically calculated by 

differentiating the dispersion relation with respect to k and θ .  

 

4.2.1.3 Numerical determination of the wave velocities 

The method described in the previous sections has been implemented for 

obtaining the dispersive relations in a 4 mm thick, unidirectional 20]0[  S2/BT250E-1LV 

glass-epoxy composite plate. The lamina material properties are listed in Table 4.1. 

Table 4.1 Material properties of a S2/BT250E-1LV lamina. 

 

(GPa) 

 

(GPa) 

 

(GPa)

 

(GPa)

 

(GPa)

 

(GPa)

 

 

  

47.8 11.0 11.0 5.58 5.58 4.2 0.3 0.3 1.85 
 

13G 23G 12υ 13υ ρ

)/10( 33 mkg×
3E2E1E 12G
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The calculated phase and group velocities for 0S , 1S  and 0A  plane wave modes as 

a function of wave propagation direction at 150 kHz frequency are plotted in figures 4.1a 

and 4.1b. The calculated antisymmetric mode phase and group velocities along fiber 

direction as a function of frequency are plotted in figures 4.2a and 4.2b.  As shown in 

figure 4.2, the 0A  mode doesn’t have a cut-off frequency, while the 1A  mode and 

the SH mode each contains a specific cut-off frequency. For such two modes, wave 

number k  approaches zero when angular frequency ω approaches offcut−ω . The 

two offcut−ω ’s are given by 

]4)([
2

1 2
45

2
554455443 AAAAA

h
offcut +−±+=−

ρ
πω                          (12) 

This study focuses on the flexural mode ( 0A ), its phase and group velocity 

dispersions for o0 , o45 and o90 directions (with respect to fibers direction) in the 

unidirectional laminate are plotted separately in figures 4.3 (a)-(c). 
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Figure 4.1. Theoretical phase velocity distribution (a) and group velocity (b) 
distribution at 150 kHz in 20]0[  S2/BT250E-1LV composite laminates. 

 

(b) 

(a) 
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Figure 4.2. Theoretical antisymmetric mode phase (a) and group (b) velocities along 
fiber direction as a function of frequency in 20]0[  S2/BT250E-1LV composite laminates. 

 

(a) 

(b) 

Cut-off frequencies
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Figure4.3. Theoretical antisymmetric mode phase and group velocities along o0  (a), 
o45 (b) and o90  (c) directions as a function of frequency in 20]0[  S2/BT250E-1LV 

composite laminates. 

 

(b) 

(a) 

(c) 
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Figure4.3 (continued). Theoretical antisymmetric mode phase and group velocities 
along o0  (a), o45 (b) and o90  (c) directions as a function of frequency in 20]0[  

S2/BT250E-1LV composite laminates. 

 

4.2.2 Experimental group velocity measurements 

4.2.2.1 Experimental setup 

A unidirectional S2/BT250E-1LV glass-epoxy composite plate was used in this 

study, with stacking sequence 24]0[ . The dimensions of the composite panel are 304.8 

mm×  304.8 mm× 4.0 mm. The lamina material properties are reported in Table 4.1. 

A schematic of the experimental setup for the wave velocity measurements is 

shown in Figure 4.4. Pencil (0.7 mm) lead break tests, fracturing the lead on the surface 

of the plate to simulate AE waves, were carried out. Two piezoelectric sensors (R50D) 

were coupled to the surface of the plate by vacuum grease. A four-channel PCI-2 AE 

system produced by Physical Acoustic Corporation was used for the acquisition of the 

signals. The detected signals were preamplified by 60 db. The acquired data were 

(c) 
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collected and analyzed using AEWIN software (Physical Acoustic Corporation 2004) in a 

PC.  

As shown in Figure 4.4, two sensors were placed along a line from the lead break 

source with a known distance between them, and at a known angle to the reference line. 

The arrival time of the AE signal was measured by each sensor. The arrival time 

difference and the sensor spacing were used to calculate the wave velocity. In 

commercial available AE analyzers, the arrival time is determined by threshold crossing 

techniques. One commonly used arrival time is the First Threshold Crossing time (FTC), 

which is the time at which the amplitude of an AE signal crosses a preset threshold.  

Figure 4.5 shows a typical signal collected by the used sensors. The two plate 

modes, extensional mode and flexural, are detected and can be distinguished. The Wave 

velocity measurements at some designed propagation angles based on FTC with 35 db 

(0.056 volts) threshold is shown in Figure 4.6.  It can be seen that the velocity 

distribution with respect to the propagation angle generally falls into an elliptic shape.  

In dispersive media, the AE pulse changes shape dramatically due to the 

dispersion. The time clock may not be triggered on the same phase point of the 

waveforms (Ziola et al. 1991). This is the main problem that is encountered by using the 

First Time Crossing technique in analyzing dispersive media. To solve this problem, 

various researches (Ziola et al. 1991; Jeong et al. 2000; Hamstad et al. 2002) have 

recently investigated techniques such as the cross-correlation and Wavelet Transform to 

perform the time-frequency analysis of plate wave signals. Following these previous 

works, this study adopts the WT technique and shows its accuracy in capturing the signal 

arrival time for the material used in this research.  
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Figure 4.4. Experimental setup for wave velocity measurements. 
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Figure 4.5. Signal generated by lead break on a composite plate surface. 
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Figure 4.6. Wave velocity measurements in the 20]0[  S2/BT250E-1LV composite 
laminate based on FTC. 

 

4.2.2.2 Wave velocity measurements based on Wavelet Transform technique 

The one dimensional Continuous Wavelet Transform in time and frequency 

domain is defined by the following equations 

)()(
)()(),(

)()(1),(

2

*

RLtf
sFssCWT

dt
s

bttf
s

bscwt

∈
⋅Φ=

−
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∞

∞−

ωωω

ψ

                                           (13) 

where b and s are the translation and scale parameters, respectively, and the superscript * 

denotes complex conjugation. The transformation function )(/1)(, s
btstbs

−
⋅= ψψ  is 

generated by translating and scaling a mother wavelet, )(tψ . ),( bscwt  is called the WT 
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coefficient. F and Φ are the Fourier Transform of )(tf and )(tψ , respectively. ω is the 

frequency parameter. ),( ωsCWT  is the Fourier Transform of ),( bscwt . Based on the above 

equations, knowing the FT of the mother wavelet, the 1D CWT can be reached by performing 

FFT on the input signal, then point-wise multiplying the FFT results with the Fourier Transform 

of the mother wavelet, and after that, performing IFFT on the generated vector. This method is 

very convenient for being implemented into microprocessor with limited memory and 

computation capability.  

The Gabor wavelet is chosen for this study due to its good time-frequency 

resolution. The Gabor wavelet has the following forms in time domain and frequency 

domain, respectively: 
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where 0ω  and γ  are two positive constants. Here we chose πω 20 = and 2ln/2πγ = . 

Figure 4.7 shows the shape of the Garbor wavelet in the two domains. It can be proven 

that for harmonic waves with traveling distance x , angular velocityω  and the wave 

number k , the magnitude of the WT coefficient takes its maximum value at 

fs /1/0 == ωω and gcxxkb /)/( =ΔΔ= ω  (Jeong et al. 2000). It also means the location of 

the peak of the WT result indicates the arrival time b of the group velocity gc  at the 

frequency f .  Since the amplitude of the flexural mode is higher than the extensional 

mode, picking the maximum value of the WT coefficients assures that the flexural mode 
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is the one that is being analyzed.  Based on this, dividing the distance between the two 

sensors by the arrival time difference yields the frequency-dependent group velocity.  

))()(/()()( 1212 fbfbllfcg −−=                                               (15) 

A typical waveform due to lead break on surface of the unidirectional laminate 

recorded by sensor 1 is shown in Figure 4.8. Figure 4.8 also shows the contour plot of the 

WT coefficients and the time domain distribution of the signal at 150 kHz. Figure 4.9 

shows the same information but for signal recorded by sensor 2. Here the scale is the 

ratio between the sampling frequency set in the acquisition system and the desired 

frequency f . As mentioned above, the traveling time between the two sensors for the 

flexural mode at a given frequency, e.g. 150 kHz, can be determined from the peaks in 

Figure 4.8c and Figure 4.9c.  Since the sensor spacing can be measured, the frequency-

dependent group velocity can be obtained experimentally based on equation 15. Figure 

4.10 compares the measured flexural mode wave velocity as a function of wave 

propagation direction in the unidirectional laminate based on Gabor CWT to the 

theoretical group velocity based on Mindlin’s plate theory. It can be seen that the 

measured velocity agrees well with the theoretical calculation.  
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Figure 4.7. Garbor wavelet in time domain (a) and frequency domain (b). 

 

(a) 

(b) 
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Figure 4.8. Waveform recorded by sensor 1 (a), the WT contour plot (b) and the WT 
coefficients at 150 kHz (c).  

(a) 

(b) 

(c) 
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Figure 4.9. Waveform recorded by sensor 2 (a), the WT contour plot (b) and the WT 
coefficients at 150 kHz (c).  

(c) 

(b) 

(a) 
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Figure 4.10. Measured flexural mode group velocity as a function of wave propagation 
direction in the 20]0[  S2/BT250E-1LV composite laminate. 

 

4.3 SOURCE LOCATION 

4.3.1 Experimental setup 

For planar source location, at least three sensors must be used. The source of an 

acoustic emission event can be located by analyzing the arrival times at different sensors. 

A photo of the experimental setup for the source location tests performed is 

shown in Figure 4.11.  Three sensors ( 1S , 2S and 3S ) were coupled to the surface of a 

304.8mm by 304.8mm  S2/BT250-1 unidirectional plate. The exact locations of these 

sensors were measured. Pencil lead breaks were then carried out on six different locations, 

1P  to 6P .  The corresponding signals were collected by the three sensors through the PCI-

2 AE system which had the same settings as those used for the measurements of the wave 
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velocity within this material. The FTC time and the WT based on the flexural mode 

arrival time were measured for each lead break source.  

S1 S2

S3

P1P3

P2

P5
P4

P6

S2/BT250-1 unidirectional

 

Figure 4.11. Experimental setup for source location tests. 
 

4.3.2 Source location approaches for anisotropic plates 

This study was conducted adopting the commonly used triangulation method for 

source location. A pair of arrival time differences from an array of three sensors defines 

two loci at which point of intersection the emission source can be found (Jeong et al. 

2000).  

Figure 4.12 presents an example showing three sensors placed in 3 known 

positions and the location of an emission source ),( yxP  whose coordinates are given 

relative to the sensors. The frequency-dependent and direction-dependent group 

velocities along 1PS , 2PS and 3PS directions can be expressed as: 
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Considering sensors 1S  and 2S first, the arrival time difference at the two sensors is  

1122121 // gg crcrttt −=−=Δ                                              (17) 

From the sine law, we have the following relation in the triangle 21SPS  

1211221 /)sin(/sin/sin lrr θθθθ +==                                       (18) 

Then equation (17) can be rewritten as 

)sin(/sin)sin(/sin 21121212111 θθθθθθ +−+=Δ gg clclt                           (19) 

Since the analytical expression of group velocity is not available for anisotropic 

plates but its numerical values and experimental measurements for different propagation 

directions can be obtained, equation (19) can be solved numerically. By rearranging 

equation (19), we define the following cost function: 

)sin(sinsin 212112211111 θθθθ +Δ−−= gggg cctclclJ                          (20) 

For a fixed value 1θ , 2θ is iterated through a series of angles to calculate the 

values of 1J  which results equal to zero or otherwise less than a specified terminal error. 

In this study, we tried 400 different angles for 2θ . The 2θ  minimizing 1J  is then 

recorded for the fixed value of 1θ . Then a sufficiently small change in 1θ  is made and the 

same iteration above for the search of 2θ is performed. In this study, we tried 400 different 

1θ ’s.  After searching the suitable values of 1θ , 2θ , the possible locations of ),( yxP  can 

be expressed as:  
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The result is a curve which defines the locus of all possible location points 

satisfying the arrival time difference 1tΔ  at the sensor pair 1S , 2S . The same procedure is 

performed for the other pair of sensors 2S , 3S  to determine the locus of points that 

satisfies the arrival time difference 2tΔ . The intersection of the two loci indicates the 

location of the source.  
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Figure 4.12. Source location analysis by triangulation method. 
 

4.3.3 Results 

Table 4.2 and Figure 4.13 show the source location results using FTC time and 

the flexural mode arrival time based on the WT technique.  The arrival time of the 

flexural mode at 150 kHz was used for the location analysis. This frequency is chosen 

since it is around the average frequency of the signal generated by the lead break source 

which is commonly used to reproduce resin matrix-cracking events. It is noticed that 
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source location results based on flexural mode arrival time are more accurate than those 

using FTC time.  

 

Table 4.2 Source location results 

Source Measured Location 
(FTC) 

Measured Location 
(Flexural mode) 

X 
(mm) 

Y 
(mm) 

X 
(mm) 

Y 
(mm) 

Error 
(mm) 

X 
(mm) 

Y 
(mm) 

Error 
(mm) 

152.4 152.4 156.59 148.21 5.93 152.40 152.40 0.00 
177.8 114.3 176.17 119.47 5.42 178.83 113.13 1.56 
101.6 152.4 68.51 151.54 33.10 102.45 151.65 1.13 
152.4 203.2 154.79 213.49 10.56 152.40 199.86 3.34 
266.7 177.8 327.24 174.28 60.64 274.02 176.02 7.53 
203.2 152.4 212.01 153.37 8.86 205.70 152.66 2.51 

 

 

Figure 4.13. Source location results using FTC time (a) and flexural mode arrival time 
(b). 

 

 

(a) 
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Figure 4.13 (continued). Source location results using FTC time (a) and flexural mode 
arrival time (b). 

 

 

4.4 CONCLUSIONS 

In the present work, experimental and numerical studies are performed to 

characterize the acoustic wave propagation in thin glass/epoxy composite plates. 

Theoretical predictions of the plate mode wave dispersions and group velocities are made 

according to the Mindlin’s plate theory. The Garbor Wavelet Transform is proven to be 

an effective tool for capturing the arrival times of the flexural waves at a given frequency, 

which are critical for the experimental measurements of the characteristic group velocity. 

Good agreement has been found between the theoretical study and the experimental 

measurements. By taking the frequency-dependent arrival time and the angular-

(b) 
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dependent group velocity into consideration, source location based on the flexural wave 

gives more accurate results than the traditional FTC technique.  
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Chapter 5.  

A Passive SHM System Using Integrated Sensing Networks 

 

Structural composite materials with integrated sensors represent an attractive 

technology that may provide practical and critical information about the in-service 

Structural Health condition of components and structures. The present work seeks to 

distribute networks of sensors and communication nodes within glass-epoxy composites 

at the scope of rendering these materials self-sensing and capable of self-health 

diagnosing. The prototype sensor network system developed at the UCSD’s Center of 

Excellence for Advanced Materials (CEAM) presented uses an array of polyvinilidene 

(PVDF) sensors for real-time, in-situ Acoustic Emission monitoring and a four-tree 

micro-controller network architecture for data acquisition, signal processing, 

communication schemes and other needed peripheral functions. A damage detection and 

identification approach based on the AE technique is proposed to be implemented into 

the material for the source location. Such a sensor network system is capable of detecting 

anomalies locally, i.e. in-network, rather than streaming large quantities of data to an 

external processor for the analysis. Therefore, the benefits of this system include the 

reduction of the demand for bandwidth and computational power.   

 

5.1 INTRODUCTION 

The difficulties inherent to accurate damage detection and residual life estimation 

of composites structures and components would benefit from the integration of in-situ, 
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real time Structural Health Monitoring (SHM) techniques. The main objective of a SHM 

system is to continuously monitor, inspect and detect damage of structures with minimum 

labor involvement (Chang 1999). Integrating sensors into composite materials, either 

surface mounted or embedded has attracted a lot of attention in recent years as presented 

by numerous SHM studies (Park et al. 2003; Yan et al. 2002; Martin et al. 2005; Kirikera 

et al. 2007; Su et al. 2004; Hautamaki et al. 1999; Martin et al. 2001; Park et al. 2004).  

Initiation of failure in fiber reinforced composites generally takes the form of 

localized matrix-cracking, debonding, delamination, fiber breakage, etc. The rapid release 

of energy due to these modes of damage generates transient elastic waves. By 

characterizing the elastic waves generated by a failure event with the Acoustic Emission 

(AE) technique, the above mentioned localized damage information can be effectively 

obtained at a low damage level. The AE technique is extensively used for real-time 

damage monitoring due to its high sensitivity feature, as well as for the source location, 

real-time, and global monitoring capabilities (Bar et al. 2005). Several studies have 

shown that passive AE monitoring can be used to effectively detect small cracks in the 

neighborhood of the AE sensors (Searle et al. 1997; Foote et al. 2004). The AE 

monitoring technique has also been proposed as possible method for SHM to detect, 

locate, and assess impact damage (Prosser et al. 1999). In aerospace industry, a 

monitoring system with the described features can lead to a tremendous cost savings by 

minimizing or eliminating the number of post-flight inspections.  

A large number of AE sensors are needed, embedded or incorporated into the real 

structures, for the application of the conventional AE technique to SHM applications 

(Martin et al. 2005). This requires high resolution data acquisition, which in turn brings 
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the question of data handling and bandwidth requirement. The distribution of 

microprocessors within the network of sensors with the appropriate architecture and 

localized processing algorithms could be able to handle the large bandwidth requirements 

even with micro-controllers of limited memory (Starr et al. 2005). Moreover, for 

localized processing algorithms, some primitive processing capability is introduced to the 

micro-controllers, such that the decision making process in part becomes controllable by 

the local elements (Starr et al. 2003).   

The present work seeks to integrate self-sensing and self-diagnosing capabilities 

into glass-epoxy composites, using distributed sensors and network communication nodes. 

Each sensor is addressable and is connected to a mixed signal micro-controller unit in a 

small form factor. With the proper network topology and communication strategy these 

micro-controllers can function together to provide communication of data among the 

network nodes as well as towards an external client (station/platform). The prototype 

sensor network system here presented uses an array of embedded PVDF sensors for real-

time, in-situ Acoustic Emission monitoring and a four-tree microcontroller network 

architecture for data acquisition, signal processing, communication and other needed 

peripheral functions. A damage detection and identification approach based on the AE 

technique is proposed to be implemented to our sensor network system. The approach 

enables distributed signal processing and computation within the network, thus structural 

anomalies are detected by the distributed local units. Finally, for the acoustic data 

characteristics chosen the amount of information that needs to be transmitted over the 

network is greatly reduced which results in a decreased demand for bandwidth and 

computational power. 
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5.2 PROPAGATION CHARACTERISTICS OF ACOUSTIC EMISSION 

(AE) WAVES 

To investigate the application and feasibility of the use of the Acoustic Emission 

technique for our SHM system, both numerical and experimental studies were necessarily 

performed to characterize the acoustic wave propagation in thin cross-ply S2/BT250E-

1LV glass-epoxy composite laminates. The lamina material properties are listed in Table 

4.1.  

A number of modes of particle vibration are possible for AE waves propagating in 

thin, plate-like geometries. In composite media, these modes travel at different velocities 

and exhibit dispersion characteristics. The two most common modes are the symmetric or 

extensional and asymmetric or flexural modes. The flexural mode dominates the AE 

signal for source motions with large out-of-plane components such as delaminations or 

particle impacts. On the other hand, the AE signal from sources that induce primarily in-

plane wave motions, like matrix cracking or fiber breakage, contains a large extensional 

mode component (Prosser et al. 1994).  

Based on these considerations, numerical studies were conducted using Mindlin’s 

plate theory (Tang et al. 1989; Salehian et al. 2003; Wang et al. 2005) in order to 

determine the wave dispersion relations in terms of the angular velocity ω , the 

propagation direction θ  and the wave number k  for both the extensional and flexural 

modes. The phase velocity kc p /ω= and group velocity dkdcg /ω=  were thus obtained 

through numerical calculations.  

A cross-ply S2/BT250E-1LV glass-epoxy composite plate with stacking sequence 

s4]90/0[  was used for the experimental measurement of the wave speed within the 



 121

material. The dimensions of the plate are 304.8 mm ×  304.8 mm × 3.2 mm. The 

experimental measurements of the wave speed were obtained by a standard test 

consisting in breaking pencil-leads on the surface of the composite laminates and 

gathering the signals by two collinear surface bonded PZT sensors through a PCI-2 

acoustic emission system from Physical Acoustic Corporation. The signals detected by 

the piezoelectric sensors were pre-amplified by 60 db. The arrival time was determined 

by the First Threshold Crossing techniques with a preset 35 db (equivalent to 0.056 volts) 

threshold. The arrival time difference from the two sensors and their spacing were thus 

used to calculate the wave velocity. 

Figure 5.1 shows the extensional mode of the wave velocity as a function of the 

propagation angle. The solid line and the dash line are the numerically calculated group 

and phase velocities, respectively. The red circles show the experimental measurements 

of the wave speed based on the First Threshold Crossing (FTC) time. Due to symmetry, 

the experiments were performed only from o0  to o90  of the wave propagation angle. It 

can be seen that the velocity measured by the AE sensors and our experimental setup well 

matches the theoretical calculation of the extensional wave speed.  
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Figure 5.1. Extensional mode wave velocity (m/s) as a function of the propagation angle 
for s4]90/0[  S2/BT250E-1LV composite laminates. 

 

5.3 INTEGRATED SHM SENSOR NETWORK  

5.3.1 Network Architecture 

Incorporation of self-monitoring capabilities into composite materials requires 

attention to efficient data handling, including but not limited to efficient communication 

schemes, complimentary algorithms and data compression. We investigated through 

different network architectures to study their benefits and limitations as they relate to 

various constraints involved (Rye 2007). The hierarchical 4-tree network architecture has 

been chosen for accomplishing the goal of our project due to the fact that its structure is 

very common in biological systems such as the nervous networks in sensory organs as 

well as in social organizations. Figure 5.2 shows the 2-D representation of the 4-Tree 
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network. A fundamental unit of the network contains four level-0 (slaves) 

microprocessors and a level-1 (local master) microprocessor. Currently, for simplicity, 

our study only considers a basic network with two level processors. 

Figure 5.3 shows the schematic of our proposed smart composite with embedded 

prototype sensor network. For continuously monitoring the host composite laminates and 

detecting AE events, four sensors are included as sensing agents. Each sensor is 

connected to a slave microprocessor through internal signal conditioning devices such as 

amplifiers. The slave microprocessors are responsible for collecting the AE signal from 

the corresponding sensors, capturing the arrival time and characterizing the AE event by 

obtaining classical AE parametric information such as counts, amplitude, frequency, etc. 

The local master microprocessor is in charge of synchronizing the time, running 

communication bus, performing damage detection and identification based on the 

information received from the four slaves which is then elaborated so as the estimations 

are finally sent to a higher level microprocessor.  

Our current processor is the Silicon Laboratories C8051 F300 micro-controller. 

This microcontroller is the same for both the slaves and masters. Table 5.1 outlines some 

of its features. The sensors currently embedded into our composite laminates with which 

we performed the experiments are broadband PVDF film sensors from Measurement 

Specialties. Their dimensions are typically 29.97 mm (length) by 11.94 mm (width) by 40 

micrometer (thickness). The piezo film itself is 28 micrometers thick (Measurement 

Specialties 2006). These sensors are direction-sensitive, in the sense that in the 

longitudinal direction the piezoelectric stress constant is about 3 times of the transverse 
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one. The choice of these processors and sensors has been based mostly on their sizes and 

compatibilities with the composite matrix. 

 

 

 
Figure 5.2. Four-Tree Hierarchical Network scheme. Reproduced from Rye (2007). 
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Figure 5.3. Smart composite with embedded prototype sensor network. Reproduced from 
Ghezzo et al. (2008). 

 

Table 5.1 Silabs C8051F300 micro-controller information and features (Silicon 
Laboratories 2005) 

Memory Digital Peripherals 
Package 

RAM Flash 
On-chip 

Comparator I/O Serial 
Ports PCA Timers 

3x3x1 
mm, 11-
pin MLP 

256 
bytes 

8k, in-
system 

program
mable 

0.4e-6 A Current, 
programmable, 

1.5 MHz 
sampling 

8-
port 

SMBus, 
UART 

16-
bit 

three 
general 
purpose 
timers 

 

 

5.3.2 Damage Detection and Identification Approach 

The Anisotropic nature of composite materials causes significant attenuation and 

dispersion of acoustic waves, which brings several difficulties in locating the source of a 
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damage event. Furthermore, the dependence of the wave velocity on the direction of 

propagation must be accounted for. The commonly used source location technique based 

on the triangulation method requires a very accurate measure of the signal arrival time 

and an accurate calibration of the wave velocity with respect to the propagation direction. 

Although techniques like wavelet transform can improve the accuracy of the source 

location results using the triangulation method by using the arrival time of the wave at a 

single frequency (Salehian et al. 2003; Joeng et al. 2000, also shown in chapter 4), it is 

difficult to use the triangulation method for complex structures with a complex velocity 

field. Moreover, the application of the triangulation method typically requires a 

considerable amount of computation and a lot of intermediate data storage; which is 

challenging for our current microprocessor of choice with very limited memory.  

A look-up table methodology for AE source location was therefore proposed as 

alternative to the triangulation method. The idea behind of this method is to compare the 

acquired data while the structure is in service with the pre-calibrated AE behavior of the 

studied structure. Figure 5.4 shows the flowchart of the proposed damage detection and 

identification approach for our sensor network system, which can be summarized as the 

following steps:  

1. Generate a learning grid on the composite structure. Afterwards, to characterize 

experimentally the arrival time difference between sensors for different damage types and 

characteristic AE parameters (counts, amplitude, duration, etc) on each node of the grid. 

Store the arrival time differences look-up tables, and the characteristic AE parameters in 

the Lvl. 1 processor as “knowledge database” for damage source classification.  
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2. While the structure is in service, AE occurrences are recorded and processed in 

real time into the Lvl.0 processor. Once the signal amplitude crosses a pre-set threshold, 

the arrival time and its AE parameters such as counts, amplitude and frequency are 

determined and sent to the Lvl. 1 processor.  

3. Each Lvl. 1 processor first identifies the damage type based on the “knowledge 

database”. Then the node on the grid closest to the AE event is determined by comparing 

the values stored into the look-up table with the arrival time differences acquired by the 

four Lvl.0 processors and finding the least square error. The grid node’s coordinates, the 

error and the damage type estimation are sent to the Lvl.2 processor.  

4. Lvl. 2 processors estimate the damage location using the smallest error coming 

from the comparison described in the previous point and sent it to the higher level 

processors.  The same routine is performed until the highest level is reached, then the 

final output is sent to an external station. The monitored AE source is located inside the 

square window centered at the final output of the predicted source coordinates and length 

equal to the grid’s spacing.   

As stated before, our current study only considers a basic network system with 

two level processors (four Lvl.0’s, one Lvl. 1) and four sensors. The excitation source for 

generating localized AE events is assumed to be stable and with reproducible AE 

characteristics. The step of damage type identification is thus omitted. Furthermore, due 

to the symmetry of our current composite plates, the look-up tables only need to be 

calibrated for one quarter of the monitored area. In the present study, we divide the area 

into four quadrants. In Lvl.0 processors, the quadrant number is determined by 

comparing the four arrival times 1t to 4t captured by the four local sensors ( 1S to 4S ). For 
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different quadrants, the arrival time differences used for making a comparison with the 

look-up tables must be calculated differently. For example, 1441 ttdt −= is used for a 

signal in quadrant 1 while 3241 ttdt −= must be used for a signal in quadrant 3. 
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Figure 5.4. Flowchart of the damage detection and identification process. 



 129

5.4 SIMULATION OF THE SENSOR NETWORK SYSTEM 

5.4.1 Simulation of the sensor’s response 

The normal mode expansion approach (Prosser 1991; Gorman et al. 1991; 

Gorman 1996; Ghoshal et al. 2005) is used in the present paper to simulating the response 

of a 304.8 mm by 304.8 mm, 3.2 mm thick cross-ply glass-epoxy ( s4]90/0[  S2/BT250E-

1LV) composite plate, under a half-sine impact excitation 

)sin()()(),,( 0 tyyxxFtyxP cc ωδδ −−=  occurring normal to the plate. A schematic 

diagram of the case that was simulated is shown in figure 5.5. The lamina material 

properties are listed in Table 1. For the present work, the frequency of the impact is 

chosen to be 150 kHz and the force transmitted, 0F , is 1 N.  The quantities cx and 

cy denote the coordinates of the location of the impact on the plate. Figure 5.6 shows the 

propagating acoustic waves at the time snapshots from 10 micro-seconds to 210 micro-

seconds due to the half-sine impact at the coordinates (91.44 mm, 132.08 mm) of the 

glass-epoxy plate. The first 100 vibration modes have been used for the simulation. The 

damping ratio is assumed to be 0.005 for all modes. A total of 10201 (101 by 101) grid 

points are used to generate the plate displacement plots. The detailed derivation of the 

plate displacement and strain distribution for this case is shown in the appendix.  
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Figure 5.5. Schematic diagram of the case which has been simulated. 

  

 

Figure 5.6. Acoustic Wave propagation at 10 (a), 50 (b), 90 (c), 130 (d), 170 (e), 210 (f) 
microseconds due to a half-sine impact at 150 kHz.   

 

(a) (b) 
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Figure 5.6 (continued). Acoustic Wave propagation at 10 (a), 50 (b), 90 (c), 130 (d), 170 
(e), 210 (f) microseconds due to a half-sine impact at 150 kHz.   

Four PVDF sensors were assumed to be 50.8 mm far from the plate edges. For 

simplicity, we assume the PVDF sensors were bonded to the surface of the plate not 

embedded. The voltage outputs of the sensors were calculated by tgV nn ⋅⋅⋅= εE3  

(Measurement Specialties 2006), where ng3 is the appropriate piezoelectric coefficient for 

the correspondent axis of applied stress, nε is the average strain under the sensor covering 

area in the relevant direction, E is the young’s modulus, t is the piezoelectric film 

thickness. For our PVDF sensors, the longitudinal piezoelectric stress constant 31g  is 3 

times greater than the transverse piezoelectric stress constant 32g . The material properties 

(c) (d) 

(e) (f) 
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of the PVDF sensors considered in the simulation are as follows: 21631 =g (V/N), 3E =  

(GPa) and 628t −= e (m). Figure 5.7 shows the simulated PVDF sensor responses 

corresponding to the plate response in figure 5.6.  

 

Figure 5.7. Simulated voltage outputs of the PVDF sensors (half-sine input at 150 kHz, 
source coordinates (91.44 mm, 132.08 mm)). Each waveform is offset by one volt to 

allow comparison.   

5.4.2 Source location study using the simulated sensor’s response 

To virtually test the network and the source location algorithm, Matlab codes 

were written to simulate the slave processors capturing the FTC time and the master 

processor performing the damage source location. The look-up tables with the arrival 

time difference between diagonally opposite sensors (sensor 1, 4 and sensor 2, 3; see 

figure 5.5) were pre-determined by putting the impact force at each pre-set grid point and 
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obtaining the sensor responses. For our study, a total of 36 (6 by 6) mesh points with 

20.32 mm spacing were used. These mesh points are evenly distributed in the quadrant 

determined by the two diagonal points located at the center of the sensor 1 and the center 

of the plate, respectively.  

The source location results obtained from these simulation studies are shown in 

figure 5.8 (a)-(h). Eight different cases with different assumptions such as different 

sampling frequency, sensor dimension, and different transverse direction sensitivity were 

studied. In some cases, two sensors are assumed to be placed normal to each other at the 

same location to form a bidirectional sensor. The voltage output of the sensor pair is thus 

assumed to be the summation of the two sensors. Table 5.2 lists the various assumptions 

adopted for our simulation studies.   

Since our approach uses the FTC time, whose accuracy highly depends on the 

sampling frequency, it is unrealistic to precisely locate the AE source in case of low 

sampling frequency. As shown in figure 5.8, a 1 MHz sampling frequency can provide 

the location of the source with acceptable accuracy. It also can be seen that using 

bidirectional PVDF sensor pairs provides higher accuracy for source location. However, 

using bidirectional sensor pairs, practically, will double the wires necessary for the 

connections. This fact brings several difficulties for the real application and integration of 

these components. For our currently tested PVDF sensors (case (g), (h)), the 

improvement of the source location accuracy by using sensor pairs is not significant. 

Furthermore, the results show that cutting the sensors into smaller size does not seem to 

improve the accuracy either. 
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Table 5.2 Assumptions used for the simulated cases. 

Case 
Number 

Threshold 
(v) 

Sampling 
Frequency 

(mHz) 

Sensor 
Length 
(mm) 

Sensor 
Width  
(mm) 

  Sensor 
Pair 

1 0.015 0.4 29.97 11.94 0 N 
2 0.03 0.4 29.97 11.94 0 Y 
3 0.015 1 29.97 11.94 0 N 
4 0.03 1 29.97 11.94 0 Y 
5 0.015 1 14.99 5.97 0 N 
6 0.03 1 14.99 5.97 0 Y 
7 0.015 1 29.97 11.94  1/3 N 
8 0.03 1 29.97 11.94  1/3 Y 

 

 

Figure 5.8. Source location results using simulation data for case 1 (a), case 2 (b), case 3 
(c), case 4 (d), case 5 (e), case 6 (f), case 7 (g), case 8 (h) as from table 5.2. 

 

3132 / gg

(a) (b) 



 135

 

 

Figure 5.8 (continued). Source location results using simulation data for case 1 (a), case 
2 (b), case 3 (c), case 4 (d), case 5 (e), case 6 (f), case 7 (g), case 8 (h) as from table 5.2. 

 

 

(c) (d) 

(e) (f) 
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Figure 5.8 (continued). Source location results using simulation data for case 1 (a), case 
2 (b), case 3 (c), case 4 (d), case 5 (e), case 6 (f), case 7 (g), case 8 (h) as from table 5.2. 

 

5.5 EXPERIMENTAL STUDY 

Efforts have been conducted to build a basic module of the 4-tree hierarchical 

network structure of micro-controllers. The network, with the proposed damage detection 

& source identification algorithm which is, at date, being implemented, will be embedded 

into glass-epoxy composite laminates together with PVDF sensors and internal signal 

conditioning devices.  

Experimental studies have been carried out to verify the feasibility of using the 

proposed sensor network system to detect and locate AE event happening inside the 

material of the monitored structure. As an intermediate step, external data acquisition 

systems were used to acquire data from sensors and the previously mentioned Matlab 

codes were then used to virtually test the look-up table as source location method. For 

these experiments, the structures under study are cross-ply S2/BT250E-1LV glass-epoxy 

(g) (h) 
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composite plates in approximately simply supported boundary conditions. The AE signal 

was simulated by breaking 0.7 mm pencil-leads on the surface of the composite plates.  

 

5.5.1 Test with PZT sensors 

A cross-ply S2/BT250E-1LV glass-epoxy composite plate with stacking sequence 

s4]90/0[  was used for this analysis. The size of the plate in mms is 304.8×  304.8× 3.2. 

Figure 5.9 shows the test setup. Four piezoelectric sensors (R50D) were coupled to the 

surface of the plate by vacuum grease. The four-channel PCI-2 AE system by Physical 

Acoustic Corporation was used for the signal acquisition. The sampling frequency of the 

system is set at 2 MHz. The detected signals were preamplified by 60 db and a 35 db 

(0.056 volts) threshold was chosen to obtain the signal arrival time. The arrival time 

differences between sensor 1, 4 and sensor 2, 3 were used for determining the source 

location. The look-up table calibration was performed on one quadrant of a pre-set 

learning grid with 25.4 mm of nodes’ spacing.  

Figure 5.10 shows the source location results. Good agreement between the 

predicted damage areas and the actual pencil-lead break locations has been found.   
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Look-up table 
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Figure 5.9. Composite plate with surface bonded PZT sensors. 

 

Figure 5.10. Source location results with surface bonded PZT sensors. 
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5.5.2 Test with embedded PVDF sensors 

Four PVDF sensors as shown in Figure 5.11, were embedded at the mid-plane of 

a cross-ply S2/BT250E-1LV glass-epoxy composite plate with s2]90/0[ stacking 

sequence. The size of the plate in mms is 304.8×  304.8× 1.6. A signal conditioning 

circuit board with an amplifier with a magnification factor of × 760 was designed and 

built to amplify the detected signal. The amplified signal was acquired by a four-channel 

Nicolet data acquisition system with 1 MHz sampling frequency. A 0.01 volts threshold 

was chosen to obtain the FTC time. In this case too, the arrival time differences between 

sensor 1, 4 and sensor 2, 3 were used for the source location study as well as a pre-set 

learning grid with 25.4 mm spacing was used for the calibration of the look-up table. 

Figure 5.12 shows a typical PVDF sensor’s response acquired by the Nicolet system. 

Since the lead-break source is near sensor 1, this sensor is the one that detects the signal 

first. 

The source location results with embedded PVDF sensors are shown in figure 

5.13. Same as the test with the surface bonded PZT sensors, the predicted damage areas 

match well with the experimental pencil-lead break locations. 
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Sensor 1
Look-up table 
calibration quadrant Sensor 2

Sensor 4Sensor 3  

Figure 5.11. Composite plate with embedded PVDF sensors. 

 

Figure 5.12. Typical voltage outputs of the PVDF sensors acquired by the Nicolet system. 
Each waveform is offset by 0.3 volts to allow comparison.  
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Figure 5.13. Source location results with embedded PVDF sensors. 

 

5.6 CONCLUSIONS 

A sensor network system with distributed sensors and network communication 

nodes is proposed to provide composite structures with SHM capabilities. The advantage 

of such a network system is the low bandwidth and computational power demands since 

the detection of an anomaly is performed locally, in-network, rather than using an 

external processor. Due to the limitation of the traditional triangulation method, a damage 

identification approach based on the AE technique and pre-calibrated look-up tables is 

proposed to be implemented into our network system. Numerical and experimental 

studies have been conducted to verify the validity of using the look-up table method to 

locate AE events within composite laminates. The feasibility of using embedded PVDF 
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sensors for in-situ AE monitoring is also demonstrated. All these efforts have made the 

embedment of the real senor network system possible. 

The ongoing work in CEAM/UCSD consists in completing the microprocessor 

programming, integrating internal signal conditioning devices and internal network 

circuits with PVDF sensors into one composite panel for finally validating the proposed 

damage detection approach, communication schemes and algorithms. 

 

5.7 APPENDIX 

Derivation of half-sine input excitation to a simply supported orthotropic 

composite plate 

Based on the classical plate theory (CPT), the equation of motion for an 

orthotropic composite material (Prosser 1991) is: 
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where ijD are the bending stiffness coefficients ( ∫
−

=
2/
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2 ),,1(
h

h
ijij dzzzQD ) (Daniel et al. 

1994), P is the excitation force, ρ is the mass density and h  the plate thickness. 

For symmetric cross-ply composites, for which their orthotropic characteristics 

16D  and 26D  are both zeros, the equation of motion can be reduced to: 
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The boundary conditions for simply supported plate are: 

                           ,0/,0 22 =∂∂= xww     at 0=x , ax =  
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,0/,0 22 =∂∂= yww     at 0=y , by =                                    (3) 

where a , b  are the plate length and width.  

The bending and shear strains are: 

yxwzywzxwz xyyx ∂∂∂−∂=∂∂−=∂∂−= /,/,/ 22222 γεε                (4) 

Substituting ∑ ∑= m n mn bynaxmtatyxw )/sin()/sin()(),,( ππ  (normal mode 

expansion solution) into equation (2) and simplifying the expression yields to: 
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The natural frequency of this linear system is given by: 
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Considering modal damping to equation (5) gives: 
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where mnξ  (for small damping, 1≤mnξ ) is the damping ratio at the m, n mode. The 

damped natural frequency of the mode is given thus by 21 mnmndmn ξωω −= . 

For a half-sine excitation, the impact force acting on the plate is assumed to be: 

)sin()()(),,( 0 tyyxxFtyxP cc ωδδ −−=                                        (8) 

where ω is the angular frequency of the impact.  

Assume the impact force stopped at time et . The forced response before this time 

contains a complementary and particular solution. They are: 
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Substituting the particular part in equation (6) gives: 

])(4/[)(

)/(2
22222222

22

ωωωωξωω

ωωωωξ

−+−=

−−=

mnmnmnmnmnmn

mnmnmnmnmn

fB

BA
                        (10) 

The values of mnc1  and mnc2  is determined by applying the initial conditions 

0)0( =mna and 0)0( =mna& : 

dmnmnmnmnmnmnmnmn ABcAc ωωξω /)(, 21 +−=−=                   (11) 

The free response solution after the impact terminated takes the following form:  
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applying these two initial conditions, the values mnc3  and mnc4  is determined as: 
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The total solution for the plate displacement is: 
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The corresponding strains can be found by substituting the plate displacement into 

the equation (4):  
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The average strains over the area of interest (for a rectangular domain with 

diagonal nodes ),( 11 yx  and ),( 22 yx  ) in x and y directions are therefore computed as: 
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Here, 12 xxx −=Δ and 12 yyy −=Δ .  
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Chapter 6.  

Discussion and Conclusions 

6.1 SUMMARY OF CONLUSIONS 

The research work presented in this dissertation contributes to the development of 

a smart composite with integrated a micro-sensor array and network communication 

nodes for SHM purpose in the following areas: (1) investigation on the effects of 

embedded SHM sensors on the strength and material integrity of glass fiber/epoxy 

laminates subjected to in-plane loads, (2) characterization of the acoustic wave 

propagation in thin glass fiber/epoxy composite plates for AE source localization, (3) 

development of physics-based damage identification algorithms, (4) implementation of 

the damage identification algorithms into microprocessor network.  

The principal contributions and major findings of this research work are 

summarized below:  

I. The introduction of the simulated micro-sensor does not affect the in-plane 

material properties and has a negligible effect upon the ultimate tensile strength of the 

composite material. However, the resultant material and geometrical discontinuities 

within the composite laminate are responsible for the localized high values of the stress 

concentrations which affect the initiation of the failure and the development of the 

damage. Under a tensile loading, the initial failure is expected to be matrix cracking at 

the sensor corner in the resin-sensor coating interface. The failure mode and 

corresponding initiation load is predicted using FEM analysis and verified by the 

experimental investigation. 
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II. A distributed 2D CWT algorithm is developed which can use data from 

discrete sets of nodes and provide spatially continuous variation in the structural response 

parameters to monitor structural degradation. The implementation of such a data feature 

extraction algorithm into the Nearest-neighbor mesh network is also demonstrated. 

Combined with predefined damage index, this algorithm is suitable for both dense and 

sparse sensor networks to extract local damage features and qualitatively assess the 

damage severity.  The advantageous features of using the 2D CWT algorithm are its 

localized processing and limited communication and computation requirement. The 

feasibility of this damage identification method is demonstrated by using 2D CWT to 

study the spatial response signal of given cases. 

III. For the application of the AE technique for SHM, experimental and numerical 

studies are performed to characterize the acoustic wave propagation in thin glass 

fiber/epoxy composite plates. Theoretical predictions of the flexural mode wave 

propagation based on Mindlin plate theory is shown to yield good agreement with the 

experimental measurements. Additionally, it is concluded that wavelet transform based 

time-frequency analysis demonstrate higher accuracy for determining the velocity of a 

given acoustic emission source than traditional threshold crossing technique. The 

accuracy of source location using the triangulation method is shown to be improved by 

the application of wavelet transform method. However, the triangulation method has 

certain limitations.  For complex structures with a complex velocity field, it is generally 

difficult to use the triangulation method because it requires good understanding of the 

wave velocity. Moreover, the application of the triangulation method typically requires a 
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considerable amount of computation and a lot of intermediate data storage; which is 

challenging for our current microprocessor of choice with very limited memory. 

IV. A sensor network system with distributed sensors and network 

communication nodes was proposed to provide passive damage detection and 

identification for composite structures. The prototype sensor network system developed 

uses an array of PVDF sensors for real-time, in-situ Acoustic Emission monitoring and a 

four-tree micro-controller network architecture for data acquisition, signal processing, 

communication schemes and other needed peripheral functions. The advantage of such a 

network system is the low bandwidth and computational power demands since the 

detection of an anomaly is performed locally, in-network, rather than using an external 

processor. Due to the limitation of the traditional triangulation method, a damage 

identification approach based on the AE technique and pre-calibrated look-up tables was 

proposed to be implemented into our network system. Numerical and experimental 

studies have been conducted to verify the validity of using the look-up table method to 

locate damage events within composite laminates and the feasibility of using embedded 

PVDF sensors for this application. All these efforts have made the embedment of the real 

senor network system possible.  

 

6.2 RECOMMENDATIONS FOR FUTURE WORK 

Based on the research work performed and presented herein, several research 

areas have been identified as open to and in need of future work.  

I. The choice of the processors and sensors in this research work has been based 

mostly on their sizes and compatibilities with the composite matrix. Although we would 
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love to use next generation electronics and sensors with higher capability and smaller 

dimension, we only have access to current generation and older products with limited 

capability.  With more powerful microprocessors, parametric analysis of AE signals with 

the help of time-frequency analysis techniques such as wavelet transform for in-situ 

damage evaluation in composites becomes possible. Moreover, due to the fast 

development of sensor technologies and electronics, the constant enhancement of 

polymeric materials’ properties, the large range of reinforcing materials, and different 

fabrication processes, further investigation on the effects of an integrated device on the 

host composite materials is still an interesting topic for future study.  

II. An important issue not addressed in this research is the fatigue behavior of the 

fiber glass/epoxy composites with the presence of embedded devices.  There should be 

considerable interest in developing analytical model and performing FEM progressive 

failure analysis to predict the fatigue strength. 

III. The ongoing work is conducted to complete the implementing of the proposed 

damage identification algorithms experimentally into internal microprocessor network. 

Testing these algorithms with real structural response data under mechanical loading 

should be carried out for finally validating the proposed sensor network system.  

IV. The ultimate goal of SHM should extend the discipline of structural damage 

identification for the purpose of damage prognosis, which consists in forecasting system 

performance by evaluating current damage state, estimating the future service 

environment and predicting the remaining useful life through pre-determined knowledge 

database. 


	title page.pdf
	preliminary pages.pdf
	chapter 1.pdf
	chapter 2.pdf
	chapter 3.pdf
	chapter 4.pdf
	chapter 5.pdf
	chapter 6.pdf



