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Abstract 

This thesis develops a data acquisition system and long piezoelectric sensors for a 

technique of structural health monitoring based on a structural neural system and 

continuous sensors. The structural neural system uses distributed sensing and parallel 

signal processing in real time to monitor large structures like an aircraft for damage. The 

structural neural system consists of piezoceramic nerves and electronic logic circuits and 

was tested on an aluminum plate that was fatigue loaded using a mechanical testing 

machine. The testing indicated that the SNS analog processor using conventional 

monolithic piezoceramic sensors was able to detect the acoustic emissions using 

continuous fiber sensors. The acoustic emission level in aluminum was small but 

detectable. A higher sensitivity of the neural system was needed. Therefore, further 

sensor development was undertaken including fabricating piezoelectric active fiber 

continuous sensors. The testing in this thesis indicates that the continuous sensor can be 

closer to the damage site, and is more sensitive than conventional discrete sensors. In this 

thesis a data acquisition system was developed using LabVIEW and single fiber 

continuous sensors were developed for the structural neural system. The testing indicates 

that the structural neural system will be able to continuously monitor a structure and 

provide a long-term history of the health of the structure. 
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Chapter 1 Introduction 

In the current economic climate it is desirable that the life of a given structure like an 

aircraft or bridge be as long as possible. These structures must remain in operation for 

longer periods of time. However this expectation or rather the economic need has driven 

the field of structural health monitoring. Structural Health Monitoring (SHM) involves 

implementing damage detection and monitoring strategies to extend the life of 

engineering infrastructure. Structural health monitoring helps in making decisions 

regarding the use, maintenance and retirement of structures under monitoring.  

1.1 Structural Health Monitoring 

SHM can be considered as the identification of signals which are caused or modified 

by damage in a structure. SHM can be broadly divided into two types; namely active 

structural health monitoring and passive structural health monitoring, which are discussed 

below. 

1.1.1 Active structural health monitoring  

Active SHM requires the use of both sensors and actuators. Thereby, the location and 

magnitude of the damage are determined due to wave propagation processes. These 

methods need external power for health monitoring [1]. 

1.1.2 Passive structural health monitoring  

Passive SHM techniques don’t use external power for structural health monitoring. 

This method is termed passive because the operator waits for an internal dislocation in 

response to a change in loading, and solves for the damage source kinematics. They use 
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properties such as change in resistance, change in strain, or sensing Acoustic Emissions 

(AE). Various passive techniques are available for SHM like fiber optic strain 

measurement, etc. [2]. The AE technique is a fast, accurate cost effective method [3] that 

is applied for monitoring the health of the structure. This is possible because 

discontinuities in a structure will produce detectable AE before structural failure occurs. 

The AE technique is considered in this thesis. The AE are transient elastic waves that are 

primarily generated by microcrack growth. Hence the analysis of AE produced during 

mechanical tests is a non-destructive technique for the study of the health of structures. 

Sensors are a critical component in a SHM system. They play the part of the ears 

and eyes of the system. This thesis deals not only with developing a monitoring system 

but also focuses on active materials for building sensors for monitoring of structures. 

Active fibers composites (AFC) were first manufactured in 1999 at MIT [1] and mainly 

focused primarily on the actuation properties of the AFC. The idea of a composite 

material consisting of an active piezoceramic fibrous phase embedded in a polymeric 

matrix phase has many advantages. 

Typically, crystalline materials have much higher strengths in the fiber form, 

where the decrease in volume fraction of flaws leads to an increase in specific strength. 

Also, in addition to protecting the fibers, the flexible nature of the polymer matrix allows 

the material to more easily conform to curved surface found in realistic industrial 

applications. Moreover, active fiber composites offer many distinct advantages with 

respect to their monolithic counterparts. The multiphase construction yields a more robust 

actuator that is capable of being added to a lay-up as “active layers” along with 

conventional fiber-reinforced laminae. While complex arrangements of piezoelectric 
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blocks are required to sense the bending and twisting of a structure, the fiber-reinforced 

composite nature of active fiber composites yields in-plane sensing or anisotropy, 

allowing a single patch the ability to sense both bending moments and twisting torques. 

Also the AFC have a large bandwidth ranging from 1 Hz into MHz. All these 

characteristics of the AFC make them well suited for realistic monitoring applications. 

These AFC form the artificial nerve’s of the Structural Neural System (SNS). These are 

tested in the Smart Structures and BioNanotechnology laboratory [4] and the results are 

discussed in results chapter-7 of the thesis. Research on the use of a SNS is reported in 

papers published by Schulz et. al [8-11]. This initial research showed that the SNS allows 

efficient use of data acquisition instrumentation for structural health monitoring. The 

Sensor/Neuron measures dynamic strains and these signals are interpreted to indicate if 

the structure is operating within the limits of the design specifications. The SNS is a 

biomimetic concept, which is analogous to that of the human neural system. The small 

size sensors coupled with large coverage will provide the simplicity and sensitivity 

needed for real time structural health monitoring. The goal of this research is to develop a 

passive SNS based on the architecture of the biological neural system using smart sensors 

and electronic components to detect AE due to propagating damage. The SNS reduces the 

number of data acquisition channels and simultaneously improves the sensitivity of 

damage detection. This thesis specifically deals with development and testing of a 

prototype two neuron SNS [6]. It carries further the work done previously in Smart 

Structures and Biotechnology laboratory [4]. The experimentation was conducted on an 

Aluminum beam and a glass fiber composite plate. The results of the testing are 

discussed in the thesis which show that the automated SNS developed in the lab was 
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sensitive to low frequency dynamic strains caused by structural vibrations and impact and 

high frequency AE that accompanies damage growth [52] 

1.2 Piezoceramic Material  

Piezoceramics are a type of active material which functions as an energy conversion 

device, transforming an energy input of one form into an energy output of another form.  

In this sense, a variety of materials qualify as active materials other than piezoceramics, 

including shape-memory alloys, electroactive polymers, and magnetorheological fluids. 

Each of these materials accepts one type of input field and outputs a field of another form. 

Table 1.1 shows the behavior of each of these active materials. 

Material Input Field Output Field 

Piezoceramic Voltage Displacement 

Shape Memory Alloys Temperature Displacement 

Electroactive Polymers Voltage Displacement 

Magnetorheological fluids Magnetic Field Viscosity 

Table 1.1 Behavior of various Active Materials. 

Over the past 20 years a great amount of research has been done in the field of smart 

materials especially in the field of piezoceramics. When a voltage stresses a piezoceramic 

element electrically, its dimensions change. Figure 1.1 shows a monolithic piezoceramic 

patch. When a force stresses the monolithic PZT mechanically, it generates an electric 

charge. If the electrodes are not short-circuited, a voltage associated with the charge 

appears. A piezoceramic is therefore capable of acting as either a sensing or transmitting 

element, or both. Since piezoceramic elements are capable of generating very high 
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voltages, they are compatible with today's generation of solid-state devices - rugged, 

compact, reliable, and efficient. Pierre and Jacques Curie discovered piezoelectric 

materials in the form of quartz, tourmaline and Rochelle salts in 1880 as a result of their 

investigations of pyroelectricity [12]. Polycrystalline, metallic compounds, piezoceramics 

exhibit extremely strong electromechanical coupling and mechanical properties similar to 

other ceramic materials. A flurry of improved piezoceramics exhibiting stronger 

piezoelectric effects were developed over the course of the next two decades, yielding the 

most common modern piezoceramics like Lead Zirconate Titanate (PZT) and Lead 

Metaniobate (PMN). 

 

Figure 1.1 Monolithic PZT patch [9] 

1.3 Interdigitated Electrode Monolithic Ceramics 

The interdigitated electrode concept was introduced to enhance performance of 

monolithic ceramic actuators [14] which is shown in Figure 1.2. 
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Figure 1.2 Interdigital Electrode Monolithic Ceramic [15] 

The electrode fingers of alternating polarity are arranged on the top surface and a 

mirror image is on the bottom surface. The electric field is thus aligned in the plane of the 

ceramic. The advantage of this technique was the use of the higher primary piezoelectric 

effect (d33) and anisotropic actuation and sensing. Even though the use of a higher 

electromechanical coefficient (d33) gave some advantage over the monolithic PZT the 

problems associated with catastrophic cracking of monolithic ceramics still remained. 

Micro cracks initiated near the electrodes leading to crack propagation and failure of 

actuator/sensor under stress. This initiated a number of new electroding schemes like 

floating electrodes but there has not been a permanent solution to the problem. 

1.4 Piezoelectric Active fiber composite  

Piezoelectric fiber composite actuators were originally developed as a means of 

overcoming many of the practical difficulties associated with using monolithic 

piezoceramic actuators in structural control applications [6]. Chief among these 

difficulties were brittleness of piezoceramic materials, poor conformability, particularly 

when applied to non-planar structures, nondirectional nature of strain actuation, and 
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overall low strain energy density. In these the piezoceramic fibers were unidirectionally 

aligned to maximize the volume fraction and anisotropic actuation. Uniform electrodes 

were applied through vapor deposition above and below the ceramics. The poling 

direction was through the thickness and actuation was due to the transverse piezoelectric 

effect. There were certain benefits from the standpoint of actuation such as strength and 

conformability, performance and large-scale actuation. At the same time there were 

problems associated with the dielectric mismatch between the fiber and matrix material, 

which limited the actuation energy density. There was no investigation of the use of these 

materials from a sensor perspective. For sensor applications, the bulk PZT material was 

used. One of the disadvantages of the active fiber composite was the high cost fabrication 

process. 

 

Figure 1.3 Piezoelectric Active Fiber Composites [9] 

1.5 The Macro fiber composite  

The NASA Langley Research Center Macro-Fiber Composite (MFC) actuator [16] 

was developed to alleviate many of the manufacturing and performance disadvantages 
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associated with early piezocomposites [6]. The MFC (see Figure 1.3) retains the most 

advantageous feature of the early piezocomposite actuators, namely, high strain.  

 

Figure 1.4 Components of Macro Fiber Composites [K. Wilikie, 14] 

The MFC used low cost piezoceramic wafers, which are machined using a computer 

controlled saw.  The piezo sheets are easy to handle and are precisely aligned in the 

epoxy matrix within the actuator package. Just as was the case for Active Fiber 

Composites, MFC’s use an interdigitated electrode pattern to deliver an electric field 

along the length of the fibers and rely on solid bonding between the matrix and fibers to 

properly transfer actuation loads. There was no work on the MFC materials from the 

sensor perspective.  

1.6 Continuous Sensors  

AFC nodes can be connected in a series arrangement to form a continuous sensor or 

Active Fiber Sensor (AFS) [17-20]. This resulted in a reduction in the number of data 

acquisition channels for AE monitoring and a larger structural area could be monitored 

using continuous sensors. In addition to this, the probability of the sensor being close to 
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the damage increases resulting in better diagnostic characteristics. This is essential for 

composite structures where waves generated by acoustic emissions attenuate rapidly. 

With the continuous sensor arrangement, a large number of sensors can be connected in a 

series arrangement requiring only one channel of data acquisition. Any damage event 

producing an AE signal near any node on a row of the sensor will generate a response. If 

this arrangement is used to form a grid of sensors, responses from rows and columns can 

be used to locate the cell within which the damage event has occurred. 

1.7 Objective of the Research 

The Objective of this research is to understand the characteristics of an active fiber 

composite and its use in structural health monitoring for sensing applications.This thesis 

focuses on the relationship between sensing systems and their ability to detect changes in 

a structure’s behavior. The recent development in active fiber composites has been a 

driving factor in developing a unique approach using the AE technique. This thesis 

explains conceptually the development of single fiber AFC sensors using PZT ribbons. 

The modeling and constitutive relations of the AFC and continuous sensors are also 

explained. The manufacturing of the AFC sensors in the Smart Structures and 

Bionanotechnology lab [4] is given in detail in chapter 4 of the thesis. In this thesis a data 

acquisition system is developed for processing of the acquired data using LabVIEW and 

incorporating single fiber continuous sensors in the structural neural system (SNS). The 

testing indicates that the SNS will be able to continuously monitor a structure and provide 

a long-term history of the health of the structure. Initial testing with conventional 

monolithic PZT is done to understand the PZT behavior and verify the feasibility of the 

SNS system developed for structural health monitoring using AE techniques. Further an 
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effort is made to understand the behavior of the AFC for different excitations like low 

frequency tapping, a lead break and sinusoidal actuation using the function generator. In 

brief the thesis covers the following aspects 

• Tries to understand concepts of active fiber composite 

• Models and forms the constitutive relations of AFC 

• Gives in detail the manufacturing process for the AFC 

• Develops a data acquisition system using LabVIEW for acquiring and processing 

the data 

• Characterizes the manufactured AFC 
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Chapter 2 Active Fiber Composites  

This chapter discusses in brief piezoelectric active fiber composites, there design, 

modeling and the steps that are necessary to manufacture them. This chapter deals with 

the overall choices that where made in selecting different materials from manufacturing 

point of view while keeping in mind the functional requirement of the sensor. Various 

tradeoffs’s where investigated regarding the manufacturing and the performance of the 

AFC sensor. The design had the following specific objective: 

• To explore the sensitivity issues and tradeoffs in the design process of an active 

fiber sensor. 

• To determine a set of material combination which will satisfy the sensor 

requirements 

• Illustrate a single design iteration through a decision making process  

• To develop a general approach for future design of active fiber sensors  

AFC combine piezoceramic materials and additional inactive components in a 

specific structure to form an overall actuator/sensor package with the advantageous 

properties of both piezoceramics and other structural materials. The advantages are:  

• Greater flexibility in design, handling and application 

• Unidirectional sensing, mostly self-powered 

• More rugged than monolithic PZT 

• The electroding can be designed for the application 

• Fiber preforms can be cut to different shapes easily 

• A high bandwidth and high voltage coefficient for sensing acoustic waves 
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This chapter is divided into different sections that elaborate the design issues in the 

process of development of active fiber sensors. In the end the current design procedure 

that is being used is summarized. 

2.1 Modeling Active Fiber Composite Sensors  

Modeling of the AFC sensor is discussed briefly here. The linear constitutive 

relationship is used to relate mechanical and electrical fields. The piezoelectric 

constitutive equations are listed in the IEEE standard ANSI/IEEE Std. 176-1987. This 

standard is used to derive the basis of the AFS electrical modeling. 

When a PZT material is subjected to mechanical stress ‘T’ with units Newton per 

meter squared 2m
N⎛

⎜
⎝ ⎠

⎞
⎟  it produces an electric displacement ‘D’ with units of Coulomb per 

meters squared 2

C
m

⎛
⎜
⎝ ⎠

⎞
⎟  which is a linear function of ‘T’ written as D dT=  where d is the 

Piezoelectric coupling coefficient with units of Newton per Coulomb N
C

⎛
⎜
⎝ ⎠

⎞
⎟ . When an 

electric field ‘E’ with units of Volts per meter V
m

⎛ ⎞
⎜ ⎟
⎝ ⎠

 is applied across PZT electrodes it 

produces a strain or distortion ‘S’ which is given by S dE= . For an elastic material the 

relationship of strain ‘S’ to stress ‘T’ is given by  where  is the mechanical 

compliance of the  material at zero mechanical stress with units of meters squared per 

Newton

ES s T= Es

2m
N

⎛ ⎞
⎜
⎝ ⎠

⎟ . For a dielectric material, the electric displacement ‘D’ and electric field 

‘E’ are related by D Eε=  where ε  is the dielectric permittivity measured at zero 
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mechanical stress with units of Farad per meter F
m

⎛
⎜
⎝ ⎠

⎞
⎟ . For a piezoelectric ceramic these 

relationships are given by the following equations [28]. 

S S T d Ei ij j mi m
TD d T En nj j nmε

= +

= + m
 where m, n = 1, 2, 3 and i, j, k =1, 2, 3, 4, 5 ,6. The piezoelectric 

constitutive equation in matrix form can be written as: 

 
T

D Ed
S TEd st

ε
⎡ ⎤

⎡ ⎤ ⎢ ⎥=
⎡ ⎤

⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣⎢ ⎥⎣ ⎦

⎦
 (2.1) 

Equation (2.1) is a coupled field equation that relates the applied electric field (E)3x1 

in Kilovolts/meter, the electric displacement (D)3x1, the strain (S)6x1 and the stress (T)6x1. 

Material properties such as the dielectric permittivity (εT)3x3,, the induced strain (d)3x6 , 

and the compliance (sE)6x6 are used to relate the mechanical and electrical fields. The 

subscript ‘t’ indicates transpose and superscript ‘T’ indicates a constant stress condition. 

In the continuous sensor arrangement the sensor can be modeled as a capacitor in parallel 

with a current source [17-19]. Further simplification is possible in beam case if the 

electric field is only applied in 3-direction and any actuation transverse to the AFC fiber 

direction is neglected, then the one dimensional equation can be used assuming that the 

PZT ribbon fibers exhibit linear bulk piezoceramic properties. If the sensor is bonded 

perfectly to the structure, then the strain/displacement compatibility and stress/force 

equilibrium principles can be applied. With an assumption that in vibration of a simply 

supported beam strain occurs only in the 1 direction and the AFC is poled in 3 direction, 

equations (2.1) reduces to: 
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  (2.2) 1 11 1 13 3
ES s T d E= +

  (2.3) 3 31 1 33 3
TD d T Eε= +

Rearranging the above equations and using the relation  and =  

gives: 

/31 31 11
Ee d s= 13d 31d

  (2.4) 3 31 1 33 3
SD e S Eε= +

The current  and3i Q D Ae= =& & /3E V Ae=  where Q is the charge, Ae is the 

electrode area, and 33 /S
p e eC h Aε = where is the capacitance and  is the 

electrode spacing. This gives: 

C p eh

 31 1i e A S C Ve p= +& & (2.5) 

and for open circuit case where i=0; 

 /31 1 0V e A S C Ve p= +  (2.6) 

Here V is the voltage generated by the AFC sensor in the dynamic strain condition 

and Vo is the initial voltage. These equations can be used to approximate the  

coefficient by having a single AFC sensor bonded on a beam when a known load and 

loading cycle is applied to the beam. The response from the sensor can be measured using 

an oscilloscope. This is the simplest way to evaluate the approximate properties of the 

manufactured. 

31d
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2.2 Design of Active Fiber Composites  

The design adopted here is a result of initial design iteration using available resources. 

Further experimental evaluations and availability of new materials will help adapt new 

models and design improvements.  

The following flowchart shows in brief the steps necessary for active fiber sensor 

design which is discussed later on.  

 

Figure 2.1 Flowchart of Active Fiber Sensor Design 

2.3 Fiber Material 

The properties of different PZT materials available are given in the Table 2.1. The 

comparisons are based on the one-dimensional mode of operation. The PZT 5H has a 

very high induced strain constant due to domain mobility and also has the highest 

induced stress constant. This property makes the material very suitable for actuation 

applications; the good actuation capability is also evident in the high coupling coefficient 

that takes into account the dielectric constant. In general such hard ceramics are suitable  
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for actuation applications. For sensor application a softer ceramic with a similar 

coupling coefficient is required for an efficient conversion of mechanical energy into 

electrical energy. The results of actuation and sensing capabilities of the manufactured 

AFC are discussed in chapter 6. The choice of material is also dependent on the ease of 

polarization, handling and availability in the form of fibers. The fibers used in the 

research were commercially produced by CeraNova Corporation [22]. This company has 

been involved in manufacturing PZT fibers since 1992 and has produced all the ribbon 

fibers used in this research.  

 PZT 5A PZT 5H PZT 4S PZT 8M 

Dielectric  33
TK 1770 3350 1500 800 

Induced Strain (m/V) 31d 171 292 123 -97 

Induced Stress (N/C) 33e 15.8 23.2 14.6 17.3 

Coupling Coefficient  33k 0.774 0.790 0.861 0.767 

Young’s Modulus (GPa) 53 48 60 77 

Depole Stress  (MPa) 33T 72 44 >150 >150 

Coercive Field (kV/m) 11.2 7.2 8 8.4 

Table 2.1 Comparison of one dimensional properties of PZT ceramics [15-16] 

The fibers used are PZT 5A ribbons bought in approx. 6 inches length and approx 

250-micrometer height and 750-micrometer width (i.e. 3:1 aspect ratio).  
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2.4 Fiber cross section 

The piezoelectric ceramic fibers are available in different cross sections as shown in 

Figure-2.2 

 

Figure 2.2 Types of PZT fibers 

Rectangular fibers have certain advantages over the circular ones. Fibers with a 

rectangular cross section have a higher thickness fraction of piezo ceramic material for 

the same thickness of the composite (diameter in circular fiber case). A higher thickness 

fraction of ceramic material is desired for maximum sensitivity. Also rectangular fibers 

show more efficient use of matrix material. The surface area coming in contact with 

electrode is also higher in fibers with rectangular cross section. The choice of fiber cross 

section also depends on application. If we normalize performance of fibers with their 

mass for a given volume of composite the apparent advantage of rectangular fibers 

reduces. In the current use for sensing the high frequency low amplitude AE, the sensors 

should be small in size and more sensitive. These requirements make rectangular fibers 

an obvious choice. The rectangular fibers are easier to handle so the decision was made to 

use these fibers for development of sensors. 
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2.5 Composite thickness  

Once the fiber cross-section is determined the next step is to determine the thickness 

of the composite ply. The fibers used have a thickness of 250 micrometers so the overall 

thickness of the composite ply was kept as close to that number as possible. To have 

maximum wetting of fibers by epoxy and avoid any voids, a pressure-casting mold was 

used to make the composite ply. Any increase in the thickness of the ply will require a 

higher poling voltage. The process of manufacturing the sensor requires removing excess 

epoxy from top and bottom of the fibers after the poling. After removal of excess epoxy 

another layer of conductive epoxy is applied which acts as an electrode as well as a bond 

with the structure. Since the electrodes are directly in contact with the AFC matrix, the 

sensitivity is improved. 

2.6 Matrix Material 

The matrix material surrounds the fibers and provides the structural integrity for the 

sensor. In order to do that the matrix material should form a good bond with the PZT 

ribbon fibers. In the longitudinal direction the strength of the active fiber composite is 

determined primarily by the strength of fibers but in the transverse direction it is 

determined by the bond between the fiber and epoxy and by the strength of epoxy itself. 

The performance requirement for the matrix material apart from the strength is to have a 

high dielectric breakdown so that it can survive high poling voltages. Also the matrix 

material should not have high porosity which might cause arcing between the electrodes 

during poling or cause percolation of conductive epoxy at the stage of electroding. 

During the initial design iterations silver conductive paint was used to paint electrodes on 
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the sensor due to ease of use. It was observed in many sensors that the paint percolated 

through the epoxy matrix material and caused electric short circuit between the electrodes. 

The stiffness of the matrix material is expected to affect the unidirectional sensing 

characteristics of sensors. Based on the on the earlier experimental work done in Smart 

Structures and BioNanotechnology lab [4] a selection of EPON Resin 862 epoxy was 

made for the matrix material [17]. 

2.7 Electroding 

In active fiber sensors electrodes are needed to collect the charge generated by the 

piezo ceramic fibers and to provide connection for completing the electric circuit. 

Electrodes are also needed to create the strong electric field required for alignment of 

electric dipoles during the poling process. The two requirements are different from each 

other by way of voltages involved and the requirements of sensing itself. The Poling 

process is done prior to the use of the active fiber composite as a sensor. Poling through 

the thickness can be achieved by simply placing an electrode on top and bottom of the 

composite and applying a high voltage using an amplifier. Due to the high resistance of 

the matrix material the current drawn will be negligible. An unique approach was used to 

apply a temporary electrode made of strips of copper for poling and then replace the 

electrodes with the final electrodes. It was observed in the initial design iteration that if 

copper strips are kept in the final assembly the strain transfer from the structure to the 

piezo fibers reduces considerably during sensing. This result in a very low response from 

the sensor and the waves generated by small acoustic emissions are not detected. The 

problem was solved by using conducting silver epoxy H20E as the final electrode. The 

advantage in this approach is that the epoxy forms a good bond with the active fiber 
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composite and at the same time it can be used to bond the whole sensor to the structure if 

needed. This eliminates a few layers of material like a metallic electrode, insulating film 

and an additional layer of glue that should be used in conventional sensors. This provides 

the maximum sensitivity of the active fiber sensors. The properties of conductive epoxy 

H20E are given in Table 2.2 (courtesy Epoxy Technology, INC.) which is given in detail 

in Appendix E. 

 Parameter Typical Value 

Number of Components Two 

Mixing Ratio Part A : Part B :: 1:1 by weight 

Cure Schedule 800C 90 minutes 

Viscosity 2200-3200 cPs 

Glass Transition Temperature > 800C 

Lap Shear Strength 1500 psi 

Die Shear Strength > 10Kg / 3400 psi 

Degradation Temperature 4100C 

Thermal Conductivity 29 W / m0K 

Volume Resistivity < 0.0004 ohm-cm 

Pot Life 4 days 

Shelf Life One Year 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table-2.2 Typical Properties of the conductive epoxy H20E (courtesy Epoxy Technology, 

Inc.) 
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2.8 Summary 

This chapter discussed a number of issues in the design of active fiber composites 

using different constituent materials. The design studies demonstrated the tradeoffs with 

material selection, which often involves conflicting choices for the optimal solution.  

Such a conflict exists with fiber material selection, where hard ceramics seem best suited 

for low field response and high stress designs, but soft ceramics are the material of choice 

for high field actuation.  The chapters-2 and 6 involve manufacturing and testing of the 

active fiber sensors. 
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Chapter 3 Manufacturing of Active fiber Sensors 

The next logical step after the design of the AFC sensor is the development of the 

manufacturing technique. During this step the practical limitations in the theoretical 

design along with the material limitations were understood resulting in various iterations 

before finalizing a general manufacturing approach.  For example, finding a gasket 

material which will give the right thickness of the composite. Also as the gasket gets 

compressed in the mold, the reduction in thickness was needed to be accounted for before 

choosing the gasket material. One of the other factors was the fiber geometry which did 

set the maximum compaction and maximum composite size. In developing the techniques 

for manufacturing, it is also possible to come across innovations that could improve the 

design.  

The initial iteration was based on the previous work that was carried out in the Smart 

Structures and BioNanotechnology Lab [17,4]. The initial iteration which lacked 

geometrical uniformity and repeatability in composite properties was improved. Much of 

the difficulty was related to the alignment of the fibers and the excessive composite 

thickness necessitating sanding of the composite prior to electroding, causing difficulty in 

these areas. However, this initial work had identified many of the issues with 

manufacturing methods, and laid the groundwork for the methods presented in this 

chapter. Previous work carried out in the Smart structures and BioNanotechnology lab [4] 

consisted of six ribbon fiber of shorter length. This chapter describes new manufacturing 

techniques that accommodate the change in geometry and the single neuron sensor. The 

chapter describes in detail the steps that are taken for successfully manufacturing the 

AFC sensor. 
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The following are the key parameters, which had to be controlled while manufacturing of 

the Active fiber sensor. 

Voids 

Voids are the cavities or the surface holes found on the surface or inside the composite 

casting where air or vacuum is trapped in the matrix. Figure 3.1 shows the void formation 

during the casting of the AFC sensor. Castings with a significant number of voids must 

be discarded, resulting in wasted product, time and labor. Voids create a concentration of 

electric field in this area. Therefore it is necessary and important to understand the causes 

of voids and what can be done to minimize them. This is the first step to a more efficient 

and productive in casting operation. 

 

Figure 3.1 Void formation in AFC preform 

Voids are attributed to following factors: 

• Release agent 

• Air 

The following information has been compiled through the preliminary manufacturing of 

composites. Some of the techniques found here are the results of many years of research 

and development.  To minimize voids a careful preparation of the epoxy and application 

of release agent is necessary which is explained in the  following sections. 
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Alignment 

Alignment of the PZT fiber is very necessary before injection of the epoxy in the mold. 

Two AFC preforms can be cast at the same time. Therefore it is necessary that the fibers 

of each preform maintain their position during the period of injection of epoxy and curing. 

Any misalignment may result in touching of the PZT fibers thus weakening the sensor. 

To achieve proper alignment, a double stick tape is used which is explained in later 

sections. 

Compaction 

Compaction plays a very important role in deciding the thickness of the AFC sensor. 

Increase in the thickness of the AFC preform results in higher poling voltage. Ideally the 

thickness of the preform should be equal to the thickness of the PZT fiber (0.25 mm) 

however the thickness of the AFC preform is determined by the thickness of the Gasket 

used. Different materials of gasket where tried like polycarbonates, Teflon, paper etc. 

Within the available materials the paper gasket gave the minimum thickness (0.30 mm) 

which was used for casting of the AFC sensors.   

3.1 Mold 

The PZT ribbons need to be placed in an epoxy medium in order to remain at equal 

spacing and provide strength to the preform. The mold that is used for the casting of the 

AFC had the following requirements: 

• Accommodate the long AFC neuron 

• Develop compressive pressure on the gasket 

• Withstand temperatures up to 6000F 

• Be easy to clean 
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Using these basic guidelines a pressure mold was manufactured in the UC machine 

shop. The various parts of the mold are shown in Figure 3.1 and are described below 

along with their functions. 

 

Figure 3.2 AFC casting Mold 

Mold Design, Part A/Part B  

Part A and Part B are manufactured from Aluminum 7051 bar stock. The overall 

dimension of each part is 7” X 3.5” X 0.75”. Part A has four threaded holes on it. One for 

injecting the epoxy and three for venting which are plugged after the injection of epoxy is 

over.  There are in all a total of 18 bolt holes on Part A and Part B which are used to hold 

them together and develop compressive pressure on the gasket. 

Gasket  

The gasket used is an automotive paper gasket which is used in car engines. The 

gasket is cut out using a razor blade for each casting. The cut area is dog bone shaped in 

which the single fiber neuron is aligned. The size of the cut area is such that it 
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accommodates two neurons at a time thus enabling the casting of two neurons in a single 

batch. 

Injection Assembly  

 The injection assembly shown in Figure-3.3 consists of: 

• Injection cylinder 

• Nipple 

• Collar 

• Piston rod 

• Piston  

• O-rings 

 

Figure 3.3 Injector Assembly 

The whole injection assembly is made from standard parts except for the piston, 

which is custom manufactured.  The length of the cylinder is based upon the volume of 

epoxy that needs to be injected in the mold. 
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Bolt/Plugs 

There are total of 18 bolts, which are used to assemble the mold and develop 

compressive pressure on the gasket thus reducing the thickness of the sensor. Plugs are 

used to plug the venting holes in Part A.  

3.2 Manufacturing process 

The manufacturing of AFC can be divided into 

• Casting 

• Poling 

• Electroding 

3.2.1 Casting 

Casting is the most important step of all. Casting is described in detail below. 

Cleaning the mold and injector 

The mold and the injector are cleaned using cleaner 19 SAM manufactured by AXEL 

industries to remove any dirt or deposits from previous casting. They are then cleaned 

using acetone and are blow-dried using compressedm air. 

Treating the PZT fibers   

The PZT fibers are the sensing element in the AFC. These ribbons are PZT 5A fibers 

with an aspect ratio of 3:1. Since they are brittle, they can easily be cut with a razor blade 

to the appropriate length for use in the molding process. The piezoceramic ribbon fibers 

shown in Figure 3.4  are 165.1mm long so they are cut into 100mm long pieces using a 

sharp razor blade. The fibers are cleaned by immersing them in an acetone bath for 
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15mins and then they are blow-dried using pressurized air. Finally they are heated for 15 

minutes at 200º F. 

 

 

Figure 3.4  PZT fiber size 165.1 0.75 0.25mm mm mm× × [23] 

Applying release agent  

Three coats of release agent are applied. After application of every coat it is allowed 

to dry for 15minutes. Applying release agent is a very important step in casting of the 

AFC. Release agents act as a "lubricant" between the mold and the epoxy itself. The 

proper application of a release agent will yield castings without surface voids. However, 

when a release agent is over applied, it may "pool" or "puddle" on the mold. As the epoxy 

is injected into the mold these pools prevent the epoxy from filling in all the detail. When 

the casting is removed from the mold surface voids will be apparent in the areas where 

pooling occurred. Voids caused by too much release agent are recognizable as small 

spherical voids on the surface of the finished casting.  

Aligning the fibers  

Misalignment results in bidirectional sensing of the AFC sensor. Therefore it is 

necessary to properly align the fibers. The fibers are dipped in the epoxy and are 

manually aligned on the Part A of mold. The mold is then heated at 200 F for 10 minutes 

till the epoxy gets tacky. This prevents the fiber from moving during the injection process 
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thus maintaining the alignment. Using a double stick tape is another way to align the 

fibers. 

Preheating the Mold and injection assembly 

The Part A and Part B are assembled along with the gasket using the bolts. The mold 

along with the injection assembly is preheated to 100F, which is necessary for 

maintaining low viscosity of the epoxy while casting. 

Preparing the epoxy 

During casting the epoxy matrix surrounds the ribbon fibers. Approximately 24.2 

grams of EPON Resin 862 epoxy is taken in a beaker. It is then heated in a vacuum oven 

for 10 minutes at 100°F under vacuum. This helps in degassing and decreasing the 

viscosity of the epoxy. This procedure usually takes about 15 minutes and is a critical 

step in casting. If this step is eliminated then the preform becomes porous because of the 

tiny air bubbles trapped inside the epoxy matrix 

Injection of epoxy  

To inject and monitor the flow of epoxy four holes were made on the surface of the 

top-mold. One of these would be used to inject the epoxy and the other three are 

monitored and closed in consecutive order based on the location of these holes. The 

epoxy filled injector is then assembled to the mold. The threaded piston rod is then turned 

to inject the epoxy in the mold. As the epoxy reaches the hole it starts flowing out 

through it. Plugs are used to plug these holes. This method serves as a tool to monitor the 

distributed flow of epoxy through out the mould.  Once all the holes are plugged, the 

injector’s screw should be turned 13 full turns in order to create a pressure of 

approximately 350 PSI. 
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3.2.2 Curing  

The assembly (Mold + injector) is heated in a Fisher scientific vacuum oven at 180º F 

show in Figure 3.5 for approximate 120 minutes. At the end of the process the mold is 

allowed to cool down to room temperature   

 

Figure 3.5 Curing for the AFC Sensor 

After cooling, the thin wafer of preform can be removed from the mold by cutting off the 

ends just inside the injection holes using a razor blade. Each preform can be used to 

produce sensor with length varying from 1”- 4”. 

3.2.3 Electroding 

Electrodes are necessary as they serve following purpose: 

• Helps in poling to perform 

• Forms electrical lead from the sensor 
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In order to save costs, a successful method was developed to place the electrodes on 

the small 4” long AFC sensor using conventional tooling. The Table 3.1 shows the 

mechanical tolerances of the AFC preform that were manufactured. 

Dimension Units Tolerances 

Length 75mm-80 mm +/- 2 mm 

Thickness 0.30 mm to 0.32mm +/- 0.02 mm 

Weight 0.36 gm +/- 0.05 gm 

Table 3.1 Manufacturing Tolerances for an AFC preform  

Two possibilities were tried for electroding: 

• Structure Integrated electroding 

• Stand-alone electroding 

In either case silver conductive epoxy is used (Appendix E) to form the electrical 

contact. A copper strip or electrical wires are integrated in the silver conductive epoxy 

during curing to form the electrical leads from the sensor. Depending on the application 

these sensors can be made stand alone sensors or sensors which can be integrated in the 

structure itself. The later being more convenient and practical as far as the installation 

part goes. Both types are discussed here in brief however the stand alone electroding is 

used for general purposes. 

Structure integrated electroding 

The sensor is bonded with the help of silver conductive epoxy which forms the 

electrical leads for poling and acquiring the response of the sensor after its mounted on 

the structure as shown in Figure 3.6. The processes of curing, bonding and poling etc are 

carried out on the structure itself, a Kapton® sheet is not used. Even though this helps in 
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better strain transformation from the structure to the sensors due to practical reason it 

may not be  feasible for large structures or on metallic structures. 

 
Figure 3.6 Structure Integrated electroding 

Stand-alone electroding 

The sensors are bonded on a Kapton® sheet away from the structure as shown in 

Figure 3.7. The process of poling and curing is done in laboratory environment. The 

sensor (encapsulated in Kapton®) is bonded according the procedure explained in Section 

3.3.4. 

 
Figure 3.7 Stand-alone Electroding 
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3.2.4 Field Installation Procedure  

Sensors installation is an important step in structural health monitoring that may have 

significant impact on the nature of data that is collected. The development of an 

installation method which was not only reliable but also repeatable was necessary and 

also which would reproduce the same results. For this a literature survey was done and 

from the published data an initial approach was formulated. The way in which the sensors 

are installed depends on the type of structure. It is known that the PZT sensors can 

produce voltage as high as 1000 V. For this reason it is very important that the PZT 

sensors must be isolated from the metallic surface. The operating temperature range of 

Epon 862 limits the temperature range in which the Active fiber composite sensors 

operate, which is from –60°F to +200° F. Also the active fiber composite sensors must be 

capable of being installed in the field on surfaces where access is difficult and the time 

available for installation is limited. Imbedding active fiber composite sensors in the 

structural component is possible, but the structural integrity of the smart material (active 

fiber sensor) is difficult to verify over the component’s life. 

Commercially available monolithic PZT patches have a polyamide coating and wire 

connector to make installation easier. However the Active fiber composite sensor built 

doesn’t have a polyamide coating nor wire connectors. These need to be built into the 

sensor while bonding (for composites) or before bonding (for metallic). With keeping all 

these factors in mind a field installation procedure was developed which is shown in 

Figure 3.8 
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Figure 3.8 Sensor field installation procedure 

Key steps for quality bonding  

Surface Preparation 

All foreign materials, such as dirt, grease, cutting coolants and lubricants, water or 

moisture, and weak surface scale (e.g., oxides, sulfides), must be removed. Thorough 

cleaning with various physical or chemical processes removes these contaminants and 

conditions the surface for bonding. The process of cleaning the surface usually involves 

several of the following steps:  

• Solvent Cleaning 

• Mechanical Cleaning 
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Solvent Cleaning  

Clean the application area of the AFC sensor element with cotton tipped applicators 

dipped into a solvent, e.g., Acetone (do not use cotton buds with plastic grip). Renew the 

cotton tips frequently until the application surface is completely clean (cotton tips remain 

clean). If possible, the surface area cleaned should extend beyond the space required for 

the Active fiber sensor. The same procedure needs to be followed for the Active Fiber 

Composite sensor. 

Mechanical Cleaning 

Surface abrasion (with abrasive paper) is a common procedure in preparing metals or 

composites for strain gage bonding. The same procedure is used for AFC sensors. 

Surface abrasion can be used on plastics and composites, but should always be preceded 

by degreasing to prevent embedment of contaminants in the surface. For some high-

performance composites, however, abrasion may not be permitted because of the risk of 

damage to near-surface fibers. Moreover, abrasion is not always adequate with certain 

types of plastics (e.g., fluorocarbons, polyolefin’s) for achieving optimum bond strength. 

Sensor layout Lines 

If required, the position of AFC sensor to be bonded can be marked by a brass needle 

or a hard 4H-pencil for exact pin pointing of the location. 

Adhesive 

To have quality bonding of AFC sensors, utmost cleanness is essential. Therefore the 

bonding is preferably to be made on a dust-free workbench with filtered air supply. For 

relatively short-term applications in a benign environment, cyanoacrylate (super glue) 

adhesive (where compatible with the plastic) is often a convenient choice because of the 
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simple, quick curing procedure. Epoxy adhesives that cure at room temperature or 

somewhat above the room temperature are eminently suitable for bonding AFC to most 

types of plastics and composites. These adhesives are available in a wide range of 

formulations with different characteristics and properties time/temperature/clamping 

pressure for curing, elongation capability, expected glue line thickness, etc. should be 

selected accordingly. When necessary for elevated-temperature testing, epoxies which 

cure or post-cure at higher temperatures can be employed; assuming, of course, that such 

temperatures are suitable for the plastic or composite. 

Pressure 

During setting of the adhesive, the AFC sensors have to be clamped with a constant 

pressure. Spring clamps or C clamps can be used as a universal clamping tool. For 

economic production and best results of bonding, a specific "tailor-made" clamping tool 

would be recommended for use to create the pressure. The sensor is covered with a 

Teflon sheet and a backup plate is placed on top with which helps to apply uniform 

pressure over the entire AFC sensor 

Post Cleaning 

After bonding the sensor edges are cleaned of any spills of the super glue. The sensor 

is checked for the resistance. If the circuit is open then the installation procedure is 

successful if not then the sensor is closely inspected for location where there is a 

possibility of short-circuiting of the electrodes.  
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3.2.5 Poling 

Theory 

The poling of piezoelectric ceramic fiber in the AFC preform after casting is an 

important stage in the manufacturing of  active fiber composites. Poling is necessary for 

the activation of piezoelectric properties of the PZT fiber embedded in the epoxy, which 

is done via the use of an electric field. Figure 3.9 shows the Weiss domains before and 

after poling. 

 

Figure 3.9 Weiss domains; (a) Before poling; (b) During Poling; (c) After Poling 

A PZT material consists of electric dipoles which are because of charge separation 

between the positive and negative ions. Groups of dipoles with parallel orientation are 

called Weiss domains which can be seen in Figure 3.9. The Weiss domains are randomly 

oriented in the raw PZT material, before the poling treatment has been finished as seen in 

Figure 3.9 (a). With the field applied, the material expands along the axis of the field and 
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contracts perpendicular to that axis as seen in Figure 3.9(b). The electric dipoles align and 

roughly stay in alignment upon cooling as shown in 3.9(c). The material now has a 

remnant. When force is applied to a poled piezoelectric material, the Weiss domains 

migrate proportional to the applied force. The result is a generation of the charge. The 

various factors that play important role in poling are:   

• Poling Temperature 

• Electric field  

Poling Temperature 

The application of a DC voltage at a temperature cT T<  where  is the Curie 

temperature, is limited by ohmic heating due to electronic conductivity, physical 

breakdown at defects in the ceramic, or by the requirement to allow the migration of 

space charge within the PZT material. The ideal poling temperature is the curie 

temperature of the PZT (500° F) however because of limitations on the epoxy matrix; the 

temperature can’t be raised above 180° F.  

cT

Electric Field 

When an electric field (DC voltage) is applied to a poled piezoelectric material, the 

Weiss domains increase their alignment proportional to the voltage. The magnitude 

electric field depends on the temperature at which poling is done. The higher the 

temperature the lower is the magnitude of the electric field required. An initial poling 

trial was completed by varying the temperature and the applied field, and then after 

measuring the response for a lead break the magnitude was finalized. An electric field of 

4000V/mm is applied for poling of the AFC sensor. 
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Poling Procedure 

This is the final step in AFC sensor manufacturing. As this involves application of 

high voltages utmost care must be taken while performing it. The setup consists of a high 

voltage DC power supply (Glassman High voltage Inc.), a General Electric Countertop 

Oven and a poling fixture made in house shown in Figure 3.10. 

 

Figure 3.10 Poling setup (a)Poling fixture (b) Entire Poling Setup 

The AFC preform is clamped in the fixture. The temperature is set to 180°F on the 

oven and is closely monitored using a thermocouple. All the connection are made as 

shown in Figure 3.10 

 

Figure 3.11 Poling Wiring Diagram 
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Table 3.2 shows the steps in poling along with the time required for each step. 

Table 3.2 Steps in Poling of AFC sensors 

Step No. Step Detail 

1 Clamp the AFC waveform in fixture  

2 Make electrical connections as shown in Figure 3.8 

3 Start the oven and raise the temperature to 180° F. Soak it for 15 minutes 

4 Apply an electric field of 4000V/mm for 10 minutes 

5 Turn off the DC supply and take out the fixture from the oven and place it on 

table 

6 Turn on the power supply and apply the same electric field. Use fan for rapid 

cooling of the fixture to room temperature. 

7 Turn off the supply after 15 minutes and remove the electrical connection 

8 Check the response of the senor 

Figure 3.12 shows an AFC sensor manufactured in the Smart Structures and 

BioNanotechnology lab [4]. Table 3.3 gives the physical dimension of the AFC sensor  

 

Figure 3.12 Manufactured Active Fiber Composite Sensor 

Table 3.3 AFC sensor dimensions 
Parameter Value 

Length 120.16 mm 
Breadth 15mm 

Thickness 0.30mm 
Weight 36mg 
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Chapter 4 The Data Acquisition System 

The analog and continuous time signals measured by the sensor must be converted 

into the form a computer can understand. This is what is referred to as data acquisition. 

Traditionally, measurements are done on stand-alone instruments of various types of 

instruments like oscilloscopes, multi meters, counters etc. However, the need to record 

the measurements and process the collected data for visualization has become 

increasingly important.  

There are several ways in which the data can be exchanged between instruments and a 

computer. Many instruments have a serial port, which can exchange data to and from a 

computer or another instrument. Use of a GPIB interface board (General purpose 

Instrumentation Bus) allows instruments to transfer data in a parallel format and gives 

each instrument an identity among a network of instruments. Another way to measure 

signals and transfer the data into a computer is by using a Data Acquisition (DAQ) board. 

A typical commercial DAQ card contains analog to digital converter (ADC) and a digital 

to analog converter (DAC) that allows input and output of analog and digital signals in 

addition to digital input/output channels.  

 

Figure 4.1 Data Acquisition System 

The task associated with designing the data acquisition systems are: 
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• Hardware design 

• Software Design 

• Testing and Debugging 

4.1 Hardware Design 

Data acquisition boards and software can be used in a variety of computers. The 

Basic Analog-to-Digital (A/D) Conversion, Digital-to-Analog (D/A) Conversion and 

Digital I/O Data acquisition boards help in measuring real-world information represented 

by analog signals coming from sensors or transducers that convert temperature, pressure, 

sound, or light into voltage. The electronic sampling of analog signals is called A/D 

conversion or analog-to-digital conversion. A/D conversion changes real-world analog 

voltages into digital codes for computer processing and storage. A complementary 

process, D/A conversion (digital-to-analog conversion) changes digital data into analog 

voltages. This permits a computer to drive chart recorders, audio amplifiers, process 

actuators, and other devices requiring an analog driving voltage. Thus DAQ board is the 

component that listens to the sensors. The choice of DAQ hardware is dependent on rious 

factors including cost.  

There are various aspects that are to be considered while choosing a DAQ board. 

4.1.1 Signal Type 

The type of signal that needs to be acquired namely voltage, current, thermocouple, 

RTD, thermistor, Frequency voltage, strain gauge etc.  The AFC sensor gives out a 

voltage output. So the signal type was an analog voltage type. 
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4.1.2 Voltage range  

The voltage range depends on the maximum voltage output given out by the SNS box, 

which was 15V.  

4.1.3 Resolution 

Precision of the analog input signal converted into digital format is dependent upon 

the number of bits the ADC uses. The resolution of the converted signal is a function of 

the number of bits the ADC uses to represents the digital data. The higher the resolution, 

the higher the number of divisions the voltage range is broken into, and therefore, the 

smaller the detectable voltage changes. An 8-bit ADC gives 256 levels (2^8) compared to 

a 12-bit ADC that has 4096 levels (2^12). Hence, 12-bit ADC will be able to detect 

smaller increments of the input signals then an 8-bit ADC. The higher the better. 

4.1.4 Number of Input channels 

The SNS box gives out two channel of information, which will be expanded into 4 

channels later on. So a DAQ board with 4 input channels was selected 

4.1.5 Simultaneous sampling 

Simultaneous Sample and Hold (SS&H) systems use a separate sample and hold 

circuit on each input. When sampling begins, all circuits simultaneously switch to hold, 

freezing each input signal until it can be sampled by the A/D converter. Multiplexing is to 

use a single analogue-to-digital converter and switch each signal in turn to the converter. 

This is a much cheaper solution. However it does not provide simultaneous sampling 

across the inputs and as more inputs are added the maximum sampling rate is reduced per 
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input. For example, if a system can read 1 input channel 100 times a second, when 

reading 10 input channels it is limited to 10 readings per second per channel. Hence a 

simultaneous sampling DAQ board was selected 

4.1.6 Sampling rate 

The data is acquired by an ADC using a process called sampling. Sampling analog 

signal involves taking a sample of the signal at discrete times. This rate at which the 

signal is sampled is known as sampling frequency. The sampling frequency determines 

the quality of the analog signal that is converted. Higher sampling frequency achieves 

better conversion of the analog signals. The minimum sampling frequency required to 

represent the signal should at least be twice the maximum frequency of the analog signal 

under test (this is called the Nyquist rate). If the sampling frequency is equal or less then 

twice the frequency of the input signal, a signal of lower frequency is generated from 

such a process (Aliasing). The AE signal gives out a frequency of large bandwidth 0-

300KHz. So we need a DAQ board with a sampling rate of KHzKHz 6003002 =×  per 

channel. 

Hardware Selection 

Data acquisition cards that fit internal PC-computer slots provide cost-effective high-

speed multi-channel analogue inputs. A National Instruments simultaneous sampling 

PCI-6110E was used which have performed impeccably throughout. The 6110E has 4 

single-ended analog inputs, suitable for measuring voltages in ranges ±0.05V to 

±42V.The sampling rate is 1.25Ms/channel with a 12-bit resolution the specifications of 

which are provided in Appendix D. 
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4.2 Software Design 

DAQ hardware without software is of little use-and without proper controls the hardware 

can be very difficult to program. The purpose of having appropriate software is the 

following:  

• Acquire, Monitoring and simultaneously processing data in real time 

• Controlling the test 

• Generating reports in variety of graphical formats 

• Stream data to and from disk 

• Use various functions of a DAQ board from a single user interface 

• Real Time Display 

• True Multitasking Operation 

4.2.1 Prior Work 

There was no previous system in the Smart-Bio-nanotechnology laboratory [4] that was 

tailor-made for the acquisition and analysis of the AE data. The previous research group 

used custom programs written in Matlab® to run the collect data and analyzed it offline. 

The user interface and hardware interface routines were all written or accessed using 

Matlab®.  No off-the-shelf system exists for these kinds of data acquisition systems, and 

therefore most research groups develop their own custom software for controlling the lab 

apparatus. 
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4.2.2 Limitations of Prior Solutions 

The system that was previously used had difficulties regarding limitations of designing 

highly specialized software for data acquisition using Matlab® or C/C++ 

• They cannot be easily adapted to the requirements of the experiments 

• They are not very maintainable  It becomes increasingly difficult to maintain and 

update thousands of lines of program code written using Matlab® routines, 

especially if the original programmer leaves the project. 

• It becomes more difficult to add new hardware to the system – One usually needs 

to rewrite portions of the interface code that accesses the hardware. 

• Designing and controlling an experiment often requires a lot of technical savvy, 

requiring the researcher to write and debug many lines of code, thus detracting. 

4.2.3 Problem Statement 

The experiment required a software system for conducting monitoring of the structure 

under fatigue using either PZT patches or AFC sensors. This software system should 

interface with the data acquisition hardware, provide post-experiment data analysis 

capability, and be accessible to non-programmers who wish to setup the control flow for 

the experiments. 

4.2.4 Specifications 

The specifications for this system can be divided into three broad categories: 

1. Data Acquisition 

2. Analysis 

3. User Interface  
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Figure 4.2 shows these categories in the form of flowchart 

 

Figure 4.2 Software Requirements 

Data acquisition 

Each time there is an acoustic emission two analog voltages must be sampled at a 

minimum of 1MHz. The voltages must be time stamped according to the absolute time. 

National Instruments data acquisition card available, the PCI-6110e whose specifications 

include 4 single-ended analog inputs (Please see Appendix D for a data sheet). 

Analysis 

The data that is acquired must be analyzed in real time. An algorithm is developed which 

performs the analysis of the acquired signal. Analysis involves: 

• Pin pointing which sensor is firing 

• Calculating the cumulative peak voltage  

• Calculating the cumulative AE hits per sensor 

• Calculating the frequency of AE emission 

User Interface 

• Allow the user to pause or pause an experiment, or cancel it completely, or 

remove it from further runs while the set of experiments are in progress 

• Log the AE data, (crack location and the time information), and also the time of 

 47



each acoustic emission 

• Allow real-time monitoring of the experiment’s status: Show a real-time display 

of the two channel data against time along with frequency content.  

• Once the experiment is over prompt the user to move the logged data from the 

work directory into the data directory. 

Software’s under consideration 

• Microsoft’s Visual C++ environment  

• Matlab® 

• Nation Instruments LabVIEW 

The advantages and disadvantages of which are listed in Table 4.1 

Table 4.1 Comparison of Various Software Design Environments. 

Comparison 

Characteristic 

Matlab® VC++ LabVIEW 

Hardware Support 
Needs Third Party 

Drivers 

Interface libraries 

provided 

Direct Support 

Speed 

Slower than VC++ 

but faster than 

LabVIEW 

Fastest Slowest 

User Interface Easy, Drag and Drop Very Complicated Easy, Drag and Drop 

Modular 

Programming 

Possible, with little 

tweaking 

Possible, with little 

tweaking 

Easiest 

Learning Curve Slow Slow  Fast 

 

LabVIEW was selected as the DAQ software as it not could only do the 
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\aforementioned tasks in Section 4.2 but also provided flexibility of changing 

requirements. In addition to this LabVIEW was easier to learn and the development time 

was short. 

In the Figure 4.3 a complete DAQ system with LabVIEW is shown. The driver 

software is a lower level driver that interfaces LabVIEW software with the DAQ boards. 

As a user of LabVIEW one does not have to worry about configuration and control of 

components within DAQ boards. LabVIEW identifies each board by a device number 

and therefore one can have as many devices as the computer can accept on their 

expansion slots. LabVIEW can also combine and display inputs from various sources like 

inputs from serial and parallel port, DAQ boards, and GPIB boards on a single interface 

as shown in Figure 4.3. 

 

Figure 4.3 LabVIEW Software and DAQ system [ref www.ni.com] 

LabVIEW is programmed with set of icons that represents controls and functions, 

available in the menu of the software. Such a programming is called visual programming 
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and National Instruments calls it G. The user interface, which is called a VI consists of 

two parts- a front panel and a diagram. This is similar to that of an instrument where a 

front panel is used for an input, output controls, and to display the data whereas the 

circuit resides on the circuit board. Similarly you can bring the buttons, indicators and 

graphing and display functions on the front panel as  LabVIEW is used to perform system 

simulations, since it contains many commonly used filter, digital signal processing, and 

statistical functions. LabVIEW compiles almost as fast as C or Matlab®. 

While developing the graphical interface the data acquisition and analysis was done in 

real time along with the real time display. Before the actual programming the tasks were 

simplified into a flowchart and then the coding was done.  This reduced the development 

time and also ensured that the seamless integration of all the requirements was done. 

4.2.5 Development of the LabVIEW system 

The following block diagram gives an analogous representation of how the Virtual 

Instrument (VI) works. The LabVIEW Front panel consists of all the controls and the 

indicators while the wiring diagram is in the block diagram (Appendix A). Before 

implementing the algorithm the parameters that needed to be monitored along with the 

required outputs where individually programmed. The Entire shm.vi is made up of 

different SubVI which can be seen in Table 4.2 
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Table 4.2 Sub VI’s in shm.vi 

Sr 

No 

Name of VI Process description 

1 input.vi This SubVI includes two sections: one  reads the data from a text 

file  that is stored. The second  one provides friend user interface 

for user to adjust the parameters like threshold voltage, peak 

detection voltage 

2 daq.vi This SubVI does the actual interfacing with the PCI 6110e and 

generates the waveform data from two channels for further 

analysis 

3 time.vi This SubVI generates the time and frequency data necessary for 

further analysis 

4 peak.vi The function of this  SubVI is to calculate the no of AE hits on 

each sensor and the cumulative voltage  

5 output.vi Used to plot the  raw data , analyzed data and streaming to disk 

6 shm.vi This GUI  incorporates all the above SubVI viz setup, acquisition 

analysis and output 

 

The data was in the form of two channels form the SNS box as shown in Table 4.3 and 

Figure 4.4 

Table 4.3 Number of Channels 

Channel Number Type of Information 

Channel 0 Crack Location 

Channel 1 Time information 
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Channel 1 

Channel 2 

Channel 3 

 

Figure 4.3 Sensing architecture 

The main constraint on this was the frequency at which the data needed to be sampled 

which was dependant on the frequency content of the data. Typically, AE systems 

operate in a range of 1 kHz to 2 MHz or greater in frequency. The lower frequency limit 

is imposed by background noises such as friction, outside impacts, or process generated 

signals, that tend to mask acoustic emissions. The upper frequency limit is imposed by 

attenuation, which tends to limit the range of detection of acoustic emission signals. A 

critical part of the AE application process is the selection of a suitable frequency range 

for AE detection and signal processing. It must be above the non-AE related background 

noises, while providing the necessary detection range (distance/frequency) and sensitivity 

to AE related signals. Hence the sampling frequency was set at 1MHz which was the 

limited by the bus bandwidth speed of the computer.  

4.3 Testing and Debugging 

Various debugging techniques where used in LabVIEW 
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4.3.1 Finding Errors 
Click the broken Run button or select Windows>>Show Error List to display the Error 

list window, which lists all the errors. Double-click an error description to display the 

relevant block diagram or front panel and highlight the object that contains the error 

4.3.2 Execution Highlighting 
Execution highlighting shows the flow of data on the block diagram from one node to 

another using a bubble that move along the wires. Use execution highlighting in 

conjunction with single stepping to see how data move from node to node through a VI. 

4.3.3 Single-Stepping 
Single-step through a VI to view each action of the VI on the block diagram as the VI 

runs. The single-stepping buttons affect execution only in a VI or subVI in single-step 

mode. Enter single-step mode by clicking the Step over or Step into button.  

4.3.4 Probes 
The Probe tool is used to check intermediate values on a wire as a VFI runs. When 

execution pauses at a node because of single stepping or a breakpoint, the wire can be 

probed after it has executed to see the value that flowed through that wire.  

A custom probe can be created to specify which indicator to view the probed data. For 

example, for viewing numeric data, a chart within the probe can be used to see that data.  

4.3.5 Breakpoints 
 Breakpoint tool can be used to place a breakpoint on a VI, node, or wire on the block 

diagram and pause execution at that location. After setting a breakpoint on a wire, 

execution pauses after data pass through the wire. A breakpoint can be placed on the 

block diagram workspace to pause execution after all nodes on the block diagram execute. 
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When a VI pauses at a breakpoint, LabVIEW brings the block diagram to the front and 

uses a marquee to highlight the node or wire that contains the breakpoint. LabVIEW 

highlights breakpoints with red borders for nodes and block diagrams and red bullets for 

wires.  

4.3.5.1.1 Testing 

The developed system was run using signal generators (Agilent function generator) to 

simulate the AE signal. The data acquisition performed according to specifications up to 

a sine frequency of 1MHz before it started dropping samples (much higher than the 

maximum of 1MHz required). With the known input the output was measured and the 

system logic was verified.  Figure 4.5 shows the front panel or the graphical user 

interface of the shm.vi that was built using LabVIEW. The VI monitors the AE data from 

the neurons continuously. The trigger level in the neurons is set depending upon the 

material under fatigue testing. Whenever an AE occurs, the number of acoustic events on 

neuron-1 and neuron-2 are recorded by the VI and are counted and then plotted against 

the number of stress cycles that the structure undergoes. The number of stress cycles can 

be determined by a separate PZT sensor on the structure. In addition, the peak voltages 

are measured for each AE and are plotted against the number of cycles.  The data 

generated is stored in a spreadsheet for further analysis. The VI uses visual and sound 

indicators to alert the operator each time an AE occurs.  
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Tab Control

(a) (d) 

(e)(c) 
(b) 

(g) 

(f) 

(h) (j) (i) 
 

Figure 4.4 LabVIEW front panel layout a) Trigger parameters; (b) analysis parameters 
(c) date and total running time and number of stress cycles; (d) firing neurons and LP 
filtered cumulative AE voltage; (e) displayed parameter depending on the tab control; (f) 
LED indicator showing AE; (g) number of stress cycles; (h) frequency of vibration (i) 
Stop button to stop execution of the Virtual Instrument; (j) Loading frequency 

 55



Chapter 5  Experimentation  

5.1 Testing the SNS on a Riveted Aluminum Plate using Lead Breaks 

Riveted aluminum structures are used extensively in aerospace structures. To monitor 

them effectively and continuously, a large number of sensors are required to detect crack 

growth. To study the possibility of the use of the SNS on riveted structures, an aluminum 

riveted plate (Figure 5.1) was constructed and was tested to see if the SNS can locate the 

simulated AE. This plate was constructed of three aluminum plates (7075 – T6) joined 

with rivets as shown in Figure 5.1 Figure 5.1(a) shows the aluminum riveted plate. Figure 

5.1(b) shows the geometric modeling of the plate along with the placement of PZT 

sensors. Two of the base plates have dimensions 15.29 X 15.29 X 0.305 (cm). The plate 

used to join the bottom two plates has dimensions 15.29 X 0.762 X 0.305 (cm). The plate 

was joined using 12 rivets. A Lead Zirconium Titanate (PZT) single sheet was purchased 

from Piezo Systems Inc. to form the individual sensor elements. The material was PSI – 

5A 4E with dimensions 7.24 X 7.24 X 0.027 (cm). This sheet was cut manually using a 

sharp razor blade to 1.524 X 0.889 X 0.00267 (cm) dimensions. Five monolithic PZT’s 

were made. These PZT’s were bonded onto the aluminum plate using superglue. Kapton®  

was used as an insulating layer between the PZT and the aluminum plate. Since the 

current SNS prototype had only a 2 sensor input capability, sensors 2 and 4 (shown in 

Figure 5.1(b)) were used to predict the location of the AE. For the first case an AE was 

generated using a pencil lead break near sensor 4. For the second case an AE was 

generated near sensor 2.  
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(a) (b)

 

Figure 5.1 Aluminum Rivet Plate; (a) Picture of the plate, (b) Geometric model of the 
riveted plate along with sensors 

The riveted aluminum plate was loaded using a Mechanical Testing Systems (MTS) 

machine. For the current paper the response of the SNS for fatigue failure due to bending 

has not been shown. The set-up of the MTS machine is shown in Figure 5.7 Using a four 

point bending fixture the aluminum riveted plate was excited with an input frequency of 3 

Hz. The SNS analog processor box had sensors 2 and 4 as inputs which is developed in 

Smart Structures and BioNanotechnology [4] by Mr. Goutham Kirikera. Table 5.1 shows 

the pre-assigned voltage values that have been assigned for different neurons. Sensor 2 

was pre-assigned a DC voltage of 3/0 volts (ON/OFF state) and sensor 4 was pre-

assigned with a DC value of 5/0 volts (ON/OFF state). The reference voltage of the SNS 

analog processor box was set at +3 volts. The response of the SNS analog processor box 

is shown in Figures 5.2 and 5.3.  For a better understanding the geometric model, the 

riveted plate is placed on the top of Figures 5.2 and 5.3 
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Table 5.1 Pre-Assigned Voltages for Different Neurons. 
Pre-assigned voltages   

Neurons Firing SNS response Sensor 2 Sensor 4 

(Volts) (Volts) (Volts) 

None 0 0 0 

Sensor 2 3 0 3 

Sensor 4 0 5 5 

Sensor 2 and Sensor 4 3 5 8 

 

 
Figure 5.2 Response of SNS for an AE lead break located near Sensor 4; (a) Crack 
information, (b) Time waveform of the cumulative AE 

 
Figure 5.3 Response of SNS for an AE lead break located near sensor 2; a) Crack 
information, b) Time waveform of the AE 
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Figure 5.2(a) shows the initial amplitude of 5 volts indicting that the AE was located 

close to sensor 4. The firing of 3 volts in Figure 5.2(a) that follows the initial 5 volt peak 

indicates that sensor 2 has also detected the waves that are propagating in the structure. 

Figure 5.2(b) shows the time domain waveform of the response of the plate due to a 

simulated AE (pencil lead break) indicating the high frequency content of the waveform. 

Similarly Figure 5.3 shows the response of the SNS analog processor box for an AE 

whose source was located close to sensor 2. The initial amplitude of 3 volts in Figure 

17(a) indicates that the AE was located near sensor 2. Figure 5.3(b) shows the cumulative 

time domain voltage information of the straining of both the sensors. The initial peak in 

time domain waveforms is used to interpret the frequency content of the AE. Note that 

even though the sensor is being excited by the excitation frequency of the MTS machine 

the SNS analog processor box automatically filters out the low frequency data and 

outputs only the data from the high frequency AE.  

5.2 Capacitance effect of the sensor 

A PZT acts as a capacitor that has charge attraction/repulsion due to strain. When 

using a PZT as a sensor or actuator on an aluminum structure, it is possible that the 

structure can serve as the ground or return circuit for the PZT by bonding the PZT 

directly to the electrically conductive structure. However, this approach will have current 

flowing in the structure to the PZT electrodes, and the PZT can generate 200 volts or 

more due to an impact to the structure or when driven to generate waves for active 

damage interrogation. If the ground circuit became degraded or interrupted due to 

corrosion or loosening, the sensor signal may become degraded and there could be arcing 

in the connection that in some situations might be dangerous. Also, if the aluminum were 
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to become live due to a lightning strike or through faults in the vehicle electrical system, 

the senor system would possibly be damaged. Therefore, here the PZT is encapsulated in 

a Kapton®  film that has a large electrical resistance that will prevent any current flow 

through the film. A thin Kapton® film is used to minimize shear lag that will reduce the 

strain in the PZT. It was found that the layer consisting of the Kapton® sheet and the glue 

between the aluminum plate and PZT acted as a capacitor and can cause small currents to 

flow in the structure. The impedance of this capacitor was calculated by using a simple 

impedance measurement circuit. Figure 5.4(a) shows the impedance measurement circuit 

that was used to calculate the capacitance of the Kapton® film and the bond layer. In the 

circuit the top electrode of the PZT sensor was not connected. This is because our 

primary interest is in measuring the capacitance value and impedance only of the bond 

layer. The thickness of the superglue and Kapton®  sheet has been exaggerated for clarity 

in Figure 5.4(a). The resistors R1 and Ro refer to a known resistance of 10KΩ used for 

testing, and an oscilloscope resistance of 1MΩ, respectively. Figure 5.4(b) shows the 

variation of impedance of the bond layer as a function of frequency. The capacitance of 

the PZT sensor was measured using a capacitance meter and was found to be roughly 8 

μF. The average capacitance of the bond layer was found to be in the order of 0.3 nF. The 

infinite impedance at low frequencies shown in Figure 5.4(b) is due to the high resistance 

of the Kapton® layer. 

An interesting result of studying the capacitive effect of multiple PZT sensors that are 

bonded to the aluminum and individually electrically insulated and connected to separate 

channels of an oscilloscope is that if the aluminum plate is not grounded, the electrical 

signal from one PZT due to strain is received at all the others immediately and this can 
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obscure the later signal due to the acoustic waves traveling to the other sensors. The plate 

structure and the Kapton® film and the bottom electrode of the PZT form a capacitor and 

may cause very small currents to flow in the ground circuit. In practice, the operation of 

the neural system generates sensor voltages at high frequency less than one volt, and the 

power is very low. The capacitive coupling to the structure is only at high frequency and 

produces a very small current. 

 
Figure 5.4 Measurement of Impedance of the Kapton® and superglue layer (a) Impedance 

measurement circuit, (b) Variation of Impedance with frequency 

5.3 Pulse Excitation 

The riveted aluminum plate was tested for propagation of AE with the aid of pulse 

excitation. This would tend to produce flexural waves in the plate. Figure 5.6(a) shows 

the excitation voltage used to excite the actuators embedded on the aluminum plate. The 

excitation voltage applied from the signal generator to the amplifier was a rectangular 

pulse. Because of the limited bandwidth of the amplifier, the signal shape has been 

distorted. Figures 5.6(b) and 5.7 show the response signals obtained from the PZT’s 

attached to the structure. In Figures 5.5 and 5.6 in the legend, ‘A’ refers to the PZT that is 

being used as an actuator. Similarly ‘R’ refers to the response of the corresponding 

sensors. The geometrical location of PZTs on the riveted plate is shown on the top left of 
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each Figure. It can be seen from Figure 5.5(b) that the amplitude of the response of the 

sensors decreases as the waves propagate through the thick section of the lap joint. The 

amplitude of strain in the thick section is much less than in the thin section. This is 

expected because of the displacement being inversely proportional to the bending inertia. 

Figure 5.6(a) shows the response of sensors 2 and 4 for an excitation produced on the 

structure using PZT 3. It can be seen that most of the high frequency waves get damped 

out or are reflected due to travel from thicker section to thinner section. Figure 5.8(b) 

shows the response of sensors 2 and 3 for an excitation produced using PZT 5. It could be 

inferred from all the three graphs that most of the high frequency waves get reduced in 

amplitude when traveling from one section of the plate to the other section.  

 
Figure 5.5 Excitation to the PZT; (a) Pulse Excitation, (b) Response of sensors 2, 3 and 4 
for a pulse excitation to PZT-1 
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Figure 5.6 Actuation through the joint; (a) Response of sensors 2 and 4 for an excitation 
with PZT 3; (b) Response of sensors 2, 3 and 4 for a pulse excitation from PZT-5 

5.4 Dynamic Testing of an aluminum plate  

The study of propagation of AE through an aluminum plate was done using three 

experimental setups. The first consisted of loading the riveted aluminum plate joint on the 

MTS machine by applying a bending load. AE was provided by manually breaking a 

pencil lead on the surface and the location was determined using the SNS analog 

processor. To further investigate that the SNS analog processor can detect the original AE 

produced by the development of cracks, a second experimental setup was designed by 

providing a notch on a narrow aluminum plate and loading it (bending load) in the MTS 

machine to produce a crack. The third experiment did not use the SNS and was to study 

AE in aluminum plates using conventional AE sensors and applying a tension load using 

a larger MTS machine.  

5.5 Fatigue Testing of a Riveted Aluminum Joint 

The riveted aluminum plate previously tested for pulse excitation was further tested on an 

MTS machine. Figure 5.6 shows the setup of the riveted aluminum plate mounted on a 

MTS machine and fatigue loaded. An input of 3 Hz was provided to the aluminum plate 
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joint. Sensors 2 and 4 (shown in Figure 5.1) were connected to the SNS analog processor 

box to verify if the SNS box does indeed predict the location of the acoustic emission.  

 
Figure 5.7 Setup of MTS machine and LabVIEW data acquisition system to test the 
riveted aluminum plate 

With the plate being fatigue loaded, an acoustic emission was provided manually 

using a pencil lead break near sensor 4. The SNS electronic box had sensors 2 and 4 as 

inputs. Sensor 2 was pre-assigned a DC voltage of 3 volts and sensor 4 was pre-assigned 

with a DC value of 5 volts. The reference voltage of the SNS analog processor box was 

set at 3 volts. With the plate being fatigue loaded and an acoustic emission manually 

provided near sensor 4, the response of the SNS analog processor is shown in Figures 5.8 

and 5.9. Figure 5.8(a) shows the initial amplitude of 5 volts indicating that the acoustic 

emission was located close to sensor 4. The firing of 3 volts shown in Figure 5.8(a) 

indicates that sensor 2 has also detected the AE. Figure 5.8(b) shows the time domain 

waveform of the simulated AE indicating the high frequency content of the waveform. 

Similarly Figure 5.9 shows the response of the SNS for an excitation located near sensor 

2. The initial amplitude of 3 volts in Figure 5. 9(a) indicates that the AE was located near 

sensor 2. Figure 5.9(b) indicates the time domain information of the straining of both the 
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sensors. The initial peak in time domain waveforms indicates the frequency content of the 

AE. Note that even though the sensor is being excited by the excitation frequency of the 

MTS machine, the SNS analog processor automatically filters the low frequency data and 

outputs only the high frequency acoustic emission and no fretting or noise interference of 

the MTS occurred. The joint is being used for sensor design studies and later joint 

sections will be tested to fatigue failure with the SNS attached. 

 

Figure 5.8 Response of SNS for an AE lead break located near sensor 4, (a) Crack 
Information, and (b) Time waveform of AE 

 

Figure 5.9 Response of SNS for an AE lead break located near sensor 2, a) Crack 
Information b) Time waveform of AE 

This testing indicates that the neuron of the SNS should be placed in the section of the 

structure where the AE occurs and that it is difficult to detect the AE wave after is travels 

in a joint from a section of one thickness to a section of another thickness. This is a 
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preliminary conclusion as testing in which the joint is fatigued and testing using long 

neuron sensors is needed. 

5.6 Monitoring AE on an Aluminum Plate using the SNS 

The previous section showed that SNS analog processor can predict the location of 

simulated AE with only one channel of data acquisition. This architecture will be 

extended to have many simultaneous neurons. The SNS analog processor was next tested 

in a simulated real time environment. Figure 5.10 shows the geometry of a 7075-T651 

aluminum plate with a notch provided at the center span and side of the plate. The yield 

strength for this material as specified by the manufacturer is 73ksi. A thin aluminum plate 

was subjected to four point bending in an MTS testing machine. Pa and Pb are the loads 

applied from the MTS machine while Ra and Rb are the reactions from the supports. Two 

sensors were bonded to the aluminum plate using superglue. The narrow aluminum plate 

had 12” X 2.48” X 0.19” dimensions.  

 

Figure 5.10 Geometry of a narrow aluminum plate with supports 

Figure 5.11 shows the crack that was generated due to the cyclic loading of the aluminum 

plate. In Figure 5.11 the starter notch is shown. Due to a high stress concentration near 
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the notch, the crack starts progressing in the plate releasing strain energy due to bending 

of the plate. The plate in Figure 5.11 is straight and exhibited final brittle fracture without 

gross yielding. 

Generated crack 
Notch 

 

Figure 5.11 Crack generated due to loading the aluminum plate on the MTS machine (the 
plate is straight and finally fractured without bending) 

In a similar set-up to the riveted aluminum joint test, sensor 1 was provided with a 

constant DC voltage of 3 volts and Sensor 2 was provided with a constant DC voltage of 

5 volts. A reference voltage of 0.75 volts was set for each sensor. Whenever each sensor 

response crosses 0.75 volts the SNS responds by firing the DC voltage corresponding to 

those sensors. Figure 5.12 shows the response of the SNS analog processor. Figure 

5.12(a) shows that the crack is located close to sensor 1. The repeated firing seen in 

Figure 5.12(a) is due to the reflection of waves from the boundaries. It could be noticed 

that the firing voltage of sensor 1 is not constant as predicted. This is because of the low 

bandwidth of the components and the low response time of the components used in the 

SNS analog processor box, which was designed for monitoring a composite material. The 

high frequency does not give enough time for the components in the SNS analog 

processor to fire the required voltage of 3 volts. Figure 5.12(b) shows the response of 

SNS analog processor box indicating the high frequency AE due to crack propagation in 

the structure. It was initially surprising to see that there was no response of Sensor 2 
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through the SNS analog processor. It was later found that sensor 2 was placed beside the 

loading point of the MTS shown as Pb in Figure 5.10, and most of the high frequency AE 

is damped when passing through the load point. For a few cases of AE due to crack 

growth that are not shown, there was a response from sensor 2 also. During these cases 

the amplitude of AE was large indicating a very large release of energy. In the beginning 

the AE levels were small and infrequent. As the crack grew the frequency of the bursts 

and the amplitude increased and the AE signal near failure was clipped during data 

acquisition.  

 
Figure 5.12 Response of SNS analog processor; (a) Crack Location Information, and 
(b)Time domain waveform 

This test showed that the SNS can detect AE if the sensor is close to the damage. Also, 

two different width sensors were tested. The wider sensor gave a larger voltage output 

but cut-off some of the high frequency signal. The narrower sensor captured the higher 

frequency signal, but the amplitude was lower partly due to the smaller area of the sensor. 

This sensor experiment indicates that a long narrow sensor is needed.  
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Chapter 6 Sensor Characterization  

In this chapter experiments are performed to characterize the properties of the AFS. The 

beam is cut out from a larger fiber glass sheet in the machine shop.  The dimensions of 

the beam are listed below   

• Length of beam 0.254 m. 

• Width of beam 144.6 mm. 

• Thickness of beam 6.175 mm.  Figure 6.1 shows the three AFC sensors which 

are bonded on the Fiber glass plate. 

 

Figure 6.1Fiber glass plate size with three bonded Active fiber composite sensors 

The beam with the bonded sensors is simply supported on two wooden supports as 

shown in Figure 6.2.  The sensors were bonded using super glue on the pate. 

 

 69



 

Figure 6.2 Simply supported beam 

Testing of beam with the AFC sensors is done for: 

• Low frequency  

• High frequency (Lead break) 

• Sensors in series 

• Sensors in parallel 

• AFC actuation 

• Power harvesting. 

6.1 Low frequency response of the sensor 

For testing the low frequency response of the sensor, a light tap was given to the beam at 

three different locations, i.e. near each sensor. The responses generated by the three 

sensors were captured using 3 separate channels of the Tektronix Oscilloscope. The 

results are shown in the following Figures 6.3, 6.4, 6.5. Figure 6.3 shows the response for 

a low frequency tap near sensor1, Figure 6.4 shows the response for a low frequency tap 

near sensor1, and Figure 6.5 shows the response for a low frequency tap near sensor-1. 
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Figure 6.3 Response of sensor-1, 2, 3 for low frequency tap at sensor-1 

 
Figure 6.4 Response of sensor-1, 2,3 for low frequency tap at sensor-2 
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Figure 6.5 Response of sensor-1, 2, 3 for low frequency tap at sensor-3 

Figures 6.3, 6.4, 6.5 show that the sensors can pick up low frequencies. It can be seen 

in Figure 6.3 that sensor-1 has the highest amplitude followed by sensor 2 and 3. In 

Figure 6.4, sensor-2 has the highest amplitude, while sensors 1 and 3 have almost same 

response but less than sensor-2. In Figure 6.5 the response of sensor-3 is the highest 

followed by sensor 2 and 1.  From Figures 6.3, 6.4 and 6.5 it can be inferred that the 

amplitude of the response of the sensors decreases as the waves travel away from the 

source because of damping. 
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6.2 High frequency response of the sensor (Lead Break) 

 
Figure 6.6.Lead break location on the beam plate 

Using the same set-up 0.5mm pencil lead breaks where done near the center of each 

sensor as shown in Figure 6.6 and the response was filtered using a bandwidth  Kron-hite 

filter between 30KHz – 500KHz with a 40dB gain. 
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Figure 6.7 Lead break response for sensor-1 

 

Figure 6.8 Lead break response for sensor-2 
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Figure 6.9 Lead break response for sensor-3 
For Figures 6.7, 6.8 and 6.9 it can be seen that the sensors do pickup high frequency. 

Figures 6.10(a) shows the response of sensor 2 only while Figure 6.10(b) shows the Fast 

Fourier transform of the acquired data i.e. the frequency information for sensor-2 

 

Figure 6.10 Lead break response for sensor-2 (a) and frequency response for sensor-2 (b) 

It can be seen from Figure 6.10 (b) that the AFC sensor does pick up high frequency A.E. 

waves generated due to the lead break with most of the energy concentrated near 300 

KHz. The AFC sensor does detect AE emission which can be seen from Figures 6.7, 6.8, 

6.9. However the SNR to noise ratio is poor. Once the signal is filtered it shows the clear 

acoustic emission signal. The raw signal from the sensor needs to be preamplified and 

filtered which is done by using a commercial filter manufactured by Kron-Hite. In further 

development of the sensor, an in house preamplifier and filter will be built to replace the 

commercial filter. 
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6.3 High frequency response of the sensors in a series connection 

(Lead Break) 

The three sensors on the plate where connected in series. The response was filtered using 

a bandwidth Kron-Hite filter in a range of 30 KHz-500 KHz with a gain of 40dB 

 

Figure 6.11 Response for Sensors in Series, lead break location near sensor-1 
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Figure 6.12 Response for Sensors in Series, lead break location near sensor-2 

 

Figure 6.13 Response for Sensors in Series, lead break location near sensor-3 
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Figures 6.11, 6.12, 6.13 shows that the sensors do pickup simulated AE emission when 

connected in series. 

6.4 High frequency response of the sensors for a parallel connection 

(Lead Break) 

The sensors are connected in parallel and the data was acquired using the Kron-hite filer, 

with a gain of 40dB.The response is acquired for three different lead break locations the 

responses  are shown in figures 6.14, 6.15, 6.16. 

 

Figure 6.14 Response for Sensors in parallel, lead break location near sensor-1 
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Figure 6.15 Response for Sensors in parallel, lead break location near sensor-2 

 

Figure 6.16 Response for Sensors in parallel, lead break location near sensor-3 
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The Figures 6.14, 6.15 and 6.16 show that the sensors do pickup AE waves when 

connected in parallel. An attempt has been made to connect the sensors in series and 

parallel fashion to form the continuous sensor. Table 6.2 gives the comparison of the 

responses for lead break results for an individual sensor, sensors connected in parallel and 

series 

Table 6.2 Comparison of Results 

Parameter Individual Parallel Series 

Peak Voltage 0.4V 0.39V 0.21V 

Capacitance 0.307nF 0.910nF 0.1nF 

 

The results tabulated in Table 6.2 are expected results. The capacitance value in series 

will always be less than when the sensors are connected in parallel. When the sensors are 

connected in series or parallel, the only sensor that contributes to the output is the one 

near which  the lead break is done, while the remaining  two sensors add as an impedance 

to the flow of current resulting in drop of the voltage which can be seen in Table 6.2.   

6.5 AFC actuation  

The sensor-2 is used as an actuator using a sine wave with amplitude of 

approximately 100V. The response is then measured at other two sensors i.e. at sensor-1 

and sensor-3 as shown in Figure 6.17. 
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Figure 6.17 Response of Sensors-1and 3 for actuation at AFC-2 

The actuation frequency is varied from 5Hz to 250 KHz and the response is measured at 

sensor-1 and sensor-3. Figure 6.18 shows the response of the sensor-2 for different 

actuation frequencies. 

 

Figure 6.18 Response of Sensors-1and-3 for actuating sensor-2 
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The Possible reason for the poor response at lower frequencies can be because of the poor 

bonding of sensor to the fiber  

6.6 Power Harvesting  

For power harvesting, a mechanical test machine is used and the voltage signal 

generated by the AFC sensor is acquired using a 200 MHz Tektronix oscilloscope. Figure 

6.19 shows the test setup. The plate is mounted on the MTS machine for a four point 

bending test. A known sinusoidal loading cycle of 5 Hz is applied to load the beam and 

response from sensor-2 is observed. The loading sinusoidal cycle is shown in Figure 6.20 

 

Figure 6.19 Experimental setup for power harvesting of sensors bonded on the beam 
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Figure 6.20 Response from sensor-2 under sinusoidal MTS loading 

 83



Power calculation is done as follows: 

P VI=  (6.1) 

where P = peak sinusoidal power generated, V= voltage and I= current, rearranging gives 

2VP
R

=  (6.2)  

where R is the resistance of the oscilloscope. Substituting V=0.15V and R=1M Ω  in 

equation (6.2) we get 0.225P Wμ= . 

6.7  Calculating the d31 coefficient  

For the beam under fatigue strain occurs in the Z-direction, and the AFC sensor is poled 

in the Y-direction perpendicular the plane of the beam. The configuration is shown in 

Figure-6.21. 

  
Figure 6.21 A composite beam under loading 

Here the direction of the PZT is in the Y-axis of the beam. For the beam under 4 point 

bending load the deflection is given by 

( )2 23 3
6
Fa x a LxBC EI

δ = + −  (6.3)  

=deflection of the beam at a distance ‘x’ Where BCδ
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( )2 24 3max 24
Fa a L

EI
δ = −

2
lx =  For  = , BCδ maxδ

( )2 24 3
24 max

FaEI a L
δ

= −  (6.4) 

where E is the Youngs Modulus and I is the area moment of inertia of the beam 

For a beam under bending the stress ‘σ ’ is given by 

1
MyES
I

σ = =  (6.5)   

Where = strain in the beam, M= bending moment, y = distance of the fiber from the 

neutral axis  

1S

1
MyES
I

−
=  (6.6)  

1
MyS
EI

−
=  (6.7)  

Substituting ‘EI’ in equation of we get 1S

( )
24 max

1 2 24 3

My
S

Fa a L

δ−
=

−
  (6.8) 

From equation (2.1) in Chapter 2 

31 1
0

e A SeV V
Cp

= + 31
31

11

d
e Es

= 31 1
0

11

d A SeV E Cs p
 but  V∴ = +  substituting for  from equation 

(6.8) 

1S

( )
2431 max

02 24 311

d A MyeV VE Cs Fa a Lp

δ−
= +

−
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( )2 24 -311
31 24 max

EVs C Fa a Lpd
A Mye δ

=  (6.9) 

 
1280 1031

Cd
N

−= ×Substituting the values from Table 6.1 gives . This is about 50% of 

the expected theoretical value of 1280 10 C
N

−× . This can be attributed to the fact that the 

bonding between the sensor and the fiber glass is not perfect resulting in poor strain 

transformation to the AFC sensor. 

Table6.1 Values used in equation 6.9. 
 

Parameter Value 
V 0.15 volts 

11
Es 2

1210 m
N

−×
 

1.88  

0.33nF 
pC  

F 150N 
a 0.09m 
L 0.254m 

eA  4.5e-006  2m
1.6e-006 m 

maxδ  

M 12.858N-m  
y  0.000013m 

 

The calculated electromechanical coefficient or  is expected to be less than the 

theoretical one because of loss in strain transformation due to bonding layer and Kapton

31d

® 

sheets used and the narrow width of the sensor which is probably more sensitive to shear 

lag. A way to investigate this is to bond the AFC sensor directly on the fiber glass plate 

without the Kapton® sheet using the silver conductive epoxy as shown in Figure-3.6 and 

measuring the response and compare it with the existing results.  
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Chapter 7 Conclusion 

A data acquisition system and sensors for a technique of structural health monitoring 

based on a structural neural system and continuous sensors was developed. Testing on an 

aluminum beam indicated that the SNS analog processor using conventional monolithic 

piezoceramic sensors was able to detect the acoustic emissions. The acoustic emission 

level in aluminum was small but detectable. A higher sensitivity of the neural system is 

needed. An AFC sensor was manufactured in the Smart Structure and 

BioNanotechnology laboratory [4] with fibers from CeraNova Corporation. These were 

tested for low frequency tapping, high frequency AE and for power harvesting.  The 

laboratory testing has shown that the AFC sensor manufactured in house can detect and 

locate simulated acoustic emissions generated on composite panels. Extending this 

architecture to handle a large number of sensors would make the SNS capable of 

reducing the number of data acquisition channels typically required by a factor of 10 or 

more. Connecting the sensor in series forms the continuous sensor which allows many 

sensor nodes to be connected together to tremendously reduce the number of channels of 

data acquisition needed to detect acoustic emissions. A standard sensor fabrication 

method is being developed to produce continuous sensors 
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Chapter 8  Future Work 

Although this system is working successfully, there is still room for further work: 

8.1 Data acquisition system 

The DAQ system developed needs improvement which are mentioned below: 

• Developing a control system using LabVIEW for controlling the MTS controller 

• Real-time integration of offline analysis like smoothing of the data, plotting of the 

sensors firing against time 

• Eliminating the use of Matlab® 

• Currently the user interface elements are rudimentary. To increase productivity, it 

might be desirable to add features to make them more user friendly and advanced 

(such as better table editing features) 

• Although algorithmic state machines (a programming paradigm) are used for the 

main control routine, it might be beneficial to extend this concept to some of the 

other routines, such as the file management VI. Most important for the shm.vi 

system will be better algorithms which will take less time for acquiring, analyzing 

and presenting data. 

• Currently the rate of crack growth is measured using Vernier Calipers; the 

accuracy can be improved by using equipments like a camera interfaced to the 

computer which takes pictures at every acoustic emission 
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8.2 Active Fiber Sensor 

The AFC manufactured have a room for improvements. These are: 

• Sensor thickness: As explained in section 3.2 the ideal thickness for sensor is 

equal to the thickness of the fiber. Currently the sensor thickness is more than that. 

The thickness can be reduced by machining the mold around the edges. 

• Sensor length: The current design of the mold allows a maximum length of 4 

inches. The mold needs to be redesigned to manufacture longer length sensors 

• Sensor electroding: Using sputtering instead of silver conductive epoxy for 

placing the electrodes on the AFC preform 
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Appendix A 

LabVIEW Code Description 

A brief summary on the actual LabVIEW code structure is given here. Please note 

that no attempt will be made to go into any great detail on the actual operation of each 

routine as these are documented within the source code diagrams. In addition source code 

diagrams are difficult to include in hard copy format because of their structure – for 

instance case structures have several overlapping sections of code, of which only one is 

visible at any one time on the screen. Including printouts of these would be quite useless 

as far as comprehending the data goes. Instead, the files are supplied on a disk for 

viewing on screen. 

When data acquisition is performed, the software needs to know the following 

information: 

• Device number 

• Channel that is being used 

• Sampling Rate 

• Trigger type 

• Buffer size 
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This is done by the following part of the VI in Figure A-1 

 

 

 

 

 

8.2.1.1 Figure A-1 Data acquisition 

Buff

Sampling 

Stream from Disk 

This is done by the following part of the VI 

 

 

 

 

 
 

Figure A-2 Stream From Disk 
 

Generate Time and Frequency Data 

This is done by the following part of the VI 
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Figure A-3 Generate Time and Frequency Data 

 
Graphical Data Presentation 

 
Figure A-4 Graphical Data Presentation 

 

Streaming to Disk 
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Figure A-5 Stream to Disk 
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Appendix B 

Matlab® Script  

This script is included in the LabVIEW GUI. It calculates the number of AE hits from the 

crack information signal and the cumulative Peak amplitude of the time information 

signal 

counter1=0; 
counter2=0; 
counter3=0; 
temp=zeros(1,100); 
sum=0; 
kk=0; 
jj=0; 
 if (length(X)==samples) 
Z=abs(X); 
for n=1:samples-1 
%%%% conditions to calculate the cumulative voltages   
        if((Z(2,n)>threshold) ) 
            jj=jj+1; 
          temp(jj)=Z(2,n); 
      end 
        if(Z(2,n)>=threshold & Z(2,n+1)<threshold) 
            kk=kk+1; 
          sum=max(temp)+sum; 
          temp=zeros(1,100); 
          jj=0; 
      end 
%%%%% conditions to calculate the cumulative no of hits 
if ( X(2,n)>=threshold1 & X(2,n+1)<threshold1) 
counter1 =counter1+1; 
end  
if ( X(2,n)>=threshold2 & X(2,n+1)<threshold2) 
counter2 =counter2+1; 
end  
if ( X(2,n)>=threshold3 & X(2,n+1)<threshold3 ) 
counter3 =counter3+1; 
end  
end 
end 
highest=counter1; 
medium=counter2-counter1; 
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lowest=counter3-counter2; 
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Appendix C 
 

PCI 6110E Board Specifications 

This appendix lists the specifications of 6110 E board.  These specifications are typical at 

25° Cunless otherwise noted.  

 

Analog Input 
Input Characteristics 
Number of channels 
PCI-6110E ...................................4 differential 
PCI-6111E ...................................2 differential 
Resolution...........................................12 bits, 1 in 4,096 
Max sampling rate ..............................5 MS/s 
Min sampling rate ...............................1 kS/s 
Analog input characteristics 
Input coupling .................................... DC/AC 
Max working voltage for all analog input channels 
+ input ......................................... Should remain within ±11 V for 
ranges ≥ ±10 V; should remain 
within ±42 V for ranges < ±10 V 
– input ......................................... Should remain within ±11 V 
Overvoltage protection ....................... ±42 V 
Inputs protected 
+ input ......................................... all channels 
– input ......................................... all channels 
FIFO buffer size ................................. 8,192 samples 
Data transfers ..................................... DMA, interrupts, 
programmed I/O 
DMA modes....................................... Scatter-gather 
 
Transfer Characteristics 
INL .................................................... ±0.5 LSB typ, ±1 LSB max 
DNL................................................... ±0.3 LSB typ, ±0.75 LSB max 
Spurious free dynamic range (SFDR). See table, analog input 
characteristics 
Effective number of bits (ENOB)....... 11.0 bits, DC to 100 kHz 
Offset error ........................................ See table, analog input 
characteristics 
 
Amplifier Characteristics 
Input impedance ................................. 1 MΩ in parallel with 100 pF 
Input bias current ............................... ±200 pA 
Input offset current............................. ±100 pA 
CMRR................................................ See table, analog input 
characteristics 
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Dynamic Characteristics 
Interchannel skew .............................. 1 ns typ 
fin = 100 kHz 
input range = ±10 V 
Bandwidth (0.5 to –3 dB) 
Input range > ±0.2 V ................... 5 MHz 
Input range = ±0.2 V ................... 4 MHz 
System noise ...................................... See table, analog input 
characteristics 
Crosstalk ............................................ –80 dB, DC to 100 kHz 
 
Stability 
Recommended warm-up time ............. 15 min. 
Offset temperature coefficient 
Pregain ........................................ ±5 µV/° C 
Appendix A Specifications 
© National Instruments Corporation A-5 PCI-6110E/6111E User Manual 
Postgain .......................................±50 µV/° C 
Gain temperature coefficient...............±20 ppm/° C 
Onboard calibration reference 
Level ............................................5.000 V (±2.5 mV) (actual 
value stored in EEPROM) 
Temperature coefficient ...............±0.6 ppm/° C max 
Long-term stability.......................±6 ppm/ 
 
Analog Output 
Output Characteristics 
Number of channels ............................2 voltage 
Resolution...........................................16 bits, 1 in 65,536 
Max update rate 
1 channel ......................................4 MS/s, system dependent 
2 channel ......................................2.5 MS/s, system dependent 
FIFO buffer size..................................2,048 samples 
Data transfers......................................DMA, interrupts, 
programmed I/O 
DMA modes .......................................Scatter gather 
 
Transfer Characteristics 
Relative accuracy (INL) ......................±4 LSB typ, ±8 LSB max 
DNL....................................................±2 LSB typ, ±8 LSB max 
Offset error .........................................±5.0 mV max 
Gain error 
(relative to internal reference).............±0.1% of output range max 
 
Voltage Output 
Ranges ................................................±10 V 
Output coupling ..................................DC 
1 000 h , 
Appendix A Specifications 
PCI-6110E/6111E User Manual A-6 © National Instruments Corporation 
Output impedance .............................. 50 Ω ±5% 
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Current drive ...................................... ±5 mA min 
Output stability .................................. Any passive load 
Protection .......................................... Short-circuit to ground 
Power-on state.................................... 0 V 
 
Dynamic Characteristics 
Slew rate ............................................ 300 V/µs 
Noise.................................................. 1 mVrms, DC to 5 MHz 
Spurious free dynamic range .............. 75 dB, DC to 10 kHz 
 
Stability 
Offset temperature coefficient ............ ±500 µV/° C 
Gain temperature coefficient 
Internal reference......................... ±50 ppm/° C 
External reference ....................... ±25 ppm/° C 
Onboard calibration reference 
Level ........................................... 5.000 V (±2.5 mV) (actual 
value stored in EEPROM) 
Temperature coefficient............... ±0.6 ppm/° C max 
Long-term stability ...................... ±6 ppm/ 
 
Digital I/O 
Number of channels ........................... 8 input/output 
Compatibility ..................................... TTL/CMOS 
1 000 h , 
Appendix A Specifications 
© National Instruments Corporation A-7 PCI-6110E/6111E User Manual 
Digital logic levels 
Power-on state ....................................Input (High-Z) 
Data transfers......................................Programmed I/O 
 
Timing I/O 
Number of channels ............................2 up/down counter/timers, 
1 frequency scaler 
Resolution 
Counter/timers .............................24 bits 
Frequency scaler ..........................4 bits 
Compatibility ......................................TTL/CMOS 
Base clocks available 
Counter/timers .............................20 MHz, 100 kHz 
Frequency scaler ..........................10 MHz, 100 kHz 
Base clock accuracy ............................±0.01% 
Max source frequency .........................20 MHz 
Min source pulse duration ..................10 ns, edge-detect mode 
Min gate pulse duration .....................10 ns, edge-detect mode 
 
Triggers 
Analog Trigger 
 
Source 
PCI-6110E................................... All analog input channels, 
external trigger (PFI0/TRIG1) 
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PCI-6111E................................... All analog input channels, 
external trigger (PFI0/TRIG1) 
Level .................................................. ± full-scale, internal; 
±10 V, external 
Slope .................................................. Positive or negative 
(software selectable) 
Resolution .......................................... 8 bits, 1 in 256 
Hysteresis........................................... Programmable 
Bandwidth ......................................... (–3 dB) 5 MHz internal/external 
External input (PFI0/TRIG1) 
Impedance ................................... 10 kΩ 
Coupling...................................... AC/DC 
Protection .................................... –0.5 V to (Vcc + 0.5) V when 
conFigured as a digital signal, 
±35 V when conFigured as an 
analog trigger signal or 
disabled, ±35 V powered off 
 
Digital Trigger 
Compatibility ..................................... TTL 
Response ............................................ Rising or falling edge 
Pulse width......................................... 10 ns min 
Appendix A Specifications 
© National Instruments Corporation A-9 PCI-6110E/6111E User Manual 

 
Bus Interface 
Type ...................................................Master, slave 
 
Power Requirement 
+5 VDC (±5%) 
PCI-6110E ...................................2.5 A 
PCI-6111E ...................................2.0 A 
Power available at I/O connector ........+4.65 to +5.25 VDC at 1 A 
 
Physical 
Dimensions 
(not including connectors) .................31.2 by 10.6 cm (12.3 by 4.2 in) 
I/O connector ......................................68-pin male SCSI-II type 
 
Environment 
Operating temperature ........................0° to 45° C 
Storage temperature ............................–20° to 70° C 
Relative humidity ...............................5% to 90% noncondensing 
© National Instruments Corporation B-1 PCI-6110E/6111E User Manual 
This appendix lists the specifications of your 611X E board. These specifications are 
typical at 25° C unless otherwise noted. 
  
FIFO buffer size ................................. 8,192 samples 
Data transfers..................................... DMA, interrupts, programmed I/O 
DMA modes....................................... Scatter-gather 
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Appendix D 

Specification of Silver conductive epoxy 

Specification of Silver conductive epoxy used for electroding 
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