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Abstract

Structural Health Monitoring (SHM) promises to deliver greenefits to many industries.
Primarily among them is a potential for large cost savingsnaintenance of complex
structures such as aircraft and civil infrastructure. Hosveseveral large obstacles remain
before widespread use on structures can be accomplishedieMelopment of three com-
ponents would address many of these obstacles: a robustrseisiation procedure, a
low-cost active-sensing hardware and an integrated sodtpackage for transition to field
deployment. The research performed in this thesis directtiresses these three needs and
facilitates the adoption of SHM on a larger scale, partidula the realm of SHM based
on piezoelectric (PZT) materials.

The first obstacle addressed in this thesis is the validafitice SHM sensor network.
PZT materials are used for sensor/actuators because ofuthigue properties, but their
functionality also needs to be validated for meaningful sueaments to be recorded. To
allow for a robust sensor validation algorithm, the effefctemperature change on sensor
diagnostics and the effect of sensor failure on SHM measemggnwere classified. This
classification allowed for the development of a sensor diajo algorithm that is temper-
ature invariant and can indicate the amount and type of sdaiture.

Secondly, the absence of a suitable commercially-availabtive-sensing measure-

ment node is addressed in this thesis. A node is a small campEasurement device used
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in a complete system. Many measurement nodes exist for nbaweal passive sensing,

which does not actively excite the structure, but there arsmeasurement nodes available
that both meet the active-sensing requirements and arblesaaside the laboratory. This

thesis develops hardware that is low-power, active-segresiad field-deployable. This node

uses the impedance method for SHM measurements, and cahegemsor diagnostic

algorithm also developed here.

Finally, the need for an integrated system for SHM is of priyy@onsideration in this
thesis. Without such a system the widespread adoption of SliMhot take place, and
this thesis addresses the issue by developing an integéddl solution. The solution
incorporates active-sensing impedance-measuremend baséware and software with a
combination of existing damage-detection algorithms. fd®ilt is an integrated system
for in-field measurement, validation and analysis of stirtet. The system specifically
incorporates the sensor validation procedure and senseralso developed in this thesis.

In conclusion, recommendations for the future directiothed research topic are made.
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Chapter 1

Introduction

1.1 Structural Health Monitoring

Structural Health Monitoring (SHM) is the process of contiasly monitoring a structure
for degradation or damage. This method is different from-destructive evaluation (NDE)
in that SHM is done in-situ on the structure and is done on &o@@tinuous basis. The
sample rate that is required for continuous monitoring fecént for every structure, and
is application specific. SHM would lead to large cost savimgallowing for the migration
from time-based to condition-based maintenance [1]. A definfor SHM that has been
presented is that it will provide valid, reliable and acd¢earaperational data upon which
life-cycle management decisions can be made [2], meanigthle SHM system would
provide enough information to allow for use of a structure tfte maximum amount of
time between required maintenance periods. There is agspdtential for SHM systems
to operate in two modes. In the first mode, the system coulddieally check the structure
for aging and degradation from use and age. The second nfaesystem could rapidly
assess the structure after an extreme event, such as aguedet3].

The two types of structures that would benefit most from SHMde, firstly, struc-
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tures that have large safety factors in the design for lomge¥ service, and secondly,
systems where their weight critical nature requires rauispections. These two types of
structures comprise most of the engineering systems in dnlelwWith the addition of a
SHM system, the over designed systems could be redesigisagtidan material costs, and
required inspections on the weight critical systems coeldutbstantially reduced [1].

An example of an area that might be considered a subset of SHukicondition
monitoring (CM) of rotating machinery, and according toreaand Worden [4], CM is the
most successful type of SHM to be employed to date. Howevanynechallenges for the
broader SHM field still remain. Farrar and Worden outline safithe largest challenges to
the current state of SHM. The prime challenge is ability teededamage, which manifests
itself as local changes, using global responses of thetatricThis problem arises because
of the limited number of sensors in any given SHM system, &edirtability to monitor
every aspect of the system. A second major obstacle is tiralsifrom damaged structures
are not usually available, and the time-scales involvedantkard to achieve accurate
repeatable measurements. The third challenge is to deaelagea of what capability is
needed from the sensor network before it is placed in the. fiekds capability would be
determined by type of measurement to be made and the levebdahdancy required in
its measurement ability. The redundancy would include thiktyato validate the sensor
network. As with CM, general SHM will require time and effda produce the proper

hardware and software for reliable monitoring in real waddtings.
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1.2 Piezoelectric Active Monitoring for SHM

Structural Health Monitoring is a field that has receivedeai bit of attention from the
engineering research community in recent years, and incpkat, SHM measurements
that are based on active materials for sensing. One veryipemtype of active materials
are piezoelectric materials. Piezoelectric materialsifab the “smart” materials field.
Smart materials transform one type of energy into anothae.tyA piezoelectric material
transforms mechanical energy, in the form of stress, irdotgtal energy (direct effect), or
conversely, electrical energy into mechanical energyétfdnm of strain (converse effect).
These two effects are demonstrated graphically in FigureThe direct and indirect effects
can be used to sense and actuate a structure respectivelgngars, piezoelectric materials
are found readily in accelerometers. As actuators they earséd to both send signals and
mechanically influence the structure. They are inexpenauty robust and can be highly

customized in shape and size.

\-'vohﬂge In | Direct > Stram Out Volts age ()ut Tnditect | Stresgz In

O [ ~0 [~

|

Piezoelectric Material

P1ezoelecl:nc IMaterial
(a) Direct (b) Indirect

Figure 1.1: Two different operating modes of piezoeleamiterials

Piezoelectric materials they have been used as sensat@sttor many years because

of their unique characteristics. There are two main typegosing/actuations that are done
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with piezoelectric materials in the SHM field.

The first technique is the impedance method. The impedantteochss made possible
by the coupling that occurs when a PZT patch is bonded to &tater The electrical
impedance of the patch and the mechanical impedance of inelge become coupled
and by measuring the electrical impedance, the mechamygadance can be obtained,
and therefore the state of the structure can be deduced.

The second technique that will be discussed is the Lamb wagagation technique,
which uses PZT transducers in a pitch-catch (one sensos sesignal and another receives
the signal) or pulse-echo (same sensor sends and receevegytial) configuration. This
technique uses previously recorded baseline readingsigndl processing to determine

whether the structure in between the sensors or in the atba& sensors has changed.

1.2.1 Impedance-based Structural Health Monitoring

Liang et al. [5] was the first to develop the theory for impedabased measurements for
use in SHM. The theory has been substantially developed tiye®al. [6, 7, 8], Bhalla et
al. [9, 10], Giurgiutiu et al. [11, 12, 13] and Sun et al. [14].

The basic concept of the impedance method is to use highdreguvibrations to
monitor the local area of a structure for changes in stratiompedance that would indi-
cate damage or structural change. The monitoring is madglpedy using piezoelectric
(PZT) sensor/actuators whose electrical impedance istflineelated to the structure’s me-
chanical impedance. The impedance measurements can @asiipformation on chang-
ing parameters, such as resonant frequencies or dampincj; aifows for the detection
and location of damage.

The expression for one dimensional electromechanical tagimse { (w)), that was
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developed by Liang et al., is given in Equation 1.1.

L Zo(w s o tankl
Y(w) = wi 3 <€33(1 i) —d3, Y7 + Zs(w)+Za(w)d31Y I (1.1)

Wherew, [, andh are width, length and height of the PZT patch respectiv&lyw)
andZ,(w) are the mechanical impedances of the host structure ane &fZf transducer
respectivelyy is the wave numbery Z is the complex Young’s modulus, and; is the

complex electric permittivity of the PZT transducer. In @th Z,(w) is also defined by

Equation 1.2.

Z(w) = 2O (1.2)

" jwtan kl

And finally for the one dimensional case, the wave humberfinele in Equation 1.3.

m:ww% (1.3)

The previous formulas were further expanded by Bhalla artnd[ 82|, who solved the

two dimensional governing equation fbi{w), which is given in Equation 1.4.

12 < 2d2,YE 242, YF Zaers(w) _
Y(w) =wi— (&L, - 2312 4 28 < a.eff )T) (1.4)
@) =i & ™ T T =09 \Zoag @) + Zaoys @)

WhereT is the complex tangent ratio, which in an ideal situation lddae equal to
mﬁ—fl. Equation 1.4 introduces the idea of effective impedanté, i (w) andZ, .s¢(w).

It can be seen how these two terms combine to couple the impedaf the structure and
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the piezoelectric patch. This coupling allows one to meague mechanical impedance of
the structure through the electrical impedance of the gilentric patch.

Once a PZT transducer has been bonded to the structure, peelémce-based SHM
is able to monitor the high frequency region of the strucfardocal damage. The higher
frequency range is more sensitive to local damage, as ogposewer frequency which is
more sensitive to global changes or operational conditi@mges in the system. It has been
shown that the wavelength of the signal, used to detect damig given size, needs to be
smaller than the characteristic length of the damage [1bkatisfy this requirement and to
be able to detect incipient damage, the frequency range-dbDBkHz is usually used [8].
In addition, the maximum frequency considered should bevb&00 kHz [16], above this
frequency the sensing region is very small and is sensitiibé piezoelectric patch and
its bonding conditions and not of the structure. Howevepgetheling on the measurement
situation, the maximum frequency may be below this boundary

There has been extensive research performed in recent gedbse application of
impedance measurements in the field of structural healthtororg. A good review on
the topic is presented by Park et al. [8]. An important aspéthe impedance method
is that the method requires significantly lower power coragaio other active-sensing
technologies, such as Lamb wave propagation. In addititrettower power requirements,
impedance measurements also have the potential to penfiesituiactive sensor diagnosis

[10, 6, 17] and is investigated further in Chapter 4.

1.2.2 Lamb Wave Propagations

Lamb wave propagation is another method that utilizes spie@zbelectric patches for dam-

age detection. Wave propagation is the effect of a sharpgiyieplocalized disturbance on
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AR =

(a) Asymmetric Mode 4,) (b) Symmetric Mode %)

Figure 1.2: Diagrams of the two types of Lamb waves

a medium, and how that effect is transmitted or spread througthat medium [18]. The
theory for the waves in an elastic infinite plate was originptesented by Horace Lamb
[19]in 1916. Lamb waves consist of an infinite number of disemodes that can be gen-
erated in the elastic medium. These waves can be categanizetivo separate groups:
Symmetric and Asymmetric. Symmetric modes are propagated Gompression wave
fashion; they are mirrored about the centerline of the esession of the plate. Asymmet-
ric modes are best described as transverse waves thatdtanglthe plate [20]. A diagram
of the two types of modes is shown in Figure 1.2.

The diagram shows the first fundamental mode of each of thestgpwaves. Each
type would have an infinite number of possible mode shapesamdspondingly, an infi-
nite number of mode numbers. Lamb waves in practice are aioaidn of the two types.
In Sy modes the particles in the medium are displaced in a direp@oallel to the surface,
and in A, modes the particles move in a normal direction to the surface

In any material the various Lamb waves propagate at diffevelocities, they dis-
perse. The velocity of a set of waves (group velocity) is acfiom of thickness of the
medium and frequency of the wave. These dispersion curveg ¢mm solving the pe-
riod equation, given in Equation 1.5 for symmetric modeskBqdation 1.6 for asymmetric

modes.
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Symmetric \\ \
6000 Asymmetric 6000

Q)
E 4000
2 B
2000 2000
Symmetric
Asymmetric
0 0
0 500 1000 1500 2000 0 500 1000 1500 2000
freq (kHz)

freq (kHz)

(a) Group Velocity (b) Phase Velocity

Figure 1.3: Examples of group velocity and phase velocigpeélision curves for a 1.6mm thick
aluminum plate

tangh 4k?pq

tanph  (q% — k2)? (1.5)

2 1.2\2
% _ —% (1.6)

An example of a solution to the group velocity equations isvahin Figure 1.3(a),
while another measurement of wave velocity, phase velasishown in Figure 1.3(b).
These dispersions curves were generated for a 1.59mm thickraum plate. Dispersion
curves are often shown in terms Bf-equency * Thickness. This method of presentation
is done to allow for the application of the curves to any thiegs of plate, as long as the
material remains constant.

The use of dispersion curves is a key requirement in the SHMN. fi# shows the
relative speed at which different waves travel in a givenemak These speeds are used
to choose regions of excitation that is conducive to momtprThese regions are chosen

to have relatively few modes arrive at the sensing regiongven time. Separating the
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arrival times of the different waves facilitates the detattof changes in the signal, and
thereby assists with damage detection.

Lamb waves for damage detection is not a new concept; it Batdsat least fifty years
[21]. Lamb wave and guided waves have been used to inspecdeavariety of structures.
Dalton et al. [22] explored the potential of guided wavesiioraft fuselages. Rose et al.
[20] have investigated the potential for guided waves tectelamage in railroads. Defects
in pipes were examined by Lowe et al. [23], and Cawley andyAke[24] discussed the
use of Lamb waves for monitoring large structures.

There are two main methods that are employed with Lamb wavpagations. The
two methods are pitch-catch and pulse-echo. The first,jgiétbh, is very similar to pitcher
and catcher in baseball. One sensor/actuator throws thig, ‘@apecific signal of chosen
frequency content, and another sensor/actuator catcbésdl” and records it. This tech-
nique allows for comparison to baseline measurements,@nehfious signal processing
to determine if some damage or change has occurred alonggtie path. The second
method is “pulse-echo”, and is where one sensor/actuataisse signal out and then lis-
tens for reflection signals. In the same way as pitch-catod,récorded signal can be
compared to previously recorded baselines and used tawatechanges in the system.

Sensor failure can also cause the Lamb wave signal to chamgeh) might be inter-
preted as damage to the system, even when no damage may lcaveedc The effects
of sensor failure on Lamb wave measurements are examindukithesis to classify the
errors that may be introduced through sensor failure. Tlee®fof sensor failure on Lamb

wave measurement and impedance measurements are disicuSsegbter 2.
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1.3 Active SHM Devices

There has been a push in recent years to develop active sertes for use in SHM. Lynch
and Loh [25] have produced a review of wireless sensor nddgshaive been developed,
with a section on active sensor nodes. The majority of thewesensor nodes, reviewed
by Lynch and Loh, provide open ended active sensing cafiabjliallowing for a variety
of techniques and sensors to be used.

There are several drawbacks to the currently availableeasgnsor nodes that will
be addressed in this thesis. The first limitation among mb#te active sensing nodes
is that they do not have the necessary sampling frequencgrform SHM monitoring
measurements greater than 50 kHz. This frequency ranges lina types of structures that
are able to be monitored with the devices. The second limmitas many of the devices
have large power requirements that limit their ability tale@loyed in real world situations.
Because of the long term nature of SHM, conventional bageryer for several months
may not be sufficient. The ability for the device to be operai for long periods of
time, years or even decades, is a prime consideration. Titadithitation for many active
systems is their current stage of development does not dtiofield deployment. Two
systems that were similar to the device that is developeuisrthesis from Grisso [26] and
Mascarefias [27] consisted of prototype evaluation boavbih are not environmentally
durable and require more power than integrated solutions.

To the author’'s knowledge, there is no field deployable aciiiM system available
in an academic or commercial setting that allows for longhteaw power deployment. A
goal for this thesis is the development of a device to meehdsels for a useable wireless
impedance device. The system that was preliminarily d@esldoy Mascarefas [27] was

used as a starting point for the integrated solution presentChapter 5.
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1.4 Sensor Validation

Friswell and Inman [28] noted that sensor validation hasiveti comparatively little con-
sideration from the smart structures community. Sensadatbn means the confirmation
of functioning sensors during operation. Friswell and Inrj28] then proposed a technique
for sensor validation by comparing the subspace of the respio the subspace of the lower
modes of the structure, and allowed for the excess infoonavailable from the sensor
network to be used for diagnosis. This technique was furtleseloped by Abdelghani
and Friswell [29]. They use new residual generation anduatan techniques that allow
for the detection of multiplicative and additive faults. ¥len [30] used auto-associative
neural networks and principal component analysis (PCAp&niify errant sensors used
to measure correlated signals. These multi-sensor teebsigse correlated data that will
probably not be available in an impedance based SHM systay;aiso have a difficulty
discriminating between sensor failure and structural dgama

Methods for specifically determining the health of piezotie patches have also been
examined in previous research. A couple of the techniquesifsgally make use of the
impedance measurements of the piezoelectric patch, glthoudifferent ways. Saint-
Pierre et al. [31] uses the shape of the first real impedarsmasce and its change to
determine the state of the bonding condition. Guirgiutid Zagrai [13] propose a similar
technique using the attenuation of the first imaginary inapee resonance for damage
detection. Pacou et al. [32] discusses the use of the shtfieofirst natural frequency
of the piezoelectric patch before and after bonding as ailpessiethod for determining
bonding condition.

There are several disadvantages to the above piezoelgmtedic methods. First, they

are not sensitive to small debonding in the PZT transduacgsansor fracture could cause
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the resonance to move beyond the monitoring region. Sec¢bay,all require relatively
high frequency measurements to determine the bonded figtah&requency. A standard
impedance analyzer can be used to make a measurement ir60GheHz range and up,
which is needed in these methods. Current SHM nodes thatsae for the impedance
based SHM are not able to make impedance measurements attoatige [25]. This
frequency requirement makes these techniques generallyitahle for field deployment
using currently available sensor nodes. Finally the albsalumber of data points that
need to be collected for sensor diagnosis is quite high coedp@ the method proposed
in this paper. The higher number of data points demands monethe SHM node, which
generally have very limited storage capacity and RAM.

Bhalla and Soh [10], in addition to the formulations in Sextil.2.1 suggest that the
imaginary part of the admittance measurement is more sangtbonding conditions, and
therefore could be useful in determining the bond healthis Télationship was further
demonstrated by Park et al. [17, 6], who showed the initi@ti@ship between bonding
condition and the slope of the imaginary admittance measeme (susceptance). This
technique is based on the admittance measurement of a filegasducer, which is shown
in Equation 1.7 and the equation for the bonding layer'sctfbe the electrical admittance,
which is given in Equation 1.8.

The equation for a PZT transducer in a free state that wadajmetin Park et al. [6]
is given in Equation 1.7.

Vjreel) = s (ehy (1 — i9)) w.7)

c

The equation for the bonding layer effects is achieved lynafig Z,(w) in Equation

1.1 approach infinity.
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. wl . -
Yiona(w) = Zwt_<5§3(1 —i6) — dglyf) (1.8)

Equations 1.7 and 1.8 show that the same PZT transduceravi! & different admit-
tance measurement by changing from a free-free conditiarstarface-bonded condition.
The bonding of the sensor would cause a downward shift inldetrecal admittance of the
free PZT transducer by a factor @Y;,E. This change in slope would allow for the health
of the bonding condition to be assessed with a measuremehé @usceptance [6]. The
assumption tha¥,(w) = oo is used because the stiffness and mass of the host structures
is usually several orders of magnitude greater than that@PZT transducer. This as-
sumption allows for the signals of PZT transducers to be @mBipeven on heterogeneous
materials. Another assumption that is made, is the sheaatag ¢ = ‘;—;’ —1,isequalto 0
in a perfect bonding case. Several people including Craael/de Luis [33], Sirohi and
Chopra [34] and Park et al. [35] have investigated the slagpetfect on the strain transfer
mechanisms on surface bonded PZT transducers. The effelsmperature on the sus-
ceptance signal will be investigated in order to design asbbensor diagnostic algorithm.
This investigation and classification procedure of susueg# signals is further reviewed

in Chapter 2.

1.5 Integration of SHM Tools

To the author’s knowledge there is no integrated solutioridng-term low-power SHM.
The measurement nodes available, generally do not meet¢#usof the SHM community.
If the hardware does have the necessary capabilities, érisrglly not available for use in

the field because of its prototype construction. Softwarespecialized SHM applications
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does exist in the form of individual data analysis programag scripts. These programs
perform data analysis on collected data and do not have thiy & control hardware for
the purposes of making measurements. A system was devdigp&iten [3] that was an
integration of hardware and software that could be usedf $urposes, but the system
required substantial continuous power at the measurenueld. nThe main goal of this
thesis is to make a step forward on integrating low-powed\vare with flexible structural
health monitoring software.

A structural health monitoring program that was originalgveloped at Los Alamos
National Laboratory by Swartz et al. [36] can be used to nooniite health of plate struc-
tures (HOPS). HOPS has been improved since its originaldmphtation and it currently
has the ability to import and analyze both impedance and Lamle SHM information,
and has been evolving over time into a integrated SHM enmient. HOPS can currently
control laboratory based hardware to make Lamb wave measmts. However this pro-
gram lacks the ability to perform a couple key tasks requafeah integrated environment.
The first is its inability to control a field deployable SHM de and the second is its lack
of meaningful sensor diagnostic algorithms. The integratif the statistical tools already
found in HOPS with sensor diagnostic procedure and the semste also developed for
this thesis would be a significant step forward to making at3#ystem that is flexible

and field deployable. The integrated solution is detailedhapter 6.

1.6 Contributions

The overall goal of this thesis is to improve the usabilitd amake the field application of

impedance based monitoring more universally obtainabiés goal was accomplished by
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creating an integrated package of hardware and softwaebtapf making and analyzing
structural health monitoring measurements based on thedarnre method.

The contributions of the research and development thahmsrarized herein are:

o Investigation of various piezoelectric (PZT) failure medmd the effect these fail-

ures have on structural health monitoring (SHM) measurésnen
o Research the effects of temperature on SHM measuremem$¥za sensors.

o Development of a sensor diagnostic algorithm to automiitiessess the health of

piezoelectric sensors in the presence of temperature eBang

o Development of a unique compact wireless impedance measatenode for use in

SHM and sensor diagnostics

o Development of an integrated package of low-power hardwarkintegrated soft-

ware for use in SHM applications

1.7 Thesis Overview

This research and development is broken down into four maasathat are considered
unique stages in the process.

The first part is to categorize various failure modes of PZisses and how those
modes effect SHM measurements. Sensor failure categorizstfurther researched in
Chapter 2, where various sensor failure modes and envinostaineffects on impedance
measurements are examined.

The second task is to utilize the categorized sensor fadlndeenvironmental informa-

tion and create a simple sensor diagnostic algorithm thabeaused to determine sensor
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health. Chapter 4 shows the actual development of a proeddusensor diagnostics.

The third aspect is to develop a field deployable sensor naylglde of implementing
the sensor diagnostic algorithm and making impedance basedurements. The hard-
ware was designed to fill a niche of specialized measurenagratislities, low power and
wireless data transmission. This hardware developmenpisi@ed in detail in Chapter 5.

The final part of the thesis is to integrate the sensor diggntmols, wireless sensor
node and a currently available SHM program to create a pa&ckaglution that could be
used in the field to record and analyze data. The integratimeegs is explained in Chapter

6.
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Chapter 2

Sensor Failure and Temperature Effects
on Impedance Measurements

2.1 Introduction

The structures being monitored by PZT transducers are lyssighjected to various ex-
ternal loading and environmental conditions. These camitmay adversely affect the
functionality of the SHM system. This effect is the reasonaative sensor diagnostic
process is a critical component to any robust SHM system. tDubke brittle piezoelec-
tric ceramic materials, the fracture and degradation okteetromechanical properties are
some of the most common types of sensor failure. Also of aonisethe health of the
bonding condition between the PZT transducer and the hasttste. It is of concern be-
cause the bonding layer is a critical component in the caggletween the PZT transducer
and the host structure which makes SHM possible.

A complete failure in a PZT transducer would, in general, aglg identifiable be-
cause of the complete loss of signal or from the receptiontofadly unreasonable result.
However, if the sensor is not completely failed, if the fraetor debonding is minor, then

the measurement signal may be interpreted as structuragianthis situation would lead
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2. Sensor Failure and Temperature Effects on Impedanceuvizasnts

to a false positive, which would degrade the cost savingcgpat is a cornerstone of
SHM. To the author’s best knowledge, the long-term religbdf the PZT transducers, the
effects of sensor degradation and the features of sensorefdiave not been sufficiently
addressed.

As reviewed in greater detail in Section 1.4, it has been eseby several people
including Park [6, 17] and Bhalla [10] that the imaginary atiamce of the impedance
measurement is an indication of bonding condition. As tlez@electric patch is bonded
to the structure the mechanical impedance of the struchdete electrical impedance of
the patch become coupled. The slope of the susceptance fs@nahe PZT transducer is
a measure of the capacitance. Park [6] indicated that apaserin slope corresponded to
decrease in bonding percentage and a decrease in slopgpm ded to possible breakage
of the sensor. What was not done was to investigate the eftéenvironmental variance
on the susceptance measurements or to systematicallyfgdsseffects of various PZT
sensor failure modes. These investigations will allow fierdevelopment of a robust sensor

diagnostic algorithm, and are performed in this chapter.

2.2 Feature Classification of Sensor Failure Modes

Since various types of sensor failure will affect the susmeqe in different ways, the first
step in the diagnostic process is to quantify those charmyatifferent bonding conditions
and sensor health. This classification will allow the sutmeqe to be used in a meaningful
way in a sensor diagnostic procedure. The two main featdresseeptance that are being

examined are the slope and the standard deviation of thaldigm that slope.
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2. Sensor Failure and Temperature Effects on Impedanceuviasnts

(a) 25 Percent (b) 50 Percent

Figure 2.1: The PZT patches were broken using both a chisglanabrasive cutting wheel

2.2.1 Patch Breakage

The first sensor failure mode to be investigated is sens@kbge. After a potentially
damaging event on structure, it is possible that the PZThgatat is being used to monitor
the structure may have been damaged, causing a potentiaheeus measurement of the
structure. To investigate the effects of such an occurresigel2.7mm PZT patches were
bonded to a 6.35mm thick aluminum plate and were broken oatcspecific percentages
of their total area. After the damage was introduced, impedaneasurements were taken.
Three patches were broken or cut to reduce the total area pgrgdnt, and three different
patches were broken or cut at to reduce the total area by 8émqteiTwo of each three were
broken with a chisel, to more accurately simulate a damageteWhe remaining patches
were cut with an abrasive wheel to insure a more accurateerefe case. Figure 2.1(a)
shows the 25 percent breakage case, and Figure 2.1(b) dhe®8 percent breakage case.
Impedance measurement of these patches was taken pri@atkelge and post break-
age, allowing for a comparison of the actual change of céipacialue for each sensor.
Imaginary admittance measurements were taken of freebfaseline cases, and all the
measurements are shown in Figure 2.2. It can be seen in R2gaithat the slope of the

imaginary admittance is proportional to the breakage preacge. As the percent increases,
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Figure 2.2: The slope of the imaginary admittance decreasdsreakage area increases

the slope decreases. The 25 and 50 percent broken sens@28auhd 33 percent reduc-
tion in susceptance slope respectively. There is somengaim the slopes of each group,
which can most likely be attributed to the inconsistent ratf the fractures. Figure 2.1
shows that the post breakage patch fragments are not a mmsge, they are approxi-
mately a 25 and 50 percent reduction, but do have some varidihe line with the greatest
decrease in slope corresponds to the cut 50 percent patath kds the smallest final area,

demonstrating a further correlation between final patcé armd slope.

2.2.2 Debonding

Sensor debonding is a failure mode of considerable conttesof concern because unlike
some of the other failure modes, it is not readily noticealplen visual inspection. Debond-
ing may occur in a situation where the structure may not hastaged any damage, i.e. a
strain large for the PZT sensor but within the operating ipatars of the structure or the
long-term degradation of the adhesive bond.

To test the effects of debonding, sixteen 12.7mm PZT pateles bonded to a
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2. Sensor Failure and Temperature Effects on Impedanceuviasnts

(a) 0% Debonding (b) 25% Debonding (c) 50% Debonding

Figure 2.3: Various debonding percentages on 12.7mm PZdhpat

6.35mm thick aluminum plate. Nine were bonded with epoxy ame& with super glue.
In each set of nine, three were bonded fully, three were eadid 25 percent debonding
and the remaining three were bonded at 50 percent. Two adisesiere used to test if
different adhesives contribute differently to the changeusceptance. This simulation of
debonding was achieved by using release paper to resteididhding percentages of the
sensor. Specifically, the PZT patch was bonded a correspgpéircent of the total area on
top of double layer of release paper. Photos of the bondesbseare shown in Figure 2.3.
The debonding of the sensors has an effect on the sensomdiagmdicator that is
being examined, the slope of the susceptance. The slopgehana repeatable and con-
sistent manner with debonding percentages. Figure 2.4shesw graphs, both at room
temperature, of the effect of debonding percentages orugweptance. Figures 2.4(a) and
2.4(b) are of super glue and epoxy bonded patches resdgcfilee slope of the suscep-
tance decreases with debonding. It can be seen in each dpathére is a progression of
the measurements from the highest slope, a referencerreesdt, to the lowest slope, the
fully bonded case. This decrease is consistent with a pue\study [6], but this investiga-
tion shows that the percent of change not only indicatesmigibg, but also the amount of

debonding.
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Figure 2.4: The slope of the susceptance increases withrikhg percentage

Another characteristic of the signal that could be usedrdete the bonding condi-
tion is the amount of deviation that the imaginary admiteasignal has from the slope.
The variance in a specific signal, not the variance from ogeatito the next, is caused
by interaction between the PZT sensor and the structurethe resonances of the host
structure. If Figure 2.5 is examined, a definite reductiothewariance of the signal can be
seen from the fully bonded sensors (pink) to the free-fresaes (black). To quantify the
reduction in variation, a least squares fit is performed enntaginary impedance signal,
then that line is subtracted out of the signal. What remairise deviation from the overall
slope of signal. If the standard deviation of the remainiggal is calculated, it can also
be an indication of bonding condition.

Plots of standard deviation and bonding condition are faarkelgure 2.6. When one
examines the plots of the standard deviation of the variaumsling cases, a definite re-
duction in the standard deviation can be seen. This reductioresponds to a reduction
in bonding percentage, and this reduction is caused by thecesl coupling between the

structure and the PZT transducer from smaller bonding péage. Under certain condi-
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Figure 2.5: The variation of the signals decrease as withddog percentage

tions, the standard deviation test might be useful as a sdwonding condition test.

2.2.3 Wire Lead Detachment

To investigate the signals received from a patch that hadlkebrlead, two patches were
bonded to an aluminum plate and the ground lead on one andliage line on the other
were broken off at the patch. Various impedance measuremeane then taken. This test
was performed to verify that the PZT sensor that was damag#ds manner would not
be confused with a healthy sensor on a damaged structure.

Two PZT patches were bonded to a 6.35mm thick aluminum pBd¢h sensors are
12.7mm round PZT patches. The positive lead of one patchlenddgative terminal on
the other patch were detached by pulling the leads normaletsérvice. This caused the
leads and a small part of the surface of the PZT sensor to bedetached. The healthy
and damaged PZT transducers can be seen in Figure 2.7.

Once the leads were removed, five different setups weraltessgmulate the possible

resulting locations that the wire leads could come to resie five possible locations for
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Figure 2.6: The decrease in signal variation is correlateidwvbonding percentage

(a) Attached (b) Detached

Figure 2.7: The results of detaching the wire leads by pgllon the leads normal to the plate
surface
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the lead to be located are the following:

1. Resting on the conductive aluminum plate.
2. Resting on the patch surface.

3. Resting on the patch breakage.

4. Hanging in a free state.

5. Resting on the other lead, creating a short.

These five conditions were tested with each patch. Patch A&jgare 2.7(b), had
the positive terminal detached, and its imaginary impedaneasurements are shown in
Figure 2.8. In this figure, the positive terminal detachnnt cause three distinct signal
changes. The first detachment case can cause the slope tmd@o, which is when the
end of the lead is in a position to create an open circuit. ufa 2.8, the result of the open
circuit is seen in thé.ead on BreakagandLead Freecases, their lines lie on top of one
another and they lie on the x-axis. The second case is whéeatie form a short and cause
extreme variance and/or negative slope. The second casevis $n theLead on Leadand
Lead on Plateases. The lead breakage can cause a third result, whictyisinglar to the
undamaged case. This results happens when the positiveelgtadn thd_ead on Surface
case. The only difference between this result and a sigoad &N undamaged sensor is the
occasional drop in the imaginary admittance at random &aqies. This drop approaches
the open circuit cases, and is probably caused by brief agpas of the lead and patch.
None of the above failure cases would indicate a false peditir structural damage; the
cases would all be readily noticeable as sensor failure eoedpto the previous damage

cases.
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Figure 2.8: For the positive terminal detachment (a) ttead on Leadgnd theLead on Platact as
shorts and (b) théead on Surfacacts similar to a fully bonded patch

The negative terminal detachment reacted very similarthéopositive case. Figure
2.9 shows the results of the negative terminal detachmdmnit detachment has the same
three possible results, as the previous test, but at difféead positions. In negative lead
detachment scenario, thead on Surfacacts as an open circuit, thead on Leads the
only short circuit, and théead on Plateacts similar to an undamaged patch. The other
cases act as open circuits, just as before. The differentesinead on Leadcase is due
to a more consistent contact in the negative terminal detaahcase. As with the positive
terminal detachment, the results from this test indicad tthis type of sensor failure will
not be interpreted as structural damage.

It should be noted that it is unlikely that all types of pieleméric patches will react
the same way, but it is reasonable to assume that the threg @en-circuit, short-circuit
and appearing undamaged) could occur with any patch, aththe combination of leads
and locations may be different. The experimental invetibgan Section 2.2 demonstrated

that the susceptance signal does indicate sensor breakdgeasor debonding, and that
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Figure 2.9: For the negative terminal detachment (a) ttead on Leadcts as short and (b) the
Lead on Plateacts similar to a fully bonded patch

the change in the slope is proportional to the amount of deingnor breakage that the

sensor sustained.

2.3 Effects of Temperature Changes

As temperature changes the physical properties of thetstej¢he bonding layer and PZT
sensor will also change to varying degrees. The result iftarsthe imaginary admittance
measurements made in the previous section. The extents# #ifects is examined in this
section. In order to make the sensor diagnosis procedubdevia a real world setting,
temperature effects on the susceptance should be undé&rd&oth broken and debonded
patches were examined for the effect that temperature hatieosusceptance for each

failure mode.
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2.3.1 Debonding

The test setup was the same 6.35mm thick aluminum plate hatdébonded patches that
were used in Section 2.2.2. In addition to the basic measemtanthe plate was heated and
impedance measurements were repeated at incrementartgorps. The plate was heated
from room temperature t635°F', and the impedance measurements were taken from 500
to 20,000 Hz using an Agilent 4294A impedance analyzer. @meénaginary admittance
measurement was taken at each temperature, a linear tpases fit was performed on
the measurement to obtain the slope of the signal. This slaloe is what was compared
among temperature values. The linearity of the signal shbalchecked before this fit

is performed because some structures may have resonant@s the frequency range

causing an error in the slope value.
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Figure 2.10: The slope change of susceptance verse tempetar three different bonding per-

centages for both a) super glue and b) epoxy

The primary concern was that the slope of the susceptancéwauy differently
among different bonding and sensor conditions, thus makimgre difficult to assess the

bonding condition though the examination of the imaginaimdtance slope. The results
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of the temperature test on debonded patches are shown ireRAdiD. It can be seen in this
graph that as temperature increases the capacitance ¥aheRZT transducer increases.
It can also be seen that the patches bonded with epoxy andytugpeave a similar slope
change with temperature. From room temperature to a temyperaf 135°F" all the con-
ditions that were bonded with epoxy and super glue hadz ~® increase in their slope
value. Because of the parallel nature of the slope increasensor diagnostic algorithm
that is invariant of temperature changes should be develoffgs algorithm could take ad-
vantage of this temperature independent characteristiveo$ensors’ susceptance signals

though a method of outlier detection.

2.3.2 Breakage

As an additional check, the effects of temperature on theepiance measurements of
broken patches were also examined. The procedure was tleeasaiime debonding temper-
ature test, but using the broken patches from Section 2Thé results of the temperature
test, performed on broken PZT sensors, are shown in Figlfe 2.

As with the debonded sensors the broken sensors behave edatpble manner,
with all of the breakage cases changing in a proportionalmaanThe change in both
the debonded and broken sensor’s susceptance signalateslibat temperature effects
must be removed in a sensor diagnostic algorithm, becanseskilure and temperature
changes alter the susceptance signal in a similar manneruiiform change in various
breakage percentages would allow for a temperature etietis removed, if a method for

outlier detection was used.

29



2. Sensor Failure and Temperature Effects on Impedanceuvizasnts

n
)
d

0%
25%
—50%

IN
I

[y [ N
=) © N N}
T T T T

Susceptance Slope Value
=
N

70 80 90 100 110 120 130 140
Temperature (F)

=
N

-

0.8

Figure 2.11: The slope change of susceptance verse terpefar various breakage percentages
bonded with super glue

2.4 Conclusions

In this chapter the effects on the susceptance measureoferdgous types of PZT sen-
sor failure were investigated. It was shown that the changée imaginary admittance
was proportional to the amount of damage or debonding theosesxperienced. There
are several key aspects of admittance measurement thahaki it useful in the active
sensor validation role. The first is the low maximum frequeregjuired for a meaningful
measurement, which allows for the slope of the susceptanbe bbtain with relatively
few numbers of data points and, correspondingly, lower\ward requirements. The sec-
ond benefit of admittance measurements is the lower powairegnents of the technique,
which allows for a more viable SHM system. The final benefihesability to find outliers
in a sensor array at any temperature with no pre-storedibassleasurement required,
allowing for sensor diagnostics without the need to colteining data. Because it was
shown that certain kinds of sensor failure, debonding aedkage, can affect the SHM

measurement in a way that resembles damage to the strusgassr health must be taken
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into consideration when designing a robust SHM system.
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Chapter 3

Effect of Sensor Failure on SHM
Measurements

3.1 Introduction

PZT transducers are used to collect a variety of SHM measmnincluding impedance
measurements, Lamb wave propagation and frequency respanstions (FRF’s). The
effect of sensor failure on these measurements was exanmrtads chapter. This addi-
tional testing was done to quantify the relative importaot@ealthy sensors in making
those measurements. An important aspect of the sensoraditiegiis to determine the
types of effects that various bonding conditions have ordifferent types of signals used
in SHM. This testing will allow one to make a determinatioraiparticular failure mode
is of concern, for a given type of measurement being made.tfiee types of measure-
ments investigated in this thesis are the impedance mettasdb wave propagation and
frequency response measurements. These measurementau@iaesl because they are
typically used with PZT transducers in the SHM field. Becaofsthe types of easily dis-
tinguishable failure indicators that are received whered leecomes detach, the effects of

wire lead detachment on SHM measurements will not be exaimine
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3. Effect of Sensor Failure on SHM Measurements

3.1.1 Impedance Measurements

The first of the SHM measurements to be examined for the effdfctensor failure is the
impedance method. The first failure mode that will be disedss PZT sensor breakage,
then sensor debonding and finally wire lead detachment. Whemain failure modes,

breakage and debonding, will be examined for their effentthe impedance method for

SHM.

Sensor Breakage

In the event of a PZT transducer breakage, there would oértae a change to the char-
acteristics of the transducer, and correspondingly thesareanent it records. The overall
area of the patch would decrease, and according to Equatipth® impedance measure-
ments would be scaled by a factor of the reduction in area. §asore this concept, the six
12.7mm PZT sensors, bonded to the 6.35mm thick aluminure pls¢d in Section 2.2.1,
were also tested for these effects. The first plot, Figuré}.shows the effect on the mag-
nitude of the impedance measurement from pre- and poskdigea The breakage of the
sensors caused a definite reduction in the magnitude of thedance signal.

The second type of impedance measurement that was exanoinedainge was the
real part of the impedance measurement. The real part ohthedance measurement is
the part most commonly used for SHM. The specific signal tlzst secorded for compari-
son was a very broadband real impedance measurement, asarappFigure 3.1(b). The
broken patches did not develop obvious peaks or resonandbge impedance measure-
ments, in fact they were largely unchanged. Two of the impedaneasurements labeled
in the figure did deviate from the undamaged case, but theg therpatches cut with the

abrasive wheel and the change is likely due to the damage &idiminum plate caused by

33



3. Effect of Sensor Failure on SHM Measurements

%
700 25%
———50%

Two Cut Patches

0 05 1 15 2 0 1 2 3
Frequency (Hz) x 10 Frequency (Hz) x10°

(a) Magnitude (b) Real

Magnitude of Impedance (Q)
Real Impedance (Q)
N
8

Figure 3.1: The effect of patch breakage on a) the magnitudassrement and b) impedance mea-
surements over a wide frequency range

the cutting process.

The first low peak in the real impedance of the undamaged basappears at approx-
imately 350 kHz, does shift to a higher frequency after bagak This peak is most likely
a resonance of the PZT patch, and as the patch decreases,ithsifrequency increases.
However, SHM measurements should generally be made bemvetionate frequency of
the transducer, so that the dynamics of the structure antheg@atch are measured.

Knowing that the breakage did not affect the broadband repkdance signal in a
significant way allowed for the examination of whether orabtoken patch could still give
meaningful information. To examine this possibility, twio{s were generated showing a
real impedance measurement over a given frequency rangepftch prior to damage and
after damage. Figures 3.2(a) and 3.2(b) show the resultseoflbser examination of the
real impedance measurement of the broken PZT transducens tRe closer view of the
impedance signal, a small but definite offset caused by thaklage, can be seen. The

sensors broken with chisel (A,B,D and E), there are only\hslapanges in the shape of the
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Figure 3.2: The effect of breakage on impedance measursmeat a narrow frequency range on
a) 25% breakage and b) 50% breakage

real measurement, with some of the peaks being attenuakedsignals from the sensors
cut with the abrasive wheel show a more significant changéenshape of the signal,
most likely caused by the slight damage to the aluminum gtata the cutting process.
From these two cases, it can be said that the ability to deteattural damage after PZT
transducer breakage is situationally dependent. If theaeis known to be broken, it
is possible to take that into consideration when deterrgimiirthe underlying structural
dynamics have changed. Without the knowledge of sensarréathe slight changes in
shape and magnitude would be interpreted as changes ingtersywhich would lead to

a false positive interpretation of structural damage.

Debonding

The effect of bond condition should also be examined ford@spedance measurements.
Active-sensing SHM relies on a good coupling between thetpahd host structure for

proper monitoring. The debonding of the PZT patch wouldaffiee impedance measure-

35



3. Effect of Sensor Failure on SHM Measurements

1000 1000
0% 0%

900 [ 25% 900 25%
50% 50%

Real Impedance ( Q)
Real Impedance ( Q)
wn
S

2 3 2 3
Frequency (Hz) X 10 Frequency (Hz) x10°

(a) Super Glue (b) Epoxy

Figure 3.3: The effect of debonding on impedance measursroear a wide frequency range on a)
super glue and b) epoxy

ment in a significant way, because of the coupling. The impeelaf the sixteen 12.7mm
PZT patches, which were bonded to a 6.35mm thick aluminune pleere tested. These
PZT transducers are the same ones used in Section 2.2.2 emadwnded with 0, 25 and
50 percent debonding, with both super glue and epoxy. Thedapce was measured over
the widest possible useable range for impedance measutgrfrem 500 Hz to 500 kHz
[16]. The results are shown in Figure 3.3.

It can be seen that the debonding of the patch has causedatlimpedance to have
very distinct peaks, and is because the response is now dtediby the characteristics of
the PZT patch and not the impedance of the structure. If tHe p&ich were to become
debonded at some time during service, there would be no walgtermine whether or
not damage had occurred in the area of the resonance frequmoause any change in
the structure’s impedance signature would be overwhelnyethdo resonance of the PZT
sensor. However, it may be possible, if the patch was itytladnded with an imperfect

bond, to still make meaningful SHM measurements. It is navkm if changes in the
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3. Effect of Sensor Failure on SHM Measurements

system can be detected with a partially debonded sendog, lifdselines were taken with the
identically debonded sensor on a healthy structure. Ifgaacould still be detected in such
a situation, it would allow for damage detection even whenabsolute bonding condition

could not be assessed. The possibility for damage detegtidar these circumstances is

examined further in Chapter 4, where the sensor diagndgticithm is discussed.

3.1.2 Lamb Wave Propagation

When a Lamb wave is excited in a plate it travels in all dir@asi from that point. When
the waves contact an edge or damage, they are reflected. fHuoe signal and reflection
are recorded and analyzed. Any damage in the sensor coulddteken as damage in
the structure depending on its effect to the signal. Theadigrat is recorded has three
main regions. These regions can be seen in Figure 3.4. ThesfileInterferenceregion
caused by the electrical excitation of nearby patch. Dinect Waveregion is the signal that
traveled directly to the sensor through the plate, andRiiectionsegion is composed of
waves that arrive from indirect sources. To investigateaffect of sensor failure on Lamb
wave propagations, both of the primary sensor failure modae examined: debonding
and breakage.

The test setup used to test the effects of both debondingrea#tdge was a plate with
nine 12.7mm round x 0.2mm thick PZT sensor/actuators botaléd All sensors were
bonded with super glue. This aluminum plate was 122cm x 122cdhwas 1.6mm thick.
The PZT sensors were placed on a grid of 3x3 equally spacdxdicenter of the plate. A
picture of the plate is shown in Figure 3.5.

To assist in selecting the proper excitation frequencies,dispersion curves for a

1.6mm thick plate were calculated, and are shown in Figuge Bnese curves are similar
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Figure 3.4: A Lamb wave measurement has several distiniineg

to the examples given in Figure 1.3, but are specific to thisialum plate with a thickness
of 1.6mm. Four frequencies were selected for excitation:580 100 and 200 kHz. The
100 kHz region falls directly in a resonance pattern for a &@ent debonded PZT sensor

shown in Figure 3.3(a), and was selected to help test thisiipibty.

Sensor Breakage

To test the effects of patch breakage, two transducers fremnitial bonding condition
were broken. The patches that were broken were numbers sewekenine from Figure
3.5. These two sensors allowed for the testing of variousasigath lengths with the
two different PZT transducers. Sensor number seven wagbrokan irregular pattern to
simulate a more real world failure, while sensor number mias broken at a 50 percent
line. Both of the transducers are shown in Figure 3.7

The first step before testing could begin was to verify thatlibnding conditions of
the PZT patches were consistent on the plate. An impedanasurement was taken on

each of the PZT transducers after damage was inflicted. Budtseare shown in Figure
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Figure 3.5: The sensor array used to measure the effectsigbsdailure on Lamb waves

3.8(a), which shows that the damaged PZT sensors underwdadraase in their imagi-
nary admittance slopes. This change is consistent withquewbservations about patch
breakage.

The next step is to examine the actual Lamb wave measurenfeptst of the direct
wave region, of two different path lengths at a variety ofi@tmon frequencies, is given in
Figure 3.9. The two different lengths siiortandlong correspond to a 30.5cm path length
and a 61.0cm path length respectively. An example of a staitt lgngth in Figure 3.5
would be from patch one to patch four, and a long path lengthlgvbe from patch one to
patch seven. Four excitation frequencies were used torohtaiider spectrum of results
and to check for consistency among different excitatioquencies. The four excitation
frequencies of 30, 50, 100 and 200 kHz can be seen in Figudesn8. 3.10. All possible
shortandlong paths were recorded and shown.

The effect of a broken PZT transducer is an attenuation ofitpeal at all excitation
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Figure 3.6: Specific dispersion curves for a 1.6mm thick @&hum plate

frequencies, with slight phase differences at certainueegies. The attenuation is ex-
pected because a broken sensor will have less area thatiekillp the signal, so it will

experience less strain and produce less of a voltage outhatattenuation and phase dif-
ferences are most severe at the higher two frequencies adidd@00kHz, but are present
at all frequency, and are the most severe between the twebhssgnsors. The changes in
the signal at all frequencies could be interpreted as danweile structure without sensor

validation.

Debonding

The second sensor failure mode to be examined with regardanity wave propagation
was sensor debonding. To facilitate this test, the two brdkensducers from previous
experiment were removed and two healthy, but partially leoinéransducers were bonded
in their place. One PZT patch was bonded at 50 percent delbgmahile a second was
bonded with a perimeter bonding pattern. A picture of botf Patches can be seen in

Figure 3.11.
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3. Effect of Sensor Failure on SHM Measurements

(a) Irregular Breakage - Patch 7 (b) 50% Breakage - Patch 9

Figure 3.7: Pictures of the two broken PZT transducers usdddt the effect of sensor breakage on
Lamb wave propagation

After the two PZT patches were bonded in the seven and ning@usfrom Figure
3.5, the imaginary admittance measurements were takenifg wending conditions. The
results from this test are shown in Figure 3.8(b). From tldg, pt can be seen that the
50 percent debonded patch has a significant increase indpe sf the imaginary admit-
tance; however the perimeter bonding indicates that it igled as well as any of the other
sensor/actuators on the aluminum plate. The lack of chamgope indicates that the
measurements taken from that PZT sensor should be as goloel r@sriaining patches.

As with the transducer breakage, the Lamb wave measurementsexamined next.
Two path lengths were again examined to test the effectseoP®#Il debonding on the
Lamb waves.

It is shown in Figures 3.12 and 3.13 that the most significhiainges in the Lamb
waves are caused by paths that contain the PZT transducatedidn position seven. This
transducer is the one with 50 percent debonding. Dependirteexcitation frequency,
the signal can be attenuated, similar to the broken casenplifeed. The amplification is

a result of the resonance frequency being similar to thetaimn frequency. In addition
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Figure 3.8: The imaginary admittance of PZT sensors deeediter breakage and increases after
debonding

to the amplification or attenuation to the signal, there s a shape change to the wave.
This shape change is most evident in the trailing portiornefwave, and can be seen as a
phase difference from the undamaged signals. To reinfoecedlidity of the imaginary ad-
mittance sensor diagnostic measurement, PZT transduadsemnine has no appreciable

effect on the resulting Lamb wave propagations.

3.1.3 Frequency Response Functions

PZT sensors are sometimes used to obtain frequency resfumcsiens. The same 122cm
x 122cm and 1.6mm thick aluminum plate used in Section 3.182 used for the FRF
testing. PZT transducer number seven was used to measur®Ehwith an input signal
sent from sensor number eight. The signal was averagedififgstwith a Hanning window
applied. A healthy, 50 debonded and a 50 percent broken RAsducer were all tested at
location number seven. From these measurements, two pdoesgenerated of the effects

of the two primary sensor failure modes on frequency respémsctions. Sensor breakage
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Figure 3.9: The effect of broken PZT sensor number sevel), (nedhber nine (red) and both nine

and seven (black) a on a pitch-catch Lamb wave measuremamo afifferent lengths for 30 and 50
kHz excitation
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Figure 3.10: The effect of broken PZT sensor number sevel, (tember nine (red) and both nine

and seven (black) a on a pitch-catch Lamb wave measureménbdfifferent lengths for 100 and
200 kHz excitation
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(a) 50% Debonding - Patch 7 (b) Center Debonding - Patch 9

Figure 3.11: Pictures of the two partially bonded PZT transdrs used to test the effect of sensor
debonding on Lamb wave propagation

is shown in 3.14(a) and 3.14(b) and the effect of debondisddsvn in Figure 3.14(c) and
3.14(d).

By comparing the results in the close up views seen in 3.1a{d)3.14(b) it can be
clearly seen that the main effect of sensor failure is a redii the magnitude of the FRF.
The attenuation is not equal in its affect on every mode instretem; some frequencies
are reduced more than others. Depending on the use of thelfREftenuation can be an
issue. If the magnitude of the response is being used for pomp®se, then sensor failure
would largely affect those results, and any direct compasdeing made. For example, if
damping was being measured, this change would be signifithetnatural frequencies of
the system are reasonably stable, but some of the contemstideslightly. These effects
were measured in the lower frequency range, and would obrtae amplified in the higher

frequency ranges in the region of the sensor resonance.
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Figure 3.12: The effect of debonded PZT sensor number sexe); Gumber nine (red) and both

nine and seven (black) a on a pitch-catch Lamb wave measuateshéwo different lengths for 30
and 50 kHz excitation
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Figure 3.14: The effect sensor failure is an attenuatiorhefEFRF magnitude

3.2 Conclusions

In this chapter the effects of sensor failure on SHM measarggwas investigated to better
understand the importance of sensor diagnostics. In getteeaensor failure produces the
significant changes in magnitude and shape to the SHM meaasuts. These feature are
the same two that are often examined in SHM to detect damagysyistem. Because of the
similarity of these features, sensor diagnostics is a sacgEomponent in a robust SHM
system to avoid the false-positive prediction of damage stracture when only sensor

failure has occurred.
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Chapter 4

Signal Processing Tools for Sensor
Diagnosis

4.1 Introduction

Methods for specifically determining the health of piezotie patches have been ex-
amined in previous research, and are reviewed in more depdpt€r 1. A couple of
the techniques specifically make use of the impedance nerasuts of the piezoelec-
tric patch, although in different ways. Saint-Pierre et[@1] uses the shape of the first
real impedance resonance and its change to determine theothe bonding condition.
Guirgiutiu and Zagrai [13] propose a similar technique gdime attenuation of the first
imaginary impedance resonance for damage detection. Ra@bu[32] discusses the use
of the shift of the first natural frequency of the piezoeliegtatch before and after bonding
as a possible method for determining bonding condition.

There are several disadvantages to the above piezoelsptaific methods. First,
they are not sensitive to small debonding in the PZT transdaied sensor fracture could
cause the resonance to move beyond the monitoring regionon8ky they all require

relatively high frequency measurements to determine tmeléad first natural frequency.
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4. Signal Processing Tools for Sensor Diagnosis

A standard impedance analyzer can be used to make a meastiietoethe 600 kHz
range and up, which is needed in these methods. Current SHidsnibat are used for
the impedance based SHM are not able to make impedance reeesus into that range
[25]. This frequency requirement makes these techniquaerghly unsuitable for field
deployment using currently available sensor nodes. BKiria# absolute number of data
points that need to be collected for sensor diagnosis i tigth compared to the method
proposed in this paper. The higher number of data points ddsmamore from the SHM
node, which generally have very limited storage capacityRAM.

Bhalla and Soh [10], in addition to the formulations in Sextl.2.1 suggest that the
imaginary part of the admittance measurement is more sentbonding conditions, and
therefore could be useful in determining the bond healthis Télationship was further
developed by Park et al. [17, 6], who showed the initial refethip between bonding
condition and the slope of the imaginary admittance measein¢ (susceptance).

From the introduction section on sensor diagnostics in @&hal Equations 1.7 and
1.8 show that the same PZT transducer will have a differemtits@ce measurement by
changing from a free-free condition to a surface-bondedlitmm. The bonding of the
sensor would cause a downward shift in the electrical adnutt of the free PZT transducer
by a factor ofd3,Y'”. This change in slope would allow for the health of the bogdin
condition to be assessed with a measurement of the susce@nlt is this characteristic
along with the specific knowledge gained in Chapter 2 of hdfedint failure modes effect
the susceptance measurement that is developed into a sEnsir diagnostic procedure

in this chapter.
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4.2 Signal Processing Tools for Diagnosing the Health of

Sensor Arrays

In this method, a procedure that uses the measured suscepnes of PZT transducers
to allow for the state of the transducers to be obtained witkite need for pre-stored base-
line measurements is proposed. When a group of sensorsdethdo a similar structure,
there is the opportunity to compare one sensor to anothés. cbmparison can occur be-
cause the sensors are all exposed to the same environmamdé&iens and so those effects
can be removed. Through a process of outlier detectionosength errant bonding or
health conditions are identified, even in the presence gbésature changes.

For an array of sensors, the task lies in determining whicthefsensors is not part
of the healthy group. The algorithm takes advantage of tlagaciteristic that the removal
of an unhealthy patch will cause a greater decrease in thdata deviation of the group
of sensors than will the removal of a health sensor. A proaessdeveloped to test the
effect each sensor had on the overall standard deviatidmeajrioup of signals, and to de-
termine at what point the change occurred from unhealthg#&ithy sensors. This process

is documented here:

1. The slope of each of the PZT transducer’s susceptancalsjgwhich is a measure

of the capacitive value, is calculated in a least-squaresiera

2. The transducer in the group that contributes, by its rehde the maximum reduc-

tion in the standard deviation is found.

(a) One of the PZT transducer’s susceptance signals is exireovd the remaining

group’s standard deviation is recalculated.

51



4. Signal Processing Tools for Sensor Diagnosis

(b) The PZT transducer with the maximum influence on the stahdeviation is

recorded and removed from future iterations.

(c) Steps 2a and 2b are repeated until two sensors remain.
3. The sensors are arranged and plotted in descending dridéuence.

4. The sensor that corresponds to the maximum distance frettotal change is deter-
mined, and is recorded as the sensor that starts the healitlygs. The sensors with

a greater influence than this patch are determined to be linjea

A visual representation of the results from Step 3 are shoviAigure 4.1. The values
that are plotted in this figure are the standard deviatiorth®flope values. Each point
includes the admittance values of itself and all sensorsdaight of it. For example, the
point for sensor 7 in Figure 4.1 is the standard deviatiorhefdadmittance slopes from

sensors 1 through 7.
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Figure 4.1: The longest distance from the overall changeasgronds to the change from unhealthy
to healthy patches

A couple rules were also implemented to increase the robsastof the procedure.
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The first rule is that the maximum number of recommend unhgalatches is limited to
less than half of the total number of sensors, which is implaied because a base group
of sensors is needed for outlier detection. The second suleait if a sensor’s effect on
the standard deviation is negative (it falls above the divelape change), no sensors are
recommended for replacement, because the total slope eltoes a reasonable job at
approximating the individual slope change. Although natla,rthe frequency range that is
used in determining the slope of the susceptance shoulddreie&d to make sure there is
no major structural resonance that would induce error imdeast squares fit of the line.

A MATLAB script was written to implement the above procedufes an initial test
two plate structures that had 12.7mm PZT sensors bondectto tere examined. The
first plate was a 1.6mm thick aluminum plate that measure@m22 122cm. This plate
is shown in Figure 4.2(a), and has very uniform propertiesheOstructures may have
a slightly higher variance due to structure irregularitid® investigate this possibility a
second plate was examined that was 13mm thick and had alamhoneycomb structure.
The second plate measured 61cm x 61cm and it is shown in Fga(b). Each of the
plates had sensors initially bonded to them, with varyingrdes of health.

The sensor diagnostic algorithm was run on each plate. Ttpubaf the proposed
algorithm is a hybrid plot with the upper plot showing all bétsusceptance measurements
with color coding corresponding to the lower plot. The lovpdot shows the effect of
reducing the sample number, with the x-axis showing whietssenumbers are recom-
mended for removal. The lower plot also has a line delingatie healthy patches from
the unhealthy ones. The results from Plate 1 are shown inésgu3(a) and 4.3(b) and the
results from Plate 2 are shown in Figures 4.3(c) and 4.3(d)emthe algorithm was run

on each plate, several sensors on the solid aluminum plater@eommended for replace-
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Figure 4.2: Two plates with poorly bonded patches were useggt the sensor array diagnostic
algorithm

ment and one sensor on the honeycomb plate was recommendeglEcement. Those
sensors were replaced and the algorithm was run again onpésteh Both plates passed
the algorithm the second time. It should be noted that theeyxmomb plate does have a
grouping of values due to the heterogeneous nature of theri@aflhe grouping of values
shows the basic assumption, that the structure’s impedanestly greater than that of the
PZT transducer, is partially wrong. In this case, the thasnaf the aluminum skin on the
plate combined with the relatively stiff honeycomb struetdoes effect the susceptance
measurements.

The main advantage of looking for the change in the data mrianner is that no
absolute value for the effect of a sensor is required. ThHedéa required pre-stored base-
line allows this system to be used on a variety of structurdéls mo training set required.
A further test of the procedure was performed by bonding a@eon each of the plates

at a 50 percent bond area. The sensors were bonded on eaelaptae number seven
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Figure 4.3: Each plate passes the sensor test after the remmded unhealthy sensors are removed
and new sensors are bonded in their place

location, and were bonded in the same manner as is shown umeFiy3(c). Admittance
measurements were taken with all the healthy sensors frgorés 4.3(b) and 4.3(d) except
the debonded PZT sensor located at position number sevenreghlting measurements
are shown in Figure 4.4. From the two plots the algorithmeaity identifies the poorly
bonded PZT transducers on the solid aluminum plate and theyisomb plate.

In order to compensate for temperature and environmerfeadtsfit is proposed that

multiple sensors should be used in a given SHM system whemasasible. These ex-
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Figure 4.4. The algorithm correctly identifies the debondsshsor on the solid plate and over
estimates the number of damaged sensors on the honeycotab pla

tra sensors provide redundancy for measurements and adloanfefficient and reliable
method for sensor diagnostics. The imaginary admittaragestomparison will work with
a group of sensors. Even during temperature changes, aketigors will shift the same
percentage for any given temperature change, as seen iors2@&. Care does have to be
taken to make sure that the sensors being analyzed are edjpabe same environmental

conditions, or false positives may occur.

4.3 Algorithm for Single Sensors

The methods for single sensors prove to be a more difficlt tascause there is no way
to compare the results from one sensor to another sensa gathe situation. However it
is often the case, that when there is not an array of senbaitstftere still may be multiple
sensors bonded in a similar manner. For example, a similegdoint could be monitored

in several places on a structure. This similarity may allontlfie measurements to be com-
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pared. If there is no similarity, or there is no possibiliby &dditional sensors to be installed
for redundancy, as recommended above, then a techniquetbéimeoutlier detection will
be needed.

It has been shown in Chapter 3 that an inconsistent bondingitton can effect both
Lamb wave propagations and impedance measurements in anthahis very similar to
that of a damaged structure, but the same may not be true giessensor applications.
In single sensor impedance applications there is no patgatich consistency required.
It may be possible to detect changes in the system with aafigrtiebonded sensor. The
guestion is, does the bonding condition need to be perfasttacceptable to be consistent
with whatever bonding condition exists for single sensqueésiance measurements.

To test this idea, a patch was bonded with 50 percent debgndih.6mm thick alu-
minum plate. The resonance of this PZT transducer was foopaxamining the real
impedance measurement shown in Figure 4.5. Two bands weeelwithin the reso-
nance peak, and were 160-170 kHz and 190-200 kHz. Five inmoedaeasurements, in
each band, were taken prior to damage and five measuremergdaken after damage
was introduced. Five measurements were used to accourdriations in the signals. The
measurements were then shifted positively or negativethenfrequency range up to 60
Hz to account for environmental shifts.

The response of the two frequency bands are shown in Fig@relfese plots show
the two ranges in their entirety and a close up view of each lbean be seen that the signal
does change in both regions after damage was introducedsigimes do shift positively or
negatively with temperature, but the before and after danshgw a different shape even
after the temperature effects are removed.

These results show that even in the region of sensor resenenanges in the struc-
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Figure 4.5: The region that had a large response due to patfiodding was used to test damage
detection ability

ture can be detected, if the sensor condition remains aonstéae results also show that
if the situation is completely unique, in that there is onhegatch with a unique bonding
condition, a temperature reading must be taken. Althoughniot done here, a regression
analysis or a simple table of past measurements would béreelo determine whether
or not the bonding condition has changed. Once the bondinditton has been verified,
then the current measurement could be compared to the psdyistored base line mea-
surement, and damage to the structure could be assessepleradume measurements at a
modern microprocessor sensor node are easy to implemaguiting little power and few
components. The main drawback is the need for time and apptyrto obtain the baseline
measurements, which could be hard to obtain on large ortsensiructures. There is also
an additional data storage requirement for the baselinsunements.

Although damage could be detected with a partially bondedae it does not mean
that it should be done. A partially bonded sensor will havéharter life span and be

more susceptible to damage. A known debonded sensor shaygsabe replaced when
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possible, to insure the most reliable measurement.

4.4 Conclusions

The imaginary impedance measurement shows a great dealrofga for use in the struc-
tural health monitoring field as sensor diagnostic measengsn The method can be read-
ily used with sensor arrays with no pre-stored baseline oreasents, and potentially with
single sensors with baseline measurements. The methodstadistinguish between sen-
sor breakage and sensor debonding and give relative pageanbpf each. In addition,
impedance based measurement in the lower frequency rangessped here are more eas-
ily implemented with currently available hardware and héweer power requirements
than other methods. Future work on the method should incduddinement of the single
sensor procedure to include a robust regression technigulee search for a temperature

independent feature of the impedance measurement.

60



Chapter 5

Hardware Development for Sensor
Diagnostics and SHM

5.1 Introduction

This chapter documents the development of an extremely aotnypower-efficientimpedance
sensor node that can be used in structural health monitanidgsensor diagnostics. The
device is part of the integrated hardware and softwareisolfor SHM that is the overall
goal of this thesis. The development of a device that meetsethequirements is critical to
transition the current practice of SHM to field deploymenteTevice that was designed
was named the Wireless Impedance Device or WID.

The initial phase of the development [27, 7] was all done aitgiype hardware, usu-
ally in the form of evaluation boards. The boards are largkraguire considerable power,
but are easy to configure, allowing for changes to the ovestilp to be made relatively
quickly and easily. However, to make a device be used in realdisituations requires
the migration away from evaluation boards to a custom PCBitgxt circuit board) con-
figuration. The switch from pre-manufactured evaluatioards to a custom PCB required

considerably more development for some of the components.
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This chapter describes each component selection of the Y& gdditional work re-
quired to integrate those components onto a single boaddthenresults and comparison
measurements from the final product. Much of the hardwarestnyation and proof of
concept for the components used in the evaluation boardgerésrmed in previous re-
search.

In the development of the WID for structural health monitgrithree main areas were
examined: The type of measurement to be made, the methodaofrdasmission, and the
method of power storage and delivery. In addition to thesads, as with any sensor
node, certain consideration has to be paid to the type angleaity of the onboard data

processing.

5.1.1 Impedance Method

Chapter 1 describes the impedance method in detail. Howeveof the most important
aspects of the impedance method are its lower power regeirenthan other active sens-
ing methods and its ability to perform in-situ sensor diagjins as discussed in Chapter
4. The low-cost and efficient capability of making real-vabitnpedance measurement on
field deployable SHM nodes has been made possible by a eiatiew advance in inte-
grated circuit impedance measurement technology at Anaigces. The chips, which
allow for the construction of the WID, are the AD5933 and ABB9 The AD5933 is
of particular interest because of its higher capabiliti®ee AD5933 is equipped with a
12-bit IMSPS A/D, a 1-100 kHz frequency range, and FFT fametlity at the size of a
small coin. These characteristics all lend this device todel to create a self-contained,

miniaturized, impedance-based structural health mangaystem.
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5.1.2 Data Transmission

Wireless data transmission has two very desirable chaistats. Firstly, it eliminates the
need for the installation and maintenance of the transomssires. The wire installation
has been demonstrated to be a significant part of the totemysost [37]. The lack of
wires would also eliminate a possible location for costijufes. Secondly, aside from
the cost savings, it allows for the placement of sensor nadéscations that could not
accommodate a wired system, for example, on a piece of mgtatachinery or structures
in remote locations.

There have been several efforts in recent years to reducgzt@nd power require-
ments for several SHM systems. Tanner et al. [38] and Lynah §89] examined wireless
systems that measure analog sensors (i.e. acceleromatdr&risso [26] has looked into
wireless impedance measurements but with a significarftgrdint component list than the
one examined here. An overview of current wireless sengstem®s is presented by Lynch

and Loh [25].

5.1.3 Energy Harvesting and Delivery

The ability to have an efficient and inexpensive method togramireless devices is an area
of considerable research. Roundy et al. [40] gives an ogeroi potential power densities
for different types of energy harvesting mediums, shownahld 5.1.

These various types of power might be used depending onttiegisn in which the
sensor node resides. Because of the varying sources, tlty &biaccept a variety of
power sources with little or no change to the device was afsogity. This feature would

allow the device to be powered by a broad range of sourcesmiitimal setup time. To
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Type Power Density(IW/cm?)
Solar - Outdoors 150-15000

Solar - Indoors 6

Piezoelectric Vibrations 250

Battery - Lithium 3.5

Battery - Lithium Rechargeable 0

Table 5.1: Power densities on a 10 year life span [40]

accomplish this task, a charging circuit was introduced the design. A simple circuit
was designed utilizing a transistor that cuts power to thasueement circuit when voltage
is applied at its gate. Cutting power to the majority of thesse node during the charging
period allows for the power storage device to be charged moiekly. Conversely, the
transistor will allow current to flow into the measurementuit from the power storage,
when the gate voltage is removed. The charging circuit walllwlv for various power
sources to be easily used with minimal modification.

One method of energy delivery that is not examined in Takle$radio-frequency
(RF) power transmission, and was one power source that vemsfisplly taken into con-
sideration with the design of the WID. In wireless power srainssion, power is generated
elsewhere and transmitted to a receiving system by somedbmave or radiation. The
technology that has received the most attention in the ligtyiears is that of microwave
transmission. A pair of excellent survey articles were tertto discuss the history of
microwave power by Brown [41] and Maryniak [42]. Mascareifia7] performed a pre-
liminary study to show the feasibility of wireless powentsaission to power a telemetry
device. In that study, Mascarefias was able to power théesgeelemetry system and send
several bytes of data, but the overall efficiency of the systas quite low. It is believed
that significant improvements can be made to the system, isabiting studied further

[7, 43].
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5.1.4 Computational Requirements

The final requirement that must be addressed in any senseriadlde amount of on site
processing power required. There is always a trade off tweocessing ability and
power consumption. This trade off is not of concern with desiwith a readily available
power supply, but it is of utmost concern with wireless desic Because of the lack of
excess power in WID, a DSP (Digital Signal Processor) wasusetl because of its high
energy requirements. In addition, its computational powas not vitally needed because
much of the processing is done on the AD5933, with its buiEHT function.

For the wireless impedance device, a processor has beesrnchih the basic feature
set to allow for impedance measurements to be made. Thesedfeaclude data reduction
and external device control. The ability to expand for fatapplications through the use

of an open development platform was also a consideration.

5.2 Hardware Selections and Considerations

5.2.1 AD5933

The main impedance component in the WID is the AD5933 chimfAnalog Devices
(AD) that allows for very low power high frequency impedameeasurements to be taken.
A picture of the AD5934, which is identical in size to the ACE® is shown in Figure 5.1.

The method which the AD5933 uses to measure the impedangeed@electric patch
(PZT), is similar to the technique discussed by Peairs [#d§liagram of the impedance
circuit used in the AD5933 is shown in Figure 5.2.

The chip can be programmed to take an impedance measurermeniif100 kHz,
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Figure 5.1: Relative size of the AD5934, a sister chip to tB&933 with a lower sampling rate

CURRENT TO VOLTAGE
GAIN SETTING RESISTOR

* RFB

VouT

PGA
VDD (X1 OR X5)

Figure 5.2: Impedance circuit used in the AD5933
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with a variety of voltage levels and input gains to make bsstaf the ADC. The AD5933/34
can take as many as 512 points in a frequency sweep, for eauhtipere will be an out-
put stored in the output registers. The two registers areeddeal (G,.,) andlmaginary
((Byeg) [45]. These names are unfortunate terminology, becawesdata that is in those
registers does not directly represent real or imaginarylrersy The two registers repre-
sent the change in magnitude (Z) and ph#&®f{ the impedance measurement, which are
sufficient to obtain a very good measurement if a proper basé taken with a known
impedance value i.e. a simple resister.

The AD5933 has been used in the past [27], but several imutoaispects of the
impedance measurement were difficult to obtain. The mosifgignt of these problems
was the inability to separate a magnitude measurementsttolresponding real and imag-
inary components, which is necessary for SHM measurem@&hitsugh close work with
Analog Devices, a procedure to obtain and accurate impedar@asurement using the

AD5933 was established.

Basic Measurement Procedure
There are several aspects of the measurement process isitihih that take special care

to insure an accurate measurement.

1. The RFB resistor (Figure 5.2) should be chosen to be appeat&ly equal to the mid-
point impedance magnitude that will be observed in the feegy range of interest.

This selection keeps the ADC from overloading or croppirgdhta.

2. TheRealandImaginaryregisters are used to calculate magnitude of the registers

(Y,.,) as well as the phase of the registéts f) by the typical magnitude and phase
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calculations given in Equations 5.1 and 5.2. If a measureéimsdaken of a known
resistance that has a zero phase component, then the phasedhlculated is the
system phaséd/(,), it is the offset from zero that is inherent to the chip. Thistem
phase is a baseline, used to obtain the correct phase foe fateasurements,.,
andé,., are not to be confused with;,,,, andé,,,,,,, which are the final and accurate

values for the impedance magnitude and phase after cadibrat

Y;"eg = \/ G72"eg + Bgeg (51)

Breg) (5.2)

Oreg = arctan(G
reg

(a) A possible considerationis ti&,,; of the chip.R,,; is the DC impedance value
of the chip itself, and depending on the measurement ragemés, it may need
to be calculated at least once. Each AD5933 has a unique D€diamge value
associated with it. Various nominal values are given in ta@ dheet [45], but
the value can vary substantially depending on the specifithi chip came
from. If the nominal value given in the data sheet will cremtggnificant error
in the measuremeng;,; should be calculated. The easiest way to calculate
this value is to take two impedance measurements with knesistances?;
and R, and then back out the unknow®,,;. The formula forR,,; is given in

Equation 5.3.

Y;egl * Rl - Y;eg2 * RZ
Y;eg2 - Y;egl

Rout - (5 3)
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3. UsingY,.,, the Gain Factor (GF) should be calculated according to tmu&.4
using a known calibration resistanég,;. If the R,,; is not needed, then use the

same formula, but wittR,,,, = 0

1

GF — Rcal+Rout 54
Ve (5.4)

4. Once the GF and system phase are obtained, a measuremanmtusknown test
article can be made and the actual magnitude and phase oégharticle can be

calculated by using Equations 5.5 and 5.6.

1
Limp = =———— 55
4 GF*K‘eg ( )

eimp - ereg - esys (56)

Special Considerations for SHM

The above calculations, with step 2.a, will remove R)g; for a purely resistive or capac-
itive measurement. Calculations could be performed to wentloe complex influence of a
PZT transducer but it would require significant calibratneasurements. These calibra-
tion measurements would be required each time if the impsdeange, the RFB resistor,
the excitation voltage, or the internal gain was changed.

Through interaction with Analog Devices, a method for remgwvhe R,,; has also
been developed. This removal involves the use of an opeatamplifier, or Op-Amp.
When an Op-Amp is set up in a voltage follower (buffer) confagion, it has the effect of

reducing the input impedance to near zero on the output. AQuitidiagram of this setup
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Qutput

Input

’ Op-Amp

Figure 5.3: Operational amplifier set to voltage follower deo

can be found in Figure 5.3. This solution was not developdd after the first WID was
constructed, so an Op-Amp is not integrated into the design.

When placed on th&,,; line of the AD5933, the Op-Amp has the effect of virtually
removing the DC impedance of the chip. This reduction isesrely useful because it
eliminates the need for the additional calibration measergs, so only the GF calculation

IS necessary.

5.2.2 Power Storage

A goal for this device is to be able to power it up from an arr&patential sources, and
have it perform in-situ measurement and transmit the datntaccessible base station.
In order to make these functions possible, an Areogel Sapeaxitor from Cooper Buss-
mann has been included in the design, and would allow theddwistore a lower current
power source over a longer period of time to achieve an opeledel of power to perform
various test measurements. Also included in the designdaep storage is the circuit to
automatically cut power from the device when power is beetgived and to power on the
device once the supercapacitor has reached its requiregkstzes well as a supercapacitor

bypass jumper.
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5.2.3 XBee RF Module

The telemetry system that is used on the WID is the XBee RF Néoflom MaxStream.
The main advantage of the module is the low pin count reqdoedperation. Aside from
power and ground, it requires only two additional pins toldeat to act in serial line
replacement mode (where it sends on everything it recej#ég) In addition to those pins,
the sleep pin has also been routed to allow for lower poweswoption.

Although the XBee is not the most power efficient telemetitytson on the market, as
the transmission current is given as 45mA at 3.3V, it is peshane of the easiest to imple-
ment. For the initial development of the device, a simplestraight forward development
process was weighed against total power consumption. iimgwersions of the impedance

sensor node, a more power-efficient wireless-telemetutieol will be examined.

5.2.4 ATmegal28L

The microprocessor that is being used is the ATmegal28L tr@mmAtmel corporation.
The ATmegal28L is the onboard computational core. It allfmwvsnboard data processing
and algorithm implementation. This microprocessor wasehdecause it requires a low
voltage (3V), has the proper interfagéd) to control the AD5933 and has the capability to
be significantly expanded for future applications. Thisamgion includes added memory,
added flash and control of additional components.

The ATmegal28L comes from a line of microprocessors wittpsupfrom a large
open source development community. Atmel continues toldpueew versions of the AT-
megal28 product line with enhanced capabilities. Thesalkipes include lower power

consumption, more memory and more EEPROM. Atmel is addiegeHeatures while
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maintaining the same form factor, which allows for pin comilmaty and makes easy up-

grades of future versions of the WID possible.

5.3 Hardware Integration

The components discussed in Section 5.2 have been intdgnébea complete device, the
WID. The circuit diagram for this device is show in Figure 5T4e circuit diagram shows
the charging circuit as well as all the components and wipaths. To produce the WID,
the schematic was taken from the diagram shown in Figurerid4raported into a PCB

(printed circuit board) program where it was prepared fonuafacture.

The WID, as discussed, has the AD5933, ATmegal28, XBee, apér&apacitor
components on the board. In addition to these componemts)uides a crystal oscillator,
battery hookup, various indicator LEDs, In System Programgr{iSP) header, and voltage
regulator. A 2.5mm phono jack was used to hook to the PZT gagaing measured, which
allowed for quick change between various PZT patches. Aupgcof the final WID is

shown in Figure 5.5

5.4 Experimental Setup and Results

Experimental investigation was performed in order to comtinat the WID was capable of
making all the necessary measurements used in impedased-B&M, and to see if the
power consumption was low enough to make it a practical es&®kensor node. For all
of the testing performed, the WID was connected to a poweplgupough its power port

and was programmed with the required frequency ranges aacdaquisition points. Once

the measurement was performed, the data was sent wiretesatyXBee modem that was
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Figure 5.4: Circuit schematic of the WID
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(a) Top (b) Bottom

Figure 5.5: Both sides of the Wireless Impedance Device

used as a serial port interface. Several MATLAB scripts werigten to import the data
from the serial port and perform basic calculations and thletdata.

Three different parts of an impedance measurement weredexdtoreal impedance,
imaginary admittance and impedance magnitude. The re@damce is used in impedance-
based SHM as the primary damage detection measurementisiedté more sensitive to
damage or changes in the structure [9, 14]. The imaginaryttimoe measurement is used
for sensor diagnostics, because the slope of the imagiianjtance line varies with PZT
sensor condition [10, 6], which would include sensor delmgpdnd sensor breakage. Fi-
nally, an impedance magnitude measurement was taken toirexdane overall accuracy
of the system, and to investigate possible procedures toovehe measurement in the
future.

The piezoelectric patches that were measured were 12.7rdiarreter, 0.2mm thick
and were bonded to a 6.35mm thick aluminum plate. For pugoktesting the imaginary
admittance slope change, corresponding to bonding condlifiree patches were bonded
at all three debonding percentagé$:, 25% and50%. Achieving the specific debonding
percentages was accomplished by bonding the patches o @éogooresponding percent-

age of double layer release paper. An example of the bonadimditions is shown in Figure
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(a) 0% Debonding (b) 25% Debonding (c) 50% Debonding

Figure 5.6: Various debonding percentages on 12.7mm PZdhpat

5.6.

In order to produce the most versatile device, consideratias given to making the
WID have a small power requirement, which was achieved tjindbe selection of parts
discussed in Section 5.2. To determine the actual in-sepgever consumption, several
tests were performed on the WID during various operationalddions to identify the
useful life of the device with different power sources.

The power consumption measurements were taken during éveops measurements
used to evaluate the impedance measurement capabilitibe O¥ID. The addition of a
multimeter allowed for the measurement of the current dilae multimeter was placed
in line on the WID’s positive voltage terminal. A time readiwas also taken to determine

the length of each measurement phase.

5.4.1 Measurement Capabilities

To assess the capabilities of the WID, a comparison betweeniID and an Agilent
4294A impedance analyzer was done. The testing was doneitp theit any test or dam-

age detection method that had been developed using a stamel iahpedance analyzer
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Figure 5.7: Comparison of the imaginary admittance measumats of patches with various per-
centages of debonding.

could be performed using the WID. A variety of bonding coiwhis and excitation fre-

guencies were examined.

Imaginary Admittance Measurement Comparison

The first comparison that was performed was to see if the WIB @@nparable to the
Agilent in its ability to measure the imaginary impedancd eglative changes in that mea-
surement. The imaginary admittance measurements are shdwgure 5.7.

The measurements from the WID are essentially the same as timm the Agilent
impedance analyzer. As can be seen in the figure, the WID alstuies the resonance
changes in the different bonding conditions. There is ahsldifference in the absolute
value of the admittance from the WID to the Agilent; this chans due to the?,,; of the
AD5933, as described in the previous section. The relatnamges are the same between
the two devices, which indicates the WID can perform the se&gy sensor diagnostics,

for which this measurement is used.
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Real Impedance Measurement Comparison

The second test determined see how well the WID measure@dhenpedance of a PZT
patch. This measurement is the one used most often for dadedgetion in SHM. Two
measurements, made several hours apart, were taken onhieoffgiient impedance an-
alyzer and the WID, which was done to compare the consistehayeasurement in the
devices, shown in Figure 5.8.

It can be seen in this graph that the WID captures all of théegyslynamics. Its
measurement and the measurement from the Agilent are digdeshapes, meaning the
WID captures the system as well as the impedance analyzereTi$ a difference in the
magnitude because of the way that the phase was used to detdima real part of the
measurement and from the contribution/®,;. These two factors combine to offset the
value of the real impedance, and possibly reflect it abouktheis if the offset takes the
value negative. Because the absolute values of impedaaaeaof interest, just relative

changes in the structure, this offset does not pose an issgé&tictural health monitoring.
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Figure 5.9: Impedance measurement of the WID with an Op-Amffierocompared to the Agilent
impedance analyzer and the WID without buffer on a frequeacge of 5-20 kHz.

A second important feature is the repeatability of the mesmment made with a device.
To test the repeatability of the two devices, two measurésnerre made with each and
are displayed in Figures 5.8(a) and 5.8(b), they are botHayyging and virtually identical.
All four measurements were taken on the same PZT patch, beesame frequency range,
which allowed for the comparison of the signals. The twouezd of repeatability and
overall shape accuracy allow the wireless impedance déviperform damage detection

measurements.

Removing DC Impedance

To explore the influence of the Op-Amp solution (Section B.2n the impedance mea-
surements of the WID, an Op-Amp was placed in line withthg pin of the AD5933. A
magnitude measurement from 5-20 kHz was taken, and is shoigure 5.9.

Once the Op-Amp is in place, the WID gives a very accurateingaof impedance

magnitude. The better match in measurement is the resulteofeduction of the chips
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DC impedance value by the Op-Amp. The introduction of theAdmp did add noise to
the measurement and distort the real part of the impedanbe. cause of the noise is
not known, and may be a product of the particular setup, amdamondication that all
Op-Amps would affect the SHM measurements in such a way. fdkxgss of whether the
amplifier issues can be resolved, it has been shown that tBe With an added Op-Amp,
can make accurate magnitude measurements, and that tbis effehe amplifier should be

investigated further.

Comparison to the Agilent Impedance Analyzer

The WID is capable of making all the necessary SHM measurengar it requires sig-
nificantly less power, is much more compact and costs a @raaif what the Agilent

impedance analyzer does. The greater capabilities of thiemglo not generally mean
that it is more capable of making SHM measurements. For ebagrttpe WID does not
have the total frequency range of the 4294A, which is propti# most significant disad-
vantage. However, impedance based structural health anogttakes place well below
400 kHz [16], so most of the increased range of the 4294A isusetl in the SHM field.

Some of the important differences between the two deviaestawwn in Table 5.2.

4295A WID
Frequency Range 40Hz-110MHz 5 kHz-100 kHz
Sweep Points 801 512
Power Supply 120V 2.8V
Cost $41,000 $200

Table 5.2: Comparison of key features between the AgilestAand the WID

The Agilent undoubtedly has an ADC with a higher bit count sachpling rate. How-

ever during testing of the WID, no problems have been enevadtwith the WID’s 12-bit
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ADC when the proper calibration procedure was followed. réhe a limited amount of
data storage and memory on the WID, which is currently thdilgpfactor for the process-
ing capability of the device, but the Agilent has no abildyperform on board calculations.
When the total cost of the two systems is taken into accohetWID is a considerable

value.

5.4.2 Power Requirements

There are two main power consuming states that the WID caogilith:bmeasurement and
transmission. A current reading was taken during both cdlstates to determine current

draw. The results are shown in Table 5.3.

State Current (mA) Time (s)
Measure (XBee on) 68 16
Measure (XBee off) 17.5 16
Transmit 59.8 20

Table 5.3: Time and current draw to measure and transmit 52 goints of real and imaginary
numbers

The results show very low power consumption, especiallysictaring that no effort
has been made for efficient measurement coding (i.e. sle€sndata reduction prior to
transmission and minimizing measurement points). It isigfind that the power consump-
tion could be further reduced if such changes were impleetkent

To examine the potential of reducing the measurement p@aiest was run with the
XBee removed. According to the XBee data sheet [46], theosétate power consumption
is50u A, which on a scale afv A is almost zero. It has a dramatic effect on the measurement
current draw level, bringing to it down to just unde&#mA. Considering the circuit is

running at2.8V, the total power is jusiOmW. The current draw for the WID, with the
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XBee off, is also shown in Table 5.3.

5.5 Conclusions

The WID was developed to meet a need in the structural healthtoring field for a small,
power efficient and flexible wireless impedance node. The sfzhe WID, at 5.2cm x
3.2cm, makes it a very portable and convenient device torusarious situations, espe-
cially compared to typical impedance analyzers with rezpipower and data lines.

At the current levels of power consumption, the WID is at tbmdr extreme of the
power consumption levels of devices presented in previtudies. The power levels ob-
served are even more impressive when considering thattisra performs active-sensing
measurements, unlike most of the devices in those studieshware passive measurement
systems. At these power levels the WID could be powered byda vange of energy har-
vesting methods. They would be at varying, but still reabtaduty cycle levels for SHM
purposes.

There are several factors that contribute to the flexibditthe WID. First, the ability
to quickly and efficiently change the code on the micro cdl@rpthrough the onboard
ISP header, allows one to perform a wide variety of data maain with minimal effort.
Second, the ability to accept power from diverse sourcesutiir the built in power port
and its low power consumption increase its versatility.alinthe inclusion of a wireless
telemetry solution allows the sensor node to be placed iloteand inaccessible locations,
without the constraints of a wire-based system. All of thevafactors contribute to make

the WID a very attractive device for the SHM community.
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Future Work

A more versatile and power efficient model of the WID, the WID & planned for the fu-
ture, and should use many of the same components and afgeriithe WID 2.0 will take
advantage of the recent power-efficient telemetry chipshiemtarket, as well as multiplex-
ing to have multi-sensor and auto-ranging capability. Idigoh, the use of the telemetry
as an efficient trigger for the device is planned. The wiretegger would allow for the
device to be powered in virtually any manner, i.e. contiraiouincremental power, and

still be able to take measurements on demand.
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Chapter 6

Integration of Software and Hardware
Components for SHM

6.1 Introduction

The final stage in this thesis is to integrate the developeeleds impedance hardware and
the sensor diagnostic algorithm with a suite of SHM softwhet was previously developed
by Swartz et al. [36] in order to produce a complete solutmm3IHM application, which
is the goal of this thesis. The program that will be modifiedtfos integration is called
HOPS, or Health of Plate Structures. This initial versiomtatned geometry definition
and lamb wave propagation analysis modules. Version twosnhsequently developed
by Jacobs et al. [47], and included impedance analysis aionpnary sensor diagnostics
modules. HOPS has evolved from its initial design, and hadest to become an inte-
grated structural health monitoring application, withlidies to analyze both impedance
and Lamb wave measurements. Two major components, which mesing from the
HOPS program, were a robust sensor diagnostic algorithntlandbility to control ex-
ternal devices for the purposes of taking measurementsh i addition of these two

abilities, and other general improvements, HOPS will hdaeeability to perform all the
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necessary tasks for a SHM application and will become a intggrated SHM environ-

ment.

6.2 Main HOPS Interface and Improvements

The main interface of HOPS is the portal to which all of the SHddules are accessed,
and several general improvements were made to it for the ekeability. The main
window was changed to include more user feedback. Each madHOPS passes its
information to the next module when it is opened. Howevethia ithain HOPS window,
there was no method for determining if there was data pregdat the data contained, or
what was the name of the file loaded. To resolve these issuesataser feedback panels
were added. A picture of the main HOPS window is shown in Fadiul.

In this figure, the main interface of HOPS can be seen. Ther¢haee main panels:
Setup, Current DatandSHM The Setuppanel contains links to modules that let the user
define geometry or import data from external sour€asirent Datais a panel that allows
for the manipulation of the currently loaded data. This rpatdtion of the data includes
saving it to a new file, clearing it for other modules or loagdapreviously recorded data
set. The final panelSHM, includes three links to modules that do the brunt of the SHM
analysis. The three main capabilities include the anabyfsismb wave propagations, the
analysis of impedance based measurements and the diaghesissor condition. If data
is needed to be collected for these modules, that optioraitadle from within the module
itself.

There were also some other general improvements made in B@PFhe most im-

portant of these modifications is the new data storage methloel new method stores as
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Figure 6.1: The main HOPS module now gives important usetbi@ek with regards to file infor-
mation

many measurements as desired. This feature allows for ti@axason of any two mea-
surements in the file, HOPS 2.0 only stored the current anelibasmeasurements. The
second major improvement was the modification of the gegmmetrdule, which facilitates
the definition and importing of geometry files. This moduleswaodified to accept the
data from other modules; in preview versions, the data waseerwhenever the geometry
was defined. This improvement allows for geometry to be addexhytime in the mea-
surement procedure, not just at the beginning. Finallyirthedance analysis module was
modified to improve the user interface. During damage dietectertain damage indices
are chosen and input by the user by examining additionaldgyand typing in appropriate
values. In HOPS 3.0 the indices can be chosen directly in thle &mplifying the process

and eliminating an area for potential errors. Other modifice include some general im-
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provement of the GUI on most of the modules to have commortitoeafor buttons, and
more standardized layout from module to module. All of thesmlifications represent a
significant improvement to HOPS even without considerirgggansor diagnostic module

and hardware control module.

6.3 Sensor Diagnostic Module in HOPS

From the main interface window, if tifeensor Diagnosticlsutton is selected, the user has
a choice of which of the three sensor diagnostic modules ¢o d$e first two choices
were the original two rudimentary sensor diagnostics meslullThe first module is used
for sensor arrays and it simply displays the susceptancalsignd the total areas under
the line. These values are displayed to facilitate the usdetermine which sensor(s) is
unhealthy. There is no automatic recommendation to agsstiser in determination of
sensor health. The second interface is implemented fotesgensor diagnostics using a
baseline measurement. The user must compare the basdiinkeeacurrent measurement
and make a determination on whether the sensor is healththidnnterface there is no
ability to account for temperature. This interface will mmoved or replaced in future
versions of HOPS.

The sensor diagnostic algorithm for sensor arrays that weaeldped in Chapter 4
was implemented in the HOPS program as a third sensor diagmosdule. The GUI
(graphical user interface) of the new module is shown in FEdu2. There are several key
features to this interface. The first is the ability to selaty of the past measurements in
the file for analysis. Thdeasuremenpanel is where the measurement is selected and

allows for comparison over time. The second important feats the number of data
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Figure 6.2: The sensor diagnostic module automaticallyedatnes which sensors are broken or
debonded

points that to be included in the analysis can be selecteds Seiection is important to
avoid possible structural resonances that could invaditia algorithm. This parameter is
set in theAnalysis Informatiorpanel. Beyond these two user selectable parameters, the

algorithm works as developed and described in Chapter 4
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6.4 Structural Health Monitoring using External Devices

The final stage of integration performed on the HOPS softweas the addition of a
hardware control module. This control module was made toviadadle from both the
impedance measurement and sensor diagnostic modulesd) whidd allow for data to
be acquired for both validation and SHM purposes. To dateydier to analyze data for
sensor diagnostics or SHM purposes, impedance data hadtakd® manually with an
independent external impedance analyzer, formatted apdried into the HOPS program
for analysis. The format of the information was not consisend the process was time
consuming. To alleviate this burden, the impedance dataisiign module was written
and implemented. This module allows for the direct contfdlaih the WID and an Agilent
4294A impedance analyzer. The acquisition module redueesme required to measure
multiple PZT transducers and eliminates the formattingesassociated with data coming
from multiple sources. A picture of the acquisition modw@ahown in Figure 6.3.

The module has three main GUI panel3evice, Measurementnd Measurement
Information TheDevicepanel selects the device that will be used to take the measumte
The module currently has two devices implemented for conthe WID 1.5, which is
the wireless device developed in this thesis, and an Agd@8tA impedance analyzer.
The Measurementpanel shows the current measurements in the data file thaaded.
When the user selects past measurements, the graphidalydigpe updated to reflect the
selection. The loaded file can also be cleared, if a new meamnt file is desired. The
final panel Measurement Informatigrets the user specify the several parameters that the
measurement will have. These parameters include: stagtapdrequencies, the number
of data points, and the number of sensors in the array. Inpdmel there is also device

dependent information. For example, the WID requires dcatiion cycle, so the value for
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Figure 6.3: A module was added to allow for the control of mxdé devices include the WID
developed for this thesis

the calibration resistor can be input and the Agilent canak# a temperature reading, so

the value must be manually input.

6.5 Conclusions

Through the addition of the sensor diagnostic module anddided ability to control exter-
nal impedance devices, this thesis work made HOPS into agriatied SHM application.

This integration was the overall goal of this thesis. HOR&gable of initiating a measure-
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ment, recording the results, validating the sensor arrdyaaalyzing for structural damage,
all from its GUI. With the additional module for data acqtiisn, it will be possible to in-
crease the number of devices that HOPS can control will maheffort. Future iterations
of the Wireless Impedance Device have already begun to legrated with HOPS for

increased functionality.
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Chapter 7

Conclusions

7.1 Conclusions and Research Contributions

The need for an integrated SHM measurement system was gyimddressed in this the-
sis. A system that could measure, validate and analyze datasingle package did not
exist for low-power SHM systems. This integration consgdtshree main components:
construction of a low-power active-sensing field-depldg&@HM node, development of a
sensor-diagnostic algorithm for sensor arrays and theranoigning of an integrated SHM
environment for hardware control and data analysis. Theifspeontributions of the three

components are discussed further.

Impedance Hardware

The Wireless Impedance Device (WID) was developed to meetea i the structural
health monitoring field for a small, power efficient and fldgilwireless impedance node.
The size of the WID, at 5.2cm x 3.2cm, is a very portable andienient device to use in
various situations, especially compared to typical impedanalyzers with required power

and data lines. The WID also moved beyond the currently alvislactive measurement
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systems by being a stand-alone self-contained piece ofMaaedand not constructed of
prototype hardware.

There are several factors that contribute to the flexiboityhe Wireless Impedance
Device. First, the ability to quickly and efficiently chantdpe code on the micro controller,
through the onboard ISP header, allows one to perform a védety of data manipulation
with minimal effort. Second, the ability to accept powernfraliverse sources through
the built in power port and its low power consumption allowe WID to be powered by
a variety of methods. Finally, the inclusion of a wireleskertgetry solution allows the
sensor node to be placed in remote and inaccessible losatigtmout the constraints of a
wire-based system.

At the current levels of power consumption, the WID is at thmdr extreme of the
power levels presented in previous studies. These powelsleve low even though the
WID is an active-sensing platform, unlike most of the desitethose studies, which dealt
mostly with passive measurement systems. At these powelsléve WID could be pow-
ered by a wide range of energy harvesting methods. All of bowv@ characteristics make

the WID the first deployable low-power impedance measurémeahe available for use.

Sensor Diagnostic Algorithm

The work done on the validation of sensor networks was thersemajor contribution of
this thesis. The imaginary admittance method used in tigisrdhm showed its ability to
validate a sensor system independent of temperature ®ffétte method can be readily
used on sensor arrays with no pre-stored baseline measuieaad potentially on sin-
gle sensors with baseline measurements. The method cadistisguish between sensor

breakage and sensor debonding and give relative percentd@ach, and is sensitive to
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small changes in either condition. The ability to deterntime type of sensor failure had
not been addressed in previous research. The affect ofrdailsce on various SHM mea-
surements was also quantified to allow for a more robust distgmprocedure. In addition,
impedance based measurement in the lower frequency rangessed here are more eas-
ily implemented with currently available hardware, and énégower power requirements

than other methods.

Software Integration

The final contribution of this thesis is the combination of thardware and software com-
ponents into an integrated SHM system. This system, HOP@bites the ability to
measure data, validate the sensors, analyze the data fagédaamd display the results.
Through the addition of the sensor diagnostic module ancdaed ability to control ex-
ternal impedance devices, HOPS has become a truly intelgs&t® application. The final
integrated solution was the culmination of this thesis, mmdther similar system is known
to exist. Future expandability of the system was also camsedl It will be possible to in-
crease the number of devices that HOPS can control with naireffort, by simply adding
modules for the specific hardware. Future iterations of theeMés Impedance Device

have already begun to be integrated with HOPS for increasettibnality.

7.2 Future Work

The continued development of the WID for SHM purposes is m@ry avenue for future
work. It is believed that significant improvements can be enadhe WID in future gener-

ations to include even lower power, greater versatilityriergy delivery, increased number
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of sensors, and unique measurement triggering methoddehiag the device for extreme
environments is also considered an important directioeséarch, and will allow the WID
to be deployed in extreme conditions.

The second main avenue for future work will be the integratibavailable hardware
and software developments. This effort will continue tongrigreater versatility to the
integrated SHM system that was developed in this thesis.dthtian, work on the sin-
gle sensor validation procedure to include a robust regnesschnique, or the search for a
temperature independent feature of the impedance measntegshould be considered. Al-
though SHM systems generally have an array of sensors, argaise in versatility would

be beneficial to the integrated environment.
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