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ABSTRACT 
 

 

Structural Health Monitoring is a useful tool for reducing maintenance costs and 

improving the life and performance of engineering structures.  Impedance-Based SHM 

utilizes the coupled electromechanical behavior of piezoelectric materials to detect 

adverse changes and material and mechanical failures of structures.   Environmental 

variables such as temperature present a challenge to assessing the veracity of damage 

detected through statistical modeling of impedance signals.  An effective frequency shift 

method was developed to compensate impedance measurements for changes resulting 

from environmental temperature fluctuations.  This thesis investigates how the accuracy 

of this method can be improved and be applied to a 100
o
F range of temperatures.  

Building up the idea of eliminating temperature effects from impedance measurements, 

this thesis investigates the possibility of using statistical moments to create a temperature 

independent impedance baseline. 
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1. Introduction 
 

Structural Health Monitoring (SHM) is the process of identifying, locating, and 

quantifying adverse changes that affect the performance of engineering systems.  This 

process is considered part of a broader discipline known as Nondestructive Evaluation 

(NDE).  The purpose of SHM is often to extend the life, improve the reliability and 

safety, and reduce the maintenance costs of engineering systems.  These objectives are 

often achieved by replacing a time dependent maintenance schedule with a condition 

based schedule, where the condition of a system refers to the adverse changes detected by 

the SHM process (Yolken, 2008 and Sohn). 

SHM could potentially be applied to any system which requires the 

aforementioned objectives.  Some general industries and systems in which SHM is often 

researched includes many civil structures such as buildings and bridges, aircraft and 

space structures, railroads, wind turbines, and pipelines.  A fundamental axiom of SHM 

is that all materials have inherent defects (Worden, 2007).  The assessment of damage in 

the SHM process might include identifying changes in these material defects such as 

cracking and delamination of composites (Lehmann, 2006) or it might look at more 

design related issues such as the loosening of bolts (Haynes, et al., 2010), or determining 

the quality of welds (Grisso, 2011). 

The process of SHM can be broken into four main subcomponents: operational 

evaluation, data acquisition, feature extraction, and statistical model development.  The 

operational evaluation stage involves defining economic constraints of the engineering 

system which might require SHM.  In this evaluation engineers would define what is to 
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be monitored in this particular system, what constitutes an adverse change (herein 

referred to as damage), and asses the environmental and operation constraints that would 

determine the kind of SHM sensors and methods to be used (Sohn, n.d.).  Data 

acquisition answers the questions of what kind of data and how should this data be 

collected on the engineering system.  Data acquisition involves the collection of not only 

the data that might be used to determine damage such as dynamic acceleration or strain, 

but would involve the collection of data on temperature or wind speed that affect the 

measurements used for damage detection.  It is not the sensors themselves that measure 

damage, but rather the feature extraction process and statistical classification of these 

signals that converts the acquired data into damage information (Worden, 2007).  The 

feature extraction process uses signal processing methods to pick out characteristics or 

identify statistical patterns in the acquired data.  These characteristics and patterns can 

then be condensed into a quantifiable metric representative of the current state of an 

engineering system.   This state then becomes the input to a statistical model of the 

system.  In this statistical model, the current state is compared with prior states and an 

assessment is made as to whether the system has incurred damage (Rytter, 1993). 

Impedance Based SHM is the implementation of the SHM process with the use of 

piezoelectric transducers.  Piezoelectric materials exhibit an electromechanical coupling 

which allows the transducers to be used as both sensors and actuators.  Generally the size 

of piezoelectric transducers is small relative to the host structure and as a result they are 

beneficial for monitoring inaccessible locations (Park, et al., 1999).     After the 

transducers are bonded to a host structure, its electrical impedance is measured 

periodically during the data acquisition phase of the SHM process.  This data is then sent 
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through the processes of feature extraction and statistical model development.  

Piezoelectric materials typically exhibit high frequency dynamic response properties.  

The size of the damage measureable in a structure is generally inversely proportional to 

the frequency range of the measurements (Worden, 2007).  Therefore, high frequency 

piezoelectric transducers are useful in detecting incipient damage (Park, 1999).  For this 

reason, impedance based health monitoring is also more sensitive to changes in damage 

and consequentially more sensitive to exogenous variables such as temperature, which 

affects everything from the dielectric properties of the sensor to the strain in the structure. 

The effects of temperature on electromechanical impedance measurements are 

important during the signal processing and statistical modeling phases of SHM.  Koo, 

Park, Lee and Yun (2009) have studied the effects of temperature change on the 

amplitude and frequency shifting of impedance measurements associated with 

temperature changes.  Park (1999) has developed a method to compensate for the changes 

in impedance measurements due to temperature using vertical and horizontal shifts. 

This thesis is broken down into two main subsections. First, a temperature 

chamber will be used to show the time-independent nature of impedance measurements. 

This will be followed with an investigation of improvements to the frequency shift 

temperature compensation method suggested by Park and Lee.  This compensation 

technique will be demonstrated to work for at least a 100
o
F range of temperatures. In the 

second subsection, a statistical temperature compensation technique based on central 

moments will be introduced which aims to achieve a temperature independent threshold 

so that no compensation is need when calculating damage metrics.   
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2. Background and Theory 
 

2.1 Piezoelectric Materials 

  

 Special crystalline materials contain an abundance of free electrical charge 

randomly dispersed within the medium (Cady, 1946).  An increase in the awareness of 

these smart materials has developed their potential applications to modern day science 

and engineering.   Industry is using smart materials as transducers for controls 

applications and as sensors for structural health monitoring (APC International Ltd., 

2002).  Smart materials are versatile and as newer, more energy dense smart materials are 

developed, the amount of potential applications grows larger. 

 Piezoelectric materials are the subset of smart materials that generate charge 

under applied mechanical loading and conversely generate mechanical stress under an 

applied electrical load (Park & Inman, 2007).  There are many specific types and 

chemistries of piezoelectric materials, each of which has advantages and disadvantages in 

terms of energy density, structural rigidity, and temperature resistance.  The many 

piezoelectric material options available allow a scientist or engineer to select the right 

chemistry for a specific application (Safari & Akdogan, 2008). 

 Piezoelectric materials are often bonded to a substrate material for actuation or 

sensing.  The electromechanical model representing a piezoelectric material is the same 

for both actuation and sensing (Bhalla & Soh, 2004).  Absent any electrical circuit 

elements, a linear constituitive law can be used in most applications to represent the 

electromechanical behavior.  This law can be written as 

[
 
 
]  [  

   

     
] [
 
 
] 1 
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where S is the strain in the material, D is the dielectric displacement, c
E
 represents the 

material compliance under constant electric field, E, d
T
 represents the dielectric strain 

constant under constant stress, T, and    represents dielectric permittivity under constant 

stress. 

2.2 Impedance Based SHM 

 

 The coupled electromechanical field of piezoelectric materials is useful for 

analyzing damage to an engineering structure.  Impedance Based SHM involves using 

piezoelectric materials bonded to a host structure to acquire signals which will be later 

used to assess the health of the host structure (Giurgiutiu & Rogers, 1997).  Ceramic 

piezoelectric wafers are electrically similar to high-frequency capacitors.  By measuring 

the electrical frequency response of a bonded piezoelectric at high frequencies, cracks, 

delamination, and other mechanical failures can be detected (Park & Inman, 2007).  

Generally speaking of SHM data acquisition, the size of the damage detectable in a 

material is inversely proportional to the frequency range of the acquired signal (Worden, 

2007).  Therefore, Impedance-Based SHM is practical for detecting incipient damage. 

 The bonding between a piezoelectric wafer and a host structure is the essential 

link for determining structural health using the impedance method.  Liang, et. al.  

proposed an electromechanical model of the coupled piezoelectric-host structure 

impedance: 

   ( )
     

  
  
((   

  
   
 

  
)   (

 ( )

 ( )    ( )
)
   
 

  
(
      
   

)) 2 

where    ( )
   is inverse of the electromechanical impedance, Ap is the area of the 

piezoelectric material, tp is the thickness of the piezoelectric material,  ( ) is the 
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structure mechanical impedance,   ( ) is the piezoelectric mechanical impedance, lp is 

the characteristic length of the piezoelectric material,   is the wave number,    is the 

circular frequency and j is the imaginary unit √  .  The electromechanical impedance is 

a complex number and is generally measured using an impedance analyzer.  Although 

Liang presented this model, the difficulty in calculating the mechanical impedance makes 

calculating an explicit predictive model of impedance cumbersome.   

An unbonded piezoelectric wafer can be idealized as a capacitor for electrical 

circuit purposes which means that the frequency response of a piezoelectric can be 

primarily represented with an imaginary number.  When a piezoelectric is bonded to a 

substrate, the coupled electromechanical frequency response is a complex number.  The 

real number part of the impedance is often assumed to be the result of the contribution of 

the host structure.  As a result, the real part of the impedance is often used for statistical 

analysis and damage detection (Park, 1999). 

 

Figure 1.  Coupled electrical and mechanical impedance model. 

In order to quantify damage using the impedance method, data is acquired prior to 

any damage has occurred on a structure.  This measurement record is called the baseline.  

Periodically, the impedance of the sensor is measured then compared with the baseline 

data to make a determination of whether or not an adverse change has occurred to the 

structure in the vicinity of the piezoelectric transducer (Sun, et al., 1995).  This 
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determination is quantified into a damage metric, often through a statistical equation.  

Park (1999) has suggested using the root-mean-square deviation (RMSD) between the 

baseline signal and impedance measurement at any future point in time from the baseline.  

The formula for RMSD is 

      √
∑ (      ̅ )
 
   (      ̅ )

∑ (      ̅ )
  

   

 3 

where Zb is the baseline impedance, Zm is the measured impedance at a later time, i is the 

frequency index, and the over bar indicates the mean.  The RMSD measures the variation 

in impedance at each frequency point then sums the results.  If the variation does not 

change very much then this metric can be used to identify that no adverse changes have 

occurred.  Because temperature effects the baseline measurements, without proper 

compensation, a false determination of damage might be made. 

In statistical measurements, a correlation coefficient determines if two 

measurement signals linearly dependent.  Computation of the correlation coefficient of 

two identical signals produces a correlation coefficient value of 1, two signals with no 

dependence produces a value of 0, and two signals with inverse dependence produce a 

value of -1.  As a result the correlation coefficient,  , has been proposed as another 

statistical method to make a determination of damage using impedance based SHM.  It is 

often more desirable to see a greater value represent greater damage, therefore(   )  is 

often used instead of just  , and n is an exponent of choice to increase the sensitivity of 

the metric to damage. The formula for correlation coefficient is: 

   
 

   

∑ (      ̅ )
 
   (      ̅ )

    
 4 

where sb is the baseline standard deviation and sm is the measurement standard deviation. 
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2.3 Temperature Compensation for Impedance Based SHM 

 

 Changes in ambient temperature can result in thermal strains within a material.  

Temperature induced strain becomes problematic because strain in the structure changes 

the coupled electrical impedance.  If the impedance is not compensated for temperature 

changes, the statistical model for damage detection might produce incorrect results. 

 Several methods have been suggested for impedance measurement temperature 

compensation.  Park (1999) demonstrated that the impedance resonance frequencies shift 

with temperature.  As a result he proposed using a frequency shift parameter to realign a 

baseline impedance measurement recorded at one temperature with the same baseline 

recorded at another temperature.  Park used the RMSD damage metric to optimize his 

frequency shift parameter.  By measuring baseline impedance measurements at various 

temperatures, he calculated the shift parameter by determining the frequency shift which 

maximized the RMSD between two measurements.  Because damage is usually report as 

1-RMSD to show that a higher value of 1-RMSD corresponds with greater damage, the 

maximum of the RMSD between two signals minimizes the damage metric calculated by 

using a frequency shift parameter and a single baseline impedance measurement. 

 Koo (2009) demonstrated that the relationship between resonance frequency and 

temperature was linear for multiple resonances and over temperature range of 60
o
F.  To 

achieve temperature effects free damage detection, Koo used principle component 

analysis to decompose the impedance measurements into smaller sized data sets that were 

statistically uncorrelated.  The method used by Koo was demonstrated to work over the 

long periods of time and for a broad temperature range. 
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3. Frequency Shift Correction Impedance Temperature Correction 
 

3.1 Static and Dynamic Effects of Temperature on High Frequency Impedance 

 

 

 A ¼” thick 6061 Aluminum beam was used as the host structure to study the 

effects of temperature variation on the impedance of a bonded  PZT-5H disc ½” in 

diameter and 1/16” thick.  The disc was bonded with high temperature epoxy rated from -

40
o
F to 210

o
F.  This simple beam was chosen because  the focus of this thesis on the 

signal processing aspects of temperature compensation and not the structural dependence 

of the underlying thermal processes.  The temperature of the Versa Tenn III chamber was 

varied from 32
o
F to 132

o
F in 9

o
F increments using the temperature chamber in several 

sweeps.  The impedance was measured with an Agilent Impedance Analyzer and this 

measurement was taken before, during and after each temperature chamber test.   The 

temperature of the beam was measured using a thermocouple. 

 

Figure 2. Temperature loading function used in Versa Tenn III temperature chamber. 
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 At each measurement temperature, the temperature chamber was allowed to come 

to steady state for 30 minutes after which the impedance was measured.  After the 

impedance measurement, the chamber moved to the next temperature step at a rate of 9
o
F 

per hour.  The test began at room temperature (74.9
o
F, herein referred to as “nominal 

temperature” to distinguish it as a data point from which all other temperature data points 

will be referenced) and ran incrementally from 32
o
F to 132

o
F, then back from 132

o
F to 

32
o
F, and finally the beam was allowed to sit for a long period of time in order to return 

to room temperature. This process was repeated 6 times.  The results of this experiment 

demonstrate the same trends seen by Park (1999) and Koo, Park, Lee and Yun (2009).  

With an increase in temperature, the mean impedance increases in amplitude, the 

resonance features of the impedance FRF shift towards lower frequencies and the 

bandwidth increases.  These trends were noted in each of the 6 repeated tests.   

 

Figure 3. Impedance Measurements for several temperatures. 
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Figure 4.  Trends in modal parameters of impedance measurements. 

 

3.2 Frequency Shift Method for Impedance Temperature Compensation 

 

Park (1999) and Koo (2009) both suggested that the frequency shift was the 

dominant factor to consider for temperature compensation of impedance measurements.  

Park investigated an algorithm that optimized a shift parameter which would be applied 
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5 shows that the baselines are statistically less correlated at temperatures greater than a 

10% deviation of the nominal temperature.  The RMSD also varies significantly beyond a 

10% deviation from the nominal temperature. 

 

Figure 5. Using the nominal 74 oF baseline impedance measurement as a reference, the correlation coefficient and 
RMSD damage metrics were calculated from the beam undamaged impedance measurements at several temperatures. 

 The data condensation and statistical modeling process must compensate for 

temperature variation to prevent false determination damage.  The previous 

demonstration only represents a static view of how temperature influences impedance 

measurements.  There is no explicit model for the SHM impedance methodology and as a 

result it would be difficult to predict with any certainty how the impedance changes with 

temperature over continuous cycles of heating and cooling.  Naturally, in determining 

how to compensate for impedance variation from temperature fluctuations, it is necessary 
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to also consider whether or not there is a drift of the measurements over periods of time.  

By comparing the temperature after each cycle during the heat chamber experiment, it is 

possible to determine whether or not the high frequency impedance measurements are 

temperature and time dependent. 

 

Figure 6. The impedance measurements are dependent only the static temperature values and are independent of 
dynamic changes in temperature over time. 
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The baselines of the temperature chamber experiment will show that the parameters 

calculated from Park’s method and Koo’s method of temperature compensation can be 

extrapolated to a wide range of temperatures.  For each impedance record from the 

temperature chamber experiment, the optimal frequency will be calculated using the 

maximum correlation coefficient (Park’s method with different damage metric for 

optimization).  The results will show that the optimal frequency shift, Δf, can be 

calculated from a linear model for large temperature changes, ΔT, but the accuracy of a 

linear model deteriorates for small temperature changes.  As a result, nonlinear modeling 

of the optimal frequency shift will be demonstrated as an extension to the frequency shift 

temperature compensation method used by Park and Koo. 

3.3 The Frequency Shift Temperature Compensation Method with Optimization 

 

 The purpose of this section is to demonstrate that the temperature compensating 

impedance shifting parameters used by Park (1999) and Koo (2009) can be extrapolated 

to a wide range of temperatures and that better accuracy is achieved in calculating the 

correct shift parameters by use of nonlinear model.  The frequency shift method will be 

demonstrated with data collected in a temperature controlled environment and explained 

using the optimization technique of Koo.  As demonstrated in Figure 4, the resonance 

frequencies of the electrical impedance shift with changes in temperature.  This 

phenomenon was also noted by Koo (2009).  The frequency shift method assumes this is 

the dominant effect on the impedance record and attempts to determine what this 

frequency shift is for each temperature.  After applying the shift to the nominal baseline 

impedance which corresponds with temperature of a recently acquired impedance 
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measurement, the two signals are correlated statistically to determine if there have been 

any changes in the engineering system.   

Both Park and Koo used the frequency shift method to compensate for 

temperature effects in impedance measurements.  The primary difference between the 

work of Park and Koo is that the metric for optimization of the shift parameter.  Park 

reconstructed the impedance measurement from the RMSD equation, and tried to 

optimize the impedance shift parameter based on maximizing the value of this damage 

metric. Park’s goal was to find the parameter    in the shift equation: 

  (        )     (              ) 5 

where Re() represents the real part of the impedance, Zshift, j represents the shifted 

impedance at frequency index j, and Zmeasuired,j-δ represents the measured impedance at 

frequency j shifted by index parameter δ
s
.  Koo optimized the shift parameter by 

determining the maximum correlation coefficient between undamaged baselines 

measured at different temperatures and achieved similar results to Park.  Figure 7 is a 

demonstration of the frequency shift temperature correction method with Koo’s 

correlation coefficient optimization.  Instead of investigating the actual index δ
s
, which is 

data specific, the value of the frequency shift, Δf, will be used for the remainder of this 

analysis.  In summary, the frequency shift method can be outlined as follows: 

 Measure baseline impedance FRFs at varying temperatures 

 Determine optimal Δf for each temperature 

 Select one baseline to be the comparator for future impedance measurements 

 Determine a relationship for Δf/ ΔT 

 Acquire impedance measurements and temperature of engineering structure 
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 Calculate ΔT,  Δf/ ΔT, then Δf. 

 Apply Δf to reference baseline and use statistical model to determine damage 

level. 

 

Figure 7. (top left) intial variation between reference baseline and undamaged beam at 41oF. (top right) maximum 
correlation coefficient is 8 kHz. (bottom) adjusted reference baseline that compensates for temperature variation. 

 Figure 7 shows the sequence to determining the optimal frequency shift from 

baseline data measured at unique temperatures.  By shifting the reference impedance 
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record frequency-by-frequency across acquired impedance record and calculating the 

correlation coefficient at each step, an optimal frequency shift can be determined by the 

location of the maximum value of the correlation coefficient.  If this temperature shift is 

known or can be calculated from a set of baseline data, then when an impedance record is 

acquired after the engineering structure is damaged, there should be a quantitative 

difference between the undamaged and damaged impedance records at this particular 

temperature that may not be present without this compensation.  The results of the 

temperature uncompensated and temperature compensated values of (1-RMSD) and (1-ρ) 

using the frequency shift method is shown in Figure 8. 

 

 

Figure 8. (left) temperature uncompensated calculation of damage metrics. (right) temperature compensated 
calculation of damage metrics. 
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that Koo’s method can be extended for a wider temperature range (100
o
F), but must use a 

nonlinear model for frequency shifting.   The optimal frequency shift for each undamaged 

impedance record was calculated and then a linear model and nonlinear model of 

estimating Δf was investigated for accuracy. 

 

Figure 9. Calculation of shift parameter using 40oF Temperature range (Koo T-Range), and the same calculation using 
an extended temperature range (Ext. T-Range). 
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from its optimal value.  The damage metric sensitivity to miscalculation of Δf/ΔT is 

illustrated in Figure 10 for the 41
o
F and 104

o
F baselines.  This graph shows that a 

significant degree of uncertainty (40%) in the frequency shift parameter is required 

before a possible false detection of damage. But the temperature shift method can 

produce this degree of uncertainty if a linear Δf/ΔT parameter is used for small values of 

ΔT.  This point is illustrated in Figure 11.  A more correct representation of Δf/ΔT can be 

calculated using nonlinear fitting functions and applying a threshold ΔT range for which 

Δf  = 0.  

 

Figure 10.  Sensitivity of damage metric calculation to Δf/ΔT at two tempeartures. 
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Figure 11.  When using the frequency shift temperature correction method a linear Δf/ΔT curve fit parameter can 
miscalculate the correct Δf and result in false reports of damage when ΔT is small. 

The inverse function, the tangent function, and a piecewise polynomial are used to 

demonstrate the effectiveness of a nonlinear calculation of Δf/ΔT.  Figure 11 shows how 

the linear assumption of Δf/ΔT is valid for large values of temperature ΔT.  The linear 

model results in greater than 40% in calculation for small values of ΔT, which in this 

example include a range from [-20,20] 
o
F. 

The curve fit parameters for the nonlinear models were found using a nonlinear 

least squares method and implemented in MATLAB’s curve-fitting toolbox.  The 

formulas for the inverse function, tangent function, and piecewise polynomial fit 

functions with the curve fit parameters are: 
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     (     )    6b 

  

  
              6c 

where p,q,r, and s are the curve fitting parameters, Δf represents the optimal frequency 

shift and ΔT represents the temperature change.  The cubic piecewise polynomial 

function for this example was calculated on three separate intervals: ΔT = [-50,-20], [-

20,20], and [20,50] which achieved the best results. 

Function Name p q r s 

Inverse 2.29 0.6702 -0.1525 - 

Tangent -0.01284 0.00575 1.575 -0.1523 

Piecewise Varies (V) V V V 
 

Table 1. Parameters used to calculate least squares curve fit functions 3a-c. 

 

Figure 12. Tangent, inverse polynomial, and piecewise polynomial nonlinear fit functions for Δf/ΔT.  The threshold 
line indicates the frequency range for which Δf =0. 
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A substantial increase in the accuracy of the estimated frequency shift is evident with the 

use of nonlinear fit functions.  No one single function outperformed the others and all 

three used in this example produced equal results.  The inverse function required the least 

number of fit parameters and produced almost the same trend as the tangent function. 

Figure 13 shows the accuracy of calculating Δf/ΔT by using the nonlinear fit functions.  

Identified in Figure 12 as the ΔT threshold, an additional improvement to the frequency 

shift method would be to create a cutoff temperature shift, below which a frequency shift 

would be ignored altogether, and above which, a curve fit function would be used to 

calculate Δf/ΔT and subsequently the optimal Δf. 

 

Figure 13. By implementing nonlinear fit functions, the value of Δf/ΔT can be calculated with much more accuracy for 
a wider range of temperature values than the linear fit model demonstrated in Figure 11. 

 The frequency shift temperature compensation method determines an optimal 
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calculation of the damage metric.  This method assumes that frequency shifts dominate 

other changes in the impedance frequency response function such as amplitude and 

bandwidth.  The optimization as demonstrated by Park and Koo can be extended to a 

wide range of temperatures.  A linear model for calculating the frequency shift is 

sufficient when large temperature changes are expected.  However, a nonlinear model is 

better for a mid-range of temperatures and a threshold can be set within a certain 

temperature range for which no frequency shift should be applied. 
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4. Achieving Temperature Independent Baseline Data 
 

4.1 Statistical Method for Achieving Temperature Independent Baseline 

Information 

 

 Because there is no model for the impedance method, the impedance frequency 

response function can be assumed a random variable.  Statistical moments are 

measurements of central tendency in a random variable.  The mean is the well-known 0
th
 

moment of the data set and indicates the expected value.  Higher order moments indicate 

information about the spread of the data about its mean.  Outliers in the data produce 

greater values of the central moments than if there were no outliers in the data.  The 

impedance measurements of a damaged beam are more prone to outliers, but as 

demonstrated in Figure 4, the temperature dependent frequency shift is not the only 

dominant change in impedance.  The amplitude and bandwidth of the impedance FRF 

resonances vary with temperature as well.  These changes will also result in changes in 

the central moments. 

 The k-th order normalize central moment of a set of data can be calculated as 

 ([  ])   
 

 
∑  
 

 

 7 

Where E([]) is the expected value operator, Z represents the random variable, N 

represents the number of data points in the measurement record, and k represents the 

order of the moment.  The values of k=0,1,2, and 3 correspond to commonly termed 

moments of the mean, variance, kurtosis, and skewness.  Higher order moments are 

typically referred to as the k-th order moment. 
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 The calculation of the central moment reduces the random variable to one value 

taking into account the shape of all of the data points.  This method does not compare two 

impedance measurements a priori to this calculation as is done with the frequency shift 

method.  The central moments might be indicative of amplitude peaks and frequency 

shifts in the data, but is representative of the whole data set and not specific features 

within the data set.  Based on the calculation of the central moments, it might be possible 

to develop a temperature independent model for damage detection, but there is not the 

same guarantee as can be achieved by accurately implementing the frequency shift 

compensation method. 

 Using the data from the temperature chamber experiments, the mean, variance, 

kurtosis, and skewness are calculated for the undamaged and damaged measurement data.  

Figure 14 demonstrates that for this particular set of impedance measurements, the 

variance (1
st
 order) was the only moment that resulted in an identifiable threshold from 

which the damaged data could be separated from the undamaged data.  In addition, the 

variance indicates a relatively temperature independent pattern, but this is not always 

necessarily true and is entirely dependent on the specific impedance data.  A damage 

threshold is not identifiable for the other calculated moments.  In addition, these moments 

demonstrate a temperature dependent pattern. 
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Figure 14.  The central moments calculated for the undamaged and damaged impedance measurements at varying 
temperatures.  The variance shows a temperature independent pattern and an identifiable damage threshold. 

 The primary problem with using the central moments method is that it might not 

work for a particular data set.  The central moments method of damage identification 

could potentially be improved if the impedance measurements were filtered through a 

feature identification process first and the data set was reduced to a set of several usable 

and meaningful data points. 

4.2 Wavelet Data Reduction and Feature Identification Used with Central 

Moments Method 

 

 Wavelet decomposition is usually applied to time or spatial domain data because 

the decomposition represents the frequency content of a signal as a function of time.  The 

impedance measurements are already frequency domain measurements and so a wavelet 

decomposition of the signal wouldn’t represent anything in particular in the time or 

frequency domains, but it could still be used as a feature identification tool. 
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 The impedance measurements utilized in this thesis, as shown in Figure 15, are 

essentially stochastic frequency response functions of a piezoelectric material bonded to a 

host structure. The impedance baseline measurement contains small peaks of noise 

throughout the signal.  Statistical analysis and correlations of the impedance 

measurements can be affected by the noise in the signal, but the resonance peaks of the 

signal can be a useful comparator between impedance measurements.  

 

Figure 15. Example of Impedance Baseline Measurement. 

By using wavelet decomposition, the noise details of the impedance signal can be 

separated from the frequency response resonances.  The decomposed profiles of the 

impedance measurements can be used to extract the relevant features of the signal which 
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will ultimately improve the statistical correlation between sets of impedance 

measurements.   

Using wavelet analysis, the temperature dependent impedance baselines were 

analyzed at different scales.  Many wavelet functions exist and determining which one to 

use is somewhat of a trial and error process.  For this analysis, the db4 (Daubechies-4) 

wavelet function was used to decompose the signals.  Decomposition of a signal is 

achieved by translating and convolving the wavelet with the signal.  Each 

Decompositions represent the amplitude of the signal within a specific frequency 

bandwidth.  A scale factor, a, can be applied to the wavelet to stretch it out or make it 

more narrow.  This scale factor is directly related to the frequency scale of the 

decomposition and a wavelet constant called the center frequency.  When implementing a 

discrete wavelet transform (DWT), the scale values, a, take on specific values and the 

number of decompositions is bounded by the number of data points of the signal 

according to the following equation: 

      8 

where m is the maximum number of scales that can be calculated from the DWT and N is 

the number of data points in the measurement.  The values of the scales are calculated by 

     
  9 

where ai represents scale i<m.  Consequently, for each subsequent level of 

decomposition, the frequency range doubles and therefore the signal can be down-

sampled by a factor of 2.  Each level of decomposition is has two sets of coefficients: 

approximation and detail.  The approximation coefficients are found by low-pass filtering 

and down-sampling the previous detail coefficients.  The detail coefficients are found by 
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high pass filtering and down-sampling the previous detail coefficients.  Approximation 

coefficients are representative of the overall global shape of a signal and detail 

coefficients depict the subtle changes at specific points within a signal.  This will help 

determine how to select a set of coefficients which can be more easily analyzed for 

statistical changes.  Since the overall shape of the impedance measurements is relatively 

independent of temperature the approximation coefficients might be the most useful for 

calculating a temperature independent damage metric. 

The impedance measurements are already in the frequency domain, the 

decomposed signals would have the units of cycles/Hz.  This is an extraneous fact and 

irrelevant to the goal of separating out the noise in the signal from the desired features for 

an improved statistical analysis of the signals.  Higher levels of decomposition represent 

higher frequency bands. 

 

Figure 16. Wavelet function and wavelet scaling function for db4. 

 The wavelet decomposition energy is a metric used to identify the effective signal 

amplitude in that distinct frequency range.  This value is calculated as the sum of the 

squares of the amplitudes of the signal in a specific level of decomposition.  This energy 

distribution is a useful comparator for the undamaged and damaged temperature varying 
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impedance measurements.  The energy increases by an approximate factor of 10 from the 

undamaged to damaged 41
o
F and 104

o
F baselines as shown in Figure 17.  

 

Figure 17. (top left) Energy distribution for undamaged 41 F impedance baseline. (top right) damage 41 F baseline. 
(bottom left) undamaged 104 F baseline. (bottom right) damaged 104 F baseline. 

While there is a significant change in signal energy between undamaged and damaged 

baselines, for these specific impedance measurements taken experimentally, the energy is 

not an independent indicator of damage.  The energy of the damaged beam impedance 

measurement at 104
o
F is on the same order of magnitude as the energy of the undamaged 

beam impedance measurement at 41
o
F.  The energy of the damaged beam impedance at 

41
o
F is yet another order of magnitude greater.  Therefore, it is reasonable to conclude 

that a clearly identifiable threshold that would separate energy for undamaged and 

damaged impedance measurements in a temperature independent could not possibly be 

determined. 
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Figure 18.  Each level of decomposition indicates locations of specific frequency content within an impedance 
measurement. 
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Figure 18 shows how specific features of the impedance measurement can be 

extracted by analyzing the coefficients at different levels of decomposition.  By applying 

a threshold to the coefficients, the amplitudes of the largest coefficients at a particular 

level of decomposition can be selected and the rest of the data can be ignored. 

 

Figure 19. Data reduction of decomposition level 9.  Only the most significant coefficients are retained. 

  

The approximation coefficients of wavelet decomposition represent the overall 

shape of a signal.  The analysis of the impedance measurements recorded in the 

temperature chamber will utilize the approximation coefficients at the level 12 

decomposition calculated from a db4 discrete wavelet transformation.  Level 12 was 

chosen because after an extensive investigation of all of the decomposition levels, this 

produced the most adequate results to demonstrate the effectiveness of using wavelet 

decomposition as a feature selection method and a way to calculate temperature 

independent baseline data. Figure 20 shows the level 12 approximation coefficients for 

several temperature changes.  The 74.3
o
F baseline was used as the temperature reference.  

Figure 21 shows the approximation coefficients between the undamaged and damaged 

baselines at constant temperature. By calculating central moments of the undamaged and 

damaged temperature varying impedance measurements decompositions it can be shown 
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that there is a definitive qualitative threshold between undamaged beam data and 

damaged beam data for the 0
th
 and 1

st
 moments as shown in Figure 22.   

 

 
Figure 20.  Level 12 approximation coefficients of temperate dependent impedance measurements. 

 

Figure 21.  Level 12 approximation coefficients between undamaged and damaged baselines at constant temperature. 
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 The difference in the data is profound enough for the mean and variance that a 

significant improvement can be seen over using the entire impedance measurement 

records.  No improvement was noticed with the higher order moments.  As a reference, 

the central moments as calculated from several levels of the detail coefficients are plotted 

in Figure 23.  Because the detail coefficients are calculated from a high pass filter, they 

contain high frequency content and the noise contained within the impedance 

measurements.  As expected, the detail coefficients did not achieve the same results as 

the approximation coefficients. 

 
Figure 22.  Calculation of central moments after wavelet decomposition is applied to impedance measurement. 
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Figure 23. Moments calculated from detail coefficients. 

 The central moment method can be used to reduce impedance measurements to a 

single metric.  With undamaged baseline impedance measurements at a wide range of 
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temperature, a damage threshold independent of temperature can be qualitatively 

assessed from the trend of temperature trend of the central moments.  This reliability of 

this method is heavily dependent on the shape of the impedance frequency response 

functions and for the data presented in this thesis works better for lower moments than 

higher moments. 

 A discrete wavelet transform applied to the baseline impedance measurements can 

improve the results of the central moment method.  The DWT decomposes the signal into 

sub-bands of defined frequency content.  The approximation coefficients represent the 

global shape of the impedance frequency response and can be used to identify broad 

peaks.  The detail coefficients represent the high frequency content and noise of the 

impedance measurements.  By decomposing the impedance measurements into their 

highest level approximation coefficients, a significant improvement was seen in the 

calculation of the mean and variance.  The end result is that the wavelet decomposition 

was able to demonstrate that by using the highest low-pass filtered sub-band of the 

impedance measurements, that a more reliable qualitative, temperature independent 

threshold could be calculated from the mean and variance. 
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5. Conclusions 

 
 Structural Health Monitoring can be a useful tool for identifying, locating, and 

quantifying undesirable changes to engineering systems.  The advantages to 

implementing an SHM include reduced maintenance costs and extended life.  Impedance-

based SHM utilizes the coupled electromechanical effect of piezoelectric materials to 

acquire information about an engineering system.  The signals acquired at high 

frequencies from piezoelectric sensors coupled to host structures are not easily modeled 

and can be adversely affected by environmental factors such as temperature.  Without 

proper compensation for changes in impedance measurements resulting from temperature 

fluctuations, damage to a structure might by falsely detected.  The result of a false 

detection could be wasted time, money, and effort investigating and attempting to fix a 

problem that doesn’t exist. 

 Impedance-based SHM begins with acquisition of an impedance signal from a 

piezoelectric sensor.  Several baseline measurements are taken at varying temperatures 

when the host structure is undamaged.  These measurements are then compared with 

future measurements by data reduction and statistical modeling to make an assessment as 

to whether the structure has any adverse changes.  Damage metrics are the quantitative 

descriptions of these adverse changes.  Two common damage metrics used are the RMSD 

and correlation coefficient.  Park and Koo both investigated damage metric temperature 

compensation.  Both Park and Koo assumed that a frequency shift dominated the changes 

in impedance measurements recorded at different temperatures.  Their compensation 

method is referred to as the effective frequency shift method. 
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 This thesis investigated the accuracy and range for which the effective frequency 

shift method can be applied.  By using a controlled temperature environment, a beam was 

studied as the host structure undergoing both changes in temperature and damage.  The 

FSM was investigated in a temperature range of 100
o
F.  Through the course of the 

experiments it was determined that impedance measurements are dependent on the 

current temperature and not on the time rate of change of temperature.  Secondly, it was 

verified that without a frequency shift, undamaged baseline data could result in falsely 

detected damage when using RMSD and correlation coefficients as damage metrics and 

the temperature variation was at least a 20% deviation from a reference temperature. 

 Park and Koo optimized their frequency shift based on minimizing the damage 

metric between two undamaged impedance measurements recorded at different 

temperatures.  It follows that the optimal frequency shift produces a linear trend over a 

100
o
F range of temperatures, but upon further inspection a linear model of the optimal 

frequency shift works best for large temperature changes.  When temperature changes 

between impedance measurements are small, a nonlinear fit function must be applied to 

accurately determine the optimal shift.  In addition, a temperature change threshold can 

be established below which the frequency shift can be assumed negligible.  The 

combination of a nonlinear fit function and minimum temperature change threshold 

improve the accuracy of the frequency shift temperature compensation method. 

 Ultimately, it would be desirable to reduce the impedance data to a value that is 

temperature independent.  One such way to do that is to calculate its statistical n-th order 

central moment, with the assumption that the shape and contour of damaged impedance 

measurements will vary significantly from that of undamaged impedance measurements.  
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In a sense, the central moment method is useful if frequency shifting is not the dominant 

effect of temperature changes.   

The central moments damage detection method is highly dependent on the shape 

and contours of the impedance measurements for which there is no clear model and as 

such the results of this method can be highly uncertain.  From the data collected in this 

thesis, a clear damage threshold was not able to be identified from any of the central 

moments up through 10
th
 order.  In order to overcome this dilemma, the impedance 

measurements were filtered to extract specific features that might better identify a 

damage threshold using the central moments method. 

The discrete wavelet transformation was applied to all of the undamaged 

impedance measurements to extract information about specific frequency sub-bands.  

These decomposition levels were then analyzed to determine if they could be used to 

improve damage detection using central moments.  The approximation coefficients are 

the low-pass filtered amplitudes of the impedance measurements.  These coefficients 

were able to extract features about the overall shape of the impedance measurement and 

improved the accuracy of the central moments method.  On the contrary, the high-pass 

filtered amplitudes contained in the detail coefficients provided no useful data that could 

improve the accuracy of damage detection using the central moments method.  The 

highest level of decomposition (12 for the measurements in this thesis) provided the least 

amount and most sensitive data for which to calculate the central moments.  By using the 

level 12 approximation coefficients of the temperature varying impedance signal, it was 

possible to see an improvement to qualitatively determining a temperature independent 

damage detection threshold for the mean and variance (0
th
 and 1

st
 order moments).  
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Higher order moments did not prove useful to detection of damage.  A drawback of using 

central moments is that it is not easy to determine a priori to damage where the damage 

threshold should be.  But with the use of feature selection from the wavelet transform, the 

sensitivity of the central moments method was improved, lessening the risk of not 

detecting damage from an arbitrary assessment of the damage threshold. 

This thesis discussed improvements to existing temperature compensation damage 

detection algorithms.  The first algorithm was the frequency shift method and the second 

was the central moment method.  The advantage of the frequency shift method is that 

when modeled correctly it can be very accurate especially when frequency shifts 

dominate the effects of temperature change in impedance measurements.  By calculating 

the central moments of impedance data it is possible to end up with a temperature 

independent damage threshold.  These two methods are not wholly comprehensive of the 

temperature correction algorithms for impedance-based SHM.  For example, another 

method used is outlier analysis.  Because impedance-based SHM is not an easily modeled 

process there will always be a need to further investigate how to best compensate for 

temperature and other environmental variables. 
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