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ABSTRACT 

 Electromechanical (E/M) impedance method is 
emerging as an effective and powerful technique for 
structural health monitoring (SHM). The electrical 
impedance of a PZT sensor can be directly related to 
the mechanical impedance of a host structural 
component where the PWAS is attached. Through 
piezoelectric wafer active sensors (PWAS) 
permanently attached to the structure, the E/M 
impedance method is able to measure directly the 
high-frequency local impedance spectrum of the 
structure. The high-frequency local impedance 
spectrum is much more sensitive to incipient damage 
than the low-frequency global impedance. This feature 
makes the E/M impedance method well suited for 
applications in structural health monitoring, and is 
considered as a new nondestructive evaluation (NDE) 
method. A key aspect of impedance-based structural 
health monitoring is the use of PWAS as collocated 
sensors and actuators. The durability and survivability 
of PWAS and its bond with structure have not been 
well established. They may affect the impedance 
readings and give the wrong evaluation. 
 The purpose of this paper is to explore the 
durability and survivability issues associated with 
various environmental conditions on PWAS for 
impedance-based structural health monitoring. Our 

approach consists of several stages. First, we put the 
PWAS into oven to determine how it behaves in the 
temperature range associated with operational usage. 
Free PWAS and bonded PWAS were placed in an oven 
and exposed to a certain temperature and a heating cycle. 
Second, we put the free PWAS and bonded PWAS with 
different adhesives and coatings in the outdoor 
environment to determine how it behaves in different 
weather conditions (sun, rain, etc.). Third, we determine 
how PWAS behaves when exposed to water and various 
maintenance fluids (hydraulic fluids and lubrication 
oils).  
 Characterization of the free PWAS and bonded 
PWAS on aluminum structures was recorded and 
compared before, during, and after the various 
conditions are applied.  

INTRODUCTION 

BACKGROUND 
 Structural health monitoring (SHM) is a method of 
determining the health of a structure from the readings 
of an array of permanently-attached sensors that are 
embedded into the structure and monitored over time. 
SHM can be performed in basically two ways, passive 
and active. Passive SHM consists of monitoring a 
number of parameters (loading stress, environment 
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action, performance indicators, acoustic emission from 
cracks, etc.) and inferring the state of structural health 
from a structural model. In contrast, active SHM 
performs proactive interrogation of the structure, 
detects damage, and determines the state of structural 
health from the evaluation of damage extend and 
intensity. Both approaches aim at performing a 
diagnosis of the structural safety and health, to be 
followed by a prognosis of the remaining life. Passive 
SHM uses passive sensors which only “listen” but do 
not interact with the structure. Therefore, they do not 
provide direct measurement of the damage presence 
and intensity. Active SHM uses active sensors that 
interact with the structure and thus determine the 
presence or absence of damage. The methods used for 
active SHM resemble the methods of nondestructive 
evaluation (NDE), e.g., ultrasonics, eddy currents, 
etc., only that they are used with embedded sensors. 
Hence, the active SHM could be seen as “embedded 
NDE”. One widely used active SHM method employs 
piezoelectric wafer active sensors (PWAS), which 
send and receive Lamb waves and determine the 
presence of cracks, delaminations, disbonds, and 
corrosions. Due to its similarities to NDE ultrasonics, 
this approach is also known as “embedded 
ultrasonics”. 
 The electromechanical (E/M) impedance method is 
an embedded ultrasonic method that is emerging as an 
effective and powerful technique for SHM. The 
impedance method provides several advantages over 
traditional NDE approaches. Through PWAS 
permanently attached to the structure, the E/M 
impedance method is able to measure directly the 
high-frequency local impedance spectrum of the 
structure. Because the high-frequency local impedance 
spectrum is much more sensitive to incipient damage 
than the low-frequency global impedance, the E/M 
impedance method is better suited for applications in 
structural health monitoring then other more 
conventional methods. The method is very suitable for 
an autonomous continuous monitoring system because 
the data acquisition procedure can be automated and 
requires minimal user interference. An analytical 
model of the structure is not required, making the 
method attractive for use on complex structures. 
Furthermore, piezoelectric sensors possess several 
ideal characteristics for structural health monitoring 
sensors. The E/M impedance method utilizes as its 
main apparatus an impedance analyzer that reads the 
in-situ E/M impedance of the PWAS attached to the 
monitored structure.  
 A key aspect of impedance-based structural health 
monitoring is the use of PWAS as collocated sensors 
and actuators. The basis of this active sensing 
technology is the energy transfer between the actuator 

and its host mechanical system. It has been shown that 
the electrical impedance of the PZT material can be 
directly related to the mechanical impedance of a host 
structural component where the PWAS is attached. 
Utilizing the same material for both actuation and 
sensing not only reduces the number of sensors and 
actuators, but also reduces the electrical wiring and 
associated hardware. Furthermore, the size and weight of 
the PWAS are negligible compared to those of the host 
structures so that its attachment to the structure 
introduces no impact on dynamic characteristics of the 
structure. The impedance-based health monitoring 
technique has been successfully applied to various 
structures ranging from aerospace to civil structures. 

MOTIVATION 
 Impedance-based structural health monitoring 
techniques have been developed as a promising tool for 
real-time structural damage assessment, and are 
considered as a new non-destructive evaluation (NDE) 
method. However, it should be pointed out that the 
impedance method has been tested only under laboratory 
conditions. As the knowledge of author, no study has 
been established as to how effective the impedance 
method can be in applications subjected to a wide range 
of operational and environmental condition changes. 
Research must be focused more on the testing of real 
structures in their operational conditions rather than 
laboratory tests of representative structures. The 
objective of this paper is to explore the durability and 
survivability issues associated with various 
environmental conditions on PWAS for impedance-
based structural health monitoring. Future research must 
be focused more on the testing of real structures in their 
operational conditions rather than laboratory tests of 
representative structures. 
 

STATE OF THE ART 

IMPEDANCE MEASUREMENT METHODS 
 Impedance is an important parameter used to 
characterize electronic circuits, components, and the 
materials used to make components. Impedance (Z) is 
generally defined as the total opposition a device or 
circuit offers to the flow of an alternating current (AC) 
at given frequency, and is represented as a complex 
quantity. An impedance vector Z consists of a real part 
(resistance, R) and an imaginary part (reactance, X). To 
find the impedance, we need to measure at least two 
values since impedance is a complex quantity. 
 An analytical model of the structure is not required, 
making the method attractive for use on complex 
structures. The frequency range for a given structure is 
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commonly determined by trial-and-error and there has 
been little analytical work carried out regarding the 
vibration modes of complex structures at the 
ultrasonic frequency region. Sun et al. (1995a) 
suggested that a frequency band with high mode 
density is favorable as it generally contains more 
structural information about the condition of a 
structure. In the impedance-based method, multiple 
frequency ranges containing 20–30 peaks are usually 
chosen, because a higher density of modes implies that 
there is a greater dynamic interaction over that 
frequency range. A frequency range higher than 200 
kHz is found to be favorable in localizing the sensing, 
while frequencies range lower than 70 kHz covers a 
larger sensing area. 

OVEN TEST 

OVEN TEST OBJECTIVE  
 Oven test is a part of tests of durability and 
Survivability of Piezoelectric Wafer Active Sensor 
(PWAS). The objective of this test is to determine 
how the piezoelectric material behaves in the 
temperature range associated with SHM usage. The 
test consist of exposing PWAS in an oven to the given 
temperature range for the specified period of time. The 
functionality of the PWAS has been tested before and 
after temperature exposure via impedance spectra 
measured using the Hewlett Packard 4194 
Electromechanical Impedance Analyzer.  
 The impedance of free PWAS has been measured 
on the following frequency ranges: R1-R2: 100-900 
kHz (in plane vibrations narrow), R1-R#: 100-3100 
kHz (in plane vibrations wide), and T1: 10.5-12.5MHz 
(thickness vibrations). Additionally, PWAS bonded to 
metallic plate will be tested on the range P1-P6: 1-40 
kHz (plate flexural modes). 

EQUIPMENT/APPARATUS AND SPECIMENS 
 Oven Max Temperature: 704˚C, Hewlett Packard 

4194 Electro-Mechanical Impedance Analyzer (Figure 

1

 

 

(a) 

Impedance analyzer
 

(b) 
Figure 1 Equipments (a) Blue M Electric Oven (Max 

Temperature: 704˚C) (b)HP 4194 Impedance Analyzer 
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 Two types of specimens have been used (Figure 
2). The bond adhesive is M Bond 200.The connection 
wire is AWG 38. The diameter of wire is 0.1mm. 

 
(a) 

 
(b) 

Figure 2 Specimens, (a) Schematic free PWAS and PWAS 
attached to metallic plate specimen, (b) Free PWAS 
and PWAS attached to metallic plate specimen  

HEATING PROCEDURE 
 The heating tests consist of two parts: The first 
part is placing PWAS in an oven and exposing them to 
175F for an hour and cool down to room temperature. 
We tested for 5 times. The other part is placing PWAS 
in an oven and exposing them to an automatic cycling 
temperature for a given amount of time. 
 One Cycle consists of two segments. Segment1: 
Rise from 100F to 175F for an hour and last for 5 
minutes in 175F. Segment2: Fall from 175F to 100F 
for an hour and last for 5 minutes in 100F 

100
110
120
130
140
150
160
170
180
190
200

0 50 100 150 200 250
Time (min)

Te
m

pe
ra

tu
re

 (F
)

Temperature Cycle Graph 

 

 Figure 3 Temperature cycles graph 

TENDENCY AND SPECTRUM COMPARISONS 

Free PWAS 
 Here we discuss the behavior of the free PWAS #1. 
After a 1200-cycle oven exposure, no significant change 
was observed in the PWAS spectrum (Figure 4).  
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 (b) 

Figure 4 Comparison of PWAS #01 with polyurethane coating 
spectra. After a 1200-cycle oven exposure, no 
significant change is recorded: (a) narrow-band 
spectrum showing only the first two resonance 
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frequencies; (b) broadband spectrum showing 
several resonance frequencies 

Bonded PWAS 
 Here we discuss the behavior of the bonded PWAS 
#2. After a 1200-cycle oven exposure, no significant 
change was observed in the PWAS spectrum (Figure 
5).  
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(b) 

Figure 5 Comparison of PWAS #02 with polyurethane 
coating spectra. After a 1200-cycle oven exposure, 
no significant change is recorded: (a) narrow-band 
spectrum showing only the first four resonance 
frequencies; (b) broadband spectrum showing 
several resonance frequencies 

OUTDOORS TEST 

OBJECTIVE  
 The objective of outdoors test is to determine how 
the piezoelectric material behaves in the different 
weather conditions (sun, rain …) associated with 
SHM usage. The test consists of placing Piezoelectric 
Wafer Active Sensors (PWAS) in a cage and exposing 
them to the outdoor environment in the parking lot. 
The intended duration of the test is one year. The 
functionality of the PWAS was tested before and after 

environment exposure via impedance spectra measured 
using the Hewlett Packard 4194 Electromechanical 
Impedance Analyzer. The periodicity of measurements 
will be one per week.  
The impedance of free PWAS will be measured on the 
following frequency ranges: R1-R2: 100-900 kHz (in 
plane vibrations narrow), R1-R#:100-3100 kHz (in plane 
vibrations wide), and T1:10.5-12.5 MHz (thickness 
vibrations). Additionally, PWAS bonded to metallic 
plate will be tested on the range P1-P6: 1-40 kHz (plate 
flexural modes). 

SPECIMENS AND EQUIPMENTS 
 Sixteen specimens were fixed with a stand which 
was put into a cage (Figure 6).  Types and numbers are 
listed in Table 1 and Table 2. The cage is made by hand 
and we use Hewlett Packard 4194 Electro-Mechanical 
Impedance Analyzer to record the data.  
 

 
(a) 

 

Free PWASBonded PWAS 

 
(b) 

Figure 6 Fixtures for testing the PWAS specimens: (a) 
specimens in a cage placed outdoors; (b) specimens 
stand that fits inside the cage 
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Table 1 Free PWAS 

    AWG 
38 

M-LINE three 
conductor Cables 

No coating 1 
(No.40) 1 (No.42) 

M-Coat A-
Polyuretha

ne 

1 
(No.41) 1 (No.43) 

M-Coat C-
Silicon 

1 
(No.46) 1 (No.44) 

Protectio
n coating 

M-Coat D-
Acrylic 

1 
(No.48) 1 (No.45) 

Table 2 Circular plate specimen with PWAS 
Adhesive 

  

M-Bond 200-
Cyanoacrylate 

w/Catalyst 

M-Bond AE10-2-
part,100% Solids 

Epoxy System 
No 

coating 1 (No.22) 1 (No.33) 
M-Coat 

A-
Polyureth

ane 1 (No.23) 1 (No.34) 
M-Coat 

C-Silicon 1 (No.27) 1 (No.35) Pr
ot

ec
tio

n 
co

at
in

g 

M-Coat 
D-Acrylic 1 (No.28) 1 (No.36) 

 
 We use two kinds of connection wire. One is 
AWG 38. The other is Micro-Measurements Strain 
Gage Accessories: M-LINE Three Conductor 
Cables.(Figure 7) Stranded silver-plated copper wire, 
3-conductor twisted cable, etched Teflon insulation 
Small, flexible cable. For use from -452° to +500°F (-
269° to +260°C). Color-coded red/white/black. 
Insulation treated for bonding. 

 
Figure 7 M-LINE Three Conductor Cables 

TENDENCY AND SPECTRUM COMPARISONS 
 There are not any significant changes after 20-
week test except there is a lot of dust deposit on the 
surface of PWAS.(Figure 8) 

 
(a) 

 
(b) 

Figure 8 Samples after 20-weeks outdoors. (a) Free PWAS, (b) 
Bonded PWAS 

Free PWAS 
 Here we discuss the behavior of the free PWAS #43. 
After a 20-week outdoor exposure, no significant change 
was observed in the PWAS spectrum (Figure 9).  
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 (b) 

Figure 9 Comparison of PWAS #43 with polyurethane 
coating spectra. After a 20-week outdoor exposure 
no significant change is recorded: (a) narrow-band 
spectrum showing only the first two resonance 
frequencies; (b) broadband spectrum showing 
several resonance frequencies 

Bonded PWAS 
 Here we discuss the behavior of the PWAS #23 
bonded to a circular plate. After a 20-week outdoor 
exposure, no significant change was observed in the 
PWAS spectrum (Figure 10).  
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(a) 

Figure 10 Comparison of PWAS #23 with polyurethane 
coating spectra. After a 20-week outdoor exposure 
no significant change is recorded: (a) narrow-band 
spectrum showing only the first four resonance 
frequencies;  

WEATHER: 
 The weather conditions during the exposure are 
recorded from the NOAA website ( 
http://www.erh.noaa.gov/cae/climate/) 
From this report we can extract plots of temperature, 
and rain over the testing period (Figure 11). 
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(b) 

Figure 11 Weather is recorded from NOAA website, plots from 
these data: (a) Temperature, showing high, low and 
average temperature of days from initial 
measurement; (b) Rainfall, showing rainfall of days 
from initial measurement 

SUBMERSION TEST  

 The objective of this test is to determine how the 
piezoelectric material behaves when exposed to various 
liquid substances associated with SHM usage.  The test 
consists of placing PWAS in containers and submerging 
them in the substance for a specified period of time.  The 
PWAS are tested intermittently to monitor effects from 
submersion in the various fluids (Figure 12).  Impedance 
spectra acquired over 85 days for each PWAS are shown 
in Figure 11, below.  Note that the impedance spectra of 
PWAS 01, submerged in saline water, show more 
change than the other PWAS spectra.  Generally, the 
spectra for PWAS 01 show the only significant change 
over 85 days (Figure 13). 
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Figure 12 Submersion test samples. 
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Figure 13 PWAS impedance spectra collected over 85 days of 

submergence in various fluids associated with Air 
Force usage 
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CONCLUSION AND FURTHER WORK 

 We compared the Electromechanical (E/M) 
impedance spectra of free and bonded PWAS after 
exposure to various environmental conditions, 
temperature cycles (oven tests), climatic factors 
(outdoors tests) and operational fluids (immersion 
tests) were used. Free and bonded PWAS were 
considered. Various adhesives and protective coatings 
were used. These tests started about six months ago 
and are still in progress; so far no significant change is 
recorded. This means the PWAS and bond between 
PWAS and aluminum substrate can withstand the 
temperature range and weather conditions associated 
with SHM usage. We will continue our test for one 
year to see what happens. From the results we got so 
far, PWAS and the adhesive bond is good for normal 
use. We will continue other environmental condition 
tests such as freeze-thaw test and humidity test. We 
plan to do some physical properties tests such as shake 
test and tensile test, etc. 
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