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An Integrated Active Sensing System for Damage 
Identification and Prognosis 

Jeannette R. Wait, Gyuhae Park, Hoon Sohn, Charles R. Farrar 
Los Alamos National Laboratoty, Los Alamos, New Mexico, 87544, USA 

This paper illustrates an integrated approach for identifying structural damage. Two 
damage identification techniques, Lamb wave propagation and impedance-based methods, 
are investigated utilizing piezoelectric (PZT) actuators/sensors. The Lamb wave propagation 
and the impedance methods operate in high frequency ranges (typically > 30 kHz) at which 
there are measurable changes in structural responses even for incipient damage such as 
small cracks, debonding, delamination, and loose connections. In Lamb wave propagation, 
one PZT is used to launch an elastic wave through the structure, and responses are 
measured by an array of sensors. The technique used for the Lamb wave propagation 
method looks for the possibility of damage by tracking changes in transmission velocity and 
wave attenuationheflections. Experimental results show that this method works well for 
surface anomalies. The impedance method monitors the variations in structural mechanical 
impedance, which is coupled with the electrical impedance of the PZT. Through monitoring 
the measured electrical impedance and comparing it to a baseline measurement, a decision 
can be made about whether or not structural damage has occurred or is imminent. In 
addition, significant advances have been made recently by incorporating advanced statistic- 
based signal processing techniques into the impedance methods. To date, several sets of 
experiments have been conducted on a cantilevered aluminum plate and composite plate to 
demonstrate the feasibility of this combined active sensing technology. 

Nomenclature 

Z(0)  = 

geometric constant of PZT 
dielectric coupling constant 
damage index 
dielectric constant at zero stress 
signal to be transformed 
current 
dilation 
time 
translation 
voltage 
frequency 
wavelet transform 
wavelet 
electrical admittance 
complex Young’s modulus of PZT 
mechanical impedance 

I. Introduction 
N essential part of the damage prognosis concept is the ability of structural systems to sense and monitor any A relevant change in properties of the system that may affect its life or operation. The major issues associated 

with sensing systems for damage prognosis are I )  the ability to find incipient and advancing damage, 2) the ability 
to assess operational and environmental conditions for estimating future loading conditions, and 3) the ability to 
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provide required data for prognosis algorithms to estimate the remaining useful life of a structure. Piezoelectric 
materials (PZT) can be utilized to meet most of the aforementioned requirements for damage prognosis sensing 
systems. 

Piezoelectric materials are very useful in structural health monitoring because they can perform both duties of 
sensing and actuation within a local area of the structure. The molecular structure of PZT materials produces a 
coupling between the electrical and mechanical domains. Therefore, this type of material generates mechanical 
strain in response to an applied electric field. Conversely, the materials produce electric charges when stressed 
mechanically. This coupling property allows one to design and deploy an "active" and "local" sensing system 
whereby the structure in question is locally excited by a known input, and the corresponding responses are measured 
by the same excitation source. Some advantages of these devices are: compactness, light-weight, low-power 
consumption, ease of integration into critical structural areas, ease of activation through electrical signals, higher 
operating frequency, and low cost. The employment of a known input also facilitates subsequent signal processing 
of the measured output data. Examples of documented success using PZTs in the areas of active and local sensing 
are Lamb wave propagations' and the impedance-based structural health monitoring methods' which are both 
currently being investigated at Los Alamos National Laboratory (LANL). 

This paper illustrates damage identification processes in plate structures and a scaled building model based on 
both Lamb wave propagation and self-sensing impedance methods. In particular, the Lamb wave propagation 
method has been used for identifjring delamination in a composite plate and the impedance method has been used 
for detecting joint connection damage in a cantilevered plate and scaled model of a building. The main focus of this 
research is the capability of the sensing system to detect incipient and evolving damage in real-time before serious 
damage has developed, which is the most important function of structural health monitoring. 

11. Lamb Wave Propagation Method 

Since the 1960s, the ultrasonic research community has studied Lamb waves for the nondestructive evaluation of 
plates3. Lamb waves are mechanical waves corresponding to vibration modes of plates with a thickness on the same 
order of magnitude as the wavelength. Because Lamb waves travel long distances and can be applied with 
conformable PZT actuators/sensors that require little power, they are suitable for online structural health monitoring. 
The advances in sensor and hardware technologies for efficient generation and detection of Lamb waves and the 
need to detect sub-surface damage in laminate composites structures, particularly those used in aircraft industries, 
has led to a significant increase in the studies that use Lamb waves for detecting defects in structures. 

The dispersive nature of Lamb waves means that the different frequency components of Lamb waves travel at 
different speeds and that the shape of the wave packet changes as it propagates through solid media. There are two 
types of modes that form when exciting a structure with Lamb waves: asymmetric and symmetric. The asymmetrical 
modes are analogous to shear waves (equivalent to S waves in earthquake engineering), while symmetrical modes 
are analogous to compression waves (equivalent to P waves in earthquake engineering). 

The type of damage that can be detected using Lamb waves depends on which mode, A. or So,  is excited. The 
symmetric mode is sensitive to through-thickness irregularities such as embedded delamination and through-cracks, 
whereas the asymmetric mode is sensitive to surface anomalies and is therefore often used to detect surface cracks 
and surface delamination. For damage detection applications, it may be useful to limit the number of generated 
Lamb waves to two fundamental modes, namely the So  and A. modes, and to select a less dispersive frequency 
region so that the interpretation of response signals becomes easier. To obtain only SO or A0 modes, the frequency of 
the Lamb wave must be below the range of the other modes. The So mode exhibits dispersive behavior as it travels 
through a material, but it tends to attenuate faster than the A. mode. The first asymmetric Lamb wave (A0 mode), 
however, can propagate long distances with little dispersion, and no higher modes are present to clutter the resulting 
response waves. 

The first step in designing the input frequency is to compute the dispersion curve of the group velocities for a 
structure. The velocities of asymmetric and symmetric waves are computed from the following equations'. 

VE a= E G=- 
2(1+ v)' (I - 2v)(l+ v )  
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where E is the effective Young’s modulus, G is the shear modulus, v is the Poisson ratio, and p is the material 
density. Once the velocities of asymmetric and symmetric waves are calculated, the dispersion curve shown in Fig. 1 
(only shows So and A. modes) is obtained by fmding the Lamb wave solution for the wave eq~ation’.~. This 
dispersion curve is used to initially determine a frequency range where only the fundamental modes propagate and 
to find any nondispersive regions. While the input frequency should be high enough to make the wavelength of the 
Lamb wave comparable to the scale of local damage, the driving frequency also needs to be low enough so that 
higher modes are not in the same 
frequency range as the fundamental 
symmetric (So) and asymmetric (A,,) 
modes. Note that the dispersion 
curve is only used as a guideline, 
and several trial-and-error 
experiments are conducted to tune 
the optimal driving frequency value. 

Several methods have been 
proposed to enhance the 
interpretation of the measured Lamb 
wave signals to detect and locate 
structural damage. They are based 
on changes in wave attenuations 
using wave~ets”~, time-fre uency 
analysis‘, wave reflections , and 
time of arrival information’. In this 
research, the wave attenuation 
feature, identified using a wavelet 
based damage index, is used to locate the region of the damaged site on a composite plate. 

7% 

1 1 I I 1 I 
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Figure 1: Example Dispersion Curve 

III. Impedance Method 

The process to be used with the impedancebased monitoring technique employs both the direct and converse 
version of the piezoelectric effect simultaneously to obtain an impedance signature for a structure. When a PZT 
patch is driven by a fixed, alternating electric field, a small deformation is produced in the PZT and the attached 
structure. The subsequent response to the mechanical vibration is transferred back to the PZT in the form of an 
electrical response. When damage causes the mechanical dynamic response to change, it is manifested in the 
electrical response of the PZT. The electrical impedance, which is the ratio of the input voltage to the output current, 
is related to the structural impedance through the following equationsg: 

In Eq. (2), Y is the electrical admittance (inverse of impedance), Z, and Z, are the PZT’s and the structure’s 
mechanical impedances, respectively, Y,“ is the complex Young’s modulus of the PZT with zero electric field, djx is 
the piezoelectric coupling constant in the arbitrary x direction at zero stress, .sjjT is the dielectric constant at zero 
stress, and a is a geometric constant of the PZT. When a structure becomes damaged, the mechanical impedance is 
altered by changes in the structural stiflkess andor damping. Because all other variables in Eq. (2) are determined 
only by the PZT properties, only the external structure’s impedance, Z,, uniquely determines the overall electrical 
impedance of the PZT. Therefore, a change in the electrical impedance is regarded as an indication that the structure 
has been damaged. The impedance-based method is shown to be excellent at localizing damage because input to the 
structure is generally greater than 30 kHz, which limits the dynamic response of the structure to the local area of the 
PZT patch. For more information on current impedance-based structural health monitoring (SHM) methods, consult 
References 2,7, and 10- 1 1. 
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IV. Test Structures & Experimental Results 
Several structures were tested to investigate the feasibility of using the Lamb wave propagation and impedance- 

based methods to detect varying types and degrees of damage. Each structure was instrumented with PZT 
actuators/sensors. A two foot square composite plate was used to detect delamination using the Lamb wave method. 
In addition, a cantilevered plate structure and a model of a 4-story building were used to detect connection-type 
damage. The details of each test conducted and results are in the following subsections. 

A. Composite Plate Structure 
1. Description of Structure 

The composite plate is shown in Fig. 2. The plate is 70cm x 70-cm x 6-mm thick ( 2 4  x 2-f? x %-inches thick). 
The layup is quasi-isotropic with 48 plies stacked according to the sequence [6(0/45/-45/90)]s, consisting of Toray 
T300 graphite fibers and a 934 epoxy matrix. A commercially available thin film with embedded piezoelectric 
(PZT) sensors is mounted on one surface of the composite plate as shown in Fig. 2 (a). A total of 16 PZT discs are 
used as both sensors and actuators to form an “active” local sensing system. The system employed on the composite 
plate is designed such that one PZT is designated as an actuator, ‘exerting a predefined waveform into the plate. 
Then, a PZT with a direct linesf-path to the actuator becomes a sensor and measures the response to the input 
waveform. This process is repeated for all sensors that have a direct line-of-path with the PZT actuator. The 
actuator-sensor sensing scheme is graphically shown in Fig. 2 (b). A total of 66 different actuator-sensor path 
combinations are investigated in this study. The data acquisition and signal processing are completed in 
approximately 1.5 minutes for a full scan of the plate. 

I i 
Figure 2 (a): Lamb Wave Test System Figure 2 @): PZT ACtUatO nsor h y o u t  

2. Damqge Interrogation Method 
A unique aspect of this research is an improved wavelet-based signal processing technique that enhances the 

ability to identify damage in the composite plate using a Lamb wave signal. The use of a known and consistent input 
makes the subsequent signal processing for damage detection more repeatable. In addition, a statistically rigorous 
damage classifier is used to identify wave propagation paths a f f e c t e d  by damage. Finally, a damage location 
algorithm is implemented to locate damage based on signal attenuation. 

As a wave propagates through a solid medium, energy is transfend back and forth between kinetic and elastic 
potential energy. When this transfer is not perfect because of wave dispersion and reflection, attenuation occurs. In 
particular, the attenuation is increased by the prcsence of delamination, and the energy of the input force spills over 
from the driving fmiuency to neighboring frequency values. The energy loss in a damaged ana is a result of 
reflection and dispersion caused by micro-cracks within the laminate multing in the excitation of high frequency 
local modes. Based on these observations, a damage index is defined as the hc t ion  of a signal’s attenuation at a 
limited time span (a signal portion corresponding to the first & mode) and at a specific frequency (the input 
hquency of the signal). Note that the attenuation is correlated to the amount of energy dissipated by damage. In 
other words, the proposed damage index measures the degree of the test signal’s energy dissipation compared to the 
baseline signal especially at the first & mode and at the input frequency value. 

To achieve this goal, a wavelet transform is first utilized to obtain time-fmiuency information of the baseline 
signal. This procedure is schematically shown in Figs. 3 (a)+). In this study, the real Modet wavelet is used for the 
family of basis functions. (Note that the same Morlet wavelet is used as the input waveform in the experiment.) 
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Figure 3: Extraction of Damage Sensitive Feature Using Wavelet Analysis 

Because the shape of the actuating input is the same as the shape of the wavelet basis functions, the wavelet 
analysis procedure becomes more accurate and efficient*. This wavelet, dt), is defined as: 

W(t )  = cos(5t) 

where 1,500 data points are sampled between 4 . 2  and 4.2 of time t. The wavelet transform, Wf(u,s), is obtained by 
convolving the signalf(0 with the translations (u) and dilations (s) of the mother wavelet: 

where 

Once the time-hquency information is obtained, Fig. 3 (d), the signal component comsponding only to the 
input frequency is retained for additional signal processing. By looking at this filtered view of the transmitted energy 
from the actuator to the sensor at the input frequency, one could gain insight as to how the intensities of the input 
energy have been shed into sideband frequencies as a result of damage. Then, the energy content of this baseline 
signal component is computed only at the first A. mode of the signal, Fig. 3 (e). These procedures, Figs. 3 (a)-(e), 
arc then repeated for a test signal. Finally, the damage index (Or) is related to the ratio of the test signal's kinetic 
energy to that of the baseline signal: 
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where the subscripts b and t denote the baseline and test signals, uo and uI represent the starting and ending time 
points of the baseline signal’s first A. mode, and 0 I DI I I. Note that the value of DI becomes zero when t h m  is 
no attenuation of the test signal compared to the baseline signal, and its value becomes larger as the test signal 
attenuates more as a result of damage. 

3. Composite Plate Experiment Results 
The composite plate was damaged by impacting it with a 2OO-gram steel projectile fired at 33-m/s using the 

LAM, gas gun. The objective was to input enough damage to produce internal delamination of the composite fibers. 
Before the impact test, baseline signals corresponding to 66 diffemt actuator-sensor paths wcrc recorded for a 

known intact condition of the plate using the wavelet input waveform previously discussed. The same measurements 
were then repeated after the impact event was over. Then, the damage index value defmed in Eq. (6) was computed 
for each actuator-sensor path. A given actuator-sensor path is classified as damaged when the value of the damage 
index becomes larger than 0.3. This threshold value for the damage index has been established by studying the 
statistical distribution of the baseline damage index values particularly focusing on the tails of the distribution. 
Figure 4 (b) displays the actuator-sensor paths (damaged paths) affected by the damage produced by the impact 
(shown in Fig. 4 (a)). These damage paths have DIvalues greater than 0.3. 

To identie the location and area of the delamination, the composite plate is divided into a 25-by-25 virtual grid 
as shown in Figs. 4 (b) and (c). The delamination shown in Fig. 4 (c) is identified from the damaged paths 
previously detected in Fig. 4 (b) based on the following rules: 

1) The number of damaged paths crossing each virtual box is counted. 
2) Any boxes crossing the undamaged paths, that have a damage index value less than or equal to 0.3, are 

excluded from possible damage locations. 
3) The box that has the largest number of the damaged paths crossing and zero number of the undamaged 

paths crossing is selected as the first possible damage location. 
4) If there are any damaged paths left that ate not crossing the damaged box(es) selected in the previous step, 

find a subset of the boxes that is crossing these remaining damaged paths and repeat steps (1 )44) until then 
are no damaged paths left that are not crossing the selected boxes at least once. 

Note that the last step (4) is necessary to detect multiple damage locations. Also, a delamination area larger than 
one virtual grid size will be indicated by multiple boxes. 

Figure qa): Impact Location on Figure 4@): Flagged Figure *e): Located Damage 
Plate. Actuitor/sMsor Paths. SitG 

B. Cantilever Aluminum Plate Structure 
1. Description of Structure 

The aluminum plate, shown in Fig. 5 ,  is 101-cm x 20-cm x 3-mm-thick. Four holes, 1.35-cm in diameter, at one 
end of the plate allow it to be clamped, in a cantilevered condition, to unistrut columns using two 6.5-cm x 6.5-cm x 
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6.35-mm-thick x 20.32-cm-long steel angles. 
The unistrut columns are bolted to an aluminum 
base plate and all bolted connections are 
tightened to a toque of 16.9-Nm (1 50-in-lb) for 
all tests. 

The cantilevered aluminum plate is 
instrumented with 4 PZT patches and 2 Macro- 
Fiber Composite (MFC) patches. The locations 
of these actuatodsensors, shown Fig. 5, are as 
follows: 

0 Two I-cm x 1-cm PZTs are 
mounted at the free end of the plate, 

0 One PZT and one MFC are mounted 
1/3 of the way from the free end of 
the plate, 
One PZT and one MFC are mounted 
1/3 of the way from the'clamped 
end of the plate. 

These actuamdsensors are mounted on the 
aluminum plate with super glue and then 
immediately vacuum bagged for a day to create a 
uniform bond between the plate and 
actuatodsensors. Lead wires were soldered to 

0 

F#=PZl  
M# - M A  

Figure 5: Cantilevered Aluminum Plate (PZTs & MFCs 
are Mounted in 3 Locations) 

the PZT patches after the vacuum bagging process was complete. Surface damage, simulated by a stiffener, was 
successfully identified with the use of the Lamb wave propagation method based on wave attenuationhflection 
features", but only the results of the impedance methods for detecting connection damage are presented here. 

2. Damage Interrogation Method & Experimental Results 
Damage is introduced to the plate structure by loosening one of the connection bolts in the clamped end of the 

aluminum plate. The impedance (real part) of P2, in the frequency range of 100-105 kI-k, is shown in Fig. 6 with 
two different damage conditions. Only the real portion of the electrical impedance is analyzed to predict damage 
because it is more sensitive to structural changes than the imaginary part. For damage case 1, the bolt torque is 
reduced to 8.5-Nm (75 in-lb) (from 16.9-Nm (150 in-lb)). Damage case 2 refers the condition where the same bolt 
has been loosened to 1.1-Nm (10 in-lb). It can be seen fiom the Figs. 6 (a & b) that, with an increasing level of 
damage, the impedance signature shows a relatively large change in shape and it clearly indicates imminent damage. 
For the first level of damage, only a small variation along the original signal (undamaged curve) is observed. This is 
because the first level of damage can be categorized as the incipient stage. When the bolt is loosened to a torque of 
1.1-Nm (10 in-lb), the impedance signature shows more pronounced variations as compared to previous readings; 
Le. new peaks and valleys appear in the entire frequency range. n i s  change occurs because the loosened bolt 
modifies the apparent stifiess and damping of the joint. This variation shows the extreme sensitivity of the 
impedance-based method to the presence of connection-type damage in the structure. 

A damage metric chart is illustrated in Fig. 7. In this analysis, correlation coemcients (CC) are used to compare 
the baselines and damage test cases. Figure 7 illustrates the value corresponding to (1-CC), in which damage shows 
up with an increased value of 0 to 1. The first five measurements are made when no damage is present (i.e. baseline 
conditions). Tests 6 and 7 correspond to damage case 1, and tests 8 and 9 correspond to damage case 2. The damage 
metric chart is constructed after each measurement has been taken in order to give some indication of the conditions 
of a structure through comparison with a reference measurement. As can be seen in Fig. 7, the baselines are 
repeatable, and when damage is introduced, there is an increase in the damage metric values. This correlation chart 
provides a quick insight into the extent of damage and provides a quantitative comparison between different data 
sets. Although the impedance method cannot precisely predict the exact nature and size of the damage, the method 
provides somewhat quantitative information about the condition of a structure by showing an increasing damage 
metric with increased severity of damage. 
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Figure 7: Cross Correlation Damage Metric Chart 

C. Scaled +Story Building Structure 
I. Description of Structure 

The 3-story building structure, Fig. 8, is constructed of aluminum Unistrut columns and aluminum floor plates. 
Floors are 1.3-cm-thick (0.5-in-thick) aluminum plates with two bolt connections to brackets on the Unistrut 
columns. The base is a 3.8cm-thick (1.5-in-thick) aluminum plate. Support brackets for the columns are bolted to 
this plate. All bolted connections are tightened to a torque of 12.4-Nm (1 IO-inch-pounds) in the undamaged state. 
Four Firestone air mount isolators, which allowed the structure to move fmly  in horizontal directions, are bolted to 
the bottom of the base plate. The isolators were inflated to 140-kPa (20-psig). 

Four PSI-SA PZT patches (2.5cm x 2.5-cm x 0.025-cm) are bonded to the brackets that affix the second floor to 
the unistrut columns for acquiring electrical impedances, as shown in Fig. 8. The PZT actuatodsensors are non- 
intrusive to the structure because of their small size. The impedance measurements were made through an Agilent 
4294A impedance analyzer in the frequency range of 125-130 kHz. After measuring several baseline impedance 

8 
American Institute of Aeronautics and Astronautics 



signatures, damage was introduced by loosening one 
imposed on this structure in sequence, as shown below. 

Damage I: loosening a bolt at Joint 2 
Damage 11: loosening a bolt at Joint 3. 

0 

0 

Closaup of Joint 3 
with PZT Bonded 
to Bracket. 

Join1 
Joint 

bolt at selected locations. Two damage conditions were 

Unishut 
Column 

Figure 8: Scaled Model of a 3-Story Building Structure 

2. Damage Interrogation Method & Experimental Results 

following figures. 
The impedance measurements (real part) of the PZT at Joints 2-4 under Damage I condition are shown in the 

Figure 9: Electrical Impedance Measurements Under Damage I 
When the damage is induced, a significant change occurs in the signature pattern of the impedance curve over 

the entire frequency range for the PZT installed on the damaged joint. Once again, this is because the damage causes 
changes in stiflhess or damping resulting in changes in the mechanical impedance of the joint. Damage I is well out 
of the sensing range of the PZT bonded on Joint 3 and 4. Hence, measurements taken from these PZTs do not show 
any changes, as shown in Fig. 9. As illustrated in this example, the impedance sensors show extreme sensitivity to 
any damage occurring in the near-field of the sensor, but the sensors show no changes that occur in the fat-field. 
Therefore, by looking at the impedance variations of each sensor, structural damage can be detected and located. 
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The same results have been observed under Damage I1 as illustrated in Fig. 10. A complete change occurs in the 
signature pattern of the curve over the entire frequency range when the damage is introduced close to the sensor 
location. If the damage is distant, there are only minor variations of the existing signature pattern. 

Figure 10: Electrical Impedance Measurements Under Damage 11 

In recent studies by LANL researchers, statistically rigorous algorithms have been implemented into the 
impedance method for more effective structural health rn~nitoring’~-’~. An auto-regressive model with exogenous 
inputs (AR-ARX) in the frequency domain is incorporated into the impedance methods for nonlinear damage 
discrimination”. Because nonlinear feature identification requires separate input and output measurements, which is 
not possible with traditional impedance analyzers, a modified fnquency AR-ARX model is proposed”. The damage 
sensitive feature is computed by differentiating the measured impedance and the output of the ARX model. In 
addition, the concept of energy flow, referred to as “impedance moment”, was introduced with the impedance 
sensing for more quantitative analysis for measured impedance  signal^'^. Furthermore, because of the non-Gaussian 
nature of the feature distribution tails, extreme value statistics is employed to develop a robust damage classifier. In 
these outlier-based approaches, the undamaged and damaged condition can be quantitatively assessed by tracking 
the number of outliers. The numbers within or below the control limit can be considered as an undamaged state. In 
the case of damage present, the proposed algorithm shows a statistically significant number of outliers outside the 
control limits that allows a diagnosis of the damage state in a more conclusive manner. 

V. Conclusion 
Two active-sensing approaches for identifying structural damage have been presented. In this study, 

piezoelectric materials are used to actudsense the dynamic response of the structure with the Lamb wave 
propagation and impedance methods. For Lamb wave propagation, a wave attenuation feature based on a wavelet- 
based signal processing technique has been used to identify delamination in a composite plate. The impedance 
methods are used to detect changes in mechanical impedance, and these methods are more sensitive to debonding 
and loose connection-types of damage. Both methods can be complementary because they can use the same 
sensodactuators for measuring Lamb wave and impedance signals. The overall process using these methods can 
enhance the capabilities of damage prognosis, because they can detect incipient damage and monitor its growth 
before serious damage occurs and the performance of a structure is significantly affected. 
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