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I. ABSTRACT 

Piezoelectric wafer active sensors (PWAS) are 
lightweight and inexpensive enablers for a large class of 
structural health monitoring (SHM) applications. This paper 
presents and discusses the challenges and opportunities related 
to the use of PWAS in the structures specific to space 
applications. The challenges posed by space structures are 
often different from those encountered in conventional 
structures. After a review of PWAS principles, the paper 
discusses the multi-physics power and energy transduction 
between structurally guided waves and PWAS; predictive 
modeling results using a simplified analytical approach are 
presented. Experimental results on space-like specimen 
structures are presented. Survivability of PWAS transducers 
under cryogenic space-like conditions are experimentally 
verified. The paper ends with conclusions and suggestions for 
further work. 

II. INTRODUCTION 

 Structural health monitoring (SHM) is an emerging 
technology with multiple applications in the evaluation of 
critical structures. The goal of SHM research is to develop a 
monitoring methodology that is capable of detecting and 
identifying, with minimal human intervention, various damage 
types during the service life of the structure. Numerous 
approaches have been utilized in recent years to perform 
structural health monitoring; they can be broadly classified 
into two categories: passive methods and active methods. 
Passive SHM methods (such as acoustic emission, impact 
detection, strain measurement, etc.) have been studied longer 
and are relatively mature; however, they suffer from several 
drawbacks which limit their utility (need for continuous 
monitoring, indirect inference of damage existence, etc.). 
Active SHM methods are currently of greater interest due to 

their ability to interrogate a structure at will. One of the 
promising active SHM methods utilizes arrays of piezoelectric 
wafer active sensors (PWAS) bonded to a structure for both 
transmitting and receiving ultrasonic waves in order to 
achieve damage detection [1]. In thin-wall structures, PWAS 
are effective guided wave transducers by coupling their in-
plane motion with the guided wave particle motion on the 
material surface. The in-plane PWAS motion is excited by the 
applied oscillatory voltage through the d31 piezoelectric 
coupling. Optimum excitation and detection happens when the 
PWAS length is in certain ratios with the wavelength of the 
guided wave modes. The PWAS action as ultrasonic 
transducers is fundamentally different from that of 
conventional ultrasonic transducers. Conventional ultrasonic 
transducers act through surface tapping, i.e., by applying 
vibration pressure to the structural surface. The PWAS 
transducers act through surface pinching, and are strain 
coupled with the structural surface. This allows the PWAS 
transducers to have a greater efficiency in transmitting and 
receiving ultrasonic surface and guided waves when compared 
with the conventional ultrasonic transducers. 
 The present paper presents and discusses the challenges 
and opportunities related to the use of PWAS in structures 
specific to space applications. The paper starts with a brief 
presentation of the challenges posed by space structures, 
which are often different from those encountered in 
conventional structures. Then, it reviews the principles of 
PWAS-based SHM. Subsequently, the paper discusses the 
analytical challenges of studying the multi-physics power and 
energy transduction between structurally guided waves and 
PWAS. Predictive modeling results using a simplified 
analytical approach are presented and discussed. Experimental 
results on using PWAS technology to detect damage in space-
like specimen structures are presented. The operability and 
survivability of PWAS transducers under cryogenic space-like 
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conditions are verified. The paper ends with conclusions and 
suggestions for further work. 

III. SPACE STRUCTURES SHM NEEDS 

The operationally responsive space (ORS) initiative aims at 
rapidly providing space capabilities tailored to the immediate 
needs of the warfighter in the field [2]. In a 6-day window, a 
satellite solution to a tactical situation should be designed, 
built from stocked components, tested, integrated, launched, 
checked-out on orbit, and delivering data directly to the 
warfighter. This implies that the typical testing protocol 
performed to assess structural surety before space launch must 
be severely truncated [3]. A typical responsive space satellite 
(Figure 1) consists of modular panels tightly packed with 
electronics embedded into the structure. New rapid methods 
are being developed by AFRL/RV at Kirtland AFB to assess 
the surety of the satellite structure within the ORS timelines 
[4][5]. One approach is to interrogate it with an array of 
structural sensors that would be able to detect structural flaws 
(delaminated panels, bolts not torqued correctly, etc.). Chang’s 
group at Stanford University has studied the detection of bolt 
loosening using wave transmission between piezoelectric 
sensors [6][7]. Lanza di Scalea’s group at UC San Diego has 
used active ultrasonic techniques to evaluate joint integrity 
[8]. Doyle, Arritt, and Zagrai [9], [10] have used several 
active-sensing techniques for assessing bolted joint integrity 
such as the acousto-elastic phase change method. Other 
methods being considered are the electromechanical (E/M) 
impedance [11][12], pulse-echo[13], and nonlinear 
ultrasonics[14]. These experimental studies have indicated the 
feasibility of using structural sensing for assessing the 
structural state and detecting flaws in certain cases. The 
methodology used in these studies has been to measure a set 
of pristine situations (training set) and use them as a baseline 
to identify changes in the signals that might be related to 
changes in the structural state. The work done to date has 
demonstrated the feasibility of such an approach [5]. 
However, these experiments have also revealed some 
implementation challenges such as: 
(a) Potential confusion between changes in satellite 

configuration (different component placement, bolt 
patterns, etc.) and actual structural flaws (delaminated 
panels, bolts not torqued correctly, etc.).  

(b) Difficulty of extending outside the training set when 
trying to accommodate new configurations needed for 
new missions, orbits, payloads, technology, etc.  

The need exist for developing a predictive modeling 
methodology to complement and assist the experimental work. 
Such modeling methodology should have the capability to 
predict the electrical signals that would be produced by the 
sensors as function of the structural state. This predictive 
modeling will be able to use the structural design 
configuration as input data and predict the sensors signals 
without the need of a training set or baseline. Furthermore, it 

will be able to predict how the signals change in the presence 
of structural flaws and address the correlation between sensor 
location and its sensitivity to a particular flaw type. The effect 
of variability (both in structure and in the monitoring system) 
could be assessed through simulation and then various 
statistical hypotheses could be tested. In addition, the 
predictive methodology would permit the testing of various 
detection hypotheses, as for example that the nonlinearity of 
structural flaws could be used to separate them from changes 
in boundary conditions and configuration, which are supposed 
to have a mostly linear effects. 

IV. PWAS PRINCIPLES 

Piezoelectric wafer active sensors (PWAS) are the enabling 
technology for active SHM systems. PWAS couples the 
electrical and mechanical effects (mechanical strain, ijS , 

mechanical stress, klT , electrical field, kE , and electrical 

displacement jD ) through the tensorial piezoelectric 

constitutive equations 
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where, E
ijkls  is the mechanical compliance of the material 

measured at zero electric field ( 0E  ), T
jk is the dielectric 

permittivity measured at zero mechanical stress ( 0T  ), and 

kijd  represents the piezoelectric coupling effect. PWAS utilize 

the 31d  coupling between in-plane strain and transverse 

electric field. A 7-mm diameter PWAS, 0.2 mm thin, weighs a 
bare 78 mg and costs around ~$1 each. PWAS are lightweight 
and inexpensive and hence can be deployed in large numbers 
on the monitored structure. Just like conventional ultrasonic 
transducers, PWAS utilize the piezoelectric effect to generate 
and receive ultrasonic waves. However, PWAS are different 
from conventional ultrasonic transducers in several aspects: 
1. PWAS are firmly coupled with the structure through an 

adhesive bonding, whereas conventional ultrasonic 
transducers are weakly coupled through gel, water, or air.  

2. PWAS are non-resonant devices that can be tuned 
selectively into several guided-wave modes, whereas 
conventional ultrasonic transducers are resonant narrow-
band devices.  

3. PWAS are inexpensive and can be deployed in large 
quantities on the structure, whereas conventional 
ultrasonic transducers are expensive and used one at a 
time. 

By using Lamb waves in a thin-wall structure, one can detect 
structural anomaly, i.e., cracks, corrosions, delaminations, and 
other damage. Because of the physical, mechanical, and 
piezoelectric properties of PWAS transducers, they act as both 
transmitters and receivers of Lamb waves traveling through 
the structure. Upon excitation with an electric signal, the 
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PWAS generate Lamb waves in a thin-wall structure. The 
generated Lamb waves travel through the structure and are 
reflected or diffracted by the structural boundaries, 
discontinuities, and types of damage. The reflected or 
diffracted waves arrive at the PWAS where they are 
transformed into electric signals.  
 PWAS transducers can serve several purposes [1]: (a) 
high-bandwidth strain sensors; (b) high-bandwidth wave 
exciters and receivers; (c) resonators; (d) embedded modal 
sensors with the electromechanical (E/M) impedance method. 
By application types, PWAS transducers can be used for (i) 
active sensing of far-field damage using pulse-echo, pitch-
catch, and phased-array methods, (ii) active sensing of near-
field damage using high-frequency E/M impedance method 
and thickness-gage mode, and (iii) passive sensing of 
damage-generating events through detection of low-velocity 
impacts and acoustic emission at the tip of advancing cracks. 
Damage detection using PWAS phased arrays can detect both 
broadside and offside cracks independently with scanning 
beams emitting from a central location.  

V. PREDICTIVE MODELING OF POWER AND 
ENERGY TRANSDUCTION FOR SHM APPLICATIONS 

A preliminary analysis of the power and energy transduction 
process for SHM applications was performed [16] by 
considering (a) PWAS transmitter; (b) PWAS receiver; and (c) 
PWAS transmitter-receiver pair. The electrical active power, 
reactive power, and power rating for harmonic voltage 
excitation were examined. The parametric study of transmitter 
size and impedance, receiver size and impedance, and external 
electrical load gives the PWAS design guideline for PWAS 
sensing and power harvesting applications. The analysis was 
performed in the simplifying case of axial and flexural waves, 
which are easier to handle than the full guided-wave model. 
However, the principles of this exploratory study can be 
extended without much difficulty to the full multi-mode 
guided-waves. A brief summary of this work is given next.  

A. Transmitter Power and Energy  

Figure 2 shows the power and energy transduction schematic 
in the case of a transmitter PWAS. The electrical energy of the 
input voltage applied at the PWAS terminals is converted 
through piezoelectric transduction into mechanical energy that 
activates the expansion-contraction motion of the PWAS 
transducer. This motion is transmitted to the underlying 
structure through the shear stress in the adhesive layer at the 
PWAS-structure interface. As a result, ultrasonic guided 
waves are excited into the underlying structure. The 
mechanical power at the interface becomes the acoustic wave 
power and the generated axial and flexural waves propagate in 
the structure. Questions that need to be answered through 
predictive modeling are: 
(a) How much of the applied electrical energy is converted in 

the wave energy? 

(b) How much energy is lost through the shear transfer at the 
PWAS-structure interface? 

(c) How much of the applied electrical energy gets rejected 
back into the electrical source? 

(d) What are the optimal combinations of PWAS geometry, 
excitation frequency, and wave mode for transmitting the 
maximum energy as ultrasonic waves into the structure? 

To performe the analysis, Lin and Giurgiutiu (2010) 
developed closed form analytical expressions for the active 
and reactive electrical power, mechanical power in the PWAS, 
and ultrasonic acoustic power of the waves traveling in the 
structure. The simulation considered two PWAS (a transmitter 
and a receiver) attached on a simple aluminum beam of 
infinite length. Numerical simulation was performed with the 
parameters given in Table 1. Constant 10-V excitation voltage 
from an ideal electrical source was assumed at the transmitter 
PWAS. In addition, a constant power rating 10-W source was 
also considered. The PWAS size was varied from 5 to 25 mm, 
whereas the frequency was spanned from 1 to 600 kHz . 

Table 1 Simulation Parameters 

 
Beam structure 
(2024 Al alloy) 

Transmitter 
PWAS  

(0.2-mm PZT)

Receiver 
PWAS  

(0.2-mm PZT)
Length ∞ 5-25 mm 5-25 mm 
Height 1 mm 0.2 mm 0.2 mm 
Width 40 mm 

Frequency Frequency sweep 1 - 600 kHz 
Measurement 

Instrument 
Resistance 

1 Ω - 1 MΩ 

Constant 
Voltage Input 

10 V 

Constant Power 
Rating Input 

10 Watts 

 
 It was found (Figure 3) that the reactive electrical power 
required for PWAS excitation is orders of magnitude larger 
than the active electrical power (compare Figure 3a with 
Figure 3b). Hence, the power rating of the PWAS transmitter 
is dominated by the reactive power, i.e., by the capacitive 
behavior of the PWAS. We note that the transmitter reactive 
power is directly proportional to the transmitter admittance 
(Y i C ), whereas the transmitter active power is the power 
converted into the ultrasonic acoustic waves generated into the 
structure from the transmitter. A remarkable variation of active 
power with frequency is shown in Figure 3b: we notice that 
the active power (i.e., the power converted into the ultrasonic 
waves) is not monotonic with frequency, but manifests peaks 
and valleys. As a result, that ratio between the reactive and 
active powers is not constant, but presents the peaks and 
valleys pattern shown in Figure 3c. The increase and decrease 
of active power with frequency corresponds to the PWAS 
tuning in and out of various ultrasonic waves traveling into 
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the structure. The maximum active power seems to be 
~ 80 mW .  
 Figure 4 presents the results of a parameter study for 
various PWAS sizes and frequencies. The resulting parameter 
plots are presented as 3D mesh plots. Figure 4a presents a 3D 
mesh plot of the power rating vs. frequency and transmitter 
size: for a certain transmitter size, the power rating increases 
when the frequency increases. For a given frequency, the 
power rating increases when the transmitter size increases. 
These results are clarifying: to drive a 25-mm length PWAS at 
600 kHz with a 10 V constant voltage input, one needs a 
power source providing 12.5 W of power. Figure 4b shows the 
wave power that PWAS generates into the structure; tuning 
effect of transmitter size and excitation frequency are 
apparent; a larger PWAS does not necessarily produce more 
wave power at a given frequency! The maximum wave power 
output in this simulation is ~ 40 mW . One notes that the 
wave power is about half the electrical active power; this is 
justified by the fact that the wave power considered here is the 
wave power traveling only in the forward direction. If we add 
the wave power travelling in both directions (forward and 
backward) then we get exactly the electrical active power 
input applied to the PWAS. This study gives guidelines for the 
design of transmitter size and excitation frequency in order to 
obtain maximum wave power into the SHM structure.  
 The powers contained in the axial waves and flexural 
waves are given separately in Figure 4c and Figure 4d. In 
some PWAS SHM applications, a single mode is often desired 
to reduce signal complexity and simplify signal interpretation 
and damage detection. Figure 4c shows the frequency-size 
combinations at which the axial waves are maximized, 
whereas Figure 4d indicates the combinations that would 
maximize the flexural waves. These figures give useful 
guidelines for the choosing PWAS size and frequency values 
that are optimum for selecting a certain excitation wave mode. 

B. Receiver Power and Energy  

A similar analysis was conducted at the receiver PWAS. The 
receiver PWAS was connected to an external electrical load. 
The external load impedance was varied between 1 M  
(corresponding to an ideal measuring instrument of infinite 
input impedance) and 1   corresponding to a high-
admittance energy harvester. When propagating waves reach 
the receiver PWAS, receiver PWAS converts the wave energy 
to electrical energy and outputs a voltage signal. For sensing 
application, a high value of the output voltage is desired. The 
external electrical load such as oscilloscope resistance is set to 
high impedance. The receiver size varies from 5 mm to 25 mm 
to show the sensing ability of different sensor size. At low 
frequency, PWAS receiver shows the similar ability of sensing 
regardless of PWAS size. The PWAS receiver (i.e., sensing 
function) also shows tuning ability as we see peaks and 
valleys in Figure 5a. In PWAS harvesting application, receiver 
size is fixed (e.g. 7 mm in simulation), the external electrical 
load impedance need to match the receiver impedance to 

output the maximum power. Considering a fully resistive 
external load varies from 1 Ω to 1 MΩ, the output electrical 
power is shown in Figure 5b. The optimum resistive load for 
power harvesting is around 100 Ω at 300 kHz for the 7 mm 
receiver PWAS. 

C. Pitch-catch Power and Energy 

The power and energy transduction flow chart for a complete 
pitch-catch setup is shown in Figure 6. Under 1-D assumption, 
the electro-acoustic power and energy transduction of the 
PWAS transmitter and receiver are examined. In pitch-catch 
mode, the power from the electrical source converts into 
piezoelectric power at the transmitter through the piezoelectric 
transduction which converts the applied electrical power into 
mechanical power at the interface between PWAS and 
structure; this is further converted into ultrasonic wave power 
travelling in the structure. The wave power arrives at the 
receiver PWAS and is captured at the mechanical interface 
between the receiver PWAS and the structure. The captured 
mechanical power is converted back into electrical power 
through the piezoelectric effect in the receiver PWAS and read 
as voltage signal by the receiver electrical instrument. The 
time-averaged electrical power, mechanical power at the 
transmitter and wave power can be calculated from the 
frequency response function. The time-averaged mechanical 
power and electrical power at the receiver PWAS can be 
calculated as well. 

VI. PWAS SHM EXPERIMENTS ON A SPACECRAFT-
LIKE PANEL SPECIMEN 

The possibility of using ultrasonic PWAS transducers for 
structural health monitoring space applications was 
investigated on a metallic spacecraft specimen [15]. The 
panels consist of the skin (Al 7075, 609.60 x 596.90 x 3.18 
mm) with a 76.2 mm diameter hole in the center, two spars 
(Al 6061 I-beams, 76.20 x 63.50 x 6.35 mm and 609.60 mm 
length), four stiffeners (Al 6063, 25.40 x 25.40 x 3.18 mm and 
469.90 mm length) and fasteners installed from the skin side 
(Figure 7a). The stiffeners were bonded to the aluminum skin 
using a structural adhesive, Hysol EA 9394. Damages were 
artificially introduced in the two specimens including cracks 
(CK), corrosions (CR), disbonds (DB), and cracks under bolts 
(CB). A schematic of the aluminum Panel 1 specimen showing 
the location of the damage is presented in Figure 7b. Panel 1 
contains disbonds, cracks and corrosions. The disbonds are 
located between the stiffeners and the skin. They are of two 
types: partial disbonds DB1 and DB3, and complete disbonds 
DB2 and DB4. The corrosions are simulated as machined 
areas were part of material was removed. The four cracks 
presented are in the shape of a slit and are through cracks 
located on the skin of the panel. The two panels were 
instrumented with piezoelectric wafer active sensors (PWAS) 
as shown in Figure 7b. The PWAS were used for both sensing 
and receiving Lamb waves. The location and the number of 
sensors is dependant on the detection method. We used wave 
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propagation and standing wave damage detection methods as 
follows: pitch-catch for disbond detection; pulse-echo for 
disbond and crack detection; embedded ultrasonic structural 
radar (EUSR) for crack detection; electromechanical (E/M) 
impedance for disbond, crack and corrosion detection. For 
illustration, Figure 8a presents the E/M impedance spectrum 
measured on PWAS a2 (above a disbond) in comparison with 
that of PWAS a1 and a3 which were on well bonded region. It 
is apparent that (i) the E/M impedance spectra are consistent 
between a1 and a3; (ii) the presence of a disbond drastically 
changes the E/M impedance. Full details of all the tests 
performed and of the corresponding results can be found in 
ref. [15] 

VII. PWAS OPERATION EXPERIMENTS AT 
CRYOGENIC TEMPERATURES 

The use of PWAS transducers for spacecraft applications 
raises new issues related to the in-space environmental 
conditions, namely operation at cryogenic temperatures. We 
did a series of experiments to verify that PWAS transducers 
can operate at cryogenic temperatures and what measures 
must be take to ensure their survivability in these conditions 
[16][17]. The experiments were conducted after a carefully 
selection of the adhesive layer between the PWAS and the 
structure and solder material between PWAS and electric 
wire. A 2-component adhesive (Vishay M-Bond AE-15) was 
selected. The indium-based solder had to be used because the 
usual Sn/Pb solder becomes brittle at cryogenic temperatures. 
Free and bonded PWAS were submerged into liquid nitrogen 
(−321 F, −196 C), soaked for 10 minutes and then measured 
with an HP 4194A impedance analyzer. No major E/M 
impedance changes were recorded for both free and bonded 
PWAS working at cryogenic temperature. The results shown 
in Figure 8b indicate that a free PWAS continues to resonate 
when subjected to cryogenic temperatures in liquid nitrogen 
but the resonance frequency increased from 344 kHz to 362 
kHz. However, the initial impedance signature was recovered 
when the PWAS was warmed back to room temperature. The 
results for PWAS bonded to circular aluminum plates are 
shown in Figure 9. These results indicate that a PWAS bonded 
to a circular aluminum plate retains its operability while 
submerged in liquid nitrogen (Figure 9b).  
 A unidirectional carbon fiber composite strip (Figure 10a) 
was used to determine if the PWAS are able to send and 
receive guided waves at cryogenic temperatures. Figure 10b 
shows the experimental set-up and Figure 10c shows the 
pitch-catch wave signal. One notices that, when the specimen 
was submerged in liquid nitrogen, the amplitude of the wave 
packet decreased. After return to room temperature, the 
amplitude of the wave packets did not return to the original 
amplitudes; we believe that the adhesive interface was 
affected by liquid nitrogen submersion. However, the wave 
packets amplitudes were greater than when submerged in 
liquid nitrogen; this may be due to the fact that while the 

specimen was in liquid nitrogen, the wave excited by the 
PWAS leaked into the liquid. 

VIII. CONCLUSION 

 The present paper has presented and discussed the 
challenges and opportunities related to the use of PWAS in 
structures specific to space applications. The paper started 
with a brief presentation of the challenges posed by space 
structures, which are often different from those encountered in 
conventional structures. Operational responsive space (ORS) 
requirements for accelerated structural surety were shown to 
offer important SHM opportunities. A review of PWAS-based 
SHM principles was given. A discussion of predictive 
modeling of the multi-physics power and energy transduction 
between structurally guided waves and PWAS followed. 
Predictive modeling results using a simplified analytical 
approach were presented and discussed. It was shown that a 
judicious combination of PWAS size, structural thickness, and 
excitation frequency can ensure optimal energy transduction 
and coupling with the ultrasonic guided waves traveling in the 
structure. Experimental results on using PWAS technology to 
detect damage in space-like specimen structures were 
presented next. A spacecraft-like specimen containing seeded 
crack, corrosion, and disbonds was tested with a battery of 
PWAS based SHM methods (pitch-catch, pulse-echo, phased-
arrays, E/M impedance). An example of disbond detection 
with the E/M impedance method was presented. The 
operability and survivability of PWAS transducers under 
cryogenic space-like conditions was experimentally verified. 
It was shown that PWAS transducers can operate in liquid 
nitrogen at −321 F (−196 C). E/M impedance spectrum 
showed slight shifts which were reversed upon return to room 
temperature. Pitch-catch experiments conducted on 
unidirectional carbon fiber composite specimens indicated that 
submersion in liquid nitrogen diminishes the signal strength, 
which may be due to waves leakage. The initial response was 
not recovered upon return to room temperature, which may 
indicate adhesion problems. Further research is needed to 
better understand the interaction of guided waves with damage 
in spacecraft structures and how they would survive in the 
harsh space environment. Development of a predictive model 
to optimize the sensor-structure configuration for effective 
damage detection with minimum weight and power 
requirement on the SHM system should be also pursued. 
 

IX. REFERENCES 

[1] Giurgiutiu, V. (2008) Structural Health Monitoring with 
Piezoelectric Wafer Active Sensors, Elsevier Academic 
Press, 760 pages, ISBN 978-0120887606, 2008 

[2] Sega, R. M; Cartwright, J. E. (2007) “Plan for 
Operationally Responsive Space; A Report to 
Congressional Defense Committees”, National Security 
Space Office, 17 April 2007, 



 6 Copyright © 2010 by ASME 

http://www.responsivespace.com/Conferences/RS5/4=17
=07%20ORS%20Plan.pdf  

[3] Sarafin, T. P.; Doukas, P. G. (2007) “Simplifying the 
Structural Verification Profess to Accommodate 
Responsive Launch”, 5th Responsive Space Conference, 
23-26 April 2007, Los Angeles, CA, paper # AIAA RS5-
2007-5003 

[4] Arritt, B. J., Buckley, S. J., Ganley, J. M., Kumar, A., 
Clayton, E. H., Hannum, R., Todd, M.D., Kennel, M. B., 
Welsh, J., Beard, S., Stabb, M. C., Xinlin, Q., Wegner, P. 
(2007) “Responsive Satellites and the Need for Structural 
Health Monitoring”, SPIE Vol. 6531, pp. 6531-09 

[5] Arritt, B. J.; Robertson, L. M.; Williams, A. D.; 
Henderson, B. K.; Buckley, S. J.; Ganley, J. M.; Welsh, J. 
S.; Ouyang, L.; Beard, S.; Clayton, E. H.; Todd, M. D.; 
Doyle, D.; Zagrai, A. N. (2008) “Structural Health 
Monitoring: an Enabler for Responsive Satellites”, 49th 
AIAA Structural, Structural Dynamics, and Materials 
Conference, 7-10 April 2008, Schaumburg, IL, #AIAA-
2008-2166  

[6] Yang, J. and Chang, F.-K., (2006) “Detection of bolt 
loosening in C–C composite thermal protection panels: 
Part II -- Experimental verification,” Smart Mater. Struct. 
Vol.15, pp. 591–599 

[7] Xie, W., Zhang, B., Du, S., and Dai, F. (2007) 
“Experimental Investigation of Bolt Loosening Detection 
in Thermal Protection Panels at High Temperatures,” 6th 
International Workshop on Structural Health Monitoring, 
Stanford, CA, Vol. 2, pp. 1480-1490 

[8] Clayton, E. H., Kennel, M. B., Fasel, T. R., Todd, M.D., 
Stabb, M. C., Arritt, B. J. (2008) “Active Ultrasonic Joint 
Integrity Adjudication for Real-time Structural Health 
Monitoring,” SPIE, Vol. 6935, pp. 69350M-1-11. 

[9] Doyle, D., Zagrai, A., Arritt, B. J., Çakan, H., (2008) 
“Damage Detection in Satellite Bolted Joints,” 2008 
ASME SMASIS Conference on Smart Materials, Adaptive 
Structures and Intelligent Systems, Oct. 28-30, 2008, 
Ellicott City, Maryland, paper: SMASIS2008-550  

[10] Doyle, D., Zagrai, A., and Arritt, B., (2009) “Bolted Joint 
Integrity for Structural Health Monitoring of Responsive 
Space Satellites,” 50th AIAA/ASME/ASCE/AHS/ASC 
Structures, Structural Dynamics, and Materials 
Conference, 4-7 May 2009, Palm Springs, California, 
paper #AIAA 2009-2705  

[11] Zagrai, A., (2007) “Electro-Mechanical Analogies for 
Modeling the Structural Impedance Response”, SPIE Vol. 
6532, paper # 6532-14 

[12] Kruse, W.; Zagrai, A. N. (2009) “Investigation of Linear 
and Nonlinear Electromechanical Impedance Techniques 
for Detection of Fatigue Damage in Aerospace 
Materials”, 7th International Workshop on Structural 
Health Monitoring, Stanford Univ., CA, 9-11 Sept. 2009 

[13] Zagrai, A.; Doyle, D.; Gigineishvili, V.; Gardenier, H.; 
Brown, J.; Arritt, B. (2009) “Developing a Piezoelectric 
Active Sensor SHM System for Satellites”, 2009 ASME 

SMASIS Conference on Smart Materials, Adaptive 
Structures, and Intelligent Systems Conference, Sept. 21-
23, 2009, Oxnard, CA, paper # SMASIS2009-1342  

[14] Zagrai, A., Doyle, D., Arritt, B., (2008) “Embedded 
Nonlinear Ultrasonics for Structural Health Monitoring of 
Satellite Joints”, SPIE, Vol. 6935, #693505 

[15] Cuc, A.; Giurgiutiu, V.; Joshi, S.; Tidwell, Z. (2007) 
“Structural health monitoring with piezoelectric wafer 
active sensors for space applications”, AIAA Journal, Vol. 
45, No. 12, pp. 2838-2850, Dec. 2007 

[16] Lin, B.; Giurgiutiu, V. (2010) “Modeling of Power and 
Energy Transduction of Embedded Piezoelectric Wafer 
Active Sensors for Structural Health Monitoring”, SPIE 
Vol. 7647, Paper #7647-97 

[17] Santoni-Bottai, G.; Giurgiutiu, V. (2010) “Damage 
Detection at Cryogenic Temperatures in Composites 
Using Piezoelectric Wafer Active Sensors”, Structural 
Health Monitoring – An International Journal, 
manuscript # SHM-10-0054 (under review) 

 
 
 
 
 

(a)  

(b)  
Figure 1 Typical operationally responsive space (ORS) 
satellite: (a) electronics embedded within the structure; (b) 
components integrated for subsystem testing [5] 
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Figure 2 PWAS transmitter power and energy flow chart 
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  (b)  (c)  
Figure 3 Electrical power required at the PWAS terminals: (a) reactive power; (b) active power; (c) ratio of reactive 

power to active power 

(a)  (b)  

(c) (d)  

Figure 4 PWAS transmitter under constant voltage excitation (a) power rating; (b) wave power; (c) axial wave power; 
(d) flexural power 

 

Piezoelectric 
transduction: 

Elec.→ Mech. 

PWAS-structure 
interaction 

Shear-stress 
excitation 

of structure

Ultrasonic guided 
waves into the 

structure 

Transmitter 
INPUT, 1V  

Transmitter PWAS 
 

  



 8 Copyright © 2010 by ASME 

 
 
 

(a)  (b)  
Figure 5 PWAS receiver under constant power of axial wave (a) Output voltage for sensing application; (b) Output 

power for power harvesting application  

 
 
 
 
 

 
Figure 6 Power and energy flow in a PWAS pitch-catch configuration  

Piezoelectric 
transduction: 

Elec.→ Mech. 

Piezoelectric 
transduction: 

Mech. → Elec. 

Structure-PWAS 
interaction 

PWAS-structure 
interaction 

Structural transfer 
function  H  

Shear-stress excitation 
of structure 

Ultrasonic guided waves 
from transmitter PWAS

Ultrasonic guided waves 
arrive at receiver PWAS

Shear-stress excitation 
of PWAS 

Receiver  
OUTPUT 2V  

Transmitter 
INPUT 1V  

 

Transmitter PWAS 
(Wave Exciter) 

 

 V1 V2
 

 

Receiver PWAS 
(Wave Detector) 

Lamb waves 



 9 Copyright © 2010 by ASME 

23.524.0

3.0

5:1
0.0600.125

Note: All dimensions in inches
Sect A-A

A

A 3.0 dia
0.190 Fastener, Csk (FS)

23.524.0

3.0

5:1
0.0600.125

Note: All dimensions in inches
Sect A-A

A

A 3.0 dia
0.190 Fastener, Csk (FS)

76.20 

4.83 Fastener, Csk (FS) 

A 

A 76.20 
dia 

596.90609.60 3.18 
5 : 1 1.52 

Note: all dimensions are in mm Sect A-A 

 

CK1

DB2

CR1

DB4

CK3

CK2

CK4

CR2

DB1

DB3

CK1

DB2

CR1

DB4

CK3

CK2

CK4

CR2

DB1

DB3

CK1

DB2

PWAS
array 

PWA

a1 a2 a3 

a4 a5 a6

a7 a8 

a9
a10

a11 a12 

a13 a14 

a15
a16 

a17 a18 a19

a20 a21 

a22 
a23 a24 a25 a26

PWAS
array 

CR1

CR2

DB1 

CK2

CK3
DB3 

DB4

CK4

   
    (a)        (b) 
Figure 7 Spacecraft like panel specimen: (a) overall layout; (b) PWAS and damage location  
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     (a)        (b) 
Figure 8 E/M impedance method applied in spacecraft conditions: (a) resonant frequencies spectrum showing 

increased amplitude for the signal received at the sensor located on the top of disbond DB1 (PWAS a2 of 
Figure 7b) (b) cryogenic test of a free PWAS in liquid nitrogen showing sustained activity and spectrum shifts 
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Figure 9: The real part of impedance indication of operability through retention of resonant properties while submersed 

in liquid nitrogen 

 
 
 
 
 

 
Figure 10 Pitch-catch experiments at cryogenic temperature: (a) unidirectional carbon-fiber composite specimen; (b) 

experimental set-up shown the specimen on the way of being submersed in liquid nitrogen tank; (c) wave 
packet before, during, and after submersion in liquid nitrogen 
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