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Abstract 
PWAS are simple and inexpensive surface-mounted piezo transducers that are 
strain coupled with the guided Lamb/Rayleigh waves traveling in the structure. The 
laboratory for active materials and smart structures (LAMSS) at the University of 
South Carolina has been studying PWAS for structural health monitoring 
applications and has obtained interesting results that will be reported in this 
presentation. Both theoretical modeling and experimental validation will be covered. 
The following subjects will be discussed: (a) tuning of PWAS with various 
Lamb/Rayleigh wave modes as function of frequency and PWAS geometry; (b) 
durability and survivability of PWAS under temperature cycling and environmental 
exposure; (c) development of automated PC-controlled electronics for wave 
excitation and data collection; (d) the use of phased array principles for the 
generation of scanning beam that are able to interrogate large areas from a single 
location; (e) signal processing issues associated with the use of PWAS for structural 
health monitoring; (f) the comparison of different SHM methods, such as traveling-
wave techniques (pitch-catch and pulse-echo) and standing-wave techniques 
(electromechanical impedance method). The second part of the paper will deal of 
the potential use of PWAS in rotorcraft structural health monitoring. Potential 
applications to both the non-rotating (fuselage), rotating (rotor and blades), and 
mechanical parts (gearboxes, bearings, and transmissions) will be considered. It will 
be shown that specific situations need to be treated with specific methods. For 
example, disbonding that appears in certain adhesively-bonded blade constructions 
can be detected with a combination of standing and traveling waves generated with 
embedded PWAS.  
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1 INTRODUCTION 
 Helicopters are continuously subjected to periodic loads and vibration 
environments that initiate and propagate fatigue damage in many components. 
Current helicopter maintenance practice requires a large number of parts to be 
monitored and replaced at fixed intervals. This constitutes an expensive procedure 
that adds considerably to the helicopter Operational and Support (O&S) costs. 
Health and Usage Monitoring Systems (HUMS) have been developed in recent 
years to detect incipient damage in helicopter components, predict remaining life, 
and create the premises for moving over from scheduled based maintenance to 
condition based maintenance. Of prime importance in such a HUMS system is the 
capability to evaluate the damage or undamaged state of a critical component. With 
such capability, the need for frequent disassembly and bench checking of certain 
critical components could be reduced and ultimately eliminated, with important 
ancillary savings in the O&S costs. The desired HUMS functions can be 
summarized as follows (Larder, 1999): 

1. Health: focus on giving early indications of potential problems for 
maintenance-planning purposes 

2. Usage: manage the usage of the aircraft and controls life-expired component 
replacement 

3. Monitoring: main focus is directed toward providing diagnostic and 
prognostic data for future maintenance actions 

4. Information: HUM systems will convert monitoring data into information to 
facilitate the management and maintenance of the helicopters 

5. Integrated: HUMS will be an integral part of the aircraft maintenance and 
logistic system, and the HUMS outputs will be fully integrated into the 
aircraft maintenance policy 

 

 

   



 

Figure 1 VMEP HUMS sensors installation on the AH-64 Apache helicopter (Giurgiutiu et al., 2001) 

 
 However, to achieve such capability, a sustained R&D effort and significant 
technological advances are still needed. To date, significant results have been 
obtained in the vibration monitoring of the helicopter’s engines, drive train, and 
rotor systems. Worthwhile maintenance benefits have already been reported (Larder, 
1999; Grabill et al., 2001):  

• Simplified rotor track and balance procedures and reduced RT&B flights; 
• Reduced airframe vibration levels, resulting in fewer avionics faults and 

other faults, and hence less maintenance and downtime;  
• More pro-active maintenance as a result of being able to track the 

developing trends of HUMS indicators and take appropriate actions in a 
timely manner; 

• Better targeted maintenance as a result of more accurate exceedance 
information and improved troubleshooting; reduced disruption to operating 
schedule due to unscheduled maintenance and aborted flights 

Several vibration-based HUMS programs have been undertaken in recent years: 
JAHUMS ACTD; IMD HUMS; VMEP; HOMP, T’AIMS; GenHUMS, and others. 
IMD HUMS (Integrated Mechanical Diagnostics Health and Usage Monitoring 
System) is a complex HUMS program developed by Goodrich Aerospace with the 
scope of integrating and testing a “dual use” mechanical diagnostic system for 
civilian and military helicopters (Hess et al 2001). VMEP (Vibration Management 
Enhancement Program) is a low cost HUMS program developed for the US Army 
by the Intelligent Automation Corporation (IAC) in collaboration with the South 
Carolina Army National Guard and the University of South Carolina (Giurgiutiu et 
al., 2001). A typical VMEP HUMS sensors layout is shown in Figure 1.  
 On February 15, 2005, the Federal Aviation Administration (FAA) has held a 
health and usage monitoring system research and development meeting at the FAA 
William J. Hughes Technical Center in Atlantic City, NJ with the objective of 
developing a road map for the full-scale development of advanced HUMS 
capabilities for the civilian helicopter fleet. The resulting document (Le, 2005) 
outlines a comprehensive plan based on an in-depth analysis of the operation 
development of a civilian HUMS system. An extensive list of existing and desired 
HUMS functions was analyzed using technology readiness level (TRL) technology 
risk, and technology gap criteria. The result of this analysis is a prioritized list of 
hardware and software items that need to be urgently addressed by the R&D 
community. It is significant that high on this list are sensors for crack/damage 
detection in structural members and in dynamic components. These 
crack/damage detection sensors have achieved essential/very important rating levels 
and are placed in the short-term category on the R&D road map. However, such 
crack/damage sensors are not currently available in the existing HUMS systems. 
This paper will describe a class of sensors that have been proven to detect 
crack/damage in fixed-wing aerospace applications and hence have good potential 
for being used in helicopter HUMS programs. These sensors are commonly known 
as piezoelectric wafer active sensors (PWAS). The basic principles of PWAS 
operation and their coupling with Lamb and Rayleigh waves are described in the 

   



 

next section. Subsequent sections will treat some typical crack/damage detection 
scenarios with direct applicability to helicopter HUMS. 

2 PIEZOELECTRIC WAFER ACTIVE SENSORS PRINCIPLES 
Piezoelectric wafer active sensors (PWAS) are small and lightweight. They are also 
relatively low cost. PWAS can be bonded to the structure  or inserted into the layers 
of a composite structure. When permanently attached/embedded into the structure, 
PWAS provide the bidirectional energy transduction from the electronics into the 
structure, and from the structure back into the electronics. PWAS achieve direct 
transduction of electric energy into elastic energy and vice-versa. PWAS were 
initially used by Crawley et al. (1987) and others for structural vibrations control. 
The use of PWAS in active SHM has been pioneered and extensively developed by 
Chang (1995). Among the recent advances we should mention Monier et al. (2000), 
Lin and Yuan (2001), Ihn and Chang (2002), Koh et al. (2003), and many others. 
Pitch-catch, pulse-echo, phased arrays, and electromechanical (E/M) impedance 
have been experimentally demonstrated (Giurgiutiu et al., 2002, 2004). These 
successful experiments have positioned PWAS as an enabling technology for active 
SHM implementation. 
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Figure 2 Simulation of Lamb wave motion in a 1-mm aluminum plate: (a) symmetric 

mode S0, f = 1.56 MHz; (b) anti-symmetric mode A0, f = 0.788 MHz. 

PWAS operates on the piezoelectric principle that couples the electrical and 
mechanical variables in the material (mechanical strain, Sij, mechanical stress, Tkl, 
electrical field, Ek, and electrical displacement Dj) in the form: 

 
E

ij ijkl kl kij k

T
j jkl kl jk k

S s T d E

D d T Eε

= +

= +
 (1)

where  is the mechanical compliance of the material measured at zero electric 
field (E = 0), 

E
ijkls

T
jkε is the dielectric permittivity measured at zero mechanical stress (T 

= 0), and dkij represents the piezoelectric coupling effect. The direct piezoelectric 
effect converts the stress applied to the sensor into electric charge. Similarly, the 
converse piezoelectric effect produces strain when a voltage is applied to the sensor. 
For embedded NDE applications, PWAS couple their in-plane motion, electrically 
excited through the piezoelectric effect, with the Lamb-waves particle motion on 
the material surface (Figure 2). Lamb waves can be either quasi-axial (S0, S1, 
S2, …), or quasi-flexural (A0, A1, A2, …). PWAS transducers can act as both 

   



 

exciters and detectors of the elastic Lamb waves traveling in the material. PWAS 
can be used as both active and passive probes and thus can address four SHM needs: 
1. Active sensing of far-field damage using pulse-echo, pitch-catch, and phased-

array methods 
2. Active sensing of near-field damage using high-frequency impedance method  
3. Passive sensing of crack initiation and growth through acoustic emission 
4. Passive sensing of damage-generating events through low-velocity impact 

detection 
This indicates that the PWAS transducers are strong candidates for active SHM 
applications. 
At first sight, PWAS may seem very similar to the conventional ultrasonic 
transducers since both use the piezoelectric effect. However, fundamental 
differences exist between the conventional ultrasonic transducers and the PWAS: 
1. Conventional ultrasonic transducers are weakly coupled with the structure 

through gel, water, or air. In contrast, PWAS are strongly coupled with the 
structure through an adhesive bond.  

2. Conventional ultrasonic transducers are resonant narrow-band devices. In 
contrast, PWAS are non-resonant broadband devices that can be tuned 
selectively into certain Lamb modes. 

3. Conventional ultrasonic transducers excite and sense the Lamb waves in the 
structure indirectly through acoustic waves impinging on the structural surface 
and the mode conversion. In contrast, PWAS excite and sense the Lamb 
waves in the structure directly through in-plane strain coupling.  

PWAS-based embedded ultrasonics bears substantially on the experience accrued 
with conventional ultrasonic transducers. However, major differences exist between 
conventional ultrasonics and embedded ultrasonics. Drawbacks of the conventional 
ultrasonics are the bulkiness of transducers and the need for a normal 
(perpendicular) interface between the transducer and the test structure. The former 
limits the access of ultrasonic transducers to restricted spaces. The latter influences 
the type of waves that can be easily generated in the structure. In contrast, 
embedded ultrasonics uses PWAS that are permanently bonded to the structural 
surface and are small, thin, unobtrusive, and non-invasive. They can be placed in 
very restrictive spaces, like in built-up aerospace structures. The surface-bonded 
PWAS can easily produce guided waves traveling parallel to the surface and could 
detect damage that would escape a conventional ultrasonic method. In their simplest 
form, PWAS are just thin piezoelectric ceramic wafers. However, ceramics are 
rather brittle, vulnerable to crack damage, and non-conformable to curved surfaces. 
To address these aspects, new devices are being developed, such as the macro fiber 
composite  and active fiber composites. 

3 BLADE DISBONDING DETECTION WITH PWAS 
 In-service rotor blade disbond and delamination has become a real concern in 
many applications. So far, the “detection technology” has been limited to visual 
inspection techniques (“follow the dew line during an early morning visual 
inspection”). Although the maintenance crews have become very innovative in their 
inspection procedures, the process remains, as a whole, a labor-intensive job. For 

   



 

lack of better detection technology, the repair limits are frequently exceeded and the 
blades are returned to depot for extensive repairs. The overall cost associated with 
this problem equates to millions of dollars, significant loss of helicopter availability 
and serious safety concerns. An automated, early-damage detection system for 
rotating mechanical systems would be invaluable to the maintainers of a helicopter 
fleet. This system could be used for both military and civilian helicopters.  
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Figure 3 Helicopter rotor blade cross-section with bonded C-spars: (a) schematic; 

(b) actual disbond separation at the blade tip 

One type of helicopter rotor blade construction consists of adhesively bonded C-
spars (Figure 3a). The titanium sheet-metal C-spars are adhesively bonded with a 
high-performance structural adhesive. The bond between the C-spars is susceptible 
to failure under extreme environmental conditions, particularly in cold weather in a 
climate where the relative humidity is high. The blade also incorporates polymer 
matrix composite substructures, e.g., at the blade tip. The blade trailing consists of a 
non-metallic honeycomb and polymer matrix composite construction. Due to in-
flight vibrations and environmental attacks, in-service blades have shown disbonds 
appearing between the structural elements (Figure 3b). The problem that occurs is 
that the blade sections, held together with the adhesive, can be separated when 
moisture is trapped between sections and freezes. This separates the C-sections of 
the blade and forms a crack in the outer skin of the blade. Currently the only way to 
detect these flaws is to visually inspect the blade for the appearance of cracks, and 
if one is detected, insert a putty scraper to determine if the epoxy has separated. 
This rudimentary and time-consuming task is both inefficient and unable to detect a 
separation until the skin of the blade cracks. If the detected separation is less than 6-
12”, new epoxy can be injected using a hypodermic needle, and the sections are 
then clamped down until the adhesive takes hold. However, if the separation is 
larger than 6-12”, it is considered un-reparable, and must be sent for a depot repair 
Such costly repairs would be prevented if early detection were available.  
 Much effort has been applied worldwide to the inspection of adhered joints 
using reflection or transmission of ultrasonic waves, e.g., Yew and Wang (1985), 
Guyott and Cawley (1988), Bar-Cohen et al. (1989), Nagy and Adler (1989), Teller 
et al. (1989), Mal et al. (1990), Rokhlin (1991), Lowe and Cawley (1994), Rose et 
al. (1995), Chiu et al. (2000), Galea et al. (2001), Koh et al. (2003), etc. However, 

   



 

conventional ultrasonic transducers are not appropriate for being permanently 
attached to the blade and used in a continuous SHM program. A solution to this 
problem may be offered by piezoelectric wafer active sensors (PWAS). PWAS can 
both transmit and receive ultrasonic Lamb wave signals within the structure to 
which they are attached. They can also measure the local electromechanical (E/M) 
impedance of the structure. Monitoring the variations in the wave propagation 
characteristics and in the E/M impedance spectra, in the transmitted signal and the 
received signal could be indicative of changes taking place in the material and of 
incipient damage such as delaminations and disbonds. We have studied these 
aspects in our laboratory using a full size helicopter blade instrumented with a 
network of PWAS, as shown next. 
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Figure 4 Schematic of the rotor blade instrumentation with a PWAS network 

   



 

3.1 Lamb Wave Propagation in a Bonded Blade 
 The PWAS network instrumentation is shown in Figure 4. The network consists 
of 15 PWAS disposed in five columns and three rows. The PWAS on the first and 
the third row are mounted along the bond line (see Figure 4) while the PWAS on 
the second row are mounted on the skin of the blade. The capability of successfully 
sending Lamb waves from one sensor and receiving the signal one the other PWAS 
was investigated. A schematic of the instrumentation setup is presented in Figure 4 
along with the location of the PWAS on the main rotor blade. The instrumentation 
setup consisted of an HP 33120 signal generator, a Tektronix TDS210 digital 
oscilloscope, and a PC. In our preliminary investigation we sent and received 
signals using an array of fifteen PWAS, some used as transmitters, other used as 
receivers. A 3-count tone burst of 330 kHz was sent from PWAS A1 and received 
at PWAS B1 and C1 along the bond line (Figure 5a). The same signal was also sent 
across the bond line from PWAS A1 to PWAS B1, B2 and B3 (Figure 5b). This 
verified the possibility of sending and receiving Lamb waves along and across the 
bond line of the helicopter blade. It should be noticed the attenuation of the 
amplitude of the signal received at PWAS B3 due to the fact that is traveling across 
two bond lines (Figure 5b). The same attenuation is observed also for Lamb waves 
traveling along the bond line, the further the PWAS from the transmitter the smaller 
is the amplitude of the received signal (Figure 5a). 
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Figure 5 (a) Surface-guided Lamb waves received at (a) PWAS B2 & C2 (100 mm 
apart) when excited from PWAS A2 along the bond line (b) received at 
PWAS B1, B2 & B3 when excited from PWAS A1 across the bond line 

   



 

3.2 E/M Impedance Detection of Blade disbond  
 A rear blade helicopter section (Figure 6) was instrumented with several PWAS 
(0.5-in × 0.5-in). An HP4194A impedance analyzer was used to measure the E/M 
impedance signature of the PWAS attached to the structure. A base-line 
measurement of the E/M frequency response of the structure in the “as received” 
condition was first recorded (Figure 6, dashed line). Repeated sampling of the data 
indicated a stable and reproducible pattern of the impedance spectrum. Strong 
activity (clearly defined response peaks) was observed in the 200 kHz band. 
Activity of lesser amplitude also appeared in the 400 kHz and 650 kHz bands. The 
data was stored as base-line signature of the structure in the “as received” condition.  
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Figure 6 Rotor blade disbond detection with E/M impedance method: (a) PWAS 

locations; (b) E/M impedance spectrum at location #1 

Damage was mechanically induced in the structure in the form of local disbonds, 
0.5-in spanwise, i.e., ~10% of the total bond length. The E/M impedance spectrum 
of the damaged structure is shown with continuous line in Figure 6. Examination of 
the damage-structure E/M impedance spectrum in comparison with the base-line 
spectrum reveals three important phenomena: frequency shift of existing peaks; 
increase in peak amplitudes; appearance of new peaks. The frequency shifts were 
consistently towards lower frequencies, which could be explained by the decrease 
in local stiffness due to disbonds. In a disbond region, the effective sheet thickness 
is much less than in pristine regions. The appearance of new peaks is justified by 
the new local modes that are created when disbonds appear. The damage index was 

20Re( ) Re( ) / Re( )
N N

DI Z Z Z⎡ ⎤ ⎡= −⎣ ⎦ ⎣∑ ∑
20 ⎤⎦  where N is the number of frequencies in the 

spectrum, and the superscript 0 signifies the initial (base-line) state of the structure.  
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