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ABSTRACT 
 

This paper presents an investigation of power and energy transduction in 

piezoelectric wafer active sensors (PWAS) on isotropic structure for structural health 

monitoring (SHM). After a literature review of the state of the art, we developed a 

power and energy model for PWAS on an isotropic beam. We performed 1-D and 2-D 

model of the power and energy transduction for PWAS transducers attached to 

structure. This 1-D and 2-D model allows examination of power and energy flow for 

linear and circular crested wave pattern.  

The power and energy transduction flow chart for a complete pitch-catch setup is 

examined. At each stage, the electro-acoustic power and energy transduction of the 

PWAS transmitter and receiver are examined. The power flow converts from 

electrical source into piezoelectric power at the transmitter, the piezoelectric 

transduction converts the electrical power into the mechanical interface power at the 

transmitter PWAS and then into acoustic 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 at the structure. The mechanical power captured is 

converted back into electrical power in the receiver PWAS and captured at the 

receivers electric instrument. The parametric study of PWAS size, impedance match 

gives the PWAS design guideline for PWAS sensing and power harvesting 

applications. 
 

 

INTRODUCTION 
 

 The mounting costs of maintaining our aging infrastructure and the associated 

safety issues are a growing national concern. Over 27% of our nation’s bridges are 

structurally deficient or functionally obsolete [1]. Deadly accidents are still marring 

our everyday life. In response to these growing concerns, structural health monitoring 

(SHM) sets forth to determine the health of a structure by monitoring over time a set 

of structural sensors and assessing the remaining useful life and the need for structural 

actions. Built-in SHM system capable of detecting and quantifying damage would 

increase the operational safety and reliability, would conceivably reduce the number 

of unscheduled repairs, and would bring down maintenance cost. 
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 The type and efficiency of the SHM sensors play a crucial role in the SHM system 

success. Ideally, SHM sensors should be able to actively interrogate the structure and 

find out its state of health, its remaining life, and the effective margin of safety. 

Essential in this determination is to find out the presence and extent of structural 

damage. Recent SHM work has shown that piezoelectric wafers adhesively bonded to 

the structure successfully emulate the NDE methodology (e.g. pitch-catch, pulse-echo, 

Figure 1) while being sufficiently small and inexpensive to allow permanent 

attachment to the monitored structure. Piezoelectric wafer active sensors (PWAS) are 

small, lightweight, unobtrusive, and inexpensive. They achieve direct transduction 

between electric and elastic wave energies. Two SHM sensing principles can be 

considered: (a) passive SHM sensing, in which the damage of the structure is inferred 

from the changes in load and strain distributions measured by the sensors; and (b) 

active SHM sensing, in which the damage is sensed by active interrogation of the 

structure with elastic waves. The power and energy flow in active and passive sensing 

is an important factor and has not been systematically addressed. 
 

 
Figure 1 (a) pitch-catch method; (b) pulse-echo method 

 The modeling of power and energy transduction has been addressed to a certain 

extent in classical NDE [2-4]. Viktorov [2] mentioned the transmissibility function 

between an NDE transducer and the guided waves in the structure. However, Viktorov 

did not provide an analytical expression but rather relied on experimental 

determination. Auld [3] treated comprehensibly the power and energy of ultrasonic 

acoustic fields and developed the complex reciprocity approach to their calculation. 

He developed some predictive models for surface acoustic wave (SAW) devices that 

relied on the simplifying assumption of single mode nondispersive Rayleigh wave 

propagation. Rose [4] developed a model for coupling between an angle-beam 

ultrasonic transducer and a system of guided Lamb waves in the structure using the 

normal modes expansion approach. However, this model was not specific about how 

the shear transfer takes place through the gel coupling between the transducer and the 

structure. Ng etc. [7] evaluated the piezoelectric sensor sensing and power generating 

abilities and power harvesting performance. Erturk and Inman modeled piezoelectric-

based energy harvesting for cantilever beam harvesters [5,6]. Classical NDE analysis 

has not studied in detail the power flow between transducer and structure because (a) 

the coupling-gel interface did not have clearly predictable behavior; and (b) power 

was not generally an issue, since NDE devices are not meant to operate autonomously 

on harvested power.  

 Although not much addressed by classical NDE analysis, the understanding and 

mastering of the power and energy flow is of paramount importance for the design of 
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autonomous SHM systems employing structurally integrated active sensors. A 

preliminary analysis of the 1-D and 2-D power and energy transduction process for 

SHM applications was performed  by considering (a) PWAS transmitter; (b) PWAS 

receiver; and (c) PWAS transmitter-receiver pair. Both 1-D linear PWAS and 2-D 

circular PWAS analytical models of wave propagation and power and energy 

transduction were performed [8-11]. 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.  

 The purpose of the paper is to review the 1-D and 2-D  analytical methods to 

understand and master the power and energy flow in PWAS active and passive SHM 

sensing. It is important for the design of autonomous SHM systems to employ PWAS 

with optimum power and energy flow. The following issues were addressed: (a) 

predictive modeling of the frequency response function and the power and energy 

transduction at the interface between PWAS and the structure in the presence of axial 

and flexural waves; (b) analytical modeling of the power and energy transduction 

between PWAS and high-frequency waves with consideration of the tuning 

opportunities when PWAS acts as transmitter and receiver of such waves; (c) 

identification of maximum energy flow; and (d) knowing that energy flows under 

impedance match conditions. 
 

 

SUMMARY OF PWAS POWER AND ENERGY MODELING 
 

 

Figure 2 Power and energy flow in a PWAS pitch-catch configuration 

 The power and energy transduction flow chart for a complete pitch-catch setup is 

shown in Figure 2. There are three parts in the power flow: transmitter PWAS power 

and energy, wave propagation power and energy in structure, and receiver PWAS 

power and energy. In pitch-catch mode, the power flow converts from electrical 

source into piezoelectric power at the transmitter, the piezoelectric transduction 
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converts the electrical power into the mechanical interface power at the transmitter 

PWAS and then into acoustic 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 at the structure. The mechanical power captured is converted back 

into electrical power in the receiver PWAS and captured at the receivers electric 

instrument. The analytical modeling of frequency response functions (FRF) was 

developed for PWAS voltage, current, complex power, active power, etc in each part. 

Under harmonic excitation, the FRF is the measure of any system's output spectrum in 

response to an input signal. In PWAS embedded SHM setup, the input is the 

excitation voltage, and the output could be voltage, current, complex power etc. The 

analytical model of FRF and power and energy transduction is based on the following 

assumptions: (a) ideal bonding connection between PWAS and structure; (b) ideal 

excitation source at the transmitter PWAS and fully-resistive external load at the 

receiver PWAS; and (c) 1-D axial and flexural wave propagation. Frequency response 

functions are developed for voltage, current, complex power, active power, etc. The 

time-averaged electrical power, mechanical power at the transmitter and wave power 

can be calculated from the frequency response function. 
 

1-D and 2-D Transmitter Power and Energy  

 

 For 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: 

1. How much of the applied electrical energy is converted in the wave energy? 

2. How much energy is lost through the shear transfer at the interface? 

3. How much of the electrical energy gets rejected back to the electrical source? 

4. 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 perform this analysis, Lin and Giurgiutiu [8-11] developed 1-D and 2-D 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 structure. 

It was found (Figure 3) that the reactive electrical power required for 7-mm 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 

under perfect bonding assumption.  

http://en.wikipedia.org/wiki/Frequency_spectrum


 

 

 The analysis indicated that the forward wave power in 1-D model is about half the 

electrical active power (Figure 3b). If we combine the wave power travelling in both 

directions (forward and backward), we get exactly the electrical active power input 

applied to the PWAS. In 2-D circular model, the active power converts to the 

mechanical power at the interface, and then converts to the wave power into the 

structure. Perfect electrical source and loss-less adhesive layer was assumed in this 

model and there is no loss during the electrical-mechanical-wave power transduction.  

The analytical analysis indicated that the excitation of axial and flexural wave with a 

2a  length PWAS in 1-D model generates in-plane strain in terms of the axial and 

flexural wave as  

  
        0 0 0

0 0( ) sin 3sin Fi x x a i x x ai t

Ft i e a e a e
    

    
   (1) 

These results has been extended to the case of a circular PWAS with radius a  coupled 

with circular-crested axial and flexural waves, that is  

  
          0 1 0 1 0 1 13i t

F Ft i a e J a J r J a J r       
   (2) 
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Figure 3 Electrical power required at the terminals of a 7-mm length PWAS terminals: (a) 
reactive power; (b) active power and wave power 

 It indicated that PWAS generated optimal axial and flexural wave excitation when 

the PWAS length is an odd multiple of the half wavelength of particle wave modes. 

The geometric tuning can be obtained through matching between their characteristic 

direction and the half wavelength of the excited axial or flexural wave mode. The 

PWAS size and axial and flexural wave number determined the peak and valley in the 

axial and flexural wave power. Due to the tuning effects, 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. 

As a result, that ratio between the reactive and active powers is not constant, but 

presents the peaks and valleys pattern. The increase and decrease of active power with 

frequency corresponds to the PWAS tuning in and out of various ultrasonic waves 

traveling into the structure. The maximum active power seems to be ~13 mW  under 

10V excitation.  

 Figure 4 presents the results of a parameter study for various radius circular 

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 radius: for a certain transmitter radius, the power rating increases when the 

frequency increases. For a given frequency, the power rating increases when the 



 

 

transmitter radius increases. These results are clarifying: to drive a 15-mm length 

PWAS at 1000 kHz with a 10 V constant voltage input, one needs a power source 

providing 10 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 ~ 20 mW .  
 

 
 

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

 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. 

This study gives guidelines for the design of transmitter size and excitation frequency 

in order to obtain maximum wave power into the SHM structure.  
 

Wave power and energy transfer in structure 

 

 The power and energy of forward and backward axial and flexural waves remain 

constant in 1-D situation. However, the axial and flexural wave excited by circular 

PWAS transmitter spreads out. Kinematic analysis gives the displacement generated 
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by a circular PWAS in terms of the axial and flexural displacement as with Bessel 

function. Bessel function can be approximated using the fact that it exhibits an 

asymptotic behavior after four or five cycles of the wavelength of the mode 

considered. The total axial and flexural wave is independent with the wave 

propagation distance r . The displacement exhibits an asymptotic behavior with 1/ r .  
 

1-D and 2-D Receiver Power and Energy  

 

 A similar analysis was conducted at the receiver PWAS. Receiver PWAS has a 

similar size tuning effect as transmitter PWAS. 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. In this case, only a small amount of power and energy is picked up by 

PWAS. In power harvesting application, receiver PWAS with a matching external 

electrical load impedance can output the maximum power. 
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Figure 5 Pitch-catch signal with a receiver PWAS (a) at different distance from a 
transmitter PWAS, (b) RMS power of a receiver at different distance. 

 In a 2-D pitch-catch sensing simulation, we used an Aluminum alloy 2024 infinite 

plate with 1 mm thickness. PWAS transmitter and receiver were 7-mm diameter and 

0.2-mm thickness. A 20-Vpp 100-kHz central frequency 3-count Hanning window 

tone-burst signal was applied to the transmitter. The receiver instantaneous voltage 

response was shown in Figure 5a. The fast axial wave was separated from the low 

speed flexural wave. The axial wave was non-dispersive and kept the shape of 

excitation signal. The flexural wave spread out due to the dispersive nature. The 

receiver root mean square (RMS) power was calculated (Figure 5b). It is clear that the 

receiver RMS power is proportional with 1/ r . 
 

 

CONCLUSION AND FURTHER WORK 
 

 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 pursued. A systematic investigation of 1-D and 2-D power and 

energy transduction in linear and circular PWAS attached on structure was considered 

using the wave propagation methods. With wave propagation, ideal bonding and ideal 



 

 

excitation source assumption, frequency response function and power and energy 

transduction of PWAS transmitter and receiver were developed. For a PWAS 

transmitter, the active power, reactive power, power rating of electrical requirement 

were determined under harmonic voltage excitation. It indicates that the reactive 

power is dominant and gives the power requirement for power supply / amplifier for 

PWAS application. The electrical and mechanical power analysis at the PWAS 

structure interface indicates all the active electrical power provides the mechanical 

power at the interface. This provides the power and energy for the axial and flexural 

wave’s power and energy travelling in the structure. The parametric study of PWAS 

transmitter size shows the proper size and excitation frequency selection based on the 

tuning effects. For a PWAS receiver under a PWAS excitation, the frequency response 

function  and power and energy were also developed. The parametric study of the 

distance of the PWAS transmitter and receiver indicated the power flow in the 

structure. The future work is the power and energy analysis with multi-mode Lamb 

waves and composite structures. 
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