
1 IN-SITU EMBEDDED ULTRASONIC 
GUIDED WAVE SHM 

Structural health monitoring (SHM) is able to detect 
and interpret adverse changes in the structure, which 
will greatly reduce the life cycle cost. Some of the 
advantages of SHM over conventional non-
destructive evaluation (NDE) would be reduced in-
spection downtime, elimination of component tear 
down, and potential prevention of failure during op-
eration. This would well be used in identifying fail-
ure in aircraft, where thin plate-like structures find a 
variety of applications in the aerospace industry (Ra-
jagopalan et al 2006). 

Due to the meticulous through-the-thickness C-
scans of large area, structural inspection and damage 
detection in thin wall structure using conventional 
NDE techniques are time-consuming. One way to 
increase the efficiency is to utilize the guided waves, 
e.g., Lamb waves in thin plates. Attempts have been 
made to implement the inspection of large structure 
from a single point by using phased arrays. The ad-
vantages of using a phased array are multiple 
(Krautkramer and Krautkramer 1990) (Rose 1999). 
The application of phased array such as an EMAT 

array or a passive piezoelectric wafer array has been 
made by many researchers (Fromme et al 2005) 
(Sundararaman et al 2005). However, it seems im-
practical and costly to conceive an SHM system 
based on conventional ultrasonic transducers perma-
nently installed in an aircraft structure in a number 
sufficient to achieve the required structural cover-
age. The low cost, inexpensive, and small commer-
cially available transducers are needed to construct 
embedded in-situ phased array for SHM. 

In this paper, we bring up the construction and 
implementation of an in-situ embedded phased array 
using the piezoelectric wafer active sensors. The 
principles of PWAS for Lamb wave generation and 
reception and PWAS phased array beamforming will 
be briefly covered. We also demonstrate damage de-
tection in thin wall aluminum plate by using differ-
ently configured PWAS phased arrays to detect a set 
of various defects. 
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 ABSTRACT: The paper describes an in-situ method for damage detection using phased arrays of piezoelec-
tric wafers active sensors (PWAS) that are permanently attached to the structure. The method uses scanning 
beams of guided waves that can travel at large distances with little energy loss and hence permit the interroga-
tion of large structural areas from a single location. The novelty of the present method, as different from con-
ventional ultrasonic phased array, consists in use of the unobtrusive and inexpensive permanently attached 
PWAS to perform interrogation and beamforming as a signal post processing procedure. In order to apply the 
beamforming theory to guided wave application, a mode tuning technique is employed to obtain the required 
single mode excitation for the phased array application.  

After reviewing the principles of the PWAS phased array, its implementation algorithm, the embedded ultra-
sonic structural radar algorithm (EUSR), is introduced briefly. Based on the developed PWAS phased array 
beamforming formula, we bring up the practical implementation of PWAS arrays and present analytical and 
experimental results concerning the omnidirectional damage detection ability. Finally, damage detection on 
aluminum plates with various PWAS phased arrays is conducted. Results are presented and compared be-
tween linear and planar arrays. 
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2 PIEZOELECTRIC WAFER ACTIVE 
SENSOR FOR GUIDED WAVES 

Considerable effort has been dedicated to the study 
of the interaction between the Lamb wave genera-
tion and detection, as well as of finding the opti-
mized excitation frequency and calibrating the Lamb 
wave group velocity (Giurgiutiu 2005). 

2.1 PWAS Lamb wave principles 

Lamb waves are guided waves that propagate inside 
thin-wall plates and shallow shells. Lamb waves can 
be either symmetric or anti-symmetric across the 
material thickness (known as Sn and An, respec-
tively, where n represents the number of inflection 
points across the thickness). The Lamb wave phase 
velocity, cL, depends on the product of the frequency 
and the materials thickness, i.e., Lamb waves are 
dispersive waves. The dispersion curves can be ob-
tained by solving Rayleigh-Lamb frequency equa-
tion (Giurgiutiu 2005). 

PWAS are small wafers of piezoelectric material 
that are permanently bonded to the material surface 
and can simultaneously act as elastic wave transmit-
ters and receptors. Due to the in-plane surface cou-
pling, PWAS are ideally suited for the generation of 
guided plate waves (Lamb waves). Figure 1 shows 
how a surface-mounted PWAS can simultaneously 
excite both S0 and A0 Lamb waves. 

 

(a) 

(b) 
 

Figure 1 Lamb wave simulation in a 1-mm thick aluminum 
plate. (a) S0 mode at 1.56 MHz; (b) A0 mode at 0.788 MHz 

Of particular importance is the fact that PWAS 
are coupled with the material strains parallel to the 
material surface. Thus transmission and reception of 
Lamb waves in thin-wall structures are greatly fa-
cilitated. This type of coupling, which is parallel to 
the material surface, is significantly more efficient 

for the excitation and reception of Lamb waves than 
that of the conventional ultrasonic transducers which 
can only impinge normal to the material surface. 

2.2 PWAS frequency tuning 

As we know, Lamb waves can exist in a number of 
dispersive modes, which complicates the application 
of guided wave phased arrays. However, through 
smoothed tone-burst excitation and frequency tun-
ing, it is possible to confine the excitation to a par-
ticular Lamb wave mode, of carrier frequency fc, 
wave speed c, and wave length λ=c/fc (Giurgiutiu 
2005). 

As shown in Figure 2, within the frequency range 
0~700 kHz, only two modes, A0 and S0 modes, ex-
ist on the 1-mm thick aluminum plate by using a 7-
mm round PWAS. At low frequency, A0 mode 
dominates while S0 is minor. When the frequency 
increases beyond 200 kHz, the excitation of A0 de-
creases rapidly while that of S0 increases. At 300 
kHz, a “sweet spot” was obtained, where dominant 
S0 mode and maximally suppressed A0 modes were 
observed. The frequency tuning effect was found to 
be of ultimate importance since it presented us with 
the opportunity of exciting single low dispersive S0 
waves of strong intensity, which is critical for the 
implementation of Lamb wave phased array. 
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Figure 2 PWAS frequency tuning on a 1-mm aluminum plate 
using 7-mm round PWAS 

3 PWAS PHASED ARRAY BEAMFORMING 
AND IMPLEMENTATION 

In the PWAS phased array implementation, we as-
sume: 

 All the elements in the array lie in the same 
plane 

 All the elements behave as point-wise 
sources and receivers 

 Monochromatic excitation and reception re-
gardless of the dispersion of guided wave 
applies 

 Simultaneous and uniform excitation if not 
otherwise clarified 



The non-dispersion assumption results in a constant 
speed c in isotropic materials.  

3.1 Generic beamforming formulation 

PWAS phased array beamforming is based on the 
delay-and-sum algorithm. The delay-and-sum beam-
forming consists of two steps: 

1. Applying delay ∆m and weighting wm to the 
propagating wave from the mth PWAS, 

( , )mf r t


 
2. Summing up the output signals of the total of M 

PWAS 
The beam from an array consisting of a total of M 
PWAS locating at { ms


}, m=0, 1, … M-1 will be di-

rected to a point ( , )P r  . The coordinate systems is 
defined by using the array phased center where the 
origin coincides with the phased center (Figure 3). 
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Figure 3 Geometrical schematic of an M-PWAS array with a 
target located at ( , )P r   

For a single tone, outgoing radial mode wave 
( , )f r t


, its wave front at the target P is in the form 
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 as the wave number, /k c  
 

, and ω as 
the angular excitation frequency. The synthetic wave 
front at P from all the M PWAS is 
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Equation (2) can be re-written as 
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where mr  is normalized rm. Equation (3) shows 
that the synthetic wave is completed determined by 
the second multiplier, which is defined as beam-
forming factor given by 
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In order to steer the output wave ( , )z r t


 at certain 
direction 0 , the delays {  0m  } are applied, i.e., 
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The delays together with weight of { m mw r  } 
will result in a modified factor of 
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From Equation (3) and (7) we can see that the fi-
nal synthetic wave becomes M times reinforced of 
the original individual wave from a single source. 
When the target direction 0  changes with the 
range of 0º~360º, a beam scanning of the entire 
plane can be accomplished. 

3.2 Embedded ultrasonic structural radar (EUSR) 
algorithm 

Embedded ultrasonic structural radar (EUSR) is a 
concept that utilizes the phased array and ultrasonic 
guided wave principles to implement the scanning of 
large thin-wall structures for damage detection (Gi-
urgiutiu et al 2006). The EUSR concept consists of 
(1) a PWAS phased array embedded onto the struc-
ture and (2) electronic modules for signal transmis-
sion/reception, processing, and interpretation. In 
EUSR system, the Lamb waves are generated and 
received with surface mounted PWAS. Lamb waves 
can travel over large distances with little attenuation 
and can travel inside curved walls with shallow cur-
vature. In PWAS phased array, each element plays 
the role of both transmitter and receiver and the role 
is changed in a round-robin fashion by an computer 
controlled electronics (Liu and Giurgiutiu 2005) for 
that purpose. After responses of the structure to all 
the excitation signals are collected, the EUSR algo-
rithm applies an appropriate delay to each signal in 
the data set as a signal post processing procedure to 
make them all focus on a certain direction 0 . When 
the 0  changes from 0º~360º, a virtual scanning 
beam is formed and the full area of the structure is 
interrogated. More details about the EUSR imple-
mentation can be found in the reference by Giurgi-
utiu et al (2006). Therefore, due to its low cost, 
small size, and unobtrusiveness, the EUSR PWAS 
phased array seems better suited fro in-situ SHM of 
thin-wall structures than conventional ultrasonic 
transducer arrays. 



4 PWAS PHASED ARRAY LABORATORY 
EXPERIMENTS 

A proof-of-concept system was built to verify the 
damage detection ability using various Lamb wave 
PWAS phased arrays (Figure 4a). DAQ module uses 
a computer to control and collect data from multi-
channel data collection equipment, which consists 
of: (i) a HP33120A arbitrary signal generator; (ii) a 
Tektronix TDS210 digital oscilloscope; and (iii) a 
computer controlled auto-switch unit, ASCU unit. 
The HP33120A was used to generate the excitation 
with a 10 Hz repetition rate. The Tektronix TDS210 
digital oscilloscope, synchronized with the digital 
generator, was used to collect the response signals 
from the PWAS array. The actuation and sensing 
function of the PWAS elements are automatically 
controlled by the ASCU unit. 1220-mm square panel 
of 1-mm thick 2024-T3 Al-clad aircraft grade sheet 
metal specimens with different crack layouts were 
used. The size of the simulated cracks is 19-mm 
long, 0.127-mm wide. The PWAS used is APC-850 
small PZT wafer 7 mm round or square and 0.2 mm 
thick. Figure 4b shows the layout of the specimens. 
Either 1-D linear or 2-D rectangular PWAS arrays 
are used which constructed by 7-mm round or 
square PWAS spacing at 8 mm (center to center dis-
tance). The excitation frequency was tuned at 300 
kHz for using S0 Lamb wave mode. 
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Figure 4 Proof-of-concept EUSR experiment. (a) equipment 
setup; (b) specimen schematic 

4.1 1-D linear uniform arrays 

A linear array consisting 8 round PWAS is used to 
detect a single broadside crack about 305 mm away. 
Scanning result from EUSR is provided as a 2-D 

grayscale image shown in Figure 5a. Note that an 
observation window is actually used to maximize 
the display by removing the initial bang and the re-
flections from the boundaries. A-scan signals at 30º 
and 90º are given as well in Figure 5b. 

EUSR damage detection was also conducted on 
specimens with different defects. Figure 6 gives the 
EUSR image of a plate with a single 1.57 mm pin 
hole about 301 mm away from the array. Our ex-
perimental results show that 1.57 mm is the mini-
mum detectable size for such an array operating at 
300 kHz on the 1-mm aluminum plate. 

Figure 7 is the EUSR image of a plate with two 
offside cracks (as illustrated in Figure 4b) at 67º and 
117º, respectively. Since the cracks’ orientation is 
parallel to the array alignment, most of the incipient 
waves are reflected away and no specula reflection 
is present. However, diffraction at crack tips creates 
sufficient backscatter waves to permit detection. The 
result show that EUSR PWAS arrays can detect 
cracks which are located in non-optimal positions 
and can detect multiple defects. 

(a)  

(b)

t, μs

90º 

30º 

V, volt

 
Figure 5 EUSR scanning of a 1-mm thick aluminum plate using 
an 8 round PWAS uniform linear array. (a) EUSR image indi-
cating the presence of a single broadside crack; (b) selected A-
scan signals at 30º and 90º, respectively 
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Figure 6 EUSR scanning of a 1-mm thick aluminum plate using 
an 8 round PWAS uniform linear array. EUSR image indicat-
ing the presence of a single broadside 1.57 mm pin hole 



 
Plate #5 

 
Figure 7 EUSR scanning of a 1-mm thick aluminum plate using 
an 8 round PWAS uniform linear array. EUSR image indicat-
ing the presence of two offside cracks at 67º and 117º, respec-
tively 

4.2 1-D linear non-uniform arrays 

According to our study, weighting is an important 
factor of beamforming properties. Non-uniformly 
excited arrays have been developed by the authors 
and named accordingly as Binomial PWAS array 
and Dolph-Chebyshev array, respectively (Yu and 
Giurgiutiu 2007). Comparing the three 1-D linear ar-
rays, we have found out that the uniform array has 
the finest beam width, followed with Dolph-
chebyshev and Binomial array, while Binomial array 
has zero side lobe when elements spacing at half 
wavelength. The uniform array shows the most sig-
nificant sidelobes among the three. Experiments 
were conducted to verify these conclusions. Figure 
8a is the image from a Dolph-Chebyshev array des-
ignated at sidelobe level of 20 (Yu and Giurgiutiu 
2007). Carefully compared with the image from the 
equivalent uniform array in Figure 5a, we can see 
the phantom ring other than the broadside showing 
in Figure 5a did not present in the image of Dolph-
Chebyshev array. The crack size however, remained 
comparable. Figure 8b is the EUSR image of using a 
Binomial array which shows no phantom ring at un-
desired directions. However, the crack size appears 
much larger than those of uniform array and Dolph-
Chebyshev arrays. The conclusions of the three lin-
ear arrays are successfully verified. 

(a) 

 

 

(b)  
Figure 8 EUSR scanning of a 1-mm thick aluminum plate using 
an 8 round PWAS non-uniform array. (a) EUSR image using 

Dolph-Chebyshev array; (b) EUSR image using Binomial ar-
ray 

4.3 2-D rectangular arrays 

As we have noticed,1-D array is limited to 0º~180º 
scanning due to the intrinsic geometric limitation. 
Hence, 2-D planar PWAS arrays have been pro-
posed and developed by Yu and Giurgiutiu (2007). 
Scanning of using a 4x8 rectangular configuration 
PWAS array was first conducted to detect the broad-
side crack and the EUSR image is shown in Figure 
9a. 

From the EUSR image we noticed a strong phan-
tom image at 270º which was actually resulted by 
the backlobe at the excitation frequency. A-scan at 
90º and 270º are also provided in Figure 9b to show 
the difference. Considering the difference between 
mainlobe and backlobe, the disturbance at 270º can 
be removed by using a simple thresholding process. 
Improved thresholded image is shown in Figure 10. 

To remove the backlobe influence in the 4x8 ar-
ray, a simple way is to increase number of elements 
in the planar array. Hence, a new 8x8 array was used 
to re-scan the specimen with a single broadside 
crack at 90º. The direct mapping image is given in 
Figure 11. No phantom image at other direction was 
observed. 

Another specimen with a single 4-mm small hole 
at 180º was also scanned by the 8x8 PWAS array 
and resulting image is shown in Figure 12. Note that 
background noise has been removed by threshold-
ing. 

Phantom image 
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Figure 9 EUSR scanning using a 4x8 PWAS array. (a) original 
EUSR image; (b) A-scan signals at 90º and 270º 



 

 
Figure 10 EUSR image of a 4x8 PWAS array after threshold-
ing 

 

 
Figure 11 EUSR image of an 8x8 PWAS array on a specimen 
with a single broadside crack at 90º 

A more complicated scanning was conducted on 
a plate with a crack at 90º and a 4-mm small hole at 
180º, both being 305 mm away from the array. 
EUSR image is presented in Figure 13. Comparing 
the indication of the small hole and that of the crack, 
we see the reflection caused by the crack is much 
stronger than that from the small hole. EUSR not 
only detected the presence of both defects but also 
demonstrated the difference between different defect 
types. 
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Figure 12 EUSR image of an 8x8 PWAS array on a specimen 
with a single 4-mm small hole at 180º 

 
Figure 13 EUSR image of an 8x8 PWAS array on a specimen 
with a crack at 90º and a 4-mm small hole at 180º 

5 CONCLUSIONS 

In this paper, we demonstrated the use of piezoelec-
tric wafer active sensor phased array for damage de-
tection in thin wall metallic structures. Unlike the 
conventional ultrasonic phased arrays, PWAS 
phased array provides a novel embedded solution for 
in-situ SHM and damage detection with the abilities 
of large area scanning at affordable price and with 
less electronics requirements. The arrays are consid-
ered “embedded” into the structure considering they 
are permanently attached to the structure and can be 
left in place for life of the structure. The theoretical 
and experimental investigation presented in this pa-
per verified that PWAS phased array can be used to 
detect single or multiple crack and/or hole defects 
within 0º~360º range. The generic beamforming 
formula offered the theoretical prediction for any 
phased array configuration design. More studies and 
experiments should be extended to practical geome-
tries and to composite or hybrid-material structures. 
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