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For efficient nondestructive ultrasonic inspection in plate/shell structures, the development of a guided-wave

basedmethod using transducers having good beamdirectivity, high power, and little dispersion is important. To this

end, a damage inspection strategy using a set of specially designed magnetostrictive patch transducers capable of

generating beam-focused, nondispersive shear-horizontal waves is proposed. In the present ultrasonic pitch–catch

inspection, only a few single transducers need to be installed around an inspection area. To convert measured wave

signals by the transducers into two-dimensional images, a relatively simple yet effective data-processing technique

suitable for the employed transducer setting is developed. Sets of experiments were conducted on rectangular plates

having one or two circular holes with a diameter of 1 or 3 millimeters. For all experiments, the Gabor-shaped

ultrasonic pulses having the center frequencies of 250 kHz and 360 kHz were used.

Nomenclature

An = region of influence for a grid point n
cs = shear wave speed
D = interval between solenoids in planar solenoid array
Eni;j�t� = envelope of the voltage output signal at a specific

arrival time t from i to j via n
f = center frequency
G = spacing between virtual grid points
hn = the size of An

Ii;j�p� = squared magnitude of the wave scattered from an
arbitrary point p when �Ti; Rj� is used

Ini;j�n� = squared magnitude of the wave scattered from a grid
point n when �Ti; Rj� is used

I�p� = intensity used to image the inspected area S
li-n = distance between i and n
li-p = distance between i and p
ln-j = distance between n and j
lp-j = distance between p and j
M = total number of the used transducers
N = total number of grid points
n = virtual grid point number of location
Rj = planar solenoid array-type orientation-adjustable

patch-type magnetostrictive transducer working as a
receiver at location j

S = inspection region
Ti = planar solenoid array-type orientation-adjustable

patch-type magnetostrictive transducer working as a
transmitter at location i

t = time or an arrival time
ti-n = traveling time from i to n
ti-n-j = total time of flight from i to j via n
ti-p = traveling time from i to p
ti-p-j = total time of flight from i to j via p
tn-j = traveling time from n to j
tp-j = traveling time from p to j
Vni;j�t� = voltage signal of measured waves at a specific arrival

time t from i to j via n
xn, yn = Cartesian coordinate of the grid point n
xp, yp = Cartesian coordinates of an arbitrary point p
� = parameter controlling the effective time width of the

Gabor pulse
� = phase of the Gabor pulse

Subscripts

i = index denoting transmitter location
j = index denoting receiver location
p = arbitrary location (or point) inside S
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I. Introduction

T HE main advantage of using guided waves for damage inspec-
tion in plate or shell structures (e.g., aircraft fuselage/wing, ship

hulls, and oil/gas storage, etc.) is that a large portion of a test structure
can be inspected onlywith a small number of transducer installations.
For this reason, numerous investigations using guided waves have
been conducted [1–7]. Despite of the effectiveness of guided-wave
based damage inspection, more efforts should be made to increase
beam power, to improve directivity (or focusing), and to use a non-
dispersive wave mode. Because the issue of beam power is more
related to electronics, this work will be mainly concerned with beam
directivity (or focusing) and wave dispersion here. Perhaps the most
common beam focusing approach is a phased-array technique.
Because this technique requires a large number of piezoelectric trans-
ducers or electromagnetic acoustic transducers (EMAT) for good
focusing [8–12] it costs much, especially when damage detection is
considered in a large structure. In addition, the phased-array method
requires sophisticated time delay algorithm for beam focusing.

In this work, an alternative patch-typemagnetostrictive transducer
recently developed by Lee et al. [13] will be employed. Without
forming a phased array, this transducer was shown to effectively
focus the generated wave beam along a target direction in a plate. It
was also shown that it can generate and receive a nondispersive
shear-horizontal wave mode (the fundamental shear-horizontal
wave, SH0) effectively. Because the nondispersiveguidedwave has a
constant group velocity for all frequencies, the generated waveform
from a transmitter preserves its shape as it propagates. Therefore, the
SH0mode is most preferred for a guided-wave based nondestructive
evaluation of a platelike structure. Also, the displacement and the
stress of the SH0mode are uniform through the thickness of a plate so
that its sensitivity to a defect does not depend on the through-
thickness location of a defect. On the other hand, it is not so easy to
generate shear waves having good directivity by using piezoelectric
transducers. Therefore, most piezoelectric transducer based inspec-
tion techniques tend to employ the dispersive Lamb waves and use
some signal processing algorithms to compensate the dispersion

effects of the Lamb waves [14–17]. In this work a simple, efficient
damage inspection technique, based on a recently developed
magnetostrictive transducer, will be presented.

Because themagnetostrictive transducer of Lee et al. [13] has quite
different characteristics from those of piezoelectric transducers, a
damage detection strategy suitable for the magnetostrictive transd-
ucer may be employed. In particular, an efficient 2-D imaging
technique using a set of single magnetostrictive transducers will be
developed in this investigation. Before presenting the proposed
damage inspection method using the magnetostrictive transducer, a
brief introduction of the damage inspection setup and the charac-
teristics of the magnetostrictive transducers will be given below.

Figure 1a shows a schematic of magnetostrictive transducer based
damage inspection in a plate, while Fig. 1b the configuration of the
magnetostrictive transducer of Lee et al. [13], called the Planar
Solenoid Array-type Orientation-adjustable Patch-type Magneto-
strictive Transducer (PSA-OPMT). The symbols P1 and P2 in the
figure denote PSA-OPMTs installed on a test plate. As shown in
Fig. 1b, PSA-OPMT consists of a circular magnetostrictive patch
bonded on a plate and a specially configured magnetic circuit com-
posed of two permanentmagnets and a Planar SolenoidArray (PSA).
In generating and measuring elastic waves by the magnetostrictive
patch, the magnetostrictive effect, referring to the coupling phenom-
enon betweenmagnetic field andmechanical stress, [18] is used. The
following is a brief summary explaining how shear-horizontal (SH)
ultrasonic waves are generated and measured by PSA-OPMTs. See
Lee et al. [13] for more detailed accounts of the working principle of
PSA-OPMT.

1) Two permanent magnets supply a bias magnetic field in a
circularmagnetostrictive patchwhichmainly flows along the y direc-
tion. The bias field is indicated by dashed arrows in Fig. 1c.

2)When an input current is sent to PSA each solenoidwill develop
a dynamic magnetic field in the negative and positive directions, as
depicted in the zoomed view of PSA shown in Fig. 1b, because of the
coil winding pattern, clockwise or counterclockwise. Then, the
dynamic magnetic field generated by PSA is applied to the circular

Fig. 1 a) Schematics of pitch–catch guided-wave damage detection in a plate by using two PSA-OPMTs denoted by P1 and P2 (in this figure P1 and P2

work as a transmitter and a receiver, respectively), b) the configuration of PSA-OPMT, and c) the working principle of PSA-OPMT.
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magnetostrictive patch bonded to a test plate in the positive and
negative x directions as depicted in Fig. 1c.

3) Because twomagnetic fields are orthogonal to each other, shear
strains are developed in the patch as illustrated in Fig. 1c by the
Wiedemann effect [19,20], a special case of the magnetostrictive
effect.

4) The dynamic strain developed in the patch serves as a time-
varying SH wave actuation source of the plate because the patch is
bonded to the plate. The SH wave then propagates as a guided wave
in the plate.

5) If the distanceD in Fig. 1b is so adjusted as to be related to the
wavelength of the used ultrasonic wave pulse, the generated wave
beam can be highly focused mainly along the x axis as indicated in
Fig. 2.

6) In focusing beam along the x axis, the planar solenoid array
configuration plays an important role.

Figure 2a shows a pitch–catch experiment setup using two PSA-
OPMTs, and Fig. 2b shows the wave radiation pattern of the first
nondispersive mode (SH0) of shear waves obtained by experiments
and theoretical analysis at two center frequencies, 250 kHz and
360 kHz. For theoretical analysis, a 2-Ddistributed line sourcemodel
developed in [13] was employed. The alternating signs of shear
strains along source lines were taken into account. Note that good
directivity was achieved only with single transducers without
forming phased arrays. Figure 2b clearly demonstrates that beam
directivity becomes better as the center frequency becomes higher.
This is because the beam divergence angle in the far field region is
proportional to the wavelength � (�� cs=f) of the generated
(received) shear wave.

This paper is organized as follows. The next section is devoted to
the development of a damage inspection technique using ultrasonic
guided-wave signals obtained by a set of PSA-OPMTs. In particular,
a PSA-OPMT based experimental strategy and a 2-D imaging
technique by using the acquired signals will be developed. In the
subsequent section, the effectiveness of the developedmethodwill be
tested experimentally. All experiments were conducted on 0.8 mm
thick aluminum plates having one or two holes with a diameter of
1 mm or 3 mm. The effects of the excitation frequencies on the
processed images will be also examined. The summary and conclu-
sions of this research will then follow.

II. Planar Solenoid Array-Type
Orientation-Adjustable Patch-Type
Magnetostrictive Transducer Based

Damage Detection Method

In this section, the proposed damage detection method using
PSA-OPMTs will be presented. An imaging algorithm will be given
after data acquisition and processing strategies are presented. The
underlying wave mechanics related to PSA-OPMTs will be also
briefly explained.

A. Data Acquisition and Preprocessing

Figure 3a schematically shows the experimental setup; only a few
PSA-OPMTs are installed on a test plate. An inspection region of a
plate is surrounded by PSA-OPMTs. Because PSA-OPMTs have
good directivity as demonstrated in Fig. 2, the main wave power can
be so adjusted as to target on a specific point, say point 12 in Fig. 3a.
This means that if the P1 transducer is used as a transmitter, the main
power of the generated wave by P1 is directed at point 12, and if the
P2 and P3 transducers are used as receivers, they are also directed at
point 12 to detect reflected waves if there is any defect near point 12.
The big arrows in Fig. 3a denote the focusing directions of the
transducers. Because the assembly of two permanent magnets and a
planar solenoid array is separated from the circular patch bonded to a
test plate, one can easily adjust the wave propagation direction (the x
axis in Fig. 1b) by rotating the assembly. (In fact, the rotation is
automated by a step motor as shall be explained in the next section.)

Note that the transmitted and received ultrasonic wave by PSA-
OPMTs can be nondispersive as long as the excitation frequency is
below the cutoff frequency of the second shear-horizontal wave
mode (see Fig. 4 for the dispersion curve of an aluminum plate used
for experiments). In this case, the time of flight of the SH0 wave can
be easily calculated byusing the shearwave speed, cs–this is a critical
advantage of using PSA-OPMTs to generate and measure the SH0
mode. In all experiments, waves of the Gabor pulse form will be
used:

g�t� � e�t2=2�2 cos�2�ft� ���t: time; �: phase� (1)

Fig. 2 a) Pitch–catch experimental setup using two PSA-OPMTs, b) wave radiation patterns of the SH0 wave mode by PSA-OPMTs at the excitation

frequencies of 250 kHz (D� 6:2 mm) and 360 kHz (D� 4:2 mm). (The orientation angle � is defined in Fig. 1.)
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where � is a parameter controlling the effective time-width of the
pulse and f, the center frequency. The Gabor wave form is used
because it has the best time-frequency resolution [21]. In this study,
� � 4:8 � 10�6 sec and �� 0 radwere used. When a planar solen-
oid array is used, the distanceD is so selected as to generate a Gabor
pulse of the center frequency f effectively. The relation between D
and f is given by [13]

2D ’ �� cs
f

(2)

where � is the wavelength.
Points 1–25 in Fig. 3a denote virtual grid points that will be the

targeting points of PSA-OPMTs. For simplicity, the grid distance
along the horizontal and vertical axes is assumed to be the same asG.

In the test problem shown in Fig. 3a, a small crack is located near
point 14. The following is the procedure to acquire guidedwave data.

1) Identify an inspection region S and locate a few PSA-OPMTs to
cover S. In the case of Fig. 3a, four PSA-OPMTs (P1, P2, P3, and P4)
are installed on a 0.8 mm thick aluminum plate.

2) Virtually discretize the inspection region and get the coor-
dinates of the virtual grid points. For simplicity, a uniform distance of
G will be used.

3) Select a transmitting transducer and receiving transducers for
pitch–catch experiments. For example, P2 and P3 are used as re-
ceivers (Rj) while P1 is used a transmitter (Ti). Symbols i and j are
indices denoting the location of a transmitter (T) and the location of
receiver (R), respectively. It is noted that the additional use of P4 does
not give much useful information so only P2 and P3 are used as
receivers in this case.

Fig. 3 a) Schematics of wave data acquisition by using PSA-OPMTs in a 0.8mmaluminumplate having a 3mmhole crack, b)measured time signals by

P2 for different target grid points (sampling time: 5 � 10�8 s), c) the squared magnitude In1;2 of the scattered wave from grid point n measured by a

transducer P2 for the transmitting transducer P1, and d) an illustrative 2-D image of a plate by elementary data process.
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4) Choose a target point and direct P1, P2, and P3 toward the point.
Then supply current of the Gabor pulse form to PSA of the trans-
mitter (P1) and the propagated wave in a plate is measured by PSAs
of receivers (P2 and P3) as voltage output. For instance, the received
signals by P2 for target points of n� 8, 10, 14 and 15 are plotted in
Fig. 3b where n indicates the grid point number.

5) Repeat Step 4 to cover all grid points in the inspection region.
6) If necessary, change the role of transmitters and receivers; for

instance, choose P2 as a transmitter and (P1, P4) as receivers. Repeat
this step if necessary.

To facilitate the time-of-flight calculation, measured signals by
receivers are processed by the Hilbert transform [22] and the
resulting signal envelopes are denoted by thick lines in Fig. 3b. Thus,
the envelope Eni;j�t� denotes the magnitude of the voltage output

Vni;j�t� sensed at an arrival time t by a receiver Rj for the ultrasonic
wavegenerated by a transmitterTi targeting on grid pointn. If there is
a crack at or near the target point n, a significant amount of scattered
waves by the crack will be received by a receiverRj. In that case, the
maximum value of Eni;j�t�will appear at time t� ti-n-j where ti-n-j is
the total time of flight of a wave of a Gabor pulse from i to j via n:

ti-n-j � ti-n � tn-j (3)

where ti-n and tn-j represent the traveling times of the SH0wave from
i to n and from n to j, respectively. Because distances li-n from i to n
and ln-j from n to j are known and the shear wave speed cs is
available, ti-n and tn-j are simply calculated as

ti-n �
li-n
cs
; tn-j �

ln-j
cs

(4)

Then, one can estimate the squared magnitude Ini;j�n� of the wave
scattered from grid point n measured by a transducer located at j as

Ini;j�n� � �Eni;j�ti-n-j��2 (5)

The argument n of Ini;j�n� denotes the wave scattered from grid point

n. Figure 3c shows the values of In1;2�n� for n� 1–25 indicated in
Fig. 3a. Because a circular crack is located near n� 14, the
maximum value of In1;2�n� is obtained for n� 14. Then, one can
suspect a presence of a defect near the grid pointn� 14. One can also
image the inspected square area by the value of In1;2�n�. The resulting
gray-level image is illustrated in Fig. 3d. Although resolution in
Fig. 3d is too low to be practically used, the procedure explained
earlier demonstrates how one can get a 2-D image of the inspected
region by using the wave signals from PSA-OPMTs. In the next
subsection, a higher-resolution imaging technique particularly sui-
table for PSA-OPMTs will be developed.

B. Planar Solenoid Array-Type Orientation-Adjustable Patch-Type

Magnetostrictive Transducer Based Imaging Algorithm

To increase image resolution, the easiest way is to increase the
number of grid points. We now develop an efficient imaging

technique that can considerably increase without increasing the
number of grid points. For the time being, the same set of experi-
mental data Eni;j�t� as used in Sec. II.A is assumed to be used for

imaging. For resolution improvement, the following technique is
developed.

First we note that although PSA-OPMTs have good directivity, the
generated ultrasound wave from a transmitter Ti propagates in a
small region near the target point n because the beam width is finite.
Therefore, the scatteredwave from a crack located in the small region
near n can be sensed by a receiver Rj. This means that if there is a
crack at a pointp near n,Eni;j�t� also includes the scatteredwave from
the point p; see the illustration in Fig. 5. For an experimental setting
to record Vni;j�t� in Fig. 5, we introduce the notion of a so-called

region of influence surrounding n in which significant ultrasonic
power is delivered. It is surrounded by a dotted line in Fig. 5. The
following is the definition of the region An of influence for a grid
point n:

An � f�x; y�jxn � hn 	 x < xn � hn; yn � hn 	 y < yn � hng (6)

where �xn; yn� denotes the Cartesian coordinates of the grid point n
and hn the size of A

n. The numerical value of hn is determined by the
wave beam spread and the location of n, but for simplicity, it will be
assumed as

hn �G for all n (7)

If there is a crack at point p 2 An located at �xp; yp�, the value of
Vni;j�t� measured at t� ti-p-j is the scattered wave from p where

ti-p-j � ti-p � tp-j (8)

ti-p �
li-p
cs
; tp-j �

lp-j
cs

(9)

In Eqs. (8) and (9), li-p and lp-j denote the distance between i and p
and the distance betweenp and j. Finally, themagnitude Ini;j�p� of the
received signal at j by wave scattering at p is determined as

Ini;j�p� � �Eni;j�ti-p-j��2 for p 2 An (10)

Because a selected point p can lie inside of four regions of influence
enclosing it, we propose to calculate the total magnitude Ii;j�p� of the
wave signal reflected from p as

Ii;j�p� �
XN

n�1
Ini;j�p� �

XN

i�1
�Eni;j�ti-p-j��2 for all p 2 S (11a)

where

Ini;j�p� 
 0 if p =2 An (11b)

It is often convenient to normalize Ii;j�p�with respect to Ii;jjmax for a
selected �i; j�.

Fig. 4 The dispersion relation of twoSHwavemodes for a 0.8mmthick

aluminum plate (fc: the cutoff frequency).

Fig. 5 The region of influenceAn when a transmitter (Ti) and a receiver

(Rj) target on a grid point n.
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Once Ii;j�p�s are calculated for a specific combination of �i; j�,
they are calculated for other combinations. If four transducers P1, P2,
P3, and P4 are used as illustrated in Fig. 3a, there are four
independent combinations of �i; j� such that

C� f�1; 2�; �1; 3�; �2; 4�; �3; 4�g (11)

In determining (11) the following reciprocal relation is used

Ii;j�p� � Ij;i�p� (12)

When M PSA-OPMTs are installed at different locations, the
following intensity measure I�p� is calculated to image the inspected
area S:

I�p� �
YM

i�1

YM

j�1
Ii;j�p� for all �i; j� 2 C (13)

Figure 6 demonstrates the procedure of the proposed imaging
technique using PSA-OPMTs. In this example, it is assumed that
N � 9 and �i; j� � �1; 2� and (1, 3). In comparison with the imaged
result in Fig. 3d, the image resolution has been greatly enhanced.

III. Imaging for Plate Damage Inspection

Using the PSA-OPMT based inspection method presented in the
preceding section, a set of shear-horizontal guided-wave experi-
ments were conducted. Four identical PSA-OPMTs covering a
square inspection area were used for all experiments. The test plates
were 0.8 mm thick aluminum plates. The effectiveness of the
proposed PSA-OPMT based inspection method will be investigated
and the effects of excitation frequencies and the number of virtual
grid points will be also examined.

A. Experimental Setup

Referring to Fig. 7a and taking the origin of the Cartesian
coordinate at P1, the coordinates of P1–P4 are as follows:

P 1�0; 0�; P2�400; 0�; P3�0; 400�; P4�400; 400��unit: mm�
(14)

The inspection region S is defined as

S� f�x; y�j100 	 x 	 300; 100 	 y 	 300g (15)

Fig. 6 Imaging process to explain the concept of the developed imaging method.

Fig. 7 a) Schematic view of PSA-OPMT based inspection of an aluminum plate, b) description of two cracked aluminum plates used for the present

investigation.
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Two cases of cracked aluminum plates illustrated in Fig. 7b will be
inspected:

1) Case 1 consists of a single hole crack C�1�1 having a diameter of
3 mm located at (235, 215).

2) Case 2 consists of two hole cracksC�2�1 at (146, 190) andC�2�2 at
(235, 215) having a diameter of 1 mm.

Two excitation frequencies of 250 kHz and 360 kHz were used to
generate the nondispersive shear-horizontal wave (SH0) in the plate.
The corresponding distances D in PSA became, by Eq. (2),

D� 6:2 mm for f� 250 kHz;

D� 4:2 mm for f� 360 kHz

For all analyses the value of cs � 3130 m=s was used.
The photographs taken during an experiment are shown in Fig. 8a.

The zoomed photo shows assemblies of PSA-OPMTs and step
motors mounted on the top of the transducers. The step motors are
used to rotate the generated and measured wave directions
incrementally. In fact, a LabVIEW-based program was developed to
automatically rotate PSA-OPMTs by the desired amount of rotation
angle. Figure 8b presents a schematic of the experimental setup. The
wave signal having the Gabor pulse form [21] in Eq. (1) was
generated by a function generator (Agilent33250A) and then ampli-
fied by an amplifier (RITEC RAM-5000). The output voltages of the
receivers were processed by a preamplifier (Stanford Research

Systems SR560) through a switching unit and sent to an oscilloscope
(National Instruments 5122 high-resolution digitizers). The deve-
lopedLabVIEWprogramwas also used to automate the transmission
and reception of wave signals and to perform the imaging process
explained in the preceding section. A snapshot of the graphic
interface of the program is shown in Fig. 8c.

B. Imaging with Three Planar Solenoid Array-Type Orientation-

Adjustable Patch-Type Magnetostrictive Transducers

Imaging by using three PSA-OPMTs will be explained first: P1
was used as the transmitter (Ti) and P2 and P3, as the receivers (Rj).
Therefore, two sets of data were obtained:I1;2 and I1;3 from PSA-
OPMT based shear-horizontal guided-wave experiments. Using I1;2
and I1;3 only, we will investigate the effects of the number of virtual
grid points and the effects of the center frequency among others.

1. Effects of the Number of Virtual Grid Points

Figure 9 shows the imaged results for case 1, i.e., for an plate

having a single hole crackC�1�1 . The distributions of I1;2 and I1;3 were
calculated for different numbers of grid points, N � 3 � 3� 9,
5 � 5� 25 and 17 � 17� 289. The corresponding grid sizes G are

G� 100 mm for N � 9; G� 50 mm for N � 25; and

G� 12:5 mm for N � 289

Fig. 8 a) Photographs taken during an experiment, b) schematic of the experimental setup, and c) graphical user interface front panel of the developed

LabVIEW program.
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As can be seen from the processed images, small circular bright zones

indicate the location of the hole C�1�1 . The exact hole location is
represented by a small circle in the figures. From Fig. 9, one can see
that the proposed imaging technique successfully predicts the hole
location. The image resolution improves as the number N increases.
The result with a small numberN � 9 also appears to be satisfactory.

Now let us consider case 2 in which a plate has two cracks C�2�1 and

C�2�2 .Theprocessed imageswithf� 250 kHzbyusing I � I1;2 � I1;3
for different values ofN are shown inFig. 10.Some improvements are
achieved asN increases, but a phantom crack was also found in these
results. Therefore, further improvements should be made to predict
crack locations accurately in case of small-sized multiple cracks.

2. Effects of the Center Frequency

To improve image resolution, a higher center frequency was
considered. Because the beam width becomes narrower as the
frequency becomes higher (see Fig. 2), the use of a higher center
frequency is expected to improve image resolution. Figure 11 shows
the results obtained using f� 360 kHz for Case 2. In comparison
with the results for f� 250 kHz in Fig. 10, the strength of the
phantom crack is reduced considerably. Especially when N is large,
the phantom crack has virtually disappeared. Therefore, the effects of
the center frequency, equivalently, the beam width, are shown to be
quite significant when a crack is small and the number of cracks is
large.

Fig. 9 Imaging process of a 0.8mm thick aluminumplate having a 3mmholeC
�1�
1 by using I1;2, I1;3, and I� I1;2 � I1;3 forN � 9, 25, and 289. The center

frequency of the shear-horizontal guided wave is 250 kHz.

Fig. 10 Processed images for case 2 (a plate having two cracks with a diameter of 1 mm) by using I� I1;2 � I1;3. The center frequency is 250 kHz.

Fig. 11 Processed images for case 2 by using the center frequency of 360 kHz.
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C. Imaging with Four Planar Solenoid Array-Type Orientation-

Adjustable Patch-Type Magnetostrictive Transducers

Now let us consider imaging by using four PSA-OPMTs. If four
transducers are employed, the following four sets of experimentswill
be conducted:

�i; j� � �1; 2�; �1; 3�; �2; 4� and �3; 4�

Figure 12 shows the process of imaging for N � 289 and f�
250 kHz. Before obtaining the image from I �

Q
4
i�1
Q

4
i�1 Ii;j;

�with j > i� � I1;2 � I1;3 � I2;4 � I3;4, the images by using each of
I1;2, I1;3, I2;4 and I3;4 are also plotted in Fig. 12. In comparison with
the processed image using I � I1;2 � I1;3 for N � 289 (shown in
Fig. 10), the image in Fig. 12 shows substantial improvements; it is
less affected by the phantom crack. However, there is still a hint of the
phantom crack.

Now the imaging by using I � I1;2 � I1;3 � I2;4 � I3;4 for f�
360 kHz is conducted and the results are plotted in Fig. 13. For
N � 25, the phantom crack has virtually disappeared. Figure 13 also

indicates that when a higher center frequency is used, the number of
grid points appears less critical than for lower center frequencies.

Finally, we compare the prediction accuracy of hole locations for
varying numbers (M) of the used transducers and center frequencies
in case 2. For quantitative comparison, the following errormeasure is
used

e�
���������������������������������������������������
j�x̂c � xc�2 � �ŷc � yc�2j

p
���
2
p
a

� 100 �%� (16)

where
���
2
p
a (a� 200 mm) is the diagonal distance of the inspection

region S. The symbol e in Eq. (16) expresses discrepancy between
the actual and estimated crack locations. In Eq. (16), �xc; yc� and
�x̂c; ŷc� denote the actual and estimated crack locations, respectively.

Wewill use e1 and e2 to denote the prediction errors ofC
�2�
1 andC�2�2 ,

respectively. Table 1 lists the numerical values of ei (i� 1, 2). It
shows that higher-frequency excitation and the use of more
transducers help improve the prediction accuracy of crack locations.
Note that it is more affected by the center frequency than the total
numbers of the used transducers.

Fig. 12 Imaging process for case 2 withM � 4, N � 289, and f � 250 kHz and the final image by I�
Q

4
i�1

Q
4
j�1 Ii;j (j > i).

Fig. 13 Processed images for case 2 with M � 4 and f � 360 kHz. Three different numbers N of grid points are used.

Table 1 Discrepancy between actual and estimated crack locations for case 2 (having two cracks with diameters

of 1 mm) with N � 289

C�2�1 C�2�2 e1, % e2, %

Actual crack location, mm (146, 190) (235, 215) 0 0

Estimated crack location �x̂c; ŷc�
Q

3
i�1
Q

3
j�1 Ii;j 250 kHz (117, 185) (229, 213) 10.45 2.09

360 kHz (145, 188) (232, 213) 0.75 1.29Q
4
i�1
Q

4
j�1 Ii;j 250 kHz (149, 196) (238, 215) 2.21 1.10

360 kHz (148, 191) (233, 213) 0.78 0.94
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IV. Conclusions

A pitch–catch damage detection method by using beam-focused
shear-horizontal wave transducers based on the magnetostrictive
principle and an imaging method using them was developed for the
ultrasonic inspection of a plate structure. For focused beam direc-
tivity, specially configured transducers called the PSA-OPMTs
(planar solenoid array-type orientation-adjustable patch-type mag-
netostrictive transducers) were employed. The findings from this
study can be summarized as follows.

1. Because of the focusing characteristics of PSA-OPMT, the
ultrasonic guided-wave scanning of a plate was achieved by simple
automated rotation of beam focusing directions without forming a
phased array.Only four transducers were used to scan a square region
(200 mm � 200 mm) of a rectangular plate.

2. The used guided-wavemodewas the lowest nondispersive shear
wave mode. Therefore, the signal processing did not require an
additional consideration of wave dispersion.

3. The scanned image resolution was most significantly affected
by the center frequency. Because the higher center frequency
corresponds to the shorter wavelength, the image resolution becomes
higher. In the test experiment, phantom cracks observed in low-
frequency imaging (250 kHz) virtually disappeared in high-
frequency imaging (360 kHz). In fact, two cracks with diameters of
1 mmwere clearly identified without any hint of false phantom crack
images.

4. The number of virtual beam target points (or grid points)
affected imaging resolution, but it was not as significant as the center
frequency for the developed algorithm. The use of the largest number
of grid points (N � 289) alone did not eliminate phantom crack
images if the center frequencywas low (250 kHz in the present case).

5. Obviously, the more use of transducer improved the quality of
the resulting image.

The limitation of the developed method is that only the location of
small circular cracks was identified. Therefore, a follow-up research
on crack shape imaging needs to be conducted. Also, the inspection
zone for this researchwas relatively small. Therefore, some advance-
ment for covering large zones needs to be made for the practical use
of the developed method. In addition, the miniaturization of the
developed PSA-OPMTs should be considered for permanent trans-
ducer installation in a structure. This can be a key for online health
monitoring. Currently, a study to modify the PSA-OPMT con-
figuration for the miniaturization is ongoing.
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