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Abstract. A full-range (360°) damage detection is necessary for structural health monitoring of
large plate-like structures. However, the linear arrays are mainly limited by the range of damage
detection, which is maximum up to 180°. Moreover the detection accuracy is also very poor at
angles close to 0° and 180°. In order to solve this problem, a novel damage detection and
localization method is presented in this paper. The proposed method combines the image
enhancement technology and the cruciform piezoelectric phased array to improve the performance
of the linear array based system. In addition to the implementation of cruciform phased array, a
new image enhancement algorithm is proposed with an aim to deal with the problem of phantom
image emerging in the opposite side of the original image. The results of the experiments
conducted on aluminum plate and epoxy composite laminate plate show that the proposed method
can effectively solve the limitations of the linear sensor array, and accurately detect single or
multiple damages in full angle mode.

Keywords: structural health monitoring, Lamb waves, two dimensional arrays, cruciform phased
array, image enhancement, multiple damage detection.

1. Introduction

Structural Health Monitoring (SHM) of plate-like structures has become a popular research
topic since many of such structures found in aircrafts, containers, and furnaces are usually required
to meet high safety demands [1-3]. Many methods of structural damage detection have focused
on the application of Lamb waves, which include the time reversal imaging technology [4-6], the
spatial filter method [7, 8] and the ultrasonic phased array method.

The performance of a SHM system can be enhanced by the means of active ultrasonic phased
arrays due to their superior signal-to-noise ratio and beam-steering capability [9, 10]. The linear
ultrasonic phased array, is one of the simplest and most widely used arrays that have been well
explored and developed in recent years. Giurgiutiu et al. [10] analyzed the method of Lamb wave
for analytical modeling of a plate structure, and also studied crack detection, hole damage, and
damage localization on an aluminum plate structure. Sun et al. [11] combined the ultrasonic
phased array technology and imaging technology to achieve a high measurement precision in the
damage detection on aluminum and composite material plate structures. Malinowski et al. [12]
conducted an experiment on the crack damage detection in aluminum plate with one dimensional
linear array.

However, the linear ultrasonic phased array was found to possess several fundamental
disadvantages, as follows. Firstly, it does not cover the whole azimuth angular system (0°-360°)
and it has very poor accuracy at the angles close to 0° and 180°. Secondly, linear arrays suffer
from front-back ambiguity (mirror effect), which makes it impossible to distinguish targets located
in front and behind of the array.

The above mentioned limitations of linear arrays can be solved by the use of two-dimensional
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(2-D) arrays. A range of 2-D array configurations have been presented in several papers.
Giurgiutiu et al. [10] worked on beam direction of the two-dimensional, and carried out crack
detection experiments using a rectangular array. Malinowski et al. [12], proposed a star-shaped
array, and verified its crack detection efficiency on an aluminum plate. Wilcox [13], proposed a
circular ultrasonic phased array and conducted a damage detection experiment based on their
proposed array design.

The cruciform phased array is a relatively simple 2-D array in terms of its configuration, and
complexity of its imaging algorithm. However, as highlighted by Yu [14], duplicate beams emerge
on the opposite side of the original beams (180° for beamforming at 0°, and 270° for beamforming
at 90°). To overcome this limitation and to realize 360° full angle detection, an image enhancement
algorithm is also investigated in this paper. The proposed algorithm is suitable for both single and
multiple damage detection. The Lamb wave signal is analyzed in detail through experiments on
an aluminum plate, and a full-angle multiple-damage monitoring with high measurement accuracy
on the aluminum plate and the epoxy composite laminate plate is realized.

2. Cruciform ultrasonic phased array
2.1. Cruciform array signal model

The layout of the cruciform array is illustrated in Fig. 1. Two linear piezoelectric transducer
(PZT) arrays are aligned along the x and y axes, with the mid-point of each array meeting at the
axes’ origin. The arrays are labeled No. 1 and No. 2, and consist of M and N PZT elements with
inter-element spacing of d,. and d,, respectively. For a distant point P(r, ), r refers to the vector
spanning from the origin to point P. As dy, d,, K r, r = |r|, the rays connecting point P and each
of the respective sensors can be assumed to be parallel with each other, inclined at angle 6. In the
center position of the PZT array to establish the coordinate system origin, the mth element vector
in x-axis and the nth element vector in y-axis are:

S = [m—m,o], 1)

S, = [O,n - W] (2
And the vector 1y, is:

r,=r—S,. 3)
The wave front at a point r from the source can be expressed as:

f@r,t) = A/Nr - explj(wt — K- 1)], 4

where K is the wavenumber:

K=% w/c, (5)

where w is wave frequency, c is the speed of Lamb wave traveling along the structure and the
direction:

I
&m ©)

Tl
where the direction vector from mth element to the target is defined as &,,,.
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The wave front coming from the mth element toward the target P(r, 8) can be written as:

f(rm’ t) = A/\/F ' EXPU(wt -Ky- rm)]- (7)

s wave front

Fig. 1. Cruciform array

It is assumed that each PZT element of the cruciform array is excited and Lamb waves
generated on the plate will reach point P. The synthetic signal Sp can be broken down into signal
components that excited all the piezoelectric patches of No. 1 and No. 2 arrays, denoted by Sp,
and Sp,,, respectively.

For the far field case, r,,, =r, §,, =& =1, /|1,|. If the weights are chosen as unity
(wy, = 1), thus the synthetic wave front that reaches P, propagating from all of the M PZT
elements of the No. 1 array can be represented by:

1

e o_zwmf(rm,t)_ D) S A el (552 ®

=0

It can be noticed that the first term of the equation represents the wave that is emitted from the
origin. It can be used as a reference to calculate the required time delay for each elementary wave.
The remaining terms represent the beam forming factor.

To steer the output wave front Sp,. (T, t) into a certain ¢, direction, the delays Am (¢,) are
introduced. Eq. (8) becomes:

pr(r,t):MZ::f(r,t—£+E-STm—Am). )

Similarly for Sp,, (r, t), the delays An (¢,) are introduced:

N-1

Spy(r,t)=Zf(r,t—£+§-sc—n—An>. (10)

n=0

If the time delay is chosen as shown in Egs. (11) and (12), a maximum value of the beam
forming factor can be achieved; consequently, the synthetic signal Sp, (1, t) will be strengthened
by M times with respect to the individual reference signal f(r,t — r/c). Likewise, the synthetic
signal Sp,, (1, t) will be N times the individual reference signal f (r,t — r/c). The resulting forms
of the synthetic signals are presented in Egs. (13) and (14):
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S (M — 1)\ cosg,
=& —= - | 11
Amzcdx(m 2>C, (11)
S, (N — 1)\ cos(90° — ¢)
M=% L= - 12
n=t-r=d, (n . ) —, (12)
T
Spe(r,0) = Mf (r,t = =), (13)
r
Spy(r,t) = Nf (r,t - E)' (14)
Hence, the combined synthetic signal of cruciform array can be expressed as:
r
S,(r,t) = (M + N)f (r,t—z). (15)

Based on the principle of reciprocity, the receiving process must be consistent with the exciting
process, given that the same conditions apply within the two processes. Therefore, it can be
assumed that the excited signals left the PZT elements within a set of specific time delays, the
returning signals should be able to arrive at all the PZT elements at the same time:

S = M+ NS, (r,t =) = (M +N2f (r,e = 25). (16)
P c c

2.2. Damage localization

The principle of localization can be explained as follows. If there is no damage at point P, the
ultrasonic transmission will continue to propagate straight in the direction of propagation.
Otherwise, the Lamb waves generated by piezoelectric patches will have the same phase at point
P due to the time delay.

When the signal beam points at the direction towards the damage location, all the signals will
be focused, and the energy of the combined signal will be enhanced. As a result, the signal energy
reflected by damage will be strongest in this direction. By analyzing the signal in the damage
direction, the damage distance r can be calculated as:

c-t
=— 17
r=— a7

where t is the arrival time of the signal in the damage direction, c is the Lamb wave velocity along
the structure.

In conclusion, the damage location can be achieved by scanning the direction and calculating
the distance.

2.3. Image enhancement

The scan images can be obtained by displaying the energy of synthetic signal from all the
directions on the polar coordinate plane in a gray level resolution. The appearance of phantom
images in the opposite side of the synthetic signal of cruciform array will affect the damage
localization, especially in the case of multiple damages. An image enhancement method is
proposed in order to improve the scanned image of damage in the material. The synthetic signals
are normalized, and the exponential function algorithm is applied, which is shown below:

s@t 1°

B (Smax_Smin) ' (18)

5:(06,¢)
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where S is the amplitude of the synthetic signal before optimization, and S; is the corresponding
synthetic signal amplitude after the optimization. k is the power of exponential function, which is
equivalent to the size of control value of the original image used to enhance the contrast of the
gray value of each part.

3. Experiments on an aluminum plate
3.1. Experimental setup

It can be seen from Fig. 2(a) that the experimental setup consists of an aluminum plate, a
cruciform PZT array and an Integrated Structural Health Monitoring Scanning System (ISHMS)
developed by Qiu and Yuan [15, 16]. This system is developed to control the excitation and
sensing of the PZT -eclements array. The dimension of the aluminum plate is
1000 mmx1000 mmx*2 mm, whereas the diameter and thickness of each of the PZT elements are
8 mm and 0.48 mm, respectively. Each of the linear sub-arrays of the cruciform PZT array is made
up of seven PZT elements with 12 mm spacing between two adjacent elements. The PZT elements
for both linear arrays are labeled as PZTO0 to PZT6. The mutual element PZT3, is the center point
of both linear arrays in this case, and it is set as the coordinate’s origin.

y1. 500 _»

6@ No.2array
12| | s¢ Y
19, 56 x

A TP Nodarray
1)

Cruciform Array

e —

1000

% P(200mm, 285° )

500

e

Aluminum Plate Y )
1000

a) Experimental setup b) Single damage position
Fig. 2. Experimental setup and the sensors array layout diagram (mm)

3.2. Single damage detection and localization

A hexagonal hollow screw with a diagonal length of 13 mm, denoted as P, is bonded on the
plate to simulate an artificial damage [17, 18]. An added mass can change the local stiffness of
the structure at the bonding area, and can simulate wave scattering due to changes in local stiffness
which would represent a delamination damage. In order to reduce the experiment cost, a hexagonal
hollow screw was bonded on the plate for validation of the proposed damage localization method.

The positions of the damage and the PZT elements are as shown in Fig. 2(b). Two identical
hexagonal hollow screws, denoted as P; and P,, are bonded on the plate to simulate two artificial
damages (seen in Fig. 2(c)). The excitation signal is 5-cycle modulated sine wave signal, while
the excitation frequency is set at 40 kHz. The A, mode sensor signal amplitude dominates that of
the S, mode, which is believed to be conducive in the signals’ analysis [19, 20]. The sampling
frequency is set at 2 MHz, and 1300 time samples are collected.

An artificial damage point P (200 mm, 285°) is introduced. The data collection is conducted
in a round-robin pattern, which is performed in the same way as in the case of 1-D array. In each
turn, one element acts as a transmitter and transmits the excitation signal while the rest of the
elements serve as receivers and record the reflections from both arrays.

The Fig. 3 shows the sensor response signal and the scattered signal from the damaged area,
when the first piezoelectric element acts as transmitter, while the signal is recorded at sixth sensor
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of No. 1 array. The received signal in the health status and the damage status are called the health
and damage signals, respectively. The damage scattering signal, which is the difference of the
health and damage signals, is used here in order to reduce the effect of the complicated boundary
reflection waves and other environmental factors.
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Fig. 3. The sensor response signal and the damage scattering signal
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Fig. 4. The synthetic damage scattering signals

The Fig. 4 shows the synthetic damage scattering signals of No. 1 array after time delay and
superimposed, where the ith (i = 0-6) PZT element works as an actuator and the others work as
sensors in 285° direction. S is the combined synthetic signal of all the damage scattering signals
(6x7 =42) in 285° direction. By using the phased array algorithm, the scattering signals can be
delayed for virtually steering the damage direction, the wave propagation direction. All of the
steered scattering signals are summed to amplify the incoming wave signal at its propagation
direction and minimize noise and interference from other directions. Ultrasonic phased array
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method improves the signal-to-noise ratio and improves the damage identification. It can be seen
from Fig. 4, that the damage scattering signal has been significantly improved.

It can be found that when the maximum synthetic signal is directed at the actual damage angle
of 285°, a mirrored synthetic signal shows up symmetrically at 75°, as shown in Fig. 5. Fig. 6(a)
further explains this phenomenon by showing that when there is only one working linear array
(No. 1 array in this case) for a pre-existing damage, located on the lower half of the coordinate
system (i.e. below the array), a phantom image will also appear on the scan image. This
phenomenon of inherent mirror symmetry subsequently results in the inspection area being limited
to 180°.

2 I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Time/ms
a) The synthetic damage scattering signal at 285°
2 ‘ ; ; : ; ;

2 I I I I I I
0 0.1 0.2 0.3 04 0.5 0.6 0.7

Time/ms
a) The synthetic damage scattering signal at 75°

Fig. 5. The synthetic damage scattering signal
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c¢) The original image d) The image after enhancement
Fig. 6. Damage detection figure

Similarly, the problems will also occur if only the No. 2 array is used to detect damage, as seen
in Fig. 6(b). In this case, since the 285° damage angle is located very close to the array (or the
y-axis), the phantom image is seen to be connected to the image of the actual damage, which
makes it more difficult to identify the actual damage location.
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Through the linear array analysis, the algorithm based on fusion of two linear arrays is adopted.
Firstly, the damage scattering signals on two linear arrays are calculated. Afterwards, the
scattering signals of two linear arrays are delayed to achieve a focus and normalized. Finally, the
relative amplitude of the signals in all of 360° range is shown in the same figure as a gray chart,
resulting in a beam formed image with visible damaged areas. It is found that the resulting image
displays the superposition of the two images calculated from two linear array, as shown
in Fig. 6(c).

In order to reduce the effect of the unwanted phantom image as well as to improve the damage
recognition quality, an image enhancement method is applied to optimize the image by setting the
exponential power k in Eq. (18) to 5. The enhanced damage scan image is shown in Fig. 6(d). The
detection result is P (210 mm, 287°), with an angular error of 2°, and positional error of less than
1 cm (actual damage location is P (200 mm, 285°)). The result proves that the combination of the
cruciform ultrasonic phased array and image enhancement method can effectively identify the
aluminum plate damage.

3.3. Multiple damages detection and localization

The combination of the cruciform ultrasonic phased array and the image enhancement method
can also be used for multiple damage identification. Its principle and recognition process is similar
to that of the single damage identification. The damage positions and the layout of the piezoelectric
elements are shown in Fig. 7(a). The artificial damage locations are P; (300 mm, 270°) and P,
(200 mm, 280°).

The cruciform array damage scan image without enhancement is shown in Fig. 7(b). It can be
noticed that the damage signal intensity of point P; is smaller than that of point P,, and that
phantom images also appeared in the opposite sides of the original images. There are two major
reasons: 1) point P, is far from cruciform array than point P, so the Lamb wave will get to P,
first, and the secondary wave source is formed that decreases the signal strength of Lamb wave at
point P;; 2) as shown in Eq. (4), the energy of Lamb wave is proportional to 1/4/7 resulting in
higher attenuation in the farthest Lamb wave propagation.

¥

¥y 500

12| | @ No.2array
54 =
19,5 x g

| JRALS D
90

yimm
yimm

* P, (200mm, 280°)
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¥ P (300mm,270°)

1000 -400 -300 200 100 O 100 200 300 400 -400 300 -200 100 O 100 200 300 400
whmm

wfmm

a) Multiple damages position b) The original image ¢) The image after enhancement
Fig. 7. Multiple-damage detection

The paper optimizes the angle-time image of structural damage by applying the exponential
function algorithm to enhance image contrast and highlight the angle of structural damage.
However, a smaller power of exponential function was chosen to help ease the detection of damage
P;, since its energy is relatively weak. A threshold setting (60 % of the maximum value of the
synthetic signal) was initially applied, and then the exponential power k is set to 2 for the image
enhancement processing. Fig. 7(c) presents the post-enhancement damage detection image.

The damage detection results are P; (210 mm, 273°) and P, (195 mm, 284°), which means that
the angular error is less 4°, and the positional error is less than 2 cm when compared to the actual
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damage P; (300 mm, 270°) and P, (200 mm, 280°). These results hence prove that the coupling
of the cruciform ultrasonic phased method with the image enhancement algorithm can also
effectively identify multiple damages on the aluminum plate structure.

4. Experiment evaluation on an epoxy composite laminate plate
4.1. Experimental setup

As can be seen in Fig. 8(a), the experimental system consists of an epoxy composite laminate
plate, a cruciform PZT array and an ISHM system. The dimensions of the epoxy composite
laminate specimen are 500 mmx500 mmx3 mm, and the thickness of each ply is 0.125 mm with
a sequence of [02/904/0,]. Each of the linear sub-arrays of the cruciform PZT array is made up of
seven PZT elements with 9 mm spacing between two adjacent elements. The excitation signal is
a 5-cycle modulated sine wave, while the excitation frequency is 50 kHz. The A, mode sensor
signal amplitude dominates over the S, mode. The sampling frequency is set at 2 MHz, and 1300
time samples are collected.

The positions of the PZT elements and damages are shown in Fig. 8(b). An artificial damage
point P (150 mm, 270°) of polar coordinates is introduced for verification. A hexagonal hollow
screw with a diagonal length of 13 mm, denoted as P, is bonded on the plate to simulate the
damage.

N |
4 cruciform array [

500

A 012 2" NO. 1 array

200

* P (150mm,270°)

Epoxy Laminate Plate 500 .

ISHM System .

a) Experimental setup b) Single damage position
Fig. 8. Experimental setup and the sensors array layout diagram (mm)

4.2. Single damage detection and localization

The data collection is conducted in a round-robin pattern in the same way as performed in the
experiments of aluminum plate. Each time, one element transmits the excitation signal and the
rest of the elements serve as receivers to record the scattered signals. All the elements in the array
transmit in turns to form a multistatic measurement system.

The 2-D algorithm steers the directional beams sweeping through the specimen and maps the
scanning results as a 2-D plane image. Direct scanning image of using the cross-shape array are
shown in Fig. 9(a). Note that besides the desired damage at 270°, a strong unwanted phantom
image shows up at 90° direction.

The enhanced image of the damage is obtained by setting the exponential power k in Eq. (18)
to 5, as shown in Fig. 9(b). The damage is detected at P (149.3 mm, 269°) in the polar coordinates.
The error in angle is 1°, and the positional error is 0.3 cm, compared to the actual damage location
P (150 mm, 270°) in polar coordinates. It is shown that the cruciform ultrasonic phased array and
image enhancement technology method can effectively identify the damage in the epoxy
composite laminate structures.
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Fig. 9. Damage detection figure

4.3. Multiple damages detection and localization

The multiple damage positions and the layout of the piezoelectric elements are shown in
Fig. 10. The artificial damage locations are P; (150 mm, 270°) and P, (110 mm, 280°). Using the
cruciform piezoelectric ultrasonic phased array with the image enhancement algorithm, the final
multiple-damage detection image is shown as Fig. 11.

500

i

%P, (110mm, 280°)
* P (150mm, 270°)

200

» 500 -200 -100 [a} 100 200
wfnm

Fig. 10. The multiple damages position Fig. 11. Multiple damages detection figure

The detected damage locations are P; (152.8 mm, 270°) and P, (100.6 mm, 282°), which
means that the angular error is less 2°, and the positional error is less than 1.1 cm. These results
hence prove that the proposed method can also effectively identify multiple damages on the epoxy
composite laminate plate structure.

5. Conclusions

This paper presents a damage detection method on plate-like structures which combines the
use of cruciform piezoelectric ultrasonic phased array with an image enhancement algorithm.
Compared to the one-dimensional phased array, the cruciform array allows 360° full range
detection with multiple advantages. Additionally, the image enhancement algorithm can deal with
the problem of phantom image emerging in the opposite side of the original image and provide an
improved image.

In order to verify the analysis and evaluate the practical applicability of the proposed method,
experiments were performed with experimental setup established in the way that the cruciform
array was placed on an aluminum plate and an epoxy composite laminate plate to detect a series
of single and multiple damages. The results show that the cruciform ultrasonic phased array with
image enhancement algorithm can realize 360° full angle damage detection with a directional error
estimated to be less than 4°, and a maximum positional error of less than 2 cm.
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