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Abstract:

Monitoring of impact and multi-impact in particular in aircraft composite structures has been an
intensive research topic in the field of guided-wave-based structural health monitoring (SHM). Compared
with the majority of existing methods such as those using signal features in the time-, frequency- or joint
time-frequency domain, the approach based on spatial-wavenumber filter of guided wave shows superb
advantage in effectively distinguishing particular wave modes and identifying their propagation direction
relative to the sensor array. However, there exist two major issues when conducting online characterization of
multi-impact event. Firstly, the spatial-wavenumber filter should be realized in the situation that the
wavenumber of high spatial resolution of the complicated multi-impact signal cannot be measured or
modeled. Secondly, it’s difficult to identify the multiple impacts and realize multi-impact localization due to
the overlapping of wavenumbers. To address these issues, a scanning spatial-wavenumber filter based
diagnostic imaging method for online characterization of multi-impact event is proposed to conduct
multi-impact imaging and localization in this paper. The principle of the scanning filter for multi-impact is
developed first to conduct spatial-wavenumber filtering and to achieve wavenumber-time imaging of the
multiple impacts. Then, a feature identification method of multi-impact based on eigenvalue decomposition
and wavenumber searching is presented to estimate the number of impacts and calculate the wavenumber of
the multi-impact signal, and an image mapping method is proposed as well to convert the wavenumber-time
image to an angle-distance image to distinguish and locate the multiple impacts. A series of multi-impact
events are applied to a carbon fiber laminate plate to validate the proposed methods. The validation results

show that the localization of the multiple impacts are well achieved.

© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/.


mailto:lei.qiu@nuaa.edu.cn
mailto:mmsu@polyu.edu.hk

Keywords: aircraft composite structure; structural health monitoring; impact imaging; guided wave;
spatial-wavenumber filter.
1. Introduction

Due to the superior characteristics over conventional materials, composite materials have been
gradually adopted in aerospace industry [1-5]. However, the poor impact resistance of such materials may
lead to barely visible impact damages and result in stiffness degradation and a significant loss of structural
integrity. Therefore impact monitoring of aircraft composite structures is an important research topic in the
field of Structural Health Monitoring (SHM).

In the last twenty years, many researchers have been interested in taking advantages of guided wave and
piezoelectric (referred as PZT in the rest of this paper) sensor to realize impact monitoring of composite
structures [6-11]. In early studies, different kinds of methods have been proposed to realize impact
localization and impact energy estimation from the perspective of geometry or mechanics model [12-14].
However, in order to improve signal-to-noise ratio and achieve high accuracy and tolerance of impact
localization on real aircraft structures, many studies began to introduce PZT array based imaging techniques
to impact localization in recent years, such as impact energy imaging [15-16], time-reversal imaging [17-21],
multiple signal classification [22-23]. These methods researched till now have shown the practical
application potential of impact imaging techniques based on guided wave in aerospace industry [24-26].

All the literatures mentioned above concentrate on processing guided wave in time domain, frequency
domain or time-frequency domain. Comparing with those methods, the spatial-wavenumber filter has been
proved to be an effective approach to distinguish propagating direction and different modes of the guided
wave, and has been widely researched with a lot of well-performed work published in recent years [27-30].
However, in most of these studies, the wavenumber with high spatial resolution of narrow-band guided wave
signal needs to be measured first by using a laser Doppler vibrometer as a spatial sampling device. That is the
main reason why these methods can only be applied to off-line damage inspection at the current stage. To
improve the feature of on-line monitoring of spatial-wavenumber filter, Purekar et al. [31] and Wang et al.
[32] developed on-line damage imaging methods by taking a linear PZT array instead of a laser Doppler
vibrometer as a spatial sampling device but an accurate wavenumber curve must be modeled or measured
beforehand in order to perform the spatial-wavenumber filter. These abovementioned researches all
concentrate on realizing damage inspection or monitoring by using the spatial-wavenumber filter.

It is well known that impact is a kind of instant event and needs to be monitored on-line continuously.
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Besides, aircraft composite structures are often struck by multiple impacts occurring simultaneously. This
situation may be encountered when an aircraft is passing through a region with rain, dust or hail, which
results in multiple damages on the structure [22, 33-34]. Thus it is important and necessary to develop a
spatial-wavenumber filter based multi-impact imaging method for aircraft composite structures.

Regarding the on-line impact monitoring combining with the spatial-wavenumber filter, several
preliminary progresses have been made. Baravelli et al. [35] proposed a guided wave transducer of
wavenumber frequency-steerable combing with spatial-wavenumber imaging, and multiple sources imaging
of guided wave was realized. However, the sources were only simulated by taking PZT sensors as the
excitation. Under this situation, the problem of how to determine the impact occurring time was avoided
because the excitation time can be recorded beforehand, but the impact occurring time cannot. In addition,
the source localization was only performed on an aluminum plate and the localization accuracy needed to be
further improved. In the authors’ previous study [36], a model-independent spatial-wavenumber filter based
impact imaging and localization method was proposed to achieve impact monitoring without wavenumber
measuring or modeling. By extracting frequency narrow-band signal from the wideband impact response
signal, the method realized the one-to-one relationship between the wavenumber of the signal and its
propagating direction, and was able to locate impact on composite structures without blind angle. However,
the method was only applied to single impact imaging. Besides, the impact localization result wasn’t given by
the spatial-wavenumber image directly and a geometrical localization method needed to be used, which
reduced the localization accuracy.

To develop an on-line multi-impact imaging method based on spatial-wavenumber filter for aircraft
composite structures, some issues must be addressed.

(1) The spatial-wavenumber filtering of multi-impact signal should be realized in the situation that the
wavenumber of high spatial resolution of the complicated impact signals cannot be measured or modeled.

(2) Due to the overlapping of guided wave wavenumbers when multiple impacts occurring
simultaneously, it’s difficult to identify the multiple impacts and realize multi-impact localization.

In this paper, a scanning spatial-wavenumber filter based diagnostic imaging method for online
characterization of multi-impact event is proposed to conduct multi-impact imaging and localization, based
on the authors’ previous study [36]. With this method, a PZT 2D cross-shaped array which consists of two
orthogonal linear PZT arrays is adopted to fulfill the spatial sampling of the multi-impact signal. The

principle of the spatial-wavenumber filter for multiple impacts of guided wave is developed and a scanning
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spatial-wavenumber filter is proposed to realize the spatial-wavenumber filtering of the multi-impact signal
without wavenumber measuring or modeling. The continuous complex Shannon wavelet transform is used to
extract the frequency narrow-band component of the multi-impact signal. By applying the scanning
spatial-wavenumber filter to the multi-impact signal of frequency narrow-band, the wavenumber-time
images of the multiple impacts can be obtained first. Then a feature identification method of multi-impact
based on eigenvalue decomposition and wavenumber searching is proposed to estimate the number of
impacts and the wavenumber of the multi-impact signal. Based on the result, an image mapping method is
presented to convert the wavenumber-time images to an angle-distance image to distinguish and locate the
multiple impacts. Finally, the proposed multi-impact imaging and localization method is validated on a
carbon fiber laminate plate and the validation results are discussed in detail with different multi-impact cases.

The rest of this paper is organized as follows. In Section 2, the spatial sampling of multi-impact signal is
discussed, followed by the design of the scanning spatial-wavenumber filter for multi-impact. In section 3,
the multi-impact imaging and localization method is proposed, including the feature identification method of
multiple impacts and the mapping method from wavenumber-time images to an angle-distance image.
Section 4 gives the experimental validation. Finally, conclusions are presented in Section 5.
2. The scanning spatial-wavenumber filter for multi-impact
2.1 Spatial sampling of multi-impact signal

The on-line implementation of the spatial-wavenumber filter relies on a linear PZT array which is
composed of M PZTs with a distance of ¢ between two adjacent ones, as shown in Fig. 1. Taken the center
point of the linear PZT array as the pole, a polar coordinate system is built and the linear PZT array is along

the 0° direction. The polar coordinate of the No. m (1< m <M) PZT is expressed as Eq. (1).

r*impacies — T ~—_
(&8) I (‘H:ll"‘ impact
g - o~ dri )
AN

(r+1)™ impact

™ impact

Impact induced
guided waves

L 1™ ™
o9
-Linear PZT array

Fig. 1 Schematic diagram of the spatial sampling based on a linear PZT array
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Assuming that R impacts occur at the same time and generate multi-impact signal propagating on the
structure, as shown in Fig.1. The distance and angle of the r'" (1< r <R) impact relative to the pole are denoted
as dr and 6 respectively. It should be noted that the multi-impact signal is composed of the guided waves
induced by different impacts.

The linear PZT array is used to acquire the multi-impact signal which is frequency wideband. However,
the spatial-wavenumber filter based impact monitoring method requires the signal to be frequency
narrow-band [36]. This point is important for multi-impact monitoring because different impacts may induce
the guided waves of different frequency bands. Under this situation, the one-to-one relationship between the
wavenumber and the impact direction is hard to be satisfied. In this paper, the continuous complex Shannon
wavelet transform is adopted to extract the frequency narrow-band signal from the multi-impact signal [18].
The extracted frequency narrow-band signal with a central frequency w. of the No. m PZT can be expressed

as Eq. (2) [4, 37-38].
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Where f'(t) is the amplitude of the signal caused by the r'" impact, & is the wavenumber

corresponding to wc, d; and p,, denote the distance vector of dr and pm respectively.

Based on the frequency narrow-band extraction, the wavenumbers of guided waves induced by different
impacts are approximately equal with each other. In this paper, only the frequency narrow-band signal is
taken into account, thus the multi-impact signal in the rest of the paper is considered to be a frequency

narrow-band signal.
To simplify Eq. (2), the phase change of the signal |ar —,Bm| is represented by its second-order Taylor
expansion, as shown in Eq. (3).
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In a far-field situation, the wave fronts of the multi-impact signal arrive at the PZT array in a planar way,
which means that the term of second-order in Eq. (3) can be ignored [39-40]. Besides, considering that the

distance between different PZTs are very small compared to the distance of impact, the signal amplitudes of
different PZTs caused by the r'" impact are approximately equal and denoted as f'(t), as shown in Eq. (4).

Thus Eg. (2) can be approximately converted to Eq. (5).
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To perform the spatial-wavenumber filtering, the linear PZT array is used as a spatial sampling device
with a sampling rate of 2zn/z. The spatial sampling signal of the multi-impact, namely the multi-impact signal

at time point t, can be expressed as Eq. (6).
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By using the Discrete Fast Fourier Transform (DFFT), the spatial sampling signal can be transformed to
the wavenumber domain, as shown in Eq. (7) and Eq. (8).
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Where 4(x) is the Dirac function given by Eq. (9).
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Eqg. (7) and Eq. (9) indicate when R impacts occurring at the same time, the spatial sampling signal has R
wavenumbers, in which the r'" wavenumber &-cosé; is the projection wavenumber of the r'" impact with
angle 6r on the linear PZT array. The wavenumber spectrum of the spatial sampling signal of the linear PZT
array contains R projection wavenumbers corresponding to the R impacts.

2.2 The scanning spatial-wavenumber filter

According to the wavenumber spectrum of the spatial sampling signal mentioned above, a

spatial-wavenumber filter can be designed based on the linear PZT array. The designed spatial-wavenumber

filter is given by Eq. (10) and (11).
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Where &, is the central wavenumber of the filter. By using DFFT, the wavenumber spectrum of the filter
can be expressed as Eq. (12). It indicates that the filter is able to selectively allow the signal with the

wavenumber of &, to pass, while reject the signals with other wavenumbers.

D(&)=2n5(¢-¢,) (12)

In actual situation, the wavenumber & cannot be known beforehand without modeling or measuring.
Thus, a series of spatial-wavenumber filters of different central wavenumbers are designed to construct a
matrix of spatial-wavenumber filters as given in Eg. (13) to scan the spatial sampling signal from -&max t0 &max

to get &. The matrix of the spatial-wavenumber filters is called as the scanning spatial-wavenumber filter.
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Where &max is the maximum scanning wavenumber of the scanning spatial-wavenumber filter and

should be less than half of the spatial sampling rate, as shown in Eq. (14). N is the maximum scanning step,

calculated by Eq. (15). A is the scanning resolution. The wavenumber &, of the filter is expressed as Eq. (16).
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After applying the scanning spatial-wavenumber filter to the spatial sampling signal, the scanning

filtering response is expressed as Eq. (17).
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The scanning process of the filter is shown in Fig. 2. For a scanning wavenumber &, if &=&: cosér,
which means that the scanning wavenumber is equal to the projection wavenumber of the r" impact on the
linear PZT array, the corresponding spatial sampling signal of the r'" impact is able to pass the filter, resulting

in a peak value of H(z, &). If &#&e-cosér, the spatial sampling signal is unable to pass the filter, resulting in a
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small value of H(z, &). According to this point, the projection wavenumbers on the linear PZT array of the

spatial sampling signal can be obtained.
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Fig. 2 Schematic of the scanning spatial-wavenumber filter for multi-impact
3. The multi-impact imaging and localization method

Based on the research mentioned above, the multi-impact imaging and localization method is proposed
to locate the multi-impact event. In this section, the descriptions of different parts of the method are given out
respectively, then an overview of the method is summarized.

3.1 Wavenumber-time imaging of multiple impacts

In Section 2, the scanning spatial-wavenumber filter is designed based on a linear PZT array. For
multi-impact imaging, a PZT 2D cross-shaped array is adopted, as shown in Fig. 3, which is composed of two
orthogonal linear PZT arrays labeled as No. | and No. Il. A polar coordinate system is built based on the PZT
2D cross-shaped array and the pole is set to be the central point of the array. PZT array | is along the 0°
direction and PZT array Il is along the 90° direction.

For each of the two arrays, a scanning spatial-wavenumber filter can be designed to filter the spatial
sampling signal, namely the multi-impact signal at time t, to get the scanning filtering response H(z, &).
Assuming the duration time of the multi-impact signal is T, then a scanning matrix H can be obtained by
filtering all the spatial sampling signals s from time O to time T, as shown in Fig. 4. By imagining the

scanning matrix H, a wavenumber-time image is generated.
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Fig. 4 Illustration of wavenumber-time imaging process

With the PZT 2D cross-shaped array, two wavenumber-time images of PZT array | and Il can be
obtained respectively. The wavenumber-time image is represented as a speckle image. The abscissa of the
image is wavenumber which is from -&max t0 &max and the ordinate of the image is time which is from O to T.
The normalized pixel value of each point in the wavenumber-time image represents the magnitude of the
filtered output at a specific wavenumber and time point. Fig. 5 gives out the two wavenumber-time images of
PZT array | and Il of a dual-impact event as an example. It can be seen that every wavenumber-time image
has two speckles, corresponding to the two impacts of the dual-impact event. The speckle contains the
information of the impact’s projection wavenumber and the absolute Time-of-Flight (ToF).

When a multi-impact event occurs, there should exist multiple speckles with corresponding projection
wavenumbers and ToFs of different impacts in the wavenumber-time image. Based on these information, the
localization of a single impact can be easily realized in the authors’ previous study [36]. However, it is not
available for the multi-impact event, because it is hard to recognize the one-to-one relationship between the
two speckles of the same impact in the two wavenumber-time images, since the speckles of different impacts
may have the same ToF. Besides, due to the relative positions of the multiple impacts, the speckles of

different impacts may be coincident. For example, when two impacts are symmetrical about PZT array I,
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their speckles in the wavenumber-time image of PZT array Il will have the same ToF and projection

wavenumber, resulting in coincidence of the two speckles.

1

1

1

0.9 0.9 0.9
0.8 0.8 0.8
0.7 -0.7 0.7
0.6 -10.6 0.6
/:A\ _
% 05 105 £ 05
E 2
=04 {04 E 04
=
0.3 0.3 0.3
0.2 0.2 0.2
0.1 0.1 0.1
0 0 0
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
Wavenumber (rad/m) Wavenumber (rad/m)

(a) Wavenumber-time image of PZT array | (b) Wavenumber-time image of PZT array Il
Fig. 5 The sample wavenumber-time imaging result of a dual-impact event

In order to address the issues mentioned above and realize the multi-impact localization, a feature
identification method of multiple impacts and an image mapping method are developed, in which the latter is
able to convert the wavenumber-time image to angle-distance image based on the former’s identification
result. The basic principles of the methods are described as follows.

(1) Aiming at solving the one-to-one correspondence and coincident issues, the feature identification
method first estimates the number of impacts R based on eigenvalue decomposition of the multi-impact
signal [22, 41], then calculates the wavenumber & through a moving wavenumber window.

(2) The wavenumber ¢& based image mapping method is proposed to realize the multi-impact
localization, this method is composed of two steps, including the first step of mapping the wavenumber-time
image to an angle-time image, and the second step of mapping the angle-time image to the final
angle-distance image.

3.2 Feature identification method of multiple impacts

The covariance matrix of the multi-impact signal acquired by a linear PZT array can be expressed as Eq.
(18). Since the multi-impact signal and the sampling noise are independent, and the signals of different
impacts are also independent with each other, the eigenvalues of the covariance matrix can be calculated by
performing the eigenvalue decomposition. The obtained eigenvalues in descending order are given in Eq.
(19). If there are R impacts, there should be R large eigenvalues and M-R small eigenvalues. By counting the

number of large eigenvalues, the number of impacts can be estimated.
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However, due to the limited sampling length of PZT array and the noisy nature, the eigenvalues appear

as Eq. (20), resulting in that it is unable to distinguish the big eigenvalues.
M2 A2 2 A2 A 2 g, 2 2 Ay (20)

With the PZT 2D cross-shaped array, this issue can be solved by combining the eigenvalues of PZT

array | and Il to get a combined group of eigenvalues to enhance the reliability, as shown in Eq. (21).
A= ﬂ/f—l +ﬂ12—ll (21)
Where 4, and 4, represent the i eigenvalue in descending order of PZT array I and 1 respectively.

Based on the combined eigenvalues, the big and small eigenvalues can be distinguished by setting a
threshold /7. According to statistical analysis of numbers of multi-impact experiments, At is given by Eq. (22).
If an eigenvalue is bigger than Ar, then it is regarded as a large one. There should be R eigenvalues in line with

this condition when R impacts exist. Thus, the number of impacts can be estimated.
2 =017, (22)
With the number of impacts R, the wavenumber of the multi-impact signal can be calculated. Taking the
r'" impact as an example, its two projection wavenumbers on PZT array | and |1, which are denoted as &' and
! are expressed as Eq. (23).

(:;Erl = é:c -COs er
(23)

&' =¢,-cos(90° -0, ) =& -sing,

It can be seen that the projection wavenumbers on PZT array | and 1 represent the cosine and sine values

of & respectively. As discussed in Section 2.1, considering that the multi-impact signal is frequency
narrow-band signal with a selected central frequency wc, the wavenumbers of different impacts should be the

same and equal to &. According to Eq. (23), & can be expressed as Eq. (24).

2 2 2 2 2 2
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For a single impact event (R=1), the wavenumber & can be easily calculated according to Eq. (24).

However, it is not available for the multi-impact event, because of the one-to-one correspondence and

coincident issues proposed in Section 3.1. To solve these issues and calculate &, a moving wavenumber

11



window is designed.

Assuming the wavenumber-time image of PZT array | has P speckles and the image of PZT array Il has
Q speckles, then a wavenumber matrix U with the size of PxQ can be built by searching all the projection
wavenumbers of the two images, as shown in Eq. (25). Normally, each wavenumber-time image has R
speckles, corresponding to the R impacts, namely P=Q=R. The wavenumber & can be obtained by searching
U for R equal elements, denoted as ¢&; to &, according to Eq. (24). However, limited by the resolution of the
scanning spatial-wavenumber filter, the R elements may have a small deviation among each other and are
only approximately equal to &. Thus a moving wavenumber window with a preset bandwidth & is designed
to scan all the elements in U from small to large. The R close elements which are all within the window are

taken to calculate &, given by Eq. (26).
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Besides, due to the possible coincident of speckles of different impacts, the number of elements in U
which are approximately equal to & may be not R. Under this situation, the group of elements which are all
within the wavenumber window and have the maximum number are taken and averaged to calculate &. In
this paper, the bandwidth & is set to be 5% of the maximum scanning wavenumber &nax.

Table 1 Eigenvalues and estimation results of the number of impacts

Eigenvalue Estimation
A A, 13 Ay 15 }“6 17 Ay result
PZT array | 879.4 173.0 18.4 3.0 1.0 0.3 0.2 17.3 3
PZT array Il 662.1 69.0 10.5 2.8 0.3 0.1 0.0 66.2 2
Combined 1100.7 186.3 195 4.1 1.0 0.3 0.2 110.1 2

In order to further explain the feature identification method, the dual-impact event shown in Fig. 5 is
taken to be analyzed here. By building covariance matrixes and performing eigenvalue decomposition, the
eigenvalues of PZT array | and Il and the combined eigenvalues are obtained, as shown in Table 1. Table 1
also gives out the eigenvalue threshold Ar and the number of impacts estimated by the three groups of

eigenvalues. It can be seen that the estimation result of PZT array | is wrong, and though the estimation result
12



of PZT array Il is correct, its At and A, are very close. Compared with the eigenvalues of PZT array | and II,
the combined eigenvalues have a higher reliability on the estimation result of the number of impacts.

As to the calculation of &, the projection wavenumbers of the four speckles in the two
wavenumber-time images are -112 rad/m, 196 rad/m, 48 rad/m and 159 rad/m respectively. Then the
wavenumber matrix U is obtained, as shown in Eq. (27). With the maximum scanning wavenumber of 314
rad/m, the bandwidth &, of the moving wavenumber window is set to be 16 rad/m. The searching result is
given out in Fig. 6, from which it can be seen that the 2 elements within the window are 194.5 rad/m and

201.8 rad/m. Hence the wavenumber of the multi-impact signal & is 198.2 rad/m, according to Eq. (26).

121.8 194.5
= (27)
201.8 2524 -
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Fig. 6 Searching result of the moving wavenumber window
3.3 Image mapping method from wavenumber-time image to angle-distance image

In Section 3.1, the method of wavenumber-time imaging is given but it cannot be used to realize the
multi-impact localization directly. Thus, a simple mapping method is proposed to convert the
wavenumber-time image to angle-time image, and then to angle-distance image, in which the polar
coordinates of multiple impacts can be obtained.

The schematic diagram of the conversion from wavenumber-time image to angle-time image is given
outin Fig. 7. Every pixel point in the angle-time image stands for a possible impact source with its own angle
and ToF. Selecting a point (t, 8) in the angle-time image optionally, its two projection points in the
wavenumber-time images of PZT array | and Il are (¢, &cosf) and (¢, &sin), according to Eq. (23). Then its

pixel value G(t, 8) can be calculated by summing the pixel values of the two projection points, defined as Eq.
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(28). The larger its pixel value is, the more likely it can be considered as an actual impact source.
G(t,0)=H'(t,& -cosd)+ H" (t,&, -sin ) (28)
Where G represents the angle-time image, H' and H'' represent the wavenumber-time images of PZT

array | and Il respectively. Repeating this process and calculating the pixel values of all the points, the

angle-time image is achieved.
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Fig. 7. The conversion from wavenumber-time image to angle-time image
In the process of converting the angle-time image to angle-distance image, the impact occurring time is
necessary, since the ToF in the angle-time image is not the actual impact propagation time and cannot be used
to estimate the impact distance. Hence, besides the proposed frequency wc, another different frequency is
introduced to calculate the impact occurring time and generate the angle-distance image. Denoting the group
velocities of the two central frequencies as Vg1 and vy, the ToFs of the r'" impact under the two frequencies as

tr1 and tr2, then the occurring time of the r'™ impact t.. can be calculated, expressed as Eq. (29) and (30).

d d
tre :trl _V_r =tr2 _V_r (29)
gl g2
v,-t,—t. v
t, :% (30)
gl g2

Considering that the multiple impacts occur at the same time, they should have the same occurring time.

Thus a more accurate impact occurring time t. is obtained by averaging the tr values of all the R impacts.

' ZR:tre (31)

r=1

t, =

|-

With the impact occurring time te, the angle-distance image can be achieved, which is similar to the
angle-time imaging, as shown in Fig. 8. Selecting a point (d, #) in the angle-distance image optionally, its two

projection points in the two angle-time images are (d/vgi+te, 8) and (d/vgp+te, ), according to Eq. (29). And
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its pixel value can be calculated by summing the pixel values of the two projection points.
E(d,@)zG(d/vgl+te,0)+G'(d/vgz+te,0) (32)
Where E represents the angle-distance image, G and G' represent the angle-time images under different

frequencies. Repeating this process and calculating the pixel values of all the points, the angle-distance image

is achieved. According to the number of impacts R estimated before, the polar coordinates of the impacts can

be directly obtained.

@h =dvg +1.¥ @t = dhvg +1,¥
Coordinate: (d, 8) (1, 0) (2, 0)
04 @ @Y
An(g;f::;}:t;nce Angle-time image G \Angle-time image G'
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©t @ @

Pixel value: E(d, 0) G(t, 0) G'(, 0)
®Y 6

Fig. 8. The conversion from angle-time image to angle-distance image
3.4 The overall architecture of the multi-impact imaging and localization method
According to the research mentioned above, the implementation process of the multi-impact imaging

and localization method is summarized as Fig. 9, which mainly consists of the following parts.

. Scanning spatial-wavenumber Feature Image mapping from the L
Extraction of the £ 5P . . . . & pping fro Localization of
filtering, obtain the identification of the wavenumber-time image .
frequency narrow- L S . . the multiple
band signal wavenumber-time images multiple impacts to angle-distance image impacts
(Eq. (16), (17)) (Eq.(22), (26)) (Eq.(28), (32))
e i S * ! ! ! ! ) @ !
4 E i ; i | ° & 4 oo
2 e 2 A Ay A %2; M é:: :;
) DU . S ki ] E.. @ 20 Impacts b s
== AR ) ]
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1 A o+
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Fig. 9. The overall architecture of the multi-impact imaging and localization method

(1) Extraction of the frequency narrow-band signal.
(2) Scanning spatial-wavenumber filtering, obtain the wavenumber-time images.
(3) Feature identification of the multiple impacts, including estimation of the number of impacts and the

wavenumber of the multi-impact signal.
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(4) Image mapping from the wavenumber-time image to angle-distance image.

(5) Localization of the multiple impacts, through directly obtaining their polar coordinates from the
angle-distance image.
4. Validation of the multi-impact imaging and localization method
4.1 Validation setup

The validation system is shown in Fig. 10(a). A carbon fiber laminate plate is adopted, which has the
dimension of 600 mm x 600 mm x 2.5 mm (Length x Width x Thickness) and consists of 18 stacked layers.
The thickness of each layer is 0.125 mm and the ply sequence is [45/0/-45/90/0/-45/0/-45/0]s. The material
property of a single layer is given in Table 2. The 4 sides of the plate are fixed between 2 fixtures by a series
of bolts. Supported by the bolts, the plate and the fixtures are placed on a table horizontally, and do not

directly contact the table.

Impact hammers

" Impact monitoring
system

| PZT 2D cross-
| shaped array

(a) Validation system (b) PZT 2D cross-shaped array
Fig. 10 The validation system of the multi-impact imaging method

Table 2 The material property of a single layer of the composite plate

Parameter Value
0° tensile modulus (GPa) 135
90° tensile modulus (GPa) 8.8
+45° in-plane shearing modulus (GPa) 4.47
Poisson ratio pt 0.328
Density (kg-m3) 1.61x10°

APZT 2D cross-shaped array shown in Fig. 10(b) is attached to the structure, each linear array contains
7 PZT sensors with a diameter of 8 mm and a thickness of 0.48 mm. The interval between every two adjacent
PZT sensors is =10 mm. The PZTs in PZT array | are labeled as PZT I-1, PZT I-2, ..., PZT I-7 and those in
PZT array Il are labeled as PZT 1I-1, PZT 1I-2, ..., PZT 1I-7. PZT 1-4 and PZT I1l1-4 are the same one.

In this paper, the validation focuses on dual-impact events. Two same impact hammers are adopted to

apply impacts to the structure. As shown in Fig. 11, the impact hammer mainly consists of a trigger, an inside
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spring and a copper block connected to it. With the impact hammer, the impact can be applied to the structure
according to the following steps.

(1) Compressing and locking the spring by pushing the copper block.

(2) Placing the impact hammer on the structure vertically.

(3) Pressing the trigger and ejecting the copper block to hit the structure.

The mass and diameter of the copper block is 25 g and 20 mm, respectively. Depending on the
compression degree of the spring, there are 4 energy levels of the impact hammer, as shown in Table 3. Level
I with the energy of 0.21 J is used in this paper. The corresponding velocity of the copper block is about 4 m/s.
By pressing the triggers of the two impact hammers simultaneously, having two impacts at the same time can

be realized approximately.

Trigger

Fig. 11 The impact hammer
Table 3 The 4 energy levels of the impact hammer

Level | I 11 v

Energy (J) 0.21 0.62 1.31 2.48

Besides, an impact monitoring system is adopted to acquire impact response signals of the 13 PZTs
synchronously. Based on the National Instruments (NI) PXI-1031 chassis, the system integrates two NI
PX1-5105 data acquisition boards with a total of 16 channels. A LabVIEW platform based monitoring
software working in the system is designed to control the data acquisition and storage. The sampling rate is
set to be 2 MS/s, and the sampling length is 10000 samples, including 1000 pre-trigger samples. The trigger
channel is set to be PZT I-1 with a trigger voltage of 2 V. For each multi-impact event in the validation, about
6 measurements are taken and used to conduct multi-impact localization. Since the localization results are
usually very close, only a representative result is given out in the validation.

Taking the center of PZT I-4/ 11-4 as the pole, a polar coordinate system is built. A total of ten
dual-impact events which are divided into two cases are performed, as shown in Table 4 and Fig. 12. Table 4

gives out the polar coordinates of the impacts. In Fig. 12, two impacts with the same number belong to one
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dual-impact event. What should be noted is that some impacts belong to multiple dual-impact events. The 2
cases of dual-impact events are explained as follows.

Table 4 Polar coordinates of the 10 dual-impact events

Dual-impact position (mm, °)

Case No. Dual-impact No.
Impact 1 Impact 2
1 (150, 90) (200, 90)
2 (150, 120) (200, 10)
3 (200, 40) (250, 40)
1 4 (200, 30) (250, 50)
5 (150, 10) (200, 0)
6 (150, 100) (200, 110)
7 (200, 130) (250, 90)
8 (150, 10) (150, 90)
) 9 (200, 80) (200, 100)
10 (250, 40) (250, 140)
| . ]
I i
I I
i i
100 20°_ 80° ¢ 110 100°.....90° . 80°
. L %7s
170° ; T ‘ 10°
1805 P s Poobt T 1%007
A : y
< | > < »>
) 600 p e 3 Impnct' 600 I Impact
(a) Dual-impact positions of case 1 (b) Dual-impact positions of case 2

Fig. 12 Dual-impact positions of the 2 proposed cases

Case 1: Normal situation, different speckles of different impacts in the wavenumber-time are separated.
In particular, some dual-impact events (No. 1, 5, 7 and 8) have angles like 0° and 90°, which are conventional
blind angles to PZT array | and PZT array Il respectively.

Case 2: Coincident situation, as mentioned in Section 3.1, when two impacts are symmetrical about PZT
array |1, the speckles of them are coincident in the wavenumber-time image of PZT array 1.
4.2 Multi-impact signal and wavenumber-time imaging

The 15t dual-impact event listed in Table 3 is chosen as an example to be analyzed here. The positions of

the two impacts are (150 mm, 90°) and (200 mm, 90°). Fig. 13 gives out the frequency wideband response
18



signals of PZT array | and Il. Fig. 14 shows the frequency spectrum of PZT I-4/11-4. It can be seen that the

main energy of the signal is within the frequency band from 0 Hz to 50 kHz.

PZT No.

i i i i i i i i i

i Il
0 0.2 04 06 08 1 1.2 1.4 16 0 0.2 04 06 08 1 12 14 16
Time (ms) Time (ms)
(a) Frequency wideband response signals of PZT array | (b) Frequency wideband response signals of PZT array |1

Fig. 13 The frequency wideband response signals of the 1t dual-impact

As mentioned in Section 3.3, the multi-impact signals of two different central frequencies w1 and w2 (w2
is larger than w1) are needed to achieve angle-distance imaging. In order to guarantee an accurate impact
localization, the selection of the two frequencies should consider the following aspects.

(1) The two frequencies w1 and w2 should be within 0~50 kHz, considering the energy distribution.

(2) The difference between w1 and w> should be large enough, since the larger the difference is, the
bigger the corresponding group velocity contrast will be. According to Eq. (30), this is helpful to reduce the
calculation error of the impact occurring time.

(3) The wavenumber corresponding to the high frequency w; should be less than the maximum scanning
wavenumber &max decided by the spatial sampling rate.

(4) As to the low frequency ws, if it is too small, the time domain resolution will be too low to identify

the arrival time. Besides, the low resolution may also result in the overlap of speckles of different impacts in

the wavenumber-time image.
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Fig. 14 Frequency spectrum of the response signal of PZT I-4/11-4

According to the above discussion, w1 and w; are set to be 20 kHz and 35 kHz respectively. Fig. 15 and
Fig. 16 give out the extracted frequency narrow-band signals of the two frequencies, namely the multi-impact
signals. It can be found that the signals of the two impacts are mixed in Fig. 15, due to the low frequency and
time domain resolution, but the signals in Fig. 16 are obviously separated.

Since =10 mm, the maximum scanning wavenumber of the scanning spatial-wavenumber filter is
&max=314 rad/m, according to Eq. (14). After conducting the scanning spatial-wavenumber filtering on the
multi-impact signals shown in Fig. 15 and 16, the wavenumber-time images of PZT array | and Il of 20 kHz
and 35 kHz are obtained, as shown in Fig. 17(a)~(d). Two speckles can be recognized in each of the

wavenumber-time images.

Mixed signals Mixed signals

A S S S RN S 0 R S W
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1 0 0.1 0.2 0.3 04 0.5 06 0.7 0.8 0.9 1

Time (ms) Time (ms)
(a) Frequency narrow-band signals of PZT array | (b) Frequency narrow-band signals of PZT array Il

Fig. 15 The extracted frequency narrow-band signals of 20 kHz of the 1% dual-impact event
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Fig. 16 The extracted frequency narrow-band signals of 35 kHz of the 1% dual-impact event
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(c) Wavenumber-time image of PZT array | of 35 kHz
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(b) Wavenumber-time image of PZT array Il of 20 kHz
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(d) Wavenumber-time image of PZT array Il of 35 kHz

Fig. 17 The wavenumber-time images of the 1% dual-impact event
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4.3 Multi-impact feature identification and the image mapping
With the frequency narrow-band signals, the corresponding covariance matrixes and eigenvalues can be

calculated, then the combined eigenvalues are also available, as shown in Table 5. Based on Eq. (22), the
threshold value A, of the 1%t dual-impact event is 85.3, which is between A, and A,, so the estimation result
of the number of impacts is 2. Table 5 also lists the estimation results of the other 9 dual-impact events, which

are all correct.

Table 5 Eigenvalues distribution and estimation results of the number of impacts

Eigenvalue

Dual-impact Estimation
No. A A, ,{3 A ,15 /16 ,17 . result
1 853.3 197.3 20.9 8.9 1.4 0.5 0.2 85.3 2
2 721.1 176.9 238 7.7 11 0.3 0.3 72.1 2
3 314.8 77.1 13.0 25 0.3 0.0 0.0 315 2
4 341.9 98.4 211 2.4 0.6 0.1 0.1 34.2 2
5 849.9 197.3 24.4 8.1 1.4 0.4 0.4 85.0 2
6 9124 197.3 14.3 6.9 15 0.5 0.2 91.2 2
7 766.1 137.8 15.2 4.3 0.7 0.1 0.1 76.6 2
8 1913.3 372.8 254 6.7 1.2 0.4 0.2 191.3 2
9 2047.9 487.2 29.7 5.0 11 0.2 0.1 204.8 2
10 583.3 150.8 115 1.8 0.3 0.0 0.0 58.3 2

Based on Fig. 17, the wavenumber & of the 1% dual-impact event can be calculated. In Fig. 17(a), the
projection wavenumbers and ToFs of the impacts are (0.3065 ms, 4 rad/m) and (0.2545 ms, 6 rad/m), and
they are (0.3090 ms, 186 rad/m) and (0.2545 ms, 186 rad/m) in Fig. 16(b). With the maximum scanning
wavenumber of &max=314 rad/m, the wavenumber window bandwidth &, is set to be 16 rad/m. Then the
wavenumber of the multi-impact signal of 20 kHz can be calculated, which is 186 rad/m. Similarly, the
wavenumber of 35 kHz is calculated as 258 rad/m.

With the wavenumbers of the multi-impact signals of the two frequencies, Fig. 17(a) and (b) can be
mapped to the angle-time image of 20 kHz, Fig. 17(c) and (d) can be mapped to the angle-time image of 35
kHz, as shown in Fig. 18(a) and (b). In order to convert the angle-time image to angle-distance image, the
group velocities of the two frequencies are needed. In this paper, the group velocity is obtained through
measuring and averaging the group velocities of the modulated five-cycle sine burst signals excited in the
composite plate of different directions [36]. The average group velocities of 20 kHz and 35 kHz are vg
=1152.6 m/s and vg> =1429.2 m/s respectively. Fig. 18(c) gives out the final angle-distance image. Then the
polar coordinates of the 1%t dual-impact event are obtained, which are (161.5 mm, 88.1°) and (181.7 mm,

88.8°). The green circles in Fig. 18(c) represent the actual positions of the two impacts for reference. The
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localization error of the first impact is 12.6 mm, and the second is 18.7 mm.
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Fig. 18 Imaging and localization result of the 1% dual-impact event

4.4 Multi-impact localization results

In Section 4.2 and 4.3, the 1% dual-impact event belonging to Case 1 is taken as an example to verify the
proposed multi-impact imaging and localization method. In addition, the localization result of the 9t
dual-impact event which belongs to Case 2 is also given out to verify the method’s ability of solving the
coincident issue, as shown in Fig. 19. The two impacts of the 9™ dual-impact event are symmetrical about
PZT array Il. Fig. 19(a) and (b) show the two wavenumber-time images of PZT array | and 11 of 20 kHz, the
former one has two speckles with the projection wavenumbers of -38 rad/m and 52 rad/m respectively, and
the latter one only has one speckle with the projection wavenumber of 183 rad/m, because of the coincident
issue. With the proposed feature identification method, the wavenumber & of 20 kHz is calculated as 189
rad/m. The two wavenumber-time images of 35 kHz have the similar speckle distribution, as shown in Fig.
19(c) and (d), and the wavenumber & is 261 rad/m. Fig. 19(e) gives out the final angle-distance image of the
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9™ dual-impact event, it can be seen that the method

is able to distinguish and locate the multiple impacts,

though the speckles of different impacts are coincident in the wavenumber-time image of PZT array 1I.
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(a) Wavenumber-time image of PZT array | of 20 kHz
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Fig. 19 Imaging and localization result of the 9™ dual-impact
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Based on the locating process mentioned above, the localization results of all the 10 dual-impact events
of the 2 cases are obtained and listed in Table 6, all the dual-impact events are in good agreement with their
actual positions. The maximum localization error is about 2 cm, and there is no significant difference
between the localization results of the 2 cases. In addition, the 1%, 5" 7t and 8™ dual-impact events, which
have conventional blind angels 0° and 90° mentioned in Section 4.1, are also correctly located. In summary,
the statistical results have proved the effectiveness of the presented methods.

Table 6 Statistical localization results of the 10 dual-impact events

Impact 1 Impact 2
No. Actual Localization _ Error Actual Localization _ Error
position result Distance 5 i position result Distance o ion
(mm, °) (mm, °) and angole (mm) (mm, °) (mm, °) and angle (mm)
(mm, °) (mm, °)
1 (150,90)  (161.5,88.1)  (11.5,1.9) 12.6 (200, 90) (181.7, 88.8) (18.3,1.2) 18.7
2 (150, 120) (151.2,1234) (1.2,3.4) 9.0 (200, 10) (208.2,11.2) (8.2,1.2) 9.3
3 (200, 40)  (200.6, 39.6) (0.6,0.4) 1.6 (250, 40) (247.3,39.1) (2.7,0.9) 4.7
4 (200,30)  (193.1,31.4) (6.9, 1.4) 8.5 (250, 50) (265, 47.5) (15, 2.5) 18.8
5 (150,10)  (168.1,12.5)  (18.1,2.5) 19.4 (200, 0) (208.2,0.2) (8.2,0.2) 8.3
6 (150, 100) (151.4,101.3) (1.4,13) 3.7 (200, 110) (199.4, 114.6) (0.6, 4.6) 16.1
7 (200, 130) (214.5,133.8) (145,3.8) 20.0 (250, 90) (266.3, 88.6) (16.3,1.4) 175
8 (150, 10) (165.8, 8.6) (15.8,1.4) 16.3 (150, 90) (163.4, 87.3) (13.4,2.7) 15.3
9 (200, 80) (183, 74.4) (17,5.6) 254 (200, 100) (194.3,101.3) (5.7, 1.3) 7.3
10 (250, 40)  (245.2,38.3) (4.8,1.7) 8.8 (250, 140) (271, 141) (21,1) 21.8

5. Conclusions

Aiming at applying the technique of spatial-wavenumber filter to on-line multi-impact monitoring, this
paper proposes a new multi-impact imaging method based on a scanning spatial-wavenumber filter which
can be applied to aircraft composite structure without wavenumber measuring or modeling. Combining with
the multi-impact feature identification method and the image mapping method, the multiple impacts can be
imaged and located without blind angle. The validation performed on the carbon fiber laminate plate shows
the effectiveness of the proposed methods. However, there still exist some issues that need to be addressed in
the future work.

(1) The imaging precision should be improved before it can be applied to complex composite structures.
This can be realized by improving the proposed method and eliminating the dependence on wave velocity.

(2) The method proposed in this paper is in the far-field assumption. Considering the situation that
impact occurs in near-field, thus a spatial-wavenumber filter based full-field multi-impact imaging method
should be developed.

(3) By increasing the sensor number of the PZT 2D cross-shaped array and reducing the distance
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between two adjacent PZTs, the wavenumber directivity can be enhanced and the spatial sampling rate can be
improved as well.

(4) During the localization process, the frequency narrow-band signal is extracted to realize the
one-to-one relationship between the wavenumber of the signal and its propagating direction, resulting in that
it’s hard to be used to estimate the accurate impact energy directly. In the ongoing research, the method of
estimating the energy level of impact by combining the strength of the extracted signal and the information
given by the angle-distance image will be studied, which is helpful to further improve the method proposed in
this paper and instruct damage inspection for aircraft composite structures.

(5) The current selection method of the threshold Ay is based on statistical analysis, and should be further
optimized to be a more easily applicable method and to ensure the reliability of estimating the number of
impacts.
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