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Acoustic emission source positioning research
of 3D braided composite material based on the
wavelet network
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The acoustic emission detection technology is used to position the acoustic emission source of
3D braided composite material. Through comprehensive utilization of the characteristic param-
eters of acoustic emission signals, the wavelet neural network (WNN) is used to conduct damage
positioning and computation, and by combining the shuffled frog leaping algorithm (SFLA), it
can improve the convergence performance. Through experiment comparison with traditional
positioning computation method, after optimization with the frog leaping algorithm, the wavelet
network acoustic emission source positioning method can effectively improve the precision of
damage positioning.
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TexHOJIOTHST JETEKTUPOBAHUS AKYCTUYECKON dMHUCCUH WCIIOIb3yeTCsl [JIS OIpPeIesIeHUs I10-
JIOJKREeHUS UCTOYHUKA aKyCTUUEeCKOU dMUCCHUU TPeXMepPHBIX KOMIIO3UTHBIX MaTepHUasoB ¢ yIIPOU-
HALIEH omreTkoi. IlyreM BcecTOpoHHEr0 MCIIOIB30BAHUS XaPAKTEPUCTHIECKUX IIapaMeTpPOB
CHUTHAJIOB aKyCTHYECKON IMUCCUY, BeHBJIET-HEUPOCETH UCIIOIB3YIOTCA JJIA OIpeIeJIeHIA U II03U-
IIUOHUPOBAHUSA JedeKTa, a KOMOMHUPYS C AJTOPUTMOM HEYIIOPSIOYeHHBIX IIPBIMKKOB JIATYIIIKH,
MOJKHO YJIYYIIUTH CXOOUMOCTb. llyTeM cpaBHEHHsI OKCIEPUMEHTOB C TPAIUIIMOHHBIM METOIOM
pacyeTa IIO3UITMOHUPOBAHUSA, II0CJIe ONTUMUIAIIUN AJTOPUTMOM MIPHITAIONIEeN JIATYIIIKH, METO]T
BeUBJIET-HEeNpoceTe JJIsT IIO3UIINOHUPOBAHMUS UCTOYHUKA aKyCTUIECKOM IMUCCUU MOKeT addek-
THBHO IIOBBICUTH TOYHOCTH OIIPEIeIEHUs TI0JIOKEHUs TederTa.

HocnigsxenHs nO3ULIOHYBaHHSA [Kepesa aKyCTHYHOI ewmicil TpuBuMipHHX
KOMIIO3UTHUX MaTepiaie 3i 3MIIHIOBAJILHUM OILIETEHHAM HA OCHOB1 BeUBJIET-MEPEIK.
Cy Xya, Yacan Hin, Yocan Tanvroans

TexHOJIOTIO [1eTEeKTYBaHHS aKyCTUYHOI eMicil BUKOPUCTAHO [Jis BU3HAYEHHS ITOJIOMKEHHS
JIZKepesia aKyCTUIHOI eMicli TPUBUMIPHUX KOMIIO3UTHUX MAaTepiasiiB 31 3MIIHIOBAJILHUM OILJIETeH-
Ham. [lasgxom BceGIYHOr0 BUKOPUCTAHHS XapaKTEPUCTHIHUX IapaMeTPiB CUTHAJNB aKyCTHIHOI
eMicii, BeiBJIeT-HelpoMepeskl BUKOPHUCTOBYIOT [IJIs BU3HAUYEHHS Ta IIO3UITIOHYBAHHA 1ed)eKTIB, a
3aBISAKH IIOEIHAHHIO 3 JIFOPUTMOM HEBIIOPAAKOBAHUX CTPUOKIB sKa0M MOKHA ITOKPALIMTH CXOMI-
swenns. 11saxoM HopiBHAHHSA €KCIIEPUMEHTIB 3 TPAIUIIIAHIM METOLO0M PO3PaXyHKY II0O3UIIOHY-
BaHHSA, IIICJISA ONTHUMI3AIll aJIropuTMOM CTPUOKIB skabu, MeTol BelBJIeT-HeidpoMepesk IJIA MO3K-
IIIOHYBAHHS JpKepesa aKyCTUYHOI eMicil Moske e(DeKTHUBHO ITBUINYBATH TOYHICTH BU3HAYCHHS
TIOJIOYKEHHS JTIe(DEeKTIB.

1. Introduction evaluate the acoustic emission detection, and
its accuracy reflects whether the position ob-
tained through acoustic emission detection is
consistent with the actual position where the
defect 1s found. How to increase the position-

The acoustic emission source positioning is
an important work of acoustic emission detec-
tion technique, which is an important index to
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Fig. 1. Three-layers network structure

ing accuracy of acoustic source and maximally
reduce missed or false positioning is an impor-
tant task during acoustic emission source po-
sitioning. Due to different aeolotropic sound
velocity, the application of tradition geometri-
cal time-difference positioning method for aeo-
lotropic composite material is restricted. In re-
cent years, in accordance with the aeolotropy of
composite material, several acoustic emission
source positioning methods based on geometri-
cal time-difference positioning method have
been developed. For instance, after fitting aeo-
lotropic wave velocity, it can be used as known
parameter, and added to the classic geometri-
cal positioning method and virtual wave front
method [1,2,3].

The acoustic emission signal from composite
material during loading can include all infor-
mation of composite material damage, such as
the location of damage source, damage model
and degree. It has broad application prospects
to use the acoustic emission technology to de-
tect the structure of composite material.

This paper proposes an acoustic emission
detection method of optimized wavelet neural
network (WNN) based on the shuffled frog leap-
ing algorithm (SFLA). By combining acoustic
emission and WNN, this paper conducts theo-
retic analysis and specific experiment research
on the acoustic emission source positioning of
3D braided composite material.

2. WNN based on shuffled frog leaping
algorithm

2.1 Wavelet network

The wavelet neural network (WNN) is the
product by combining the wavelet analysis
theory and neural network theory. The wavelet
transform (WT) conducts multi-scale analysis of
signal through scale expansion and translation,
which can effectively extract local information
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of signal; the neural network has the character-
istics of self-learning, self-adaption and fault
tolerance, which is also a common function ap-
proximator. The elements and whole structure
of WNN are determined in accordance with the
wavelet analysis theory, which can avoid the
blindness of BP neural network in structural
design. In addition, it has stronger learning
ability and higher accuracy, and for the same
learning task, the WNN has simpler structure
and faster convergence rate. [7,8] This paper
chooses a compact WNN, and its structure is as
shown in Fig.1.

Dimension design for input and output. The
dimension of input and output should be de-
termined in accordance with the problem that
needs to be solved and data expression method.
In order to conduct accurate positioning of the
source of acoustic emission signal, in addition
to obtaining traditional time of arrival, we also
need to comprehensively consider the sound
wave information such as energy, amplitude
and counts to conduct positioning training in a
clearer and more comprehensive way. Because
all the input signals are simulation signals,
which requires sampling before training, the di-
mension of input layer should be determined in
accordance with the sampling point number of
waveform, which should be finally determined
by coordinating the positioning accuracy. The
dimension of output layer should also be deter-
mined in accordance with actual requirement.
The dimension of output layer should also be
determined with actual requirement. This pa-
per mainly studies the source positioning of
acoustic emission signal, so the node number of
input layer is set as 8, and the nerve cell num-
ber at output layer is set as 2, which are the
abscissa and ordinate respectively.

Excitation function. By combining the char-
acteristics of damage acoustic emission signal
of 3D braided composite material, this paper
chooses the Morlet wavelet as the network ex-
citation function:

v (x) = cos(1.75x) exp(—0.5x%) (1)

Through translation and expansion of y(x), we
can obtain the j(j = 1,2,...,J)" wavelet function
on the hidden layer of WNN:

1 X — j
l//](x):_l// a— aj,bj eR (2)

la,| i

Hidden layer and node selection. The node
number on hidden layer is very important to the
performance of whole network. If the number
is too low, the network won’t obtain adequate
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information from the sample, which cannot suf-
ficiently reflect the internal rule of sample, and
it will further reduce the network’s generaliza-
tion ability; if the number is too high, it will
increase the network’s learning time, which
will cause the decrease in convergence rate.
At present, there is no explicit analytic expres-
sion that can be used to select node number of
hidden layer, which is generally determined by
combining the actual problem through multiple
experiments. By combining the actual situa-
tion, in accordance with the error precision re-
quirement, this paper sets the node number of
hidden layer as 17.

2.2 SFLA

The shuffled frog leaping algorithm (SFLA)
1s a population-based cooperative search meth-
od inspired by biological emulation in the na-
ture[6]. Its basic idea is: F frogs form the ini-
tial frog population, in which, the solution of
ith frog in S dimension solution space can be
expressed as X, =(x,,x,,...x,,). Then, sort
individual frogs in the initial frog population
in descending order in accordance with the
adaptive value, and find the optimal solution
P_for the initial frog population. Later, divide
the frog population into m sub-populations, and
each sub-population contains n frogs, which sat-
isfy the relation F' = mxn. When the first frog
enters the first sub-population, the second frog
enters the second sub-population, the m™ frog
enters the m™ sub-population, and the (m + 1)®
frog enters the first sub-population, until all
frogs have entered the specified sub-popula-
tion. In Formula (3), j refers to the j* frog, while
P. refers to the probability of the j* frog being
chosen. Then, we can find the best solution P,
and worst solution P in the sub-population; in
accordance with Formulas (4) and (5), we can
conduct local deep search to each sub-popula-
tion [7,8].

P =2n+1-j)/[n(n+1)],j=12,...,n (3)

S = Rand() x (P, —P)) (4)

Rv,w = Pw + S ’(_Smax S S S Smax) (5)

In Formula (4), Rand() refers to a random
number between 0 and 1; S refers to the frog’s
leap step size, which is a reasonable difference
value; S : maximum step size of each move-
ment made by single frog; P, refers to the up-
dated P . If P is in a feasible solution space,
calculate corresponding fitness of P . If the
corresponding fitness of P, is less optimal than
the corresponding fitness of P~ replace P, in
Formula (4) with P_to update P > if there still
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is no progress, randomly generate a new frog to
replace P . Otherwise, repeat the update pro-
cess until it reaches the preset local iterations
LS. After completing deep search of various
sub-populations, remix and sort the frogs in
the frog population; then, divide the frog popu-
lation into various sub-populations to continue
local search, until it satisfies any preset condi-
tion to stop the algorithm.

In this paper, the SFLA is used to optimize
the WNN, the initial operation parameters are
set as:

F the population size is 100, which refers to
the total quantity of individuals contained in
the population.

m: the sub-population size is 20.

S_..: the maximum step size of each move-
ment made by single frog is 20.

LS: the local evolution times are 10.

SF': the glocal evolution times are 400.

3. Experimental

3.1 Experimental sample

The TORAYCCA@ T300 carbon fiber (12K)
is used as the reinforced fiber for the plate spec-
imen of 3D braided composite material. The
braided structure of fabricated part is four-step
1x1 3D 5-direction braided structure, and the
basis material is TDE86# epoxy resin. The res-
in transfer molding (RTM) process is used for
curing molding, and the sample has a thickness
of (5+0.1)mm. In the experiment, 6 samples of
the same size (35cmx20cmx5mm) are chosen
and divided into Group A and Group B, with 3
samples in each group; Group A is used in the
lead-break experiment, while Group B is used
in the damage positioning experiment.

3.2 Four-probe array plane positioning
method

This test adopts the four-probe array plane
positioning method to position the acoustic
emission source, as shown in Fig.2.

Arrange the four probes into a rhombus on
the surface of test piece the time difference of
probes S, and S, in receiving the acoustic emis-
sion s1gnals is At , while the time difference of
probes S, and S, in receiving the acoustic emis-
sion signals is Aty The distance between S, and
S, 1s a, while the distance between S, and S,
is b and the wave velocity is V. Therefore the
AE source is located at the intersection point
Q(X,Y) between two curves, and the coordinate
expressions are as shown in Formulas (6) and
(7).

AtV

a

X =

2
ALV +2 [X%] +Y?2| (6)
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Fig. 2. Four-probe array AE source positioning
method
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3.3 Result and analysis of simulative
lead-break experiment

Conduct four-point positioning experiment
to the plate test piece of 3D four-direction
braided composite material in Group A.

Fig.3 shows the diagram of four-direction
plane lead-break experiment, and the four sen-
sors are arranged into a rhombus. The standard
lead-break experiment is used to simulate the
source which generates the acoustic emission
signals, and take the average value of three re-
sponses. In the experiment, with the rhombus
center as the origin, and the coordinates of four
sensors are (0,15); (0,—15); (—30,0) and (30,0)
respectively. Select four test points with the co-
ordinates of (15,10), (-15,—10), (-5,5) and (5,-5)
respectively, conduct 3 experiments at each
test point, and calculate the average value.

y

(0,15)

(15,10)

(-5,5) X
0.0)

(-30/0)
(5,-5)

(-15,-10)

(0, -15)

Fig.3 Sensor layout on the plate test piece of 3D
four-direction braided composite material dur-
ing lead-break experiment

Use traditional mathematical morphology to
conduct filtering processing of the experiment
data obtained above; then, use the correlation
analysis method to extract critical values of
time difference; conduct computation to obtain
the coordinate location of acoustic emission sig-
nals. In the meantime, for the convenience of
comparison, the positioning analysis method
that combines the WNN and SFLA is adopted,
which integrates multiple other parameters,
including the time difference parameter, into
the positioning algorithm to obtain better posi-
tioning result. Because the experiment results
of test pieces in Group A are close, Test piece
lis used as the example to analyze the experi-
ment result. Table 1 shows the experiment
data of Test piece 1. n accordance with the ex-
periment results, we can see that when single
parameter time difference is used to position
the test point, even after mathematic morpho-
logical filtering and correlation analysis, its
positioning accuracy is still low. The absolute
average error of its abscissa is 2.1 cm, while

Table 1 Four-point positioning result comparison for Test piece 1 in Group A

Four-point positioning comparison of 3D braided composite material
WNN + SFLA positioning method Correlation analysis method
Test point (cm) Positioning value Error (cm) Positioning value Error (cm)
(cm) (cm)

No. x y x y x y X y X y
1 15 10 16.5 11.6 1.5 1.6 12.7 12.1 2.3 2.1
2 15 10 13.4 11.3 1.6 1.3 13.1 12.4 1.9 2.4
3 15 10 16.4 11.5 1.4 1.5 12.5 12.5 2.5 2.5
4 -15 -10 -13.7 8.7 1.3 1.3 -13.5 8.7 1.5 1.3
5 -15 -10 -16.4 -11.6 1.4 1.6 —-12.4 -7.9 2.6 2.1
6 -15 -10 -13.5 -11.5 1.5 1.5 -12.6 -7.6 2.4 2.4
7 5 -5 6.3 -3.6 1.3 1.4 3.2 —6.8 1.8 1.8
8 5 -5 6.8 -3.5 1.8 1.5 2.9 -7.1 2.1 2.1
9 5 -5 3.8 -3.8 1.2 1.2 2.8 —6.9 2.2 1.9
10 -5 5 -3.4 6.5 1.6 1.5 -3.2 6.6 1.8 1.6
11 -5 5 -6.3 6.4 1.3 1.4 -2.9 7.1 2.1 2.1
12 -5 5 -3.5 6.5 1.5 1.5 -3.0 7.2 2 2.2
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Fig. 4. Damage position of 3D braided composite
material

absolute average error of its ordinate is 2.04,
which is caused by the anisotropy of composite
material in acoustic wave propagation velocity.
In the meantime, the unique characteristics of
braided angle also affect the measured value of
velocity of the acoustic emission signals, while
this also directly affects the measurement pre-
cision of time difference, which causes big error.
When the WNN and SFLA are combined to pro-
cess data and conduct positioning analysis, the
absolute average error of its abscissa is 1.45cm,
while absolute average error of its ordinate is
1.44. We can see that the positioning error has
declined by 5mm, and the positioning accuracy
has been significantly improved.

3.4 Result and analysis of damage posi-
tioning experiment of 3D braided compos-
ite material

Test pieces in Group B is chosen for the ex-
periment, and for the convenience to compare
the test results, we artificially created a dotted
surface damage on each test piece in advance,
as shown in Fig.4. We place the sensors on
the coordinates of (0,15); (0,—15); (-30,0) and
(30,0) respectively. In this paper, Test piece 1
in Group B is chosen for analysis. After causing
dotted damage at coordinate (—13, 6) on the test
piece surface, stress is imposed on the test piece
for 8 consecutive times through the impact test
machine, and the acoustic emission signals are
measured and recorded. By adopting the posi-
tioning method that combines WNN and SFLA,
the coordinate position of damage is calculated,
as shown in Table 2.

In accordance with the acoustic emission
positioning experiment of 3D braided com-
posite material, we can see that based on the
traditional positioning method, by adding
morphological filtering, correlation processing
and related neural network technology based
on SFLA, we can filter the mechanical noise,
conduct multi-factor determination of relative
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Fig.5 Actual damage position comparison of 3D
braided composite material

Table 2 Actual damage positioning results of
Test piecel in Group B

Actual co- Computed
) ordinates coordinates | Error (cm)
Times (cm) (cm)
X Yy X y X Yy
1 -13 6 -11.5| 7.7 1.5 1.7
2 -13 6 —-11.4| 7.3 1.6 1.3
3 -13 6 -14.8 | 4.7 1.8 1.3
4 -13 6 -14.4| 44 1.4 1.6
5 -13 6 -11.2 | 7.5 1.8 1.5
6 -13 6 —-11.6 | 4.9 1.4 1.1
7 -13 6 —-14.4| 7.6 1.4 1.6
8 -13 6 -145| 74 1.5 1.4

time difference and study the multi-parameter
self-learning positioning method, and great re-
sults have been achieved. During the damage
positioning, the absolute average error of its
abscissais 1.45cm, while absolute average error
of its ordinate is 1.44, which is consistent with
the error range of Group A during lead-break
experiment. The damage assessment points
present even distribution with the damage
point as the center, as shown in Fig.5. In Fig.5,
the round spot represents the actual damage
position, while the asterisk represents the neu-
ral network and frog leaping tagged position.
In accordance with Fig.5, we can see that by
adopting the positioning method that combines
WNN and SFLA, the positioning accuracy has
been significantly improved.

4. Conclusion

During acoustic emission positioning re-
search on the damage of 3D braided compos-
ite material, through experiemnt, it can verify
that: by adopting the positioning method that
combines WNN and SFLA, the positioning ac-
curacy has been significantly improved. Com-
pared to the traditional positioning analysis
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