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Abstract

A vibration response-based detection system was used to investigate the adhesive areas of single-lap joints using a nonlinear transformation
approach for deep learning. In industry or engineering fields, it is difficult to know the condition of an invisible part within a structure that
cannot easily be disassembled and the conditions of adhesive areas of adhesively bonded structures. To address these issues, a detection
method was devised that uses nonlinear transformation to determine the adhesive areas of various single-lap-jointed specimens from the

vibration response of the reference specimen. In this study, a frequency response function with nonlinear transformation was employed to
identify the vibration characteristics, and a virtual spectrogram was used for classification in convolutional neural network based deep
learning. Moreover, a vibration experiment, an analytical solution, and a finite-element analysis were performed to verify the developed

method with aluminum, carbon fiber composite, and ultra-high-molecular-weight polyethylene specimens.
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Fig. 1 Procedure of the adhesive area detection system

Fig. 2 Experimental specimens with single specimens and single
lap jointed specimens
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Table 1 Properties of aluminum 6101

Properties Aluminum(Al 6101)
Density(kg/m*) 2752
Young’s Modulus % (GPa) 62
Poisson’s ratio 0.3
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Table 2 Properties of Carbon(Woven, UD) & UHMWPE

. Carbon Carbon
P HMWPE
roperties Woven UD UHMW
Density(kg/m®) 1420 1490 980

X direction Young’s 6134 121 511
Modulus £ (GPa) : ’

Y direction Young’s 6134 86 360
Modulus £, (GPa) : ’ ’

Z direction Young’s 6.9 86 511
Modulus £;(GPa) : ’ ’
X direction Shear 33 47 0.192
Modulus G, (GPa) ’ ) ’

Y direction Shear 27 3.1 5
Modulus G,(GPa) ’ '
Z direction Shear 27 47 5
Modulus G;(GPa) : ’

Poisson’s Ratio XY 0.04 0.27 0.013

Poisson’s Ratio YZ 0.3 0.4 0.013

Poisson’s Ratio XZ 0.3 0.27 0.01

Thickness 0.272mm 0.136mm 50um
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Table 3 Details of CNN architecture

Layer Name Layer Description

Input 256x256%3 Virtual spectrogram image

Convolution Filter 3x3, strides 1

Convolution 1,

. Number of filter=16, ReLU, Batch normalization
Pooling 1

Max Pooling Filter 2x2, strides 2

Convolution Filter 3x3, strides 1

Convolution 2,

. Number of filter=32, ReLU, Batch normalization
Pooling 2

Max Pooling Filter 2x2, strides 2

Convolution Filter 3x3, strides 1

Convolution 3,

. Number of filter=64, ReLU, Batch normalization
Pooling 3

Max Pooling Filter 2x2, strides 2

Convolution Filter 3x3, strides 1

Convolution 4,

. Number of filter=128, ReLU, Batch normalization
Pooling 4

Max Pooling Filter 2x2, strides 2

Convolution Filter 3x3, strides 1
Number of filter=256, ReLU, Batch normalization

Convolution 5,
Pooling 5

Max Pooling Filter 2x2, strides 2

Convolution Filter 3x3, strides 1

Convolution 6, Number of filter=512, ReLU, Batch normalization

Pooling 6
Max Pooling Filter 2x2, strides 2
FullyConnected Input=8192, Output = 2048, ReLU
Softmax Input=2048, Output=2
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Table 4 Resonance frequencies within the 3 mode using
experiment, analytical solution and FEM

. Resonance Frequency(Hz)
Material Method
Model Mode2 Mode3
EX 133.25 853.25 2418
Al 6101 AS 137.20 860.90 2407.7
FEM 137.95 862.29 2406.4
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Fig. 9 Frequency response functions of the single lap jointed Al
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Table 5 Resonance frequencies of Als within the 3™ mode considered
by lengths of adhesive areas using experiment and FEM

. / Resonance frequency(Hz)
Material Method
(mm) Model Mode2 Mode3
20 EX 29.75 189.5 531.50
FEM 29.26 176.57 516.55
EX 34.25 224.75 608.25
Al16101 40
FEM 33.66 206.24 591.67
60 EX 40.25 293.25 725.00
FEM 39.18 255.07 678.32
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Fig. 10 Virtual spectrograms generated by difference between
FRFs with three cases of Al adhesive area
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CFC specimens considered by lengths of adhesive areas

Table 6 Resonance frequencies of CFCs within the 3™ mode considered
by lengths of adhesive areas using experiment and FEM

) li Resonance frequency(Hz)
Material Method

(mm) Model | Mode2 | Mode3

20 EX 28.59 189.37 548.43

FEM 37.99 227.64 668.20

EX 34.45 230.15 628.82

CFC 40

FEM 43.63 263.36 763.96

60 EX 41.95 298.82 750.45

FEM 50.62 318.80 871.47

Fig. 12 Process of nonlinear transformation with Al signals and
CFC signals. (a) Mapping process of reference signals of Al 20mm
and signals of CFC 20mm and (b) mapping process of reference
signals of Al 40mm, 60mm and signals of CFC 40mm, 60mm
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Fig. 13 The confusion matrices of the virtual spectrograms
generated by the differences between Al signals and CFC signals
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Fig. 14 The confusion matrices of the virtual spectrograms generated
by the differences between Al signals and Mapped CFC signals
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40mm, 60mm
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