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Abstract: Lamb wave tomography can be used to evaluate 
structural integrity. The time-of-flight (TOF) data are usu-
ally recorded as input to the reconstruction algorithm. For 
composite materials, TOF estimation is complicated due 
to their anisotropy. To reduce the effects of anisotropy on 
image reconstruction, the TOF data of flawed plates are 
revised according to baseline data obtained from an unf-
lawed plate. Tomographic images are reconstructed using 
the original and revised TOF data, respectively. Results 
show that images reconstructed using the revised TOF 
data have better visual quality and that TOF data revision 
can substantially reduce the artifacts resulting from ani-
sotropy in defect detection of composite materials.
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1  Introduction
Carbon fiber-reinforced polymer (CFRP) is one of the com-
posite materials that are used extensively in many fields 
such as aerospace, marine, petrochemicals, energy, con-
struction, and transport sectors for functional and eco-
nomic reasons. To decrease the number of tragic accidents 
in composite structures, some efforts have been made to find 
the best nondestructive testing method for composite thin 
plate-like structures. Bruno et  al. [1] applied holographic 
vibrometry to local delaminations revealed in sandwich-
type composite plates. Renaldas et al. [2] detected flaws in 
CFRP rods with multiple delaminations using ultrasonic 
guided waves. Mahmoud et  al. [3] used surface acoustic 

waves (SAWs) for the nondestructive structural health mon-
itoring of concrete specimens externally bonded with CFRP 
composites. Palozotto et al. [4] used vibration NDE for esti-
mating the impact damage of sandwich composite struc-
tures reinforced in the thickness direction. Ruzek et al. [5] 
tried to apply laser shearography to impact damage detec-
tion in aircraft wings made with a honeycomb sandwich 
structure. A wireless method was proposed recently by 
Matsuzaki and Todoroki [6] to detect damage in rotating 
composite structures using a small oscillating circuit.

Lamb waves represent one kind of guided waves with 
multimode and dispersion character [7–9], which makes 
them widely used for the nondestructive testing of plates 
and plate-like structures. X-ray computed tomography is 
a mature technique that uses X-rays to obtain 2D images 
[10]. Just like X-rays, Lamb waves have also been used 
for computed tomography because they have distinctive 
dispersion characteristics. Many research studies have 
been conducted for Lamb wave tomography in the past 
decades. Hutchins and colleagues [11–14] carried out a 
great deal of early works on Lamb wave tomography, and 
Nagata et al. [15] and Degertekin et al. [16] also conducted 
investigations in the field. The velocity or attenuation of 
Lamb waves was the input for tomographic reconstruction 
with parallel-projection geometry. Hinders and colleagues 
[17–19] compared parallel projection to fan-beam tech-
nique in the defect detection of multilayer materials with 
algebraic reconstruction technique (ART).

For this work, choosing the appropriate input for the 
tomographic reconstruction is rather important. Time-
of-flight (TOF) data of Lamb wave is a type of input data 
that contains useful information about the changes in 
the thickness of plate-like structures because the velocity 
of Lamb waves depends on frequency-thickness and the 
material properties of the specimen. However, when prop-
agating in composite materials, the velocity of Lamb wave 
also depends on the direction of wave propagation due to 
their anisotropy. The study aims to reduce the effects of 
anisotropy on image reconstruction. This paper is organ-
ized as follows. In Section 2, the fundamentals of fan-beam 
technique and filtered back-projection (FBP) algorithm 
are presented. TOF data are obtained through finite 
element (FE) simulation and data revision is performed 
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in Section 3. In Section 4, tomographic images are recon
structed using original and revised TOF data with a FBP 
algorithm, and then some parameters of images are cal-
culated for image quality evaluation. Finally, conclusions 
are drawn in Section 5.

2  �Fundamentals of fan-beam 
technique and FBP algorithm

Figure 1 shows the geometry of the fan-beam technique. 
The point source is at distance D from the origin. Each 
detector receives projection data qi(nγ). Then, the pro-
jection data is weighted and filtered to yield Qi(nγ), 
which is back-projected to reconstruct tomographic 
images by the FBP algorithm as shown in the following 
equation [20]:
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where L(x,y,βi) is the distance from the point source to 
the point (x,y), βi is the ith projection angle, and γ′  is the 

Figure 1: Geometry of the fan-beam technique.

Table 1: Material properties of T300/QY8911.

E1 (GPa)  E2 (GPa)   E3 (GPa)   G12 (GPa)   G13 (GPa)   G23 (GPa)   v12   v13   v23   ρ (kg/m3)

126   8.8   8.8   4.47   4.47   3.0   0.3   0.3   0.3   1614

ρ = density; E = Young’s modulus; v = Poisson’s ratio; G = shear modulus.

angle of the fan-beam ray passing through the point (x,y). 
M is the total number of sensors and Qi( γ′) is the interpo-
lation of Qi(nγ) that is calculated as follows:
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where g(nγ) is given as follows:
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3  �FE simulation and TOF revision
In this section, three FE models are built by ABAQUS for 
plates made of material T300/QY8911. The material prop-
erties are provided in Table 1.

Table 2 shows the characteristics of the three models. 
The first one is an unflawed plate, and the other two are 
flawed plates with a hole of Ø 10 mm × 2  mm in coordi-
nates (0,0) and (15,20). These are represented by models 1, 
2, and 3, respectively.

To obtain projection data, sensors are arranged as 
presented in Figure 2. The area is divided into two parts: 
area 1 is the detection area with a dimension of R = 50 and 
the remaining area is the protection area that eliminates 
the effects of reflected wave from the boundary. Sixty-four 
sensors are arranged in the circle of area 1 in an equiangu-
lar manner. One of them is a point source that transmits an 
ultrasonic signal, and the remaining 63 sensors are detec-
tors that receive signals from the point source along dif-
ferent paths. Considering the multimode and dispersion 
character of Lamb waves, a five-cycle Hanning-windowed 
pulse centered at 100 kHz is employed as the excitation 
signal of the point source.

Two snapshots of the Lamb waves (in the form of dis-
placement contour) propagating in two different models 
are shown in Figure 3. In Figure 3A, we can see that the 
Lamb waves propagate around from the point source in the 
form of a wave package. When they reach the boundary of 
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Figure 3: Propagation of Lamb wave in two different models: (A) an 
unflawed model and (B) the flawed model with a hole in the center.

Figure 2: Sensor arrangement and region partition of the models.

Table 2: Characteristics of the models.

Number   Dimension   Size of hole   Coordinates of hole

1   Ø 200 mm × 4 mm  –   –
2   Ø 200 mm × 4 mm  φ 10 mm × 2 mm   (0,0)
3   Ø 200 mm × 4 mm  φ 10 mm × 2 mm   (15,20)

the plate, they will reflect back. The snapshot shown in 
Figure 3A clearly presents that the Lamb waves travel a 
longer distance along the x-direction (fiber direction) than 
the other directions. It shows that the Lamb waves travel 
fastest at the fiber direction. From the color depth of the 
wave packages, we can see that the direction of maximum 
energy flow in the plate coincides with the fiber direction. 
The snapshot in Figure 3B shows that, when the Lamb 
waves reach the defect, they will pass through it accom-
panied by phenomena of reflection and diffraction. It pre-
sents that the properties of Lamb waves will change when 
passing through the hole.

TOF is a kind of parameter that contains useful infor-
mation about the changes of Lamb wave properties. There-
fore, TOF data of A0 mode wave are collected as input 
for image reconstruction. For each point source, 63 sets 
of signals can be received from detectors. The envelope 
extraction of these signals by Hilbert transform is used to 
obtain the TOF of the A0 mode wave. Therefore, 64 × 63 
TOF data are obtained in total.

When propagating in composite materials, the veloc-
ity of Lamb waves depends not only on frequency-thick-
ness and material properties but also on the direction of 
wave propagation of the specimen due to their anisotropy. 
The velocities of the A0 mode wave propagating in 64 dif-
ferent directions are calculated by scanning the unflawed 
model as shown in Figure 4. This quantifies how the veloc-
ity of the A0 mode wave propagating in the plate varies 
with the direction of propagation. θ is the angle between 
the propagating path and the fiber direction, and 0° is 
along the fiber direction. The directions of maximum and 
minimum velocities of the A0 mode wave propagating in 
the plate coincide with the direction parallel and perpen-
dicular to the fiber direction, respectively. The velocities 

Figure 4: Velocities of the A0 mode wave of central frequency 100 
kHz propagating in a 4 mm thick T300/QY8911 plate in different 
directions.
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of other directions are obtained by interpolation. Then, 
the original TOF data are revised according to the baseline 
velocities of the A0 mode wave in different directions. The 
revised data are calculated as follows:

	 θ

= − path
revised originalTOF TOF ,

L
v �

(4)

where TOForiginal is the original TOF data of flawed models, 
Lpath is the distance between the point source and a detec-
tor, v

θ
 is velocity of A0 mode wave, and the angle is θ.

Figure 5 shows a set of the original normalized TOF 
data obtained from a flawed model with a hole in the 
center and the revised normalized TOF data profile 
through the flaw region. The part circled in red shows 
that the TOF values of the A0 mode wave have changed 
because the velocity of the A0 mode wave will decrease 
when passing through the defect according to its disper-
sion properties. In Figure 5, the changes in TOF values can 
be difficult to identify in the original TOF data profile due 
to the velocity changes caused by wave propagation direc-
tions in composite materials. However, these changes are 
easily identified in the revised TOF data profile due to the 
TOF revision.

4  �Image reconstruction
A FBP algorithm based on the fan-beam technique is 
applied to image reconstruction. Figure 6 shows the tomo-
graphic images reconstructed using the original TOF data. 
Figure 6A–C presents the reconstruction images of models 
1, 2, and 3, respectively. Some artifacts can be easily found 
in Figure 6A. It can be inferred that these artifacts are 

Figure 6: Tomographic images reconstructed using the original 
TOF data of the three models: (A) an unflawed model, (B) a flawed 
model with a hole in the center, and (C) a flawed model with a hole 
in coordinates (15,20).

Figure 5: A set of the original normalized TOF data obtained from 
the flawed model with a hole in the center and the revised TOF data 
profile through the flaw region.

caused by the anisotropy of the composite material T300/
QY8911 and errors of TOF data brought by reflection and 
diffraction. These same artifacts also occur as shown in 
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Figure 6B and C. In Figure 6B, the part circled in red pre-
sents the reconstruction image of the defect in the center 
of model 2. The location, shape, and size of this part coin-
cide with that of the defect in model 2. In Figure 6C, the part 
that presents the reconstruction image of the defect is also 
circled in red. The location of this part coincides with that 
of the defect in model 3, but the shape and size presented 
by this part have changed. It can be inferred that the short 
distance from the defect to the boundary of the detection 
area in model 3 makes it easier for received signals to be 
disturbed by the reflection and diffraction when compared 
to model 2, resulting in changes in the shape and size of the 
reconstruction image of the defect in model 3.

Images reconstructed using the revised TOF data are 
presented in Figure 7. Images of defects can be clearly 

Figure 7: Tomographic images of flawed models reconstructed 
using the revised TOF data: (A) a flawed model with a hole in the 
center and (B) a flawed model with a hole in coordinates (15,20).

Table 3: Quality parameters of different images.

Figure no.   PSNR (dB)   MSE (× 10–12)   Mean gradient (× 10–7)

Figure 6B   151.0723   50.798   9.4947
Figure 7A   163.1379   3.1571   2.4886
Figure 6C   151.2552   48.703   9.7984
Figure 7B   164.6149   2.2469   2.1406

identified in Figure 7A and B. In Figure 7A, the part circled 
in red presents the reconstruction image of the defect in the 
center of model 2. The location, shape, and size of this part 
coincide with that of the defect in model 2. In Figure 7B, the 
part that presents the reconstruction image of the defect is 
also circled in red. The location of this part coincides with 
that of the defect in model 3, but the shape and size pre-
sented by this part have changed. Compared to images 
reconstructed using the original TOF data, the part that 
presents the reconstruction image of the defect can be more 
easily identified in images reconstructed using the revised 
TOF data. It shows that images reconstructed using the 
revised TOF data have fewer artifacts and higher quality.

To evaluate the qualities of images reconstructed 
using the original TOF data and revised data, peak sig-
nal-to-noise ratio (PSNR), mean squared error (MSE), 
and mean gradient of Figures 6B and C and 7A and B 
are listed in Table 3. From the table, we can see that the 
PSNR values of Figure 7A and B are higher than those of 
Figure 6B and C, respectively. The MSE and mean gradient 
values of Figure 7A and B are lower than those of Figure 
6B and C, respectively. The increase in PSNR values and 
the decrease in MSE indicate that TOF data revision has 
improved the signal-to-noise ratio in tomographic image 
reconstruction. The decrease in mean gradient values 
indicates that the artifacts in image reconstruction have 
been reduced significantly by revising the data. Thus, it 
can be concluded that tomographic images reconstructed 
using revised TOF data with a FBP algorithm have better 
visual quality.

5  �Conclusions
This paper focuses on defect detection in thin plates made 
of composite materials using Lamb wave tomography. 
Three different models are built in ABAQUS for numerical 
simulation to obtain TOF data of the A0 mode wave. Then, 
TOF data revision has been done according to the baseline 
data obtained from the unflawed model. Tomographic 
images of flawed models are reconstructed using the origi-
nal and revised TOF data, respectively. The results show 
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that images reconstructed using the revised TOF data have 
better visual quality and the TOF data revision can sub-
stantially reduce the artifacts resulting from anisotropy in 
defect detection of composite materials.
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