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Abstract: Due to the cyclic loading and longtime exposure under extreme environment conditions, fatigue cracks often generate in 
the aircraft metal structures, i.e. wing skin, fuselage skin, strigners, pylons. These cracks could cause severe damages to the aircraft 
structures. Thus the position and size monitoring of fatigue cracks in the metal structures is very important to manufacturers as well 
as maintenance personnel for significantly improving the safety and reliability of aircraft. Much progress has been made for crack 
position monitoring in the past few years. However, the crack size monitoring is still very challenging. Fastest time of flight 
diffraction (FTOFD) method was developed to monitor both the position and size of a crack. FTOFD method uses an integrated 
sensor network to activate and receive ultrasonic waves in a structure. Diffraction waves will be generated when the ultrasonic waves 
pass a crack. These diffraction waves are received and analyzed to get the position and size of the crack. The experiment results show 
that the monitored size of the simulated crack is very close to the real size of the crack, and for frequencies of 350 and 400 kHz, the 
monitoring errors are both smaller than 5%. 
Key words: structure health monitoring; fatigue crack; diffraction waves; crack size quantification 
                                                                                                             
 
 
1 Introduction 
 

Fatigue cracks could cause severe degradation to the 
functionality of aircraft metal structures, thus much 
attention has been paid on them [1,2]. Monitoring of 
cracks of aircraft structures could significantly reduce the 
maintenance cost [3], and increase service time and flight 
safety of the aircraft [4−6]. Boeing [7,8] and Airbus 
[9,10] are making many efforts to crack monitoring for 
commercial airplanes. US Air Force has conducted many 
researches on fatigue crack monitoring for key structure 
components of military aircrafts [11]. Researchers in 
China have also investigated crack detection a lot by 
elastic waves [12−14]. 

Many structural health monitoring (SHM) methods 
have been proposed in the past few years. One type of 
them is based on elastic waves. Elastic-wave-based SHM 
method uses sensors to activate and receive the wave 
signals. The damage information of structures will be 

gotten by analyzing the received wave signals. Many 
researchers demonstrated that this method were very 
effective for monitoring cracks in metals, delamination 
and debonding in composites [15]. For widely existing 
plate or shell structures in aircraft, ship, automobile and 
so on, Lamb waves are commonly used due to their great 
advantages of long distance propagation, broad covering, 
and easy activation, etc. Many results have been made 
for crack monitoring in the past few years with Lamb 
waves. IHN and CHANG [3] used a pair of piezoelectric 
actuator and sensor to generate a damage index of Lamb 
waves which can be used to characterize the damage at a 
known location. 

Tests on Airbus fuselage panels were conducted to 
verify the damage index method. They [16,17] also 
monitored the fatigue crack growth in riveted fuselage 
joints and a cracked metallic plate repaired with a 
bonded composite patch with the damage index method. 
Experiments showed that the damage index method 
successfully detected both crack growth and debonding 
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damage for the considered structures. QING et al [18] 
developed an active diagnostic system using built-in 
piezoelectric actuator/sensor networks for monitoring 
crack growth in a rocket engine pipe, and their 
experimental data showed that the system can detect a 
surface crack as small as 4 mm and a through-crack as 
small as 2 mm in the high pressure engine pipe made of 
Inconel 718. IHN of Boeing and LEONARD of Air 
Force Research Laboratory developed a hot spot 
monitoring system for a complex metallic lug component. 
Phased array was also widely investigated by some 
researchers to quantify damage size [19]. Nonlinear 
ultrasonic wave was studied a lot to evaluate the 
micro-cracks in alloys [20−22]. However, calibration is 
still needed by most methods to build a relationship 
between monitored signals and crack size. The size or 
severity of cracks is still very challenging to evaluate. 

In this study, we developed FTOFD method to 
evaluate position and size of cracks in structures. FTOFD 
method uses an integrated sensor network to activate and 
receive ultrasonic waves in a structure. Diffraction waves 
will be generated when the ultrasonic waves pass a crack. 
These diffraction waves are then received and analyzed 
to get the position and size of the crack. An aluminum 
plate with 20 mm long simulated crack was monitored by 
FTOFD method in this study. Experiment results showed 
that the monitoring results matched the real position and 
size of the simulated crack very well. 
 
2 Theoretical model of FTOFD method 
 

The physical basis of FTOFD method is that when 
the proper ultrasonic waves pass a crack, diffraction 
waves propagating to all directions will be generated at 
tips of the crack. So if we can collect and analyze these 
diffraction waves, the crack tips can be located. Once the 
crack tips are located, the position and size of the crack 
can be detected. 

An isotropic aluminum plate (Fig. 1) is used as an 
example to demonstrate how to quantitatively monitor a 
crack by FTOFD method. The coordinate of sensor 1 is 
denoted by (x1, y1), and the coordinates of other sensors 
are denoted similarly. The coordinate of crack tip A is 
denoted by (x, y). The time of flight (TOF) of the 
ultrasonic waves from sensor 1 to sensor 2 is denoted by 
t12, and the TOF from sensor 1 to crack tip A, then to 
sensor 2 is denoted by tc12. The TOFs for other paths are 
denoted similarly. The distance between sensor 1 and 
sensor 2 is denoted by L12, and the distances between 
other sensors are denoted similarly. In this demonstration, 
a combination of paths 1−2, 2−3, and 4−5 are used to 
locate crack tip A, however, other combinations of paths, 
e.g. 1−2, 1−3 and 4−5, can be used as well. 

 

 
Fig. 1 Sensor network for monitoring crack 
 

Because the aluminum plate is isotropic, the TOF of 
ultrasonic waves should be proportional to the distance 
of the waves traveling. So, after the TOFs of ultrasonic 
waves containing damage information for different paths 
are collected, crack tip A (x, y) can be located by 
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(1) 
 

Equation (1) actually defines 3 ellipses. The 
crossing point/region of these ellipses is the monitored 
crack tip A. Crack tip B can be located in the same way. 
After all related TOFs are collected by the sensor 
network, the crack can be located as in Fig. 2. 
 
3 Experimental results and analyses 
 

Experiments were performed to verify FTOFD 
method. The sample is an aluminum plate. The plate is 
520 mm × 490 mm × 1.9 mm in size. The simulated crack  
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Fig. 2 Crack locating by FTOFD method 
 
was made by a wire-electrode cutting machine. The 
crack was 20 mm in length and 0.25 mm in width. 

Acellent’s ScanGenie was used to generate and 
collect the signals. Before the simulated crack was made, 
the baseline signal (Fig. 3) was collected; after the 
simulated crack was made, the current signal (Fig. 4) was 
collected. Subtracting the baseline signal from the 
current signal gave the signal difference induced by the 
crack (Fig. 5). This signal difference will be referred as 
damage signal in the following. In the experiment, only 
paths 1−2 and 1−3 were used to test the effectiveness of 
FTOFD method. The collected data and its analysis can 
be found in Tables 1 and 2. Peak value method was used 
to compute the TOF. In Table 1, t1 is the peak value time 

 
Fig. 3 Baseline signal of plate 
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Fig. 4 Current signal of plate with crack 
 

 

Fig. 5 Damage signal induced by crack 
 
of waves generated by sensor 1; t2 is the peak value time 
of waves received by sensor 2; tc2 is the peak value time 
of waves, which are the diffraction waves induced by the 
crack and then received by sensor 2; t12 is the TOF from 
sensor 1 to sensor 2, which is gotten by subtracting t1 
from t2; tc12 is the TOF from sensor 1, to crack tip A, then 

to sensor 2, which is gotten by subtracting t1 from tc2; 
Lc12 is the distance from sensor 1, to crack tip A, then to 
sensor 2; e is the error of the monitored TOF. The 
monitored distances Lc12 from sensor 1, to crack, then to 
sensor 2 can be computed out by the monitored TOF, 
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Comparing the monitored distance 12cL′  with the 

real distance Lc12 gives the error of the monitoring 
results,  
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From Tables 1 and 2, it can be seen that the 

monitoring errors for frequency of 350, 400 and 450 kHz 
are all below 5%. Using monitoring results in Tables 1 
and 2, the position of crack tip A can be located by    
Eq. (1). The locating results are listed in Table 3. 

In Table 3, the monitoring error (ex) of x coordinate 
of crack tip A is computed by  
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where xm is the monitored value, xr is the real value. 

The monitoring error (ey) of y coordinate of crack 
tip A is computed similarly by 

 

%100
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−
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L
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ey                          (5) 

where ym is the monitored value, yr is the real value, and 
L17 is the distance from sensor 1 to sensor 7. 

It can be seen that the errors of the monitoring 
results for the frequencies of 350 kHz and 400 kHz are 
all below 5%, but that of the x coordinate for frequency 
of 450 kHz is very large. The monitored position can 
also be showed graphically. The monitored position of 
the crack for frequencies of 350 kHz and 400 kHz can be 
seen in Figs. 6 and 7, respectively (In Figs. 6 and 7, the 

 
Table 1 Monitoring data of sensor 1 and sensor 2 and its analysis  

Frequency/kHz t1/μs t2/μs t12/μs tc2/μs tc12/μs L12/m Lc12/m e/% 

350 11.710 44.1 32.390 55.96 44.250 0.16 0.2126 2.82 

400 10.730 42.0 31.270 54.19 43.460 0.16 0.2126 4.60 

450 9.208 41.6 32.392 53.33 44.122 0.16 0.2126 2.51 

 
Table 2 Monitoring data of sensor 1 and sensor 3 and analysis  

Frequency/kHz t1/μs t3/μs t13/μs tc3/μs tc13/μs L13/m Lc13/m e/% 

350 10.73 58.7 47.97 67.85 57.12 0.24 0.28 2.06 

400 10.44 57.1 46.66 66.83 56.39 0.24 0.28 3.59 

450 10.10 56.3 46.20 65.88 55.78 0.24 0.28 3.49 
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Table 3 Monitored position of crack tip A 

Frequency/kHz xm/m xr/m e/% ym/m yr/m e/% 

350 0.080305 0.08 0.19 −0.07446 −0.07 2.79 

400 0.073195 0.08 4.25 −0.07697 −0.07 4.36 

450 0.050820 0.08 18.24 −0.07139 −0.07 0.87 

 

 

Fig. 6 Monitored position of crack for frequency of 350 kHz 
 

 

Fig. 7 Monitored position of crack for frequency of 400 kHz 
 
line with diamond ends is the real crack position and the 
line without diamond ends is the monitored crack 
position). It is clear that the monitoring results for 
frequency of 350 kHz is much better than those for 
frequency of 400 kHz. 
 
4 Conclusions 
 

1) By locating crack tips with integrated sensors 

activating and receiving Lamb waves, FTOFD method 
can give not only the position, but also the size of a crack 
in the monitored structure. 

2) For frequency of 350 kHz, the monitored position 
and size of the crack are very close to the real position 
and size of the crack, and the monitoring error is about 
3%. 

3) For frequency of 400 kHz, the monitoring error is 
about 4%, and for frequency of 450 kHz, the monitoring 
error is about 18%. Therefore, different frequencies have 
different monitoring accuracy. So, to get the best result, 
the optimal frequency should be used. 
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基于最快衍射波时差法的实时定量化疲劳裂纹监测 
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摘  要：由于受循环载荷及长期极端环境的作用，飞机的金属结构常会产生疲劳裂纹，进而对飞机结构造成严重

破坏。疲劳裂纹的位置和尺寸定量化监测对于飞机制造商以及飞机维护人员具有十分重要的意义，因为它可以大

幅度地提高飞机结构的安全性和可靠性，并降低飞机的维护成本。近年来，在疲劳裂纹的大致位置监测方面国内

外的研究人员已经取得了较大的进展。但是疲劳裂纹的尺寸监测仍是一个具有挑战性的问题。发展了最快衍射波

时差法来定量化监测疲劳裂纹的尺寸。最快衍射波时差法用一个粘接在结构表面的传感器网络激励和接收超声波

信号，当超声波经过裂纹尖端时会产生衍射波，然后通过所提出的先进算法分析接收到的衍射波信号就可以获得

裂纹的位置和尺寸等信息。结果表明，用最快衍射波时差法获得的裂纹尺寸与裂纹的真实尺寸非常接近。 

关键词：结构健康监测；疲劳裂纹；衍射波；裂纹尺寸定量化 
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