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ABSTRACT 

This study presents an experimental study on the low-velocity impact localization of cylindrical 

structures. A composite tube structure was used to represent cylindrical structures such as aircraft 

fuselage and tail boom. Three FBG sensors were used to acquire the impact signals, and the normalized 

cross correlation method was employed as the algorithm for localizing the random impact source. A 

total of 18 random impacts were applied to the composite tube using an impact hammer, and it was post-

processed using the employed algorithm and reference database which was constructed in advance. 

When three sensors were used, the localization results were successfully estimated with the average 

error of 1.89cm and maximum error of 4.97cm. However, when two sensors were used, the results were 

negatively affected by the minimal distance between the sensors, so the results for the case using two 

sensors located farther apart showed lower average and maximum errors. Therefore, it shows that 

performance of the impact localization for the cylindrical composite structure is influenced by the 

number of sensors and the distance or configuration between the sensors. 

 

1 INTRODUCTION 

Since composite materials have high-specific strength and stiffness, it is being widely used in a variety 

of industrial fields, especially in the aerospace industry. Recently, the superiority of composite material 

was proved by the new Boeing 787 Dreamliner which is composed of more than 50% of composite 

materials. However, since composite materials have different damage types with regard to existing 

conventional metallic materials, Structural Health Monitoring (SHM) to check the state of composite 

structure during operation is essential for ensuring the safety and reliability. Among the damage types 

of composite materials, barely visible impact damage (BVID) caused by the low velocity impact such 

as tool drop, bird-strike could degrade the mechanical properties of a composite structure and finally 

lead to fatal accidents without perceiving beforehand. Therefore, to prevent the potential BVID, Various 

studies for low velocity impact localization have been conducted. However, the applicability of the 

previous studies is low because most of them adopted multiple electric sensors which offer several 

problems such as electro-magnetic interference (EMI) and wiring problems [2-4]. Since the fiber Bragg 

grating (FBG) sensor have excellent characteristics of small size, mutiplexability and EMI immunity, 

so it is being widely used in SHM research on composite structures to overcome the disadvantages of 

conventional electric sensors. Especially, since FBG sensor can easily be embedded into the composite 

materials with barely affecting mechanical properties of the composite materials, it is suitable for SHM 

of composite structure. In addition, the targeted structures of previous studies were concentrated to the 

wing box and the stiffened panel which cannot describe cylindrical structures such as the fuselage or tail 

boom [1, 4-5]. Lee et al [6] performed the impact localization on a aluminum pipe, but it needs to be 

applied to the cylindrical composite structures. 

In this research, impact localization for composite tube based on FBG sensor using normalized cross-

correlation was conducted. The composite tube which describe the cylindrical structure was targeted for 

impact localization, and a FBG sensor which have excellent characteristics was selected. 
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2 EXPERIMENTAL SETUP 

As a target structure, a composite tube which describes the cylindrical structures of an aircraft such 

as tail boom and fuselage was selected. The composite tube was fabricated using a carbon/epoxy Prepreg 

(CU125NS, SK Chemical Co., Republic of Korea). The stacking sequence of the composite tube is 

[0/±45/90]𝑠, and the composite tube has a diameter of 100mm and a length of 300mm. Figure 1 shows 

the fabricated composite tube. 

 

 
Figure 1: Fabricated composite tube. 

 

One end of the composite tube structure was clamped to a fixture, as shown in figure 2. The test 

section for the impact localization was 150 (longitudinal direction) × 200 (circumferential direction), 

and it was 90mm away from the clamped boundary. The test section consists of 63 grid points, and the 

distance between parallel or perpendicular grid points was 25mm. FBG sensors (FBG KOREA, Inc., 

Rep. of Korea) which have a center wavelength of 1544.7nm, 1550.4nm, 1553.6nm and a gauge length 

of 10mm were chosen. The FBG sensors were attached to the surface of the specimen using the same 

procedure of a strain gauge. The intervals of each FBG sensor were 50mm in the circumference direction, 

and it was attached at an angle of 45 degrees to the centerline. The attached FBG sensors were connected 

to a commercial high-speed interrogator (Fiberpro, Inc., Rep. of Korea). The impact signals were 

acquired with a sampling frequency of 100kHz, the data length of the signals was 4500. Figure 2 shows 

the experimental setup. 

 

 

Figure 2:  Experimental setup. 
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Impact 

point 

x 

(mm) 

y 

(mm) 

1 1.6 8.7 

2 8.6 3.7 

3 6.0 4.4 

4 8.7 8.3 

5 11.6 13.7 

6 4.1 14.1 

7 8.6 16.0 

8 4.0 17.1 

9 13.4 18.4 

10 6.8 18.5 

11 1.6 1.4 

12 5.9 1.6 

13 11.8 1.8 

14 3.2 6.6 

15 11.9 5.7 

16 5.2 11.2 

17 11.1 11.9 

18 1.3 16.5 

 

 

As shown in figure 3, a total of 18 random impacts were applied using the impact hammer. 

 

3 IMPACT LOCALIZATION ALGORITHM 

Figure 3 shows the flow chart of the employed algorithm proposed by Kim [1]. The employed 

algorithm is divided into two sections. The first part is to extract the proper signal form from the acquired 

signals for proper comparison between different signals. In this process, the obtained signals is adjusted 

to the baseline and signal is cut off using arrival time of the signal. The second part is to estimate the 

actual impact location using normalized cross-correlation method. The normalized cross-correlation 

method is based on cross-correlation method. The cross-correlation method is used to calculate and 

compare the similarity between two different signals. When the similarity between two signals is high, 

it shows a high value and in the opposite case it shows a low value. Therefore, the actual impact locations 

is estimated using the reference signal at each grid point that is constructed in advance. The cross-

correlation between two signals is as shown below. 

(f ∗ g)(𝜏) = ∫ 𝑓(𝑡)𝑔(𝑡 + 𝜏)𝑑𝑡
∞

−∞

 
(1) 

In equation (1), * is the cross-correlation operator, and τ is the time-lag between the two different 

signals 𝑓  and 𝑔 .  The normalized cross-correlation modified the existing cross-correlation using by 

adding the normalization procedure. The employed normalized cross-correlation is shown below. 

(
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In equation (2), 𝐹 and 𝐺  are the normalizing constant, and k is a constant between the two impact 

signals for an ideal case. It has been proved that the performance of the normalized cross correlation is 

better than cross correlation method by Kim [1]. The similarity between the random impact signal and 

the reference signals at each grid point is calculated using the normalized cross correlation, and for all 

grid points exceeding a correlation value of 90% of maximum, the centroid among them is predicted to 

be the actual impact location.  

 

 

Figure 3: locations of 20 impact points. 
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Figure 4: Flow chart for the impact localization algorithm by Kim [1]. 

 

4 RESULTS 

Figure 5 shows the impact localization results based on three FBG sensors using the employed 

normalized cross-correlation algorithm. The average error was 1.89mm with a standard deviation of 

1.16mm, and the maximum error was 4.97mm. The average error and standard deviation were similar 

to the results of impact localization for aluminum pipe structure based on the FBG sensor using root 

means squired value-based algorithm by Lee [6]. However, if less than 3 sensors were used, the results 

were different. 

 

Estimated 

point 

x 

(mm) 

y 

(mm) 

1 25.0 75.0 

2 39.5 54.7 

3 25.3 50.0 

4 60.3 82.9 

5 99.8 131.0 

6 50.0 138.4 

7 75.0 150.0 

8 36.9 175.0 

9 137.72 175.0 

10 50.0 175.0 

11 36.8 0.0 

12 41.27 8.23 

13 113.0 25.0 

14 35.0 75 

15 50.0 100.0 

16 86.6 150.0 

17 112.4 125.0 

18 24.1 135.32 

 
Figure 5: Estimated impact locations using three FBG sensors. 
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Figure 6: The error of the estimated impact locations according to the number of FBG sensors. 

 

Figure 6 shows the impact localization results according to the number of FBG sensors. In the case 

of using a single FBG sensor, average error of more than 6cm and maximum error of more than 12cm 

were shown. If two sensors were used, the results were different depending on whether or not they 

included FBG # 2 sensors installed in the center line of the test section. When the two FBG sensors 

including FBG # 2 sensor were used, it showed an average error of more than 4.5cm with high standard 

deviation and a maximum error of approximately 9cm. However, when FBG # 2 sensor was not used, 

the average error was approximately 3 cm with less standard deviation and  maximum error was less 

than 7 cm. This is a result of a 36% reduction in the average error compared to the results using #2 FBG 

sensor. The FBG # 2 sensor was installed in the center line, but it is expected to be not a because it was 

installed at an angle of 45 degrees to avoid symmetrical signal acquisition in the upper and lower areas 

with respect to the center line. Figure 7 shows the comparison of the acquired impact signals at the 

difference points which are symmetrically located with regard to centerline at the test section. The 

acquired signals at the symmetrical points shows the low similarity, so it can be confirmed that FBG #2 

sensor don’t have any signal similarity with regard to the center line. 

 

 
Figure 7: The comparison of acquired impact signals at symmetrical grid points. 

 

The reason for reduction of error might be because the interval between the sensors is wider. Hence, 

the cross-correlation value can be compensated with each other as compared with the case where the 

intervals between the sensors are close to each other. In the case of previous research, the distance 

between the sensors were 50mm and 100mm. However, since the diameter of the pipe was 60.7mm, the 

relative distance between the sensors was wider than this experiment and thus shows better results. 
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Therefore, it might be better to use many sensors to improve the impact localization performance of a 

cylindrical structure, or to  not install the sensor in close proximity to another sensor.  

 

5 CONCLUSIONS 

In this study, low-speed impact localization was conducted on the composite tube which represent 

cylindrical structures. Three FBG sensors were used to acquire the impact signals, and a normalized 

cross correlation method was employed as the algorithm for localizing the random impact source. A 

total of 18 random impacts was applied to the composite tube using the impact hammer, and it was post-

processed using the employed algorithm. When three sensors were used, the average error and the 

standard deviation were similar to those of the impact localization for aluminum pipe structure by 

previous research. However, if less than 3 sensors were used, the results were negatively affected by the 

nominal distance between sensors. Especially, the accuracy was decreased when the sensors located 

close to each other were used. Since the configuration of FBG sensors in the study by previous research 

was relatively wider compared to diameter of the aluminum pipe, the results can be contributed to the 

close arrangement of sensors. Therefore, it would be better to use many sensors to improve the impact 

localization performance of the cylindrical structure, or to not install the sensor in close proximity. 

Furthermore, further work for various sensor location is needed to determine the effective location for 

sensors in the cylindrical structures because the sensors used in this study were concentrated on the 

upper surface. 
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