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Abstract 

A method to optimize the arrangement location of the fiber Bragg grating (FBG) array is 

described to address the need to improve the accuracy of impact localization for aerospace 

vehicles. The sensitive area of the FBG, which is approximately elliptical, is analyzed using 

finite element simulation and experimental measurement. Based on this analysis, three 

optimized FBG sensing unit arrangements are proposed to improve the coverage of the FBG 

sensitive area at the center, side and corner positions, respectively. By employing the inverse 

problem analysis method in multiple repetitions of impact localization experiments, the 

accuracy of impact localization is improved from 74% with the traditional 4-corner 

arrangement to 84%, 88%, and 91% respectively for three arrangements, showcasing the 

effectiveness of the optimized FBG array arrangement method. 

Keywords: Impact localization, FBG Sensitive Area, Sensors arrangement 

1. Introduction 

Aerospace vehicles are highly complex mechanical 

systems that have a significant value, high maintenance costs, 

and are susceptible to damage from various objects during 

their use [1]. Low-velocity impacts, although they may not 

leave visible marks, can accumulate and cause damage to the 

internal structure, leading to a serious decrease in structural 

strength [2-4]. This poses a significant safety risk for 

aerospace vehicles. By monitoring the impact location, the 

initial damage location can be determined, improving the 

efficiency of inspection and repair. 

Currently, there are two main methods used to identify 

impact location. The first method involves using information 

such as the time difference and propagation speed of acoustic 

waves generated by the impact to localize the impact using 

different sensors. However, this method is susceptible to 

reflection and scattering of the acoustic waves and requires 

sensors with good dynamic performance [5,6]. The second 

method is the inverse problem analysis method, where a 

sample model is created by arranging sensor arrays on the 

structure to be measured. The signal characteristics of 

different impact points are measured and compared with the 

sample model to determine the impact location [7]. The 

inverse problem analysis method is not affected by acoustic 

wave propagation and does not require sensors with high 

dynamic performance, making it an excellent method for 

impact localization. Commonly used positioning sensors 

include polyvinylidene fluoride sensors [8,9], piezoelectric 

sensors [10,11], fiber optic Fiber Bragg Grating (FBG) 

sensors [12-16], etc. Traditional electrical sensors have 

limitations such as difficulty in multiplexing, heavy cable 

weight, and susceptibility to electromagnetic interference, 
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which restrict their application in the aviation impact field. 

FBG sensors, on the other hand, have the advantages of high 

multiplexing capability, light weight, small size, and high 

interference immunity, making them well-suited for impact 

localization applications. The arrangement of the sensor array 

is crucial for accurately obtaining the signal characteristics of 

different impact points and directly impacts the monitoring 

accuracy [16]. 

Most of the existing methods for positioning impact 

loads on fiber optic FBG sensors use a square layout. For 

example, Du et al [12] placed four sensors at the four corners 

of a composite plate, achieving an average absolute error of 

9.74 mm for impact point localization. Hirano et al [13] 

installed FBG strain sensors at the four corner positions of 

Carbon Fiber Reinforced Polymer reinforced panels, with 

high positioning accuracy in the frame direction arrangement. 

Shrestha et al [14] placed four FBG sensors along a 45° 

direction on the four corners of a composite plate, using an 

impact localization algorithm with error outliers and achieving 

an average error of about 20 mm. Jin et al [15] placed four 

sensors along the horizontal direction outside the detection 

area, using the martingale distance and impact point 

coordinates as inputs and outputs for an artificial neural 

network. Ding et al[16] arranged 8 FBGs in the center of 4 

corners and 4 edges of a composite plate, using Db3-wavelet 

threshold noise reduction, the average error is 8.19 mm. Liu et 

al [17] installed 4 FBGs in the 4 corners of a composite plate, 

and designed a two-step localization method to achieve the 

collision localization, and the average error is 4.999 mm. Jiang 

et al [18] analyzed the effect of impact location and the 

number of sensors on the impact localization. The farther the 

impact location is from the sensors, the greater the attenuation 

of the stress wave is and the weaker the sensing signal is; with 

the sensing arrangement in the corner location, the average 

error of a single FBG sensor is 136.91 mm, two FBG sensors 

is 109.39 mm, three FBG sensors is 69.17 mm, and four FBG 

sensors was 16.18 mm. Wen et al [19] defined the sensitive 

range as a circle and used a genetic algorithm to optimize the 

FBG arrangement position with an average error of 21 mm. 

Jia et al [20] partitioned the monitored area into square 

hexagons of the same size, arranging a fiber optic FBG sensor 

in the center of each hexagon to improve localization accuracy. 

However, these methods approximate the sensitive area of the 

sensor as a simple shape, such as a square or polygon, whereas 

the actual sensitive shape of the FBG is an approximate ellipse 

[21]. This can result in some areas being less sensitive than 

others, leading to reduced average localization accuracy. 

Therefore, it is necessary to consider the sensitive 

characteristics of the fiber grating sensor itself when 

optimizing the arrangement of FBG positions. 

In this paper, the arrangement method of FBG sensing 

array is optimized to improve the accuracy of impact 

localization based on the inverse problem analysis method 

through the analysis of the approximately elliptical sensitive 

area of FBG sensors. The model allows for the determination 

of the approximately elliptical equal-strain sensitive area of an 

individual FBG sensing unit, which is then experimentally 

verified. Building upon the traditional four-corner 

arrangement method, the FBG array arrangement is optimized, 

resulting in the proposal of three arrangement modes that offer 

improved coverage of the areas to be monitored by the FBG 

sensitive area. Through the analysis of multiple repetitions of 

impact localization experiments, the impact accuracy is 

increased from 74% with the traditional four-corner 

arrangement to 84%, 88%, and 91% respectively, 

demonstrating the effectiveness of this method. 

2. Principle 

The inverse problem analysis method is used to 

determine the impact location by comparing the correlation of 

characteristic quantities between the sample model and the 

impact signal [22,23]. These characteristic quantities can be 

divided into two: frequency features and intensity features. 

The frequency features are related to the vibration modes 

excited by different impact locations, which can be 

represented by frequency distribution features specific to each 

location. The intensity features are related to the attenuation 

of waves during transmission, which varies with the distance 

between impact locations and each sensor, forming intensity 

distribution features specific to each location. 

 
Fig. 1 Principle diagram of impact positioning 

The impact localization process consists of three main 

components, as shown in Fig. 1. Firstly, a strain sensing array 

is installed on the plate that will be impacted, in order to 

monitor the strain caused by the impact. Next, sample points 

are divided on the plate and each sample point is impacted 

individually. The energy of the impact signal collected by the 

strain sensing array in each frequency band at each impact 

location is extracted using a wavelet packet transform to create 

an energy feature vector. This vector is used to build a sample 
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library. Finally, the impact localization is performed by 

extracting the impact energy vector, calculating its similarity 

with the sample library, and determining the impact location 

based on the sample with the highest similarity. 

To measure the strain, an FBG was used as a strain sensor. 

The relationship between the axial strain and the shift in Bragg 

wavelength (ΔλB) can be expressed using Eq. 1 [24].  

         (Eq. 1) 

Where ε is the strain, neff is the effective refractive index of the 

core, and Λ is the grating period, 

is the effective elastic optical 

coefficient of the optical fiber (p11, p12 are the elastic optical 

tensor components of the optical fiber material, μ is Poisson's 

ratio). 

3. Simulation 

The sensitivity characteristics of FBG to impact response 

were analyzed using Abaqus™ software. An aluminum alloy 

plate was used as the model for the impact, with a ball as the 

impact object, which is shown in Fig.2(a). The FBG sensor 

was placed on the back side of the plate. The plate had 

dimensions of 600mm × 600mm × 2mm, a Young's modulus 

of 70GPa, and a Poisson's ratio of 0.33. The ball had a 

diameter of 18mm, a Young's modulus of 210GPa, a Poisson's 

ratio of 0.25, and a density of 7.8g/cm3. The FBG size was 

Φ0.125mm×10mm, with a Young's modulus of 72GPa, a 

Poisson's ratio of 0.25, and a density of 2.3g/cm3. The 

rectangular frame area at the bottom of the plate is fixed. The 

ball was dropped from a predetermined height and impacted 

the stationary aluminum alloy plate. The FBG sensor 

measured the response in the form of the average value of the 

axial strain. 

 
Fig. 2 Finite element analysis model.(a) model;(b) impact 

position 

The impact positions on the aluminum alloy plate were 

analyzed to study the sensitivity of the FBG. Fig. 2(b) 

illustrates the impact position, with the FBG axial direction 

serving as the x-direction. The angle θ between the impact 

position and the center of the FBG, as well as the x-axis, was 

varied from 0° to 90° with a 10° interval. The distance L 

between the impact point and the FBG was varied from 40mm 

to 200mm with a 20mm interval in each direction. The ball 

was dropped from a height of 45 cm above the plate and 

impacted each point one by one. The strain experienced by the 

FBG after the impact varied with time, as depicted in Fig. 3(a). 

The maximum strain εm experienced by the FBG at different 

impact points was recorded. Fig3. (b) shows the trend of εm 

with L and θ. It can be observed that εm gradually decreases 

with increasing L and gradually increases with increasing θ. 

 
Fig. 3 FBG response in simulation (a) time domain signal; 

(b) relationship to impact location  

Using εm=20, 30, 40με as reference values, the impact 

positions with the same εm at different angles were extracted. 

The FBG impact sensitivity range curves were plotted based 

on the test results from 0° to 90°, which were symmetrical 

about x=0 and y=0 due to the symmetry of their responses. 

Fig.4 shows these curves, where the shape of the sensitive 

area is approximately 'peanut' shaped. The long axis is 

perpendicular to the FBG axial direction, while the short axis 

is parallel to the FBG axial direction. The ratio of the long axis 

to the short axis gradually decreases as εm decreases. 

 
Fig. 4 Simulation of FBG sensitive range 

4. Experimental Methodology and Measurements 

4.1 Experimental platform construction 

The impact positioning test system, as shown in Fig. 5(a), 
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comprises an aluminum alloy plate, a steel ball, a demodulator, 

and a computer. The aluminum alloy plate was made of 5A06 

aluminum alloy with dimensions of 600mm×600mm×2mm 

and serves as the impacted object. The steel ball, made of 304 

stainless steel, was of diameter 18mm and weighed 26g. It was 

used as the impactor. The demodulator (MOI-si155) has a 

sampling frequency of 1kHz and a wavelength range of 1470-

1630nm with a wavelength resolution of ±3pm@1Hz. It was 

used to record the FBG wavelength variation. At the fixed 

edge, the Lamb wave generated by the impact will be reflected 

to interfere with the signal in the impact area, so only the 

315mm×315mm area in the center of the aluminum alloy plate 

is selected as the impact area, and even if there is a reflected 

wave, it is easy to distinguish it in the time domain. The area 

is divided into an 8 × 8 equally spaced grid, with grid 

intersections as sample points of the impact and adjacent grid 

points spaced 45 mm apart. Each grid point is assigned a 

number, as shown in Fig. 5(b). 

 
Fig. 5 Impact positioning test system (a) Physical diagram of 

the system (b) Schematic diagram of grid division 

4.2 FBG Sensitive Area Analysis 

The sensitivity characteristics of the FBG were 

investigated using the aforementioned test platform. The FBG 

sensor was positioned at the center of the back of an aluminum 

plate, and a steel ball was released from a height of 45 cm, 

striking the plate at the same location as shown in Fig. 2(b). 

The shift in FBG wavelength was recorded using a 

demodulator, as shown in Fig. 6(a). The maximum 

wavelength shift, represented by λm, was measured for various 

impact points. Each point was impacted five times and the 

average value resulting from the five impacts was calculated. 

The trend of λm with respect to L at different θ angles was then 

plotted, as depicted in Fig. 6(b). It was observed that λm 

gradually decreases as L increases, and λm increases gradually 

as θ increases. 

 
Fig. 6 FBG response in experiment (a) time domain signal; 

(b) relationship to impact location 

Using λm=20, 30, and 40pm as reference values, impact 

positions with the same εm (strain) were identified at different 

angles. The curves representing the FBG impact sensitivity 

range were plotted for angles ranging from 0 to 90°, after 

applying symmetry about the x=0 and y=0 axes due to the 

symmetrical nature of their responses. These curves, shown in 

Fig. 7, exhibit similar shapes to the Finite Element Analysis 

(FEA) results. The sensitive area can be approximated as a 

'peanut' shape, with the long axis perpendicular to the FBG 

axial direction and the short axis parallel to the FBG axial 

direction. The ratio of the long axis to the short axis gradually 

decreases as λm decreases. When λm=20 pm, the long axis 

measures 195 mm, and the short axis measures 118 mm. The 

experimental and simulation results are slightly different. The 

reason for this may be related to the difference in material 

parameters, the difference in the details of the fix method and 

the loss of strain transfer in the experiment. 

 
Fig. 7 Experimental of FBG sensitive range 
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4.3 FBG array arrangement scheme design 

The monitoring area measures 315mm×315mm, and the 

λm=20pm sensitive area can effectively cover 1/4 of the area, 

making it suitable for array division. The demodulator's 

wavelength resolution of 3pm ensures accurate measurements 

within this sensitive area. Based on the λm=20pm sensitive 

area of FBG, the sensor arrangement is optimized and 

designed. Four FBG array arrangement modes are considered. 

Mode 1 is the traditional four-corner arrangement, with FBG 

sensors installed at the four corners at a 45° inclination angle 

(Fig. 8(a)), which served as a comparison group. Mode 2 

builds upon Mode 1 by adding two sensors mouthed 

orthogonally to each other in the center position, expanding 

the coverage of the middle region and thus improving the 

measurement capability (Fig. 8(b)). Mode 3 rotates the four 

peripheral sensors by a certain angle to fully utilize the FBG's 

sensitive area and cover the measured area (Fig. 8(c)). Mode 

4 focuses on the four corner positions while ensuring overall 

coverage of the impact area (Fig. 8(d)). The (X, Y, φ) next to 

each FBG in Fig. 8 indicates the FBG's position, with X 

representing the x-axis coordinate, Y representing the y-axis 

coordinate in mm, and φ indicating the angle between the FBG 

axial and x-axis in degrees. 

 
Fig. 8 Four layout mode (a)Mode 1; (b)Mode 2; (c)Mode 3; 

(d)Mode 4 

Based on the above FBG arrangement scheme, all the 

required FBG sensors were arranged on the back of the 

aluminum plate. The schematic and physical drawings of the 

FBGs arrangement is shown in Fig. 9. A total of 13 FBGs are 

required, which are connected an optical fiber. The length of 

all FBGs is 10 mm and their wavelength and bandwidth are 

shown in Tab. 1. The combination of FBGs was selected for 

each of the four layout modes, as defined in Tab. 2. 

Tab. 1 Parameters of FBGs 

FBG Number 1 2 3 4 5 

Wavelength (nm) 1509.80 1515.97 1522.28 1528.03 1533.77 

Bandwidth (nm) 0.296 0.287 0.289 0.302 0.301 

FBG Number 6 7 8 9 10 

Wavelength (nm) 1540.09 1546.06 1551.92 1558.12 1563.85 

Bandwidth (nm) 0.319 0.297 0.317 0.284 0.313 

FBG Number 11 12 13   

Wavelength (nm) 1570.08 1576.06 1582.23   

Bandwidth (nm) 0.304 0.312 0.306   

Tab. 2 Layout mode with FBG serial number 

Mode 1 2 3 4 

FBG 

Number 

4, 7, 9, 

13 

2, 3, 4, 7, 

9, 13 

2, 3, 5, 8, 

10, 12 

1, 4, 6, 8, 

9, 11, 12 

 
Fig. 9 FBG sensors arrangement (a) schematic; (b) physical 

4.4 Impact positioning accuracy analysis 

The experiment involved dropping a steel ball from a 

height of 45 cm and observing its impact on the 64 grid points. 

The wavelength changes of all FBGs were recorded using the 

FBG demodulator. This process was repeated five times and 

the data were processed using the method described in Section 

2.2. Fig. 10(a) and (c) show the wavelength changes of FBG4 

and FBG7 at impact point 1, while Fig. 10(b) and (d) show the 

corresponding energy feature vector. Each FBG at each 

impact position has a different energy feature vector. Based on 

Table 1, specific FBG combinations were selected to create a 

sample library for each arrangement mode. 

The steel ball was then dropped from the same height its 

impact recorded at the 64 grid points. The responses of the 

FBGs were compared with the sample library to determine the 

impact locations. This process was repeated seven times to 

reduce errors caused by non-systematic factors. Different 

layout patterns were used to obtain the impact positions. Table 

2 shows the results of the localization accuracy. A measured 

position was considered successful if it matched the actual 

impact position, and unsuccessful if it did not. The localization 

accuracy improved from 74% to 84%, 88%, and 91% when 

considering the sensitive area of the FBG and optimizing the 

sensing network arrangement. This improvement 

demonstrated the effectiveness of these considerations in 

enhancing the impact localization accuracy. 

x
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A detailed analysis of points that were not accurately 

located during a round of impact is shown in Fig. 11. Mode 1 

exhibited the worst positioning accuracy, and the failure 

points are mostly distributed at the edge and middle of the 

impact area; Mode 2, after adding two FBG sensors in the 

middle, shows a significant improvement specifically the 

positioning accuracy in the middle area compared with Mode 

1; Mode 3, after optimizing the FBG coverage, further 

improved the positioning accuracy compared with Mode 2; 

Mode was focused on improving the positioning accuracy in 

the corner locations, as well as the upper left and lower right 

areas. The latter two were superimposed by locating two FBGs 

in the sensitive area, and the positioning accuracy in these two 

areas was significantly improved. The unsuccessfully located 

points were mostly concentrated in the locations not covered 

by the FBG sensitive area. So it is necessary to consider the 

FBG sensitive area and its coverage of the area to be detected 

in real measurement scenarios. 

 
(a)                 (b) 

 
(c)                (d) 

Fig. 10 The wavelength changes of FBG4(a) and FBG7(c)，

the energy feature vector of FBG4(b) and FBG7(d) 

A detailed analysis was conducted on the points that were 

inaccurately located during an impact experiment, as shown in 

Fig. 11. It was observed that Mode 1 exhibited the lowest 

positioning accuracy, with most of the failure points located at 

the edges and middle of the impact area. Mode 2, which added 

two FBG sensors in the middle, demonstrated a significant 

improvement in positioning accuracy in the middle area 

compared to Mode 1. Mode 3, after optimizing the FBG 

coverage, showed further improvement in positioning 

accuracy compared to Mode 2. Mode 4, on the other hand, 

focused on improving the positioning accuracy in the corner 

location by having two overlapping FBG sensitive area, 

resulting in a significant improvement in positioning accuracy 

in these areas. It was observed that the points that were 

inaccurately located were mostly concentrated in the areas not 

covered by the FBG sensitive area. Hence, it is crucial to 

consider both the FBG-sensitive area and its coverage within 

the targeted area. 

 

 

 
Fig. 11 Unsuccessfully located points (a)Mode 1; (b)Mode 2; 

(c)Mode 3; (d)Mode 4 

To examine the impact of impact energy on FBG-

sensitive area size, the impact height was varied to analyze its 

effect on the impact accuracy. Steel balls were dropped from 

heights of 30cm, 20cm, 10cm, and 5cm, striking 64 grid points 

sequentially. Each height was repeated 7 times, and 

positioning accuracy was recorded for different heights and 

FBG arrangement methods (as shown in Tab. 3). As the 

impact height decreases, localization accuracy gradually 

diminishes. This can be attributed to the decrease in impact 

energy, resulting in the inability of FBG sensors located 

further from the impact point to detect the signal effectively. 

However, in the case of the same impact height, Mode 1 

exhibits the poorest localization accuracy, while the other 

three modes show approximately 5-18% improvement in 

localization accuracy due to the consideration of FBG 

sensitive area coverage. Mode 4, with the highest FBG-

sensitive area coverage, demonstrates the highest 

improvement in localization accuracy. 

Tab. 3 Impact location accuracy as a relationship between 

layout mode and impact height 

Impact 

height 

(cm) 

Impact location accuracy 

Mode 1 Mode 2 Mode 3 Mode 4 

45 74% 84% 88% 91% 

30 57% 66% 71% 75% 

20 55% 63% 67% 73% 

10 51% 60% 61% 66% 

5 28% 33% 35% 44% 
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5 Conclusion 

A method has been described to optimize the arrangement 

of FBG array to improve the accuracy of impact localization. 

The method takes into consideration the sensitive 

characteristics of FBGs. Initially, a transient dynamics-based 

finite element analysis model of impact sensing is established. 

This model simulates the impact location near a separate FBG 

sensing unit at certain spatial intervals. The model also takes 

into account the equal strain sensitive area of the FBG, which 

is approximated to be an ellipse with a ratio of the long axis to 

the short axis close to 2:1. The short axis of the ellipse 

coincides with the axial direction of the FBG. This 

approximation was also verified through experimental 

measurement. Based on the traditional 4-corner arrangement, 

three optimized arrangement schemes are proposed to 

improve the coverage of the FBG sensitive area at the 

center, side and corner positions. These schemes aim to 

improve the coverage of the FBG-sensitive area to the impact 

zone. Multiple repetitions of impact localization experiments 

using the inverse problem analysis method were conducted. 

The results confirm that increasing the coverage of the 

sensitive area with strategically located FBGs effectively 

improves the accuracy of impact point identification. The 

localization accuracy is increased from 74% to 84%, 88%, and 

91% for the three optimized arrangement schemes, 

respectively. The effect of impact energy reduction on the 

impact localization accuracy was also examined. It was 

observed that the impact accuracy decreases with the 

reduction of impact energy. However, the localization 

accuracy of the optimized arrangement model demonstrated 

an improvement in the range 5-18% at the same impact energy. 

Therefore, through a consideration of the sensitive area 

covered using strategically located FBGs and optimizing the 

sensing array arrangement can effectively improve the impact 

localization accuracy. This improvement is crucial for 

efficient failure detection in aero structures including 

spacecraft. 
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