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This paper suggests a real-time impact localization algorithm for a stiffened
composite structure using acoustic emission signals acquired by multiplexed fiber
Bragg grating (FBG) sensors. The suggested algorithm requires a database com-
posed of premeasured impact signals at all training points to be used as reference
signals. Once the FBG signals were measured from an arbitrary impact event, the
root mean-squared (RMS) values were calculated between the obtained signals and
all reference signals. Then, the training point that has the minimum RMS values
was determined as the resultant impact location. In order to validate the applicability
of this algorithm in the external environment, impact localization was performed
under a dynamic loading condition. The dynamic loading condition was simulated
by exciting the test article using a shaker. The results of validation tests show that
the proposed algorithm could successively estimate the impact locations under a
dynamic loading condition.

Keywords: impact source localization; multiplexed fiber Bragg grating sensors;
high-speed fiber Bragg grating interrogator; acoustic emission; external dynamic
loading condition

1. Introduction

In general, conventional metals can effectively absorb external energies due to low
velocity impact over their elastic ranges by plastic deformations. Thus, the impact
events can be visually identified through permanent external damage. However, com-
posite materials have short plastic deformation ranges as well as low inter-laminar shear
and transverse tensile strengths. Due to these reasons, an undetectable damage such as
delamination or matrix crack easily occurs on the opposite side of the impact or inside
the laminates. Such damage can degrade the mechanical properties of a structure, and
thereby cause unexpected problems such as reduced life time or catastrophic failure.
Moreover, internal damage cannot be easily detected by traditional non-destructive
tests, and impact events such as hailstones and bird strikes may occur frequently in
operation. Thus, in order to secure high reliability and safety of composite aircraft
structures, an in situ impact monitoring system with a built-in sensor network is highly
demanded.
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Since 1980, numerous studies have been performed on impact localization [1–21]
and damage assessment [22–25] for metallic and composite structures. As representa-
tive methods for impact source localization, the triangulation method [1,6,10,13–16]
and neural network algorithm [3,5,7,12] have been widely used. However, a triangula-
tion method using impact-generated wave speed is not adequate for anisotropic struc-
tures, because the wave speed is not constant in all directions. In order to overcome
this problem, Greene et al. [1] proposed a non-linear equation for impact localization
with the elimination of wave speed terms. Ciampa and Meo [13] meanwhile suggested
an acoustic emission (AE) source localization algorithm without using wave speed in
anisotropic materials. Baxter [14] applied Delta T source location method to an
aerospace component structure with complex geometries. Also, Kundu [15] and
Hajzargerbashi [16] overcame the weakness of conventional triangulation methods in
anisotropic structures by optimizing the objective functions. However, although these
methods provide simple tools for impact localizations, they essentially require accurate
information about time-of-flight and wave speed. Because such information is hard to
be accurately obtained, the applications of triangulation methods have to be limited.
While a neural network algorithm provides a good solution for impact identification,
there are still some limitations such as difficulty in obtaining stable neural network
inputs, long training time, and so on. Other studies using dynamic strain histories
[2,8,9] have yielded reliable analytical and experimental results, but they required
numerous sensors and complex signal-processing methods. The time-reversal method
[17–20] also has been investigated for localizing impact source and damage. In order
to use the time-reversibility of acoustic waves for impact localizations, the baseline
signals have to be obtained through the training procedure. They showed reliable locali-
zation results, however, a prior knowledge of acoustic waves along the target structures
has to be precisely studied for high accuracy.

Impact localization methods can be classified according to the used sensor types
(fiber optic sensors [1–5] and other types of sensors [6–21]). Although electrical sen-
sors have been widely studied, there have some notable disadvantages such as suscepti-
bility to electromagnetic interference, the use of bulky lead wires, and low sensor
durability compared with fiber optic sensors. However, with optical fiber sensors, it is
difficult to simultaneously detect multipoint ultrasonic signals. For efficient impact
monitoring capable of detecting impact locations and damage simultaneously, AE sig-
nals of frequency exceeding 50 kHz are required. Thus, multipoint AE-sensing tech-
niques using fiber Bragg grating (FBG) sensors have been suggested.[26–28] However,
these methods have not been widely utilized in real applications due to high system
cost for numerous tunable lasers [26] and the requirement of careful sensor installation
methods.[27,28] Despite limitations, it is anticipated that these techniques can be
applied to realize effective sensing systems in the near future.

In this study, a real-time impact localization algorithm for a composite-stiffened
panel using four surface-mounted FBG sensors was suggested. Four FBG sensor heads
were connected in one optical fiber line, and ultrasonic signals induced by low-velocity
impact were captured by a commercial high-speed FBG interrogator (SFI-710, Fiberpro
Inc., Republic of Korea). This interrogator is capable of measuring high frequency sig-
nals from up to six FBG sensors with a sampling frequency of 100 kHz.[29] First, a
reference signal database composed of FBG signals at all training points was con-
structed. Then, by comparing the obtained signals to all reference signals, an impact
location was determined. The validity of the proposed algorithm was tested under exter-
nal dynamic loading condition, because most of the low-velocity impact events can be
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induced in operation. From the validation tests under various excitation frequencies, the
acceptance of the proposed algorithm was evaluated.

2. Experiments

2.1. Experimental setup

The composite-stiffened panel considered in this study is a mid-part of the composite
wing box structure. The stiffened panel is comprised of an upper skin, a spar, and sev-
eral stringers. The specimen was fabricated using a graphite/epoxy prepreg (USN
175BX, SK Chemical Co. Ltd., Republic of Korea), and the stacking sequence of the
upper skin is [±45/0/45/90/−45]s. In order to acquire impact-generated wave signals,
four FBG sensors connected in a single optical fiber line were used. Because the
suitable bandwidth of FBG reflective spectrum for SFI-710 interrogation system is over
40 pm, the FBG sensors with a grating length of 5 mm were adopted. Figure 1 shows
the experimental setup and boundary conditions. The FBG sensors were surface
mounted on the bottom side of the upper skin, and each sensor is oriented towards the
center of the section, which is thus surrounded by sensors. This FBG array was then
connected to the high-speed FBG interrogator (SFI-710).

The test section is divided into three regions: Region 1, Region 2, and Region 3.
Region 1 is surrounded by FBG sensors, and Region 2 is an intermediate spar-bonding
region. Region 3 is the remaining region of the upper skin (not surrounded by sensors).
The overall dimension is 600 × 900 mm2, and the dimensions of each region are 600 ×
500, 600 × 200, and 600 × 200 mm2, respectively. The grid size for training is 50 mm,
and the total number of training points is 247. The impact events were given by an

Figure 1. Experimental setup and configuration of the test specimen.
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impact hammer. Thus, the impact energies and angles can be slightly different
according to each impact event.

A high-speed FBG interrogator is able to capture the wavelength changes of FBG
sensors with a sampling frequency of 100 kHz. This interrogator is composed of a
superluminescent laser diode, spectrometer, photodiode (PD) array, and readout
circuits.[22] The lights reflected by FBG sensors are dispersed in a spectrometer, and
converted to electrical signals by the PD array. Electrical signals are then quickly
processed by fully parallel readout circuits. From this procedure, this interrogator shows
better performance in terms of multiplexing and sampling speed compared to other
high-speed FBG interrogators available on the current market.

2.2. Construction of database

FBG sensor signals were acquired and saved from the impact experiments about
all training points for the database construction. The data was sampled for 55 ms at
100 kHz (5500 data points) in each FBG signal. The (a), (b), and (c) in Figure 2 show
one of the signals in each region, respectively. These signals have different features
according to their regions. In Region 1, the thickness is smaller and the sensor sensitiv-
ity is higher than those of the other regions. Thus, the magnitudes of flexural modes in
each FBG signal of Figure 2(a) are relatively higher, and fluctuations are clearly
observed. On the other hand, as shown in Figure 2(b), the extensional and flexural
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(a)

Figure 2. FBG sensor signals in different regions. (a) FBG signals from impact on (0.3, 0.6) –
Region 1. (b) FBG signals from impact on (0.3, 0.3) – Region 2. (c) FBG signals from impact
on (0.3, 0.1) – Region 3.
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(b)

Figure 2. (Continued)
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(c)

Figure 2. (Continued)
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Figure 3. FBG signals at the points R and S.

Figure 4. Spar and stringer web positions in Regions 2 and 3.
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Figure 5. Flow chart for the impact localization algorithm.

(a)

Figure 6. Comparison between the obtained and reference signal. (a) Inappropriate comparison.
(b) Appropriate comparison by shifting obtained signal.
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modes are not easily distinguished in the signals of Region 2. In other words, the over-
all magnitudes are decreased and high-frequency portions are increased (the extensional
modes are relatively dominant), because this region is the thickest part due to the inter-
mediate spar. Although this region is closer to the sensor locations than is Region 3,
the overall magnitudes are similar to those of sensor signals in Region 3. In the case of
Region 3, the impact signals were attenuated as shown in Figure 2(c) until they arrived
at each sensor due to the long distance and the bonding region between the spar and
the skin. These features are commonly observed in the obtained signals in each region.

In addition, the effects of the stiffeners on the impact signals have to be considered
for selecting the training points. In order to investigate such effects, the signals of refer-
ence point (point R, (0.05, 0.30)) and neighboring point (point S, which is on the spar
web position) are plotted in Figure 3. These signals are normalized by each maximum
value for comparison. Although these points are located close together, the features of
each signal are somewhat different. The overall behaviors are similar to each other, but
several high peaks in the neighboring reference signal (indicated by broken-lined cir-
cles) appear to be dissipated in the signals of point S. This phenomenon is caused by
the structural differences of each point. As Figure 4 indicates, the point S is on top of
the spar web position, while the neighboring reference point R is on the spar flange
region. Thus, some portion of impact waves was dispersed to the spar web. Due to this
reason, high peaks disappeared in the signals of point S. This can induce inaccuracy of
the impact localization results. In order to address this problem, the impact signals on
the stiffener positions must be included in the database. This means that such structur-
ally discontinuous regions have to be requisitely considered as reference points. As
shown in Figure 1, the reference points in Region 1 almost accord with the positions
of stringers. However, there are relatively larger deviations in Regions 2 and 3. Thus,
additional training signals on these regions must be included to the database as
reference signals.

(b)

Figure 6. (Continued)
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From the low-velocity impact experiments, a database for impact localizations was
constructed using the FBG signals from impacts in overall regions. Although there are
high attenuation and low sensitivity regions due to different distances and the sensors’
directivities, the impact events were appropriately detected in the overall test sections.
Thus, impact localization was attempted in all regions, including the regions not sur-
rounded by a sensor network.

3. Impact localization algorithm

The impact localization algorithm proposed in this paper is illustrated in Figure 5. This
algorithm is composed of two main processes: Process 1 and 2. First, usable signal por-
tions are retrieved from an obtained signal and all reference signals by Process 1. The
starting point of retrieval is determined from the arrival time of each signal. The length
of usable data portions ðloÞ from an obtained signal was determined as 2000 (20 ms).
The length of retrieved portions ðlrÞ from the reference signals is longer than lo
ðlr ¼ lo þ 600Þ, because the root mean-squared (RMS) value of the difference between
the obtained and the reference signals can be improperly calculated due to erroneous
arrival time determination. For instance, as shown in Figure 6(a), although an input sig-
nal is obtained from a location near one reference point, the RMS value of the differ-
ence between two signals can be larger due to the incorrect comparison. Thus, in order
to avoid this situation, the RMS values of the difference are calculated and recorded
between the reference signals and shifted input signals, and the minimum value is then
chosen as the RMS value in that the reference location is as shown in Figure 6(b). This
procedure is performed in Process 2.

From Processes 1 and 2, RMS value data of the difference between the obtained
signals and all reference signals are acquired for each FBG signal. The reference loca-
tions that have the lowest RMS values are searched in each FBG signal. Finally, the
impact location is determined as the mean values of x- and y-coordinates in the
searched locations from each FBG signal.

Figure 7. Determination of impact location by averaging estimated locations from each sensor.
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Figure 8. Locations of validation points in the test section.

Table 1. Locations of validation points.

Validation points

Baseline

x (m) y (m)

Region 1 U1 0.0750 0.8000
U2 0.3920 0.8420
U3 0.3250 0.6500
U4 0.5580 0.6630
U5 0.1060 0.4570
U6 0.3250 0.5000

Region 2 S1 0.2530 0.3800
S2 0.0500 0.2860
S3 0.4630 0.3050
S4 0.2800 0.2170

Region 3 L1 0.1680 0.0500
L2 0.4610 0.1100
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This algorithm is based on the similarities between an obtained signal and a neigh-
boring reference signal in the database. Thus, a datum point has to be correctly deter-
mined for proper comparison. A datum point is determined from the arrival time of the
leading wave to a sensor. However, correct determination of the arrival time is quite
difficult due to unexpected noise peaks, signal attenuations, and so on. Due to these
reasons, this algorithm adopts Process 2, which offers a proper RMS value among the
calculated RMS values between a reference signal and shifted obtained signals. By
adopting this process, the performance of impact localization is enhanced, and incorrect
estimation is substantially reduced.

Moreover, this algorithm estimates the impact location by averaging the locations
determined from each sensor. As the diamond-shaped points in Figure 7, impact loca-
tions are estimated on the reference points from each FBG signal. Thus, in the case of
an arbitrary impact on any point other than the trained reference point, there is an
inherent error in the estimated result. In order to resolve this limitation, the mean point
of each estimated location is used for the resultant location of the impact. From this
procedure, the proposed algorithm in this paper offers an estimated location for the
region covered by the sensors as well as other regions with the possibility of increased
accuracy.

Figure 9. Experimental setup for the validation tests.
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4. Validation tests

4.1. Experimental setup for validation tests

In order to validate the proposed impact localization algorithm, validation tests were
performed under dynamic loading condition. The locations of the validation points are
shown in Figure 8 and listed in Table 1. The total number of validation points is 12,
and each point is located in the non-reference regions. There are six points in Region
1, four points in Region 2, and two points in Region 3.

The composite-stiffened panel was excited at the one position in Region 3 using an
electrodynamic vibration shaker for simulating the dynamic loading condition, as illus-
trated in Figure 9. A sine signal with different excitation frequencies (10, 20, and 30
Hz) was adopted as an input function, and the applied excitation amplitude was 9 mm.
Compared to the frequency ranges of impact wave (order of kHz), those of external
dynamic loadings (order of Hz) are much lower. Thus, such excitation frequency levels
were determined. Under dynamic loading conditions with each excitation frequency,
impact experiments were performed on the validation points.

As shown in Figure 10, the impact signals were severely affected by the excited
dynamic loadings. Such induced differences could sufficiently disturb the impact locali-
zation algorithms which use arrival times of the impact waves. Thus, various external
environments have to be considered for verifying in situ impact localization algorithms.
In this study, the dynamic loading condition was considered as the one factor of
external environments.

Figure 10. Impact signals on the point S2 under dynamic loading conditions.
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Figure 11. Impact localization results of the validation tests.
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4.2. Results

As previously mentioned, the reference signals in the database were obtained in the
baseline condition. The results of the validation tests are shown in Figure 11 and listed
in Table 2. In spite of the disturbances by external dynamic loadings, the validation
points in all loading conditions showed good results with reasonable accuracy. In addi-
tion, the average and maximum errors in the baseline and dynamic loading conditions
are almost similar. It means that the comparisons between the reference signals and
obtained signals could be correctly performed although the obtained signals were
affected by the external dynamic loadings as shown in Figure 10. Also, the validation
points in the outside sensor-covered regions were appropriately identified. These results
showed that impact events on larger areas can be monitored by the proposed algorithm
in this study.

In summary, from the results of validation tests, the performance of the proposed
algorithm could be experimentally verified in terms of the accuracy as well as the cov-
ered area under external dynamic loading conditions.

5. Conclusion

In this study, a new impact localization algorithm using reference signals was suggested
and verified. Four FBG sensors in a single optical fiber line were used to acquire
impact-induced AE signals. Impact signals were gathered with a sampling frequency of
100 kHz. The test article was a composite-stiffened panel with a spar and stringers.

The suggested algorithm exploits the similarities between the obtained signal and
reference signals. In order to evaluate the similarities, the RMS values were calculated
and compared. First, the impact locations were estimated from each sensor signal, and
then the final location was determined as the mean value of each estimated location.
Through this procedure, the accuracy of impact localization was enhanced.

Table 2. Detected locations of validation points under dynamic loading conditions.

Validation
points

Baseline

Dynamic loading conditions

10 Hz 20 Hz 30 Hz

x (m) y (m) x (m) y (m) x (m) y (m) x (m) y (m)

Region 1 U1 0.1000 0.8000 0.0750 0.8000 0.0625 0.8000 0.0750 0.8000
U2 0.4000 0.8500 0.3875 0.8500 0.3875 0.8500 0.3875 0.8500
U3 0.3250 0.6625 0.3125 0.6500 0.3125 0.6500 0.3250 0.6500
U4 0.5875 0.6500 0.5875 0.6500 0.6000 0.6500 0.6000 0.6500
U5 0.1000 0.4500 0.1000 0.4500 0.1000 0.4500 0.1000 0.4500
U6 0.3250 0.4875 0.3500 0.5000 0.3625 0.5000 0.3500 0.5125

Region 2 S1 0.2375 0.4000 0.2500 0.4000 0.2375 0.4000 0.2500 0.4000
S2 0.0500 0.2850 0.0625 0.2850 0.0500 0.2850 0.0750 0.2852
S3 0.4500 0.3000 0.4500 0.3125 0.4500 0.3000 0.4500 0.3000
S4 0.2875 0.2000 0.2875 0.2125 0.2875 0.2250 0.2875 0.2500

Region 3 L1 0.1500 0.0500 0.1500 0.0500 0.1750 0.0500 0.1500 0.0500
L2 0.4750 0.1000 0.4750 0.1000 0.4750 0.1000 0.4750 0.1000

Ave. error (m) 0.0177 0.0150 0.0167 0.0182
Max. error (m) 0.0338 0.0322 0.0440 0.0440
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In order to assess the performance of this algorithm, validation tests were performed
on 12 points that were not located at reference grid points under dynamic loading con-
ditions. The results show that the proposed algorithm could successively estimate the
validation points in not only the regions covered by sensor but also outside regions in
all dynamic loading conditions. From these results, the robustness of the proposed algo-
rithm could be experimentally investigated under external dynamic loading conditions.
Also, it can be concluded that this algorithm can cover large areas of a complex com-
posite structure with a small number of sensors. Although the number of reference
points and the data size of usable portions need to be studied further, the proposed
algorithm can be useful for in situ impact monitoring systems.
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