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Abstract.  In the framework of guided waves propagation (GWP), different methods for
estimating the time-of-arrival (TOA) of waves excited by impacts on carbon fiber-reinforced
polymer (CFRP) plates are assessed. The TOA estimation is an essential ingredient of impact
localization and quantification. To detect and measure the propagation of waves, piezoceramic
patch sensors are surface-bonded to the plate. The plate is impacted at different locations using
an impact hammer and an impact gun. The latter provides information about the energy intro-
duced into the impacted structure. The GWP in thin-walled structures is a very complex and
challenging phenomenon in many respects, in particular for anisotropic and multilayer materi-
als. Therefore, this contribution revisits selected TOA estimation methods from two different
fields of application: Akaike Information Criterion (AIC) (information theory) and Continu-
ous Wavelet Transform (CWT) (signal processing). The aim is to give practical guidelines of
how they can be applied to sensor data from plates under impact-induced GWP, and to iden-
tify their individual advantages and disadvantages in order to arrive at reliable TOA estimates,
hence the plate’s impact detection. The proposed investigations are based on experiments on
an anisotropic (laminated CFRP) plate. The results indicate that the AIC method is capable
of producing accurate and robust estimates of the onset time, even when faced with varying
conditions such as changes in impact location, different types of impact, and variations in a
method-specific parameter. The estimated values can be verified using CWT to determine the
frequency components of the wave propagation that they correspond to, which may be very
useful for a subsequent impact localization task.
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1 INTRODUCTION

The detection, localization, and assessment of impacts on load-bearing structures are crucial
tasks in the field of structural health monitoring (SHM). The detection and localization of im-
pacts are typically considered as passive processes, as no external actuation is required. The
impact itself induces elastic waves that propagate through a structure and are captured by sen-
sors. In thin-walled structures, guided waves are the most common form of wave propagation
(see, e.g., [1, 2]). However, regardless of the actual impact localization method used, accurately
detecting an impact is fundamental. This involves determining the time at which waves induced
by an impact are captured by a sensor - referred to as the TOA. It is important to note that we
distinguish between the commonly used term time-of-flight (TOF) and TOA. The TOF refers to
the time it takes for the wave to propagate from the point of impact to a specific sensor, while
the TOA references the time instance when the wave reaches the sensor. The TOA refers to a
specific point in time, whereas the TOF denotes a time interval.

The goal of this research is to investigate selected TOA-estimation methods, which are well-
established in their respective applications, in the context of impact monitoring of thin-walled
structures. To achieve this, we make use of the AIC method, a statistical model selection method
from information theory, to select the most appropriate TOA estimation. Additionally, we utilize
the CWT method, which provides information about the spectral content over time by convolv-
ing the sensor signal with a collection of scaled wavelet functions. This additional information
allows to bypass the complexity introduced by the dispersive nature of the GWP.

In the following, Section 2 describes the experimental setup and how the impact-related
sensor signals are obtained. Section 3 recalls the fundamentals of the selected TOA estimation
methods and how to estimate the TOA, given a sensor signal. Finally, in Section 4, we apply the
TOA estimation techniques to the sensor signals obtained by impact hammer and impact gun
on a laminated CFRP plate, and present the corresponding results.

2 EXPERIMENTAL SETUP

The structure used to investigate impact induced GWP is a quasi-isotropic CFRP plate of
dimensions 1000 mm x 1000 mm x 2mm. It consists of seven plies of different thicknesses
composed into a laminate of the form [(0/90); / + 45 / — 45 /(0/90)¢]s (outer fabrics: 0.4 mm,
center fabric: 0.2 mm and unidirectional layers: 0.25 mm). The dispersion characteristics of the
plate are determined by an air-coupled ultrasonic technique in the work of Schmidt et al. [3]
for several directions. For the 0°-direction, the dispersion curves are given for the fundamental
Lamb wave modes, i.e., Ay and Sy, in Figure 1 for both phase- and group wave velocities. The
focus lies on impacts, which a structure experiences during its operation. Therefore, they are
conducted with a hand-held instrumented impact hammer (PCB 086C03 from PCB Piezotron-
ics) and an impact gun. The latter is specifically designed for material testing by generating an
impact with a defined energy level using compressed air [4].

As our goal is not to damage the plate, we set the adjustable impact energy of the impact
gun as small as possible, i.e., for this particular gun 7 J. The GWP caused by the impacts are
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Figure 1: Dispersion characteristics of the CFRP plate in the frequency domain of interest in terms of phase
velocity (a) and group velocity (b) for the 0°-direction.

measured with piezoceramic patch sensors (P-876.SP1 from PI Ceramic), which are surface-
bonded to the plate. An overview of impact and sensor positions, as well as a picture of the
used impact gun is provided in Figure 2. Additionally, the distances between sensor patches and
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Figure 2: Positions of sensors (S;; 7 = 1-4), i.e., their respective centers of the patches, and impacts (I;; j = 1-4)
on free CFRP plate (a) (all specified coordinates are in mm). A picture of the impact gun used for our experimental
investigations (b).

impact hits are listed in Table 1. For the impact tests, the CFRP plate is placed on a foam mat.
The output of the sensors are acquired using the NI PXIe-1085 data acquisition system from
National Instruments Corp. with 12-bit resolution and a sampling rate of 1 MHz, resulting in a
constant time increment of At = 1 us. In the measurements with the impact gun, a probe was
used to amplify the amplitude with a factor of 1:25 in order to protect the data acquisition system
from the high voltage outputs of the sensors. In our case, low-velocity impacts typically excite
a broad but low frequency range (within the context of SHM). As a result, it is sufficient for our
application to consider frequencies up to 100 kHz. This frequency range has been verified by a
detailed analysis using FFT and CWT.
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Table 1: Distances (in mm) between sensor patches and impact locations of the CFRP plate.

S1 So S3 Sq

L 064.9 564.9 565.7 565.7
P 670.8 361.1 779.7 537.0
I3 141.4 708.1 705.1 989.2
Iy 891.7 892.2 400.0 401.0

3 METHODS UNDER INVESTIGATION

To estimate the TOA for guided waves in plates, we first need to understand what TOA
means in this specific problem. Unlike in SHM applications, where excitation is well-defined
and narrow-banded, the impact on the structure in our problem is relatively broadband [2].
Additionally, for thin-walled structures where Lamb waves propagate, the response spectrum
differs significantly from the spectrum of the impact load. Because Lamb waves with different
frequencies propagate at different speeds due to the dispersive nature of waves in 3D continua,
there is no single TOA. Instead, we need to be specific about particular frequencies, since waves
of different frequencies arrive at different times. Our goal is to use the TOA estimation as a
means for impact detection, localization, and quantification. While the dispersive nature of
Lamb waves may seem like an additional complication, we can use that knowledge to our
advantage, if we know the dispersion properties of the structure.

3.1 Akaike information criterion

The AIC algorithm for TOA estimation was successfully applied on sensor signals of seismic
events to detect the onset-time of seismic waves. It is based on the assumption that the non-
stationary sensor signal can be modeled as a sequence of locally stationary processes, modeled
as autoregressive processes [5]. On the subject of TOA estimation, we distinguish between two
locally stationary segments, i.e., the non-informative part (noise) and the informative part (sig-
nal) 5, 6]. The time sample, which separates these two segments, is indicated by the minimum
value of the AIC and is therefore the TOA we are looking for. To avoid the determination of
the autoregressive coefficients, Maeda [7] has developed a method to compute the AIC directly
from the signals. The AIC of a sensor signal s(¢;) of N samples is given as

x(t:) = iln (var {s(t;)|j=0..:}) + (N =i = 1) In (var {s(;)]j=i+1.n}) , ()
where ¢ is the running index through all time steps of the signal s(¢;) and var{-} denotes the
variance. It is essential that only a segment of the sensor signal is used for the calculation of
AIC (1), to correctly estimate the TOA. Which part of the signal is used for this purpose will
be determined by the so-called AIC pickers. We adopt the AIC picker used by Sedlak et al. [5],

who in turn used a modified version of the seismogram threshold picker of Allen [8]. The used
AIC picker is modified for thin plates
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B(ti) = [s(ti)| + Rals(ti) — s(ti-1)], (2)

where R, should be close to 1 for artificial AE events (e.g. pencil-lead break test) and close to
4 for real AE sources with low signal-to-noise-ratio (SNR) [5]. The AIC algorithm consists of
two steps: (i) define a time-window with the AIC picker and (ii) calculate AIC (Eq. (1)) of the
specified section of the signal. Once this is done, we get a first estimate of the TOA by picking
the time-instance of the global minimum of x(¢;) [5], i.e.,

t = argmin (x (1)) - 3)

We repeat these two steps in an even smaller window (second AIC window) around the first
estimate, i.e., we apply a second estimate of the TOA to increase the accuracy of the AIC
algorithm [9]. The minimum of the repeated application of Eq. (1) gives the desired TOA.

The first step of the AIC algorithm involves defining a window, called the first AIC window,
between the lower and upper bound values of 0s and ¢,,,,x + tam, Where £, is the time-instance
of the maximum of 3(t;) and t,,, is a time delay added to ¢,,,x. The value of ¢,,,, recommended
for thin plate specimens is usually set to 20 us. Using Eq. (1) on the time interval defined
by the first AIC window gives the first estimate of TOA, denoted by ¢¢. The second step of
the algorithm focuses on the immediate vicinity of the first estimate ¢¢. For this purpose, the
second AIC window is defined as two parts of length ¢g, and tg,, which describe the lengths
of the window parts before and after ¢, with lower and upper bounds of t1,5 = tg — tg, and
tub2 = tre + t1a, respectively. In recent literature, the width of the second AIC window, which is
e, +1ta, was determined through a trial-and-error process. According to recommendations from
the same literature, it is advisable to select ¢g, and t¢, values of 10 us and 30 ps, respectively [6].
However, for our application, different parameter values of the AIC algorithm have to be chosen
to determine the TOA with sufficient accuracy. Figure 3 illustrates the two-step procedure of
the AIC algorithm based on the output of sensor S5 for I5.
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Figure 3: TIllustration of AIC’s two-step-procedure to determine the TOA based on the signal of S; of hammer
impact I3. The purple area indicates the window, where the AIC, i.e., x(¢;), is applied on the signal. In the first
AIC step (a), the AIC window is determined by the AIC picker via the characteristic function 5(¢;) (Eq. (2)) and
in the second AIC step (b) the TOA estimation is repeated in a small time domain around the first estimate.
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3.2 Continuous wavelet transform

Wave speed in dispersive media being frequency-dependent, we can use time-frequency anal-
ysis (TFA) methods for the TOA estimation. TFA methods allow to analyze the spectral content
of a sensor signal’s frequency and infer information on the distance traveled. One prominent
representative of TFA is the CWT. However, as for every TFA method, a compromise between
resolution in time and frequency domain must be made. The CWT has the advantage of multi-
resolution, allowing for varying resolution in time and frequency. To perform a CWT of a signal
s(t), a "dictionary” of wavelets is generated based on the scaling and shifting parameters a and
b of the mother wavelet ¢)(¢). The CWT of a signal s(¢) and the scaled and shifted mother
wavelet are defined as

Wolshad) = [ i st = o (S0 @
where 1), denotes the shifted and dilated mother wavelet [10]. The resulting set of wavelet
coefficients, Wy{s}(a,b), represents a highly redundant time-frequency image of the signal
[10, p. 17]. The square modulus of the wavelet coefficients, i.e., the scalogram, provides
information about the energy density in the time-frequency domain and can be used to estimate
the TOA and wave speed of the wave propagation

(Wo{s}a,b)* = Wy{s}(a,b)| [Wy{s}(a,b)"]. (5)

The frequency information obtained from the scalogram allows the estimation of the wave speed
based on the dispersion characteristics of the material being tested, which is useful in locating
the impact that caused the wave propagation. While the literature has used the global maximum
of the scalogram to determine the TOA, we found that using local maxima of scalogram sections
without prior knowledge of the sensor signal also provides reasonable results.

4 TIME-OF-ARRIVAL ESTIMATION RESULTS

In what follows, the sensor signals generated by waves after impacts on the CFRP plate will
be analyzed using the TOA estimation methods discussed in Section 3. The precise determi-
nation of the TOA as a starting point for impact localization is one aspect. However, it must
also be ensured that, with regard to dispersive wave propagation, waves of the same frequency
are detected. If this is not the case, different propagation speeds are assumed, which falsi-
fies the result of the localization. Fiber-reinforced plastics, in particular, present an additional
complication in this context, with regard to the material-induced continuous mode conversion
[3].

In the AIC method, there are several parameters that can be adjusted. The size of the AIC
windows, particularly the second one (defined by tg, and ), has a significant impact on the
method’s sensitivity. To obtain the most robust results, the parameter ¢g, should be chosen in
the second AIC step so that a sufficiently large segment of the signal remains, that is not related
to the wave propagation caused by the impact. To demonstrate this, we provide results of TOA
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estimations for different values of tg, (varying from 4 ps to 500 ps) for all sensor signals and
impact positions, depicted in Figure 4. To evaluate the accuracy of the results, we compare them
to manually determined TOA values ¢, which are considered as to be correct. In general, the
results show a small discrepancy to the manually determined TOA when g, is set above 150 ps.
However, for sensor S3 at impact I3, early estimates are observed when tg, exceeds 365 ps.
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Figure 4: Sensitivity of TOA estimation results for different values of lower bound of second AIC window tg,.
The results are visualized as differences to the “true” (manually determined) TOA, i.e., £. Subfigures (a) to (d)
correspond to impacts Iy to .

Moreover, for sensor S, at impact /4, a suitable value for tg,, that accurately estimates the TOA
of the wave, cannot be determined with confidence. Determining the TOA can be challenging,
particularly for sensor signals with a slow transition from noise to the signal, i.e., where the
rise in amplitude is very subtle. This difficulty is observed in both the AIC method and manual
TOA determination. Upon closer examination of the signal from sensor S at impact I, for three
distinct tg, values (200 ps, 300 us and 315 ps), the AIC method demonstrates a high sensitivity
to the selected g, values, see Figure 5. Here, we can clearly see how small the differences
between the local minima and the global minimum of x(¢;) are. These differences between the
minima change for different values of ¢g,, leading to different estimates of the TOA. Since we
know the time of impact during the experiments with the hammer impact ¢,,;, (Which would not
be the case in a real-world application), we can calculate the time difference between the time
of impact and all estimated TOA values, i.e., all estimations with tg, > 150 us. Together with
the distance of the sensors (S;; 7 = 1-4) from the impacts (/;; j = 1-4), we can estimate a wave
propagation velocity @f . In addition, we can compare this with the manually determined TOA
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Figure 5: Plot of x(¢;) for different values of tp, for the signal of sensor Sy upon impact I,. The dashed lines
mark the estimated TOA in the second AIC step: ¢ = 2747 ps, t = 2759 us and ¢ = 2791 ps for tg, = 200 ps,
g, = 300 ps and tg, = 315 ps, respectively. The manually determined “true” TOA is estimated to £ = 2803 us.

values and calculate a respective “true” wave propagation velocity o/

‘ j . &
W= =t (6)
t— timp t— 2(:irnp

The values of this comparison are listed in Table 2. As the TOA was calculated for many
different values of tg,, a range of estimated TOA values is obtained accordingly (indicated by
[-]). If only one value is given, a constant TOA value is estimated for the entire parameter range

of tg,. The sensor signals together with the impact force signal are given in Figures 6 and 7 for
impact positions /5 and I3, respectively.
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Figure 6: Output of sensors together with hammer impact and manually determined TOA (=dashed black line) for
impact [5. The area shaded in green corresponds to the range of TOA estimates obtained for values of ¢g, > 150 ps.
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Table 2: The range of estimated TOA values (for the parameter range of £, > 150 ps), denoted as t , along with
their estimated wave speeds ¢ for impacts with the impact hammer. The results are obtained by the AIC method
with parameters R, = 1, tpax = 50ps, tp1 = Ops and tg, = 25 ps. The estimation results are compared to the

manually determined “true” TOA values, denoted as £, and their associated wave speeds T)Z? .

J 1

J 1

Impact  Sensor tin us U7 inms~ t in ps Uy inms”
S1 [2561, 2575] [1092.8, 1123.2] 2555 1136.8
7 So 2563 1118.8 2562 1121.0
! Sy 2568 1109.2 2566 1113.6
Sy [2572, 2573] [1098.4, 1100.6] 2572 1100.6
S [1670, 1671] [1219.7, 1221.9] 1666 1230.9
I So 1407 1262.6 1406 1267.1
2 S3 [1751, 1753] [1233.8, 1237.7] 1751 1237.7
Sy 1530 1313.0 1529 1316.3
S 2616 1386.5 2616 1386.8
I So [3017, 3018] [1405.0, 1407.8] 3016 1410.6
3 S3 [3007, 3059] [1293.8, 1430.3] 3055 1303.4
Sy [3310, 3311] [1241.2, 1242.8] 3309 1244.3
S [2831, 2863] [1156.6, 1206.7] 2845 1184.3
I So [2747, 2791] [1276.4, 1362.1] 2803 1254.8
4 S3 [2373, 2382] [1379.3, 1423.5] 2371 1433.7
Sy [2379, 2380] [1392.4, 1397.2] 2379 1397.2

The range of TOA estimations obtained for values of ¢, > 150 s is indicated by the green
shaded area. Based on the results obtained from the hammer impact experiments, we can con-
clude that the TOA estimations work very robustly and correspond to the manually determined
values. However, it is noticeable that the farther the sensor is from the impact, the more is the
spread of TOA estimation. Furthermore, it should be noted that even with the manually deter-
mined TOA values, there is variation of the resulting wave speeds among impacts. Similarly,
these values vary among individual sensors for a particular impact. By using the CWT, we
can analyze the frequency content of the sensor signals over time. This is exemplified by the
scalogram of sensor Sy of hammer impact /5 in Figure 8, by using the Morlet wavelet centered
at w, = Srads™!. When examining the scalogram at various frequencies, the first arrival of
an “impact-related” sensor signal is manifested as a (first) local maximum. Comparing the es-
timated TOA values obtained by AIC with the positions of the local maxima of the scalogram
sections, gives insight which frequency content of the wave propagation is detected by AIC.
This can be used to verify whether the AIC method estimates TOA values which correspond to
the same frequency of the wave propagation. If the latter is ensured, the same wave propagation
velocity can be assumed for, e.g., a subsequent impact localization task.
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Figure 7: Output of sensors together with hammer impact and manually determined TOA (=dashed black line) for
impact I3. The area shaded in green corresponds to the range of TOA estimates obtained for values of ¢, > 150 ps.

If not, the wave propagation velocities can be corrected using the dispersion properties of the
group velocity of the material under test, if necessary. Based on the estimated wave speed of the
hammer impact and the dispersion characteristics of the CFRP plate (Figure 1), it is concluded
that the TOA can only be estimated based on the fundamental Ay mode.

55
50
45
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35
30

25 -
1.4 1.6 1.8 2.0 2.2

(a) t in ms

f in kHz

Figure 8: Scalogram of sensor signal Sy for impact I;. The normalized square of the CWT’s absolute value is
illustrated in a time interval of 1 ms and a frequency range of 25 kHz to 55 kHz. The red line shows the location of
first (local) maximum values of the scalogram in the time-domain as a function of the frequency (a). Sections of
scalogram at 25 kHz, 30 kHz, 35 kHz, 40 kHz, 45 kHz, 50 kHz and 55 kHz: The first local maximum at 45 kHz is
located at 1403 ps, which indicates that the AIC method (t = 1407 us) detects the TOA of a wave with 45 kHz (b).

Again, we use AIC with different ¢, values ranging from 4 ps to 500 ps to analyze the sensor
data from impact tests conducted with the impact gun. In these measurements, since the point
in time of the impacts are unknown, one is approaching the conditions of reality to some extent.
The resulting range of TOA estimates and the manually determined values are presented in
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Table 3. As with the results from the impact hammer, we also see a wider spread in the estimated
values for sensors that are further away from the impact, e.g. S3 & S; @ Impact /3 and S; &
Sy @ Impact 1.

Table 3: The range of the estimated TOA values, denoted as £, is given for the parameter range of ¢, > 170 ps, for
impacts with the impact gun. The results are obtained by the AIC method with parameters R, = 1, t;nax = 50 us,
tiby = Ops and tg, = 25 ps. The estimation results are compared to the manually determined “true” TOA values,
denoted as .

Impact  Sensor tinps tinps Impact  Sensor tinus finps
St [2363, 2382] 2360 S1 [1620, 1637] 1620

I So 2368 2348 I So [2034, 2035] 2030
! S3 [2382, 2383] 2369 3 Ss [1996, 2049] 2010
Sy 2367 2371 Sy [2323, 2324] 2308

S1 2307 2284 S1 [2814, 2815] 2804

I So 2083 2060 I So [2840, 2841] 2831
2 S5 [2478, 2479] 2476 4 S5 [2415, 2416] 2412
S, [2201,2202] 2191 S, [2412, 2426] 2409

S CONCLUSIONS

The main objective of this study is to accurately estimate the TOA of impacts on a CFRP
plate using an impact hammer and an impact gun. The AIC method has demonstrated high
robustness in this specific application, providing reliable results despite variations in impact
location and device. Specifically, the choice of the AIC window in the second AIC step does
not significantly affect the accuracy of TOA estimation. The estimated values can be verified
using CWT to determine the frequency components of the wave propagation that they corre-
spond to, ensuring that TOA values with the same frequency components are compared. If the
TOA values correspond to different frequencies, the results can be corrected using dispersion
properties. However, it is challenging to estimate the TOA for sensor signals that have a slow
transition from noise to the “impact-related” signal, especially for sensors located far from the
impact location. Future investigations will focus on improving the accuracy and reliability of
the TOA estimation for these sensor signals. We then turn to impact localization methods using
the proven TOA estimation methods.
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