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Abstract

The acoustic emission technique is a non-destructive method used for condition
monitoring of a wide variety of industrial assets and for material characterization.
Although there are well-established procedures for acoustic emission sensor calibra-
tion, there is still a gap in sensor verification. The gap in sensor verification is
the fact that current standard codes are not suitable for in-field sensor verification.
This thesis addresses this gap by validating a wave-based mobile verification device
for acoustic emission sensors. The methodology can be used for in-field, real-time
verification of the sensor condition. The mobile verification device passed through
several qualification tests to address each characteristic of a reliable and reproducible
verification device, such as settling, environmental, and human-reproducible tests.
The verification methodology is based on experimental tests in which the sensors
were gradually degraded by impact, and the sensitivity of the mobile verification
device was compared to a laboratory benchmark procedure, where the proposed
mobile verification device showed similar performance to the benchmark procedure.
It also takes into account the uncertainty in the measurements and the best fea-
tures sensitive to gradual degradation. The verification methodology improves the
field verification of the acoustic emission sensor, offering a mobile, reliable, and
cost-effective solution compared to those restricted to laboratory applications.
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Chapter 1

Introduction

1.1 Motivation

Acoustic emission (AE) is a versatile nondestructive technique used in many fields of the
industry, such as oil and gas [1, 2], wind [3, 4], and aerospace [5], just to name a few. Its
relevance across industries reflects the interest in academia. Figure 1.1a presents the num-
ber of documents returned from a search performed on the Scopus platform using “acoustic
emission” as the keyword. The search was performed at the beginning of September 2025.

Figure 1.1: (a) Annual number of documents related to acoustic emission research pub-
lished from 1986 to 2025. (b) Top 10 countries ranked by the number of published docu-
ments related to acoustic emission research. Based on Scopus data.

As can be observed in the same figure, there is a solidly growing number of scientific
publications on AE over the past decades. Although a reliable estimate of the AE mar-
ket size is not available, it is evident that AE research is primarily driven by the largest
economies in the world, as shown in Figure 1.1b. China is the country with the majority
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1 Introduction

of publications, corresponding to 14,188 documents, followed by the United States with
8,221 documents. Germany is in the fifth position with 2,740 documents. In total, Scopus
returned 48,167 documents from 1986 until 2025, where 68 % are journal articles and
28.7 % are conference papers. The three main subject areas are engineering, correspond-
ing to 31.5 %, physics and astronomy, corresponding to 16.8 %, and materials science,
corresponding to 15.3 %, as can be observed in Figure 1.2.

Figure 1.2: Distribution of published documents by subject area related to AE research,
based on Scopus data.

One current issue in AE testing is the difficulty of finding institutions or companies
that offer an absolute calibration service for AE sensors. This can be partially explained
by the fact that current calibration standards require an approximately 2-ton steel block,
in some cases, with a specularly finished surface [6, 7, 8, 9, 10]. A calibrated AE sen-
sor is fundamental to fully exploit the potential of this technique. AE operators try to
fill the gap in calibration services with verification procedures. AE sensor calibration is
intended to characterize the sensitivity of the sensor over a certain frequency range. It
allows researchers to better understand the AE phenomenon as well as to compare results.
Although calibration allows one to determine whether a certain sensor is suitable for a
specific AE application, it is not intended to assess the physical condition of the sensor,
for example, to determine if the sensor is in good condition to play its role. This is the
purpose of the verification standards [11, 12]. Although there are a few verification stan-
dards, these are not suitable for use in the field. Moreover, the influences that affect the
reproducibility of the measurements of such a verification procedure have not been fully
studied and resolved.
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1.2 Challenges

As there is a lack of devices to verify AE sensors in the field, the aim of this thesis
is to fill the gap by presenting a mobile verification device dedicated to verifying the
functionality of sensors in the field. An advantage of verifying an AE sensor in the field is
that operators can promptly check the sensor condition after it has been exposed to harsh
environmental conditions, such as chemicals, vibration, thermal cycles, or mechanical
impact, without needing to go to a laboratory. In extreme cases where a laboratory is
located far from the testing site, such as remote areas that are difficult to access, like
offshore wind turbines, it could ruin a test campaign if there is suspicion regarding the
condition of the AE sensor.

Another advantage of a mobile verification device is that it can easily fit within a
climate chamber, allowing sensors to be characterized at different temperatures. It can
be advantageous to check a sensor under the same temperature at which it will operate
in the field. This can increase the level of reliability of the sensor, once the influence
of temperature is well characterized and differentiated from possible degradation of the
sensor itself.

1.2 Challenges

In order to build a robust and reliable mobile verification device, there are some challenges
that must be overcome. The first is the size of the device, which are directly related to
the size of the propagation medium. A large propagation medium is advantageous for
guaranteeing sufficient signal length and, consequently, for better characterization of the
sensor at low frequencies. However, there is a limit to the dimensions to avoid making
the device difficult to transport. It is recommended that the propagation medium be as
representative as possible of the real application. However, because AE testing covers a
wide variety of applications, it is impossible to design a single propagation medium that
represents all of them. Other challenging aspects are the cost and practicality of such a
device. The goal is not to develop a device whose costs and complexity are prohibitive;
therefore, the proposed solutions must be selected so that AE operators can easily replicate
both the device and the procedure.

1.3 Research Objectives

The main objective of this work is to construct and validate a wave-based mobile AE
sensor verification device for field and laboratory applications. To accomplish the main
objective, several research questions must be addressed. The first question is to study
the variables that cause uncertainty in the measurements and how they can be addressed.
These include temperature, relative humidity, settling of the coupling agent, the operator,
and others. For example, it is necessary to understand how the device behaves at different
temperatures. Another question to be answered is whether the device remains stable after
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1 Introduction

exposure to a broad range of temperatures and relative humidity levels, as well as after
reassembling it. The purpose of the research is also to assess the performance of the
device in detecting damaged sensors by comparing it with a well-established benchmark
device. A final objective is to establish the verification criteria based on the progressive
degradation of AE sensors by impact testing.

1.4 Thesis Structure

The structure of this thesis is as follows. Chapter 2 presents the state of the art in the
form of an overview of the theoretical foundations and relevant work on AE for sensor
verification and calibration. Chapter 3 presents the mobile verification device, its char-
acteristics, operation, and development. Chapter 4 presents the tests and investigations
conducted to qualify the mobile verification device. Chapter 5 presents a case study to val-
idate the mobile verification device, assessing its capability to detect sensor degradation,
and to compare its performance with a benchmark device. Chapter 6 presents the verifi-
cation criteria for AE sensors based on progressively degraded sensors. Finally, Chapter 7
presents the discussion, summary, and future work.

4



Chapter 2

State of the Art

This review of the literature is intended to cover only the highlights of the fundamental
aspects so that the reader can at least gain an understanding of the context of this thesis.
Although this high-level review is not intended to cover all the necessary aspects in detail,
comprehensive references will be provided if further background is required.

2.1 AE Simulated Sources

An AE simulated source is an artificial source that generates AE signals which are recorded
by the data acquisition (DAQ) system as a legitimate AE source. As there are several
types of legitimate AE sources, there are correspondingly several AE simulated sources.
In terms of sensor verification, ASTM E 976 [12] recognizes three types of AE simulated
sources: pencil lead breaks (PLBs), piezoelectric transducers, and gas jets.

2.1.1 Pencil Lead Break (PLB)

Perhaps the most common AE simulated source is the PLB or the Hsu-Nielsen source [13]
because it is inexpensive, practical, and fairly reproducible if performed by a skilled op-
erator and under normal conditions. It simplifies the verification of the sensor and DAQ
system performance in both field and laboratory environments. The mechanism for gener-
ating AE signals consists of breaking a brittle pencil lead with a 2H hardness, 0.3 mm or
0.5 mm in diameter and typically 3 mm in length. After pressing the pencil lead against
the surface of the propagation medium with a force of approximately 3 N [14, 15], the
pencil lead breaks, creating an elastic wave.

PLB produces signals that resemble crack opening and growth, making it ideal for
checking the performance of the source location algorithm [16, 17]. The PLB is easy
to simulate using the finite element method (FEM), generating good agreement with
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2 State of the Art

experimental results [14, 15]. Although each PLB can be performed much faster than a
glass capillary fracture, which is used in the AE calibration procedure, it is difficult to
create a high number of events, limiting it to around 10 PLB per minute. Although this
method was improved by reducing degrees of freedom and consequently eliminating any
sideways components [18, 19], its variation is higher than that of piezoelectric transducers.
Another negative aspect is that it generates debris of almost pure carbon, which can cause
short circuits in electronic equipment.

2.1.2 Gas Jet Source

The gas jet is another common AE simulated source for sensor testing. The AE signal is
generated by releasing compressed gas directly onto the surface of the sensor or propagation
medium where the sensor is installed. It is capable of producing a continuous AE signal
similar to actual liquid or gas leakage. One advantage of this simulated source is that
it is easy to modify the parameters of the source, such as the nozzle size, type of gas,
and pressure to achieve different frequencies and amplitudes of AE signals. Hsu and
Breckenridge (1981) [13] suggested some control parameters for the helium gas jet as an
AE source for sensor calibration. Other advantages of this source are that it is a non-
contact and non-destructive source, able to produce a large number of signals, which is
an advantage for averaging errors out. Its disadvantage is the difficulty of implementation
outside controlled environments, such as laboratories or industrial facilities equipped with
compressed air.

2.1.3 Piezoelectric Transducer Source

A piezoelectric transducer is also a common option for generating an AE simulated source
that is able to be tailored to achieve different amplitudes and frequencies. It generates
AE signals by the piezoelectric inverse effect, where an electric signal is applied to the
piezoelectric element. This effect is explained in Section 2.4.3. The AE generated by this
source can be easily modified by varying the parameters of the electric signal fed to the
piezoelectric element [20, 21]. The piezoelectric element itself can be engineered to achieve
specific amplitudes, frequency ranges, and waveforms. It is a non-destructive, consistent,
and reproducible source, very common in sensor characterization. It can be permanently
attached to the propagation medium and produce several hundred signals per minute.
These two characteristics allow one to decrease measurement error even more [22, 23],
because they eliminate the coupling uncertainty of the transducer, allowing for averaging
random errors. Another advantage of this method is that many AE sensors can also
operate as transmitters, enabling in-situ auto-check of an array of sensors installed on
the test specimen. This feature is also known as auto-sensor test (AST) [24, 25, 26].
Figures 2.2 and 2.3 illustrate an AE transducer as a simulated source.
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2.2 Acoustic Emission Waves

2.1.4 Laser Source

Another AE simulated source is a laser-based method. AE signals are mostly generated via
a pulsed laser that creates thermal energy at a focused point on the propagation medium.
The thermal energy generates rapid thermal expansion of the propagation medium, cre-
ating an elastic wave. Some parameters, such as the energy, duration, and spot size of
the laser pulse, can be adjusted, producing a fine-tuned AE signal with a specific range of
frequency contents and amplitudes, with excellent repeatability [27]. These characteristics
make it ideal for sensor characterization [28, 29, 30]. Energy is a critical parameter, as
it must be limited so as not to damage the propagation medium. One way to solve this
problem and substantially increase the laser efficiency at once is to use a water-cooled
jacket [31]. The disadvantages of the laser are the relatively high cost and the safety
measures associated with it, which make its use limited to laboratories [32].

2.1.5 Comparison of the AE Simulated Sources

Breckenridge et al. (1990) [19] made a broad assessment of AE simulated sources, where
various common sources such as PLB, glass capillary fracture, piezoelectric transducer,
and ball impact, as well as some exotic ones such as spark and explosive-based methods,
were tested. A total of seven types of AE simulated sources were studied by measuring
their excitation via a high-fidelity sensor, including PLB, capillary fracture, capacitive
transducer, conical transducer, ball impact, spark, and explosive. It was concluded that
the explosive, capillary fracture, spark, and capacitive transducer were able to achieve a
notable flat spectrum, with the explosive achieving the highest amplitudes, followed by
the capillary fracture. However, high amplitudes are achieved at the cost of damaging the
propagation medium. The ball impact was the one that produced the lowest amplitudes,
with multiple zero amplitude readings. This source also created damage to the propagation
medium in the form of small dents. This limitation was also observed in other studies [33,
34]. The spark damaged the propagation medium in the form of discoloration. All other
sources did not cause damage or caused damage that was barely visible.

2.2 Acoustic Emission Waves

2.2.1 Longitudinal Waves (P-Waves)

Longitudinal waves are also known as primary or compressional waves. In this type of wave,
the motion of the particle is parallel to the direction of wave propagation. This motion
consists of alternations between compression and extension of the propagation medium.
As the motion of the particles and the propagation direction of the wave are parallel, this
type of wave is the fastest, and its velocity CL is calculated using Equation (2.1) [35,
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2 State of the Art

pp. 13–15]. Longitudinal waves can propagate in gases, liquids, and solids. In the context
of AE testing, this type of wave is typically found in thick homogeneous materials.

CL =

√
E (1 − ν)

ρ(1 + ν)(1 − 2ν)
(2.1)

Where:

• E is the Young’s modulus.

• ρ is the density.

• ν is the Poisson’s ratio.

2.2.2 Transverse Waves (S-Waves)

Unlike longitudinal waves, the motion of the particle of the shear wave is perpendicular
to the direction of propagation, similar to a shearing effect. Because of that, this type of
wave is also known as shear waves. Its velocity CT is typically 60 % of the longitudinal
wave velocity and can be calculated using Equation (2.2) [35, pp. 13–15]. As shear motion
is required to have this type of wave, it cannot propagate in liquids and gases.

CT =

√
G

ρ
=

√
E

2ρ(1 + ν)
(2.2)

Where:

• G is the shear modulus.

2.2.3 Rayleigh Waves (Surface Waves)

Rayleigh waves propagate through solid materials with an elliptical and retrograde particle
motion. Their wave velocity CR is 90 % of the velocity of shear waves [35, pp. 13–15].
This type of wave propagates on the surface of solid materials since its energy quickly
attenuates with depth. Therefore, in the context of AE testing, this type of wave is used
to detect defects on the surface or subsurface that have undergone wear or environmental
degradation. The Rayleigh wave speed can be calculated by solving the transcendental
Equation (2.2) [36, 37, 38]. However, for practical purposes, it can be approximated by
Equation (2.4).
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2.2 Acoustic Emission Waves

(
1 −

C 2
R

C 2
T

)2

− 2

(
1 −

C 2
R

C 2
T

)√
1 −

C 2
R

C 2
L

= 0 (2.3)

CR ≈ CT · (0.87 + 1.12 · ν) (2.4)

faper =
CR

ϕ
(2.5)

Where:

• CR is the Rayleigh wave speed in the medium (e.g., the material of the test specimen,
such as aluminum).

• ϕ is the diameter (aperture) of the sensor.

2.2.4 Lamb Waves (Plate Waves)

Lamb waves, or plate waves, propagate in thin plate-like structures or shells and involve
a combination of longitudinal and shear wave motions. This type of wave exhibits two
primary modes: symmetric (S0) and asymmetric (A0). Depending on the propagation
medium, it can exhibit higher-order symmetric and higher-order asymmetric modes as well.
Their speeds strongly depend on the frequency and thickness of the plate [35]. Therefore,
it is more convenient to represent the wave velocities in dispersion curves rather than with
an equation. Figure 2.1 presents the phase velocity vs. frequency curves of a plate made of
aluminum 5754 with a thickness of 3 mm. It can be observed that there are two asymmetric
modes and three symmetric modes. Figure 4.2a and 4.2d from Section 4.1 present Lamb
waves measured due to a pencil lead break (PLB) 125 mm from an AE sensor, where
the S0 mode starts at approximately 25 µs, and the A0 mode at approximately 38 µs.
Due to their multi-modes with low- and high-order components, combined with the low
attenuation properties, Lamb waves are widely used in non-destructive testing (NDT)
because a specific mode, and order, can be sensitive to a specific type of damage, and, due
to low attenuation, a large surface can be covered.
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2 State of the Art

Figure 2.1: Lamb wave phase velocity vs. frequency curves of an aluminum 5754 plate
with a thickness of 3 mm, obtained by a Lamb wave dispersion calculator [39].

2.3 Coupling the AE Sensor

For the elastic waves to be measured, they have to travel from the test specimen to the
sensor. This is achieved by coupling the sensor to the surface of the specimen. Proper
coupling is fundamental in AE testing to guarantee consistent and reproducible results.
It is well known in the AE community that remounting the sensor is one of the greatest
sources of uncertainty [40, 41]. Therefore, special attention must be paid to this subject.
A well-known guide for coupling sensors is the ASTM E 650 standard [42], which deals
with the main aspects of mounting piezoelectric AE sensors.

The first aspect of coupling a sensor to a test specimen is the coupling type, bracket,
or bonding. Brackets have the shape of the sensor and can be attached to the surface of
the specimen via magnets, in the case of ferromagnetic specimens, or they can be glued
to them. Since they are practical, they are the most commonly used. In cases where
multiple sensors are required, it is important to ensure that all brackets press the sensors
against the surface of the test specimen consistently and securely to allow reproducible
results [43]. Another method of coupling the sensor is to directly bond the sensor to the
specimen. Although an applied force against the surface is no longer a concern, this type
of coupling makes the sensor sensitive to shear waves. Moreover, it can damage the sensor
wear plate during removal [44]. Another less common way of coupling the sensor to the
test specimen is by screwing the sensor in place. In this case, the sensor must be a special
type with threads in its body.

Another important aspect of mounting a sensor is the coupling agent (couplant). Nei-
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ther the test specimen surface nor the sensor surface (wear plate) is perfectly smooth.
Because there is some level of roughness on both surfaces, they will never achieve per-
fect contact, leaving air gaps between them. As the acoustic impedance of air differs
significantly from that of both surfaces, these air gaps reduce the coupling efficiency [45].
Therefore, it is advantageous to apply a coupling agent to fill the air gaps. However, the
coupling agent can also introduce variations in the measurement [41, 46, 43]. There are
two main ways in which the coupling agent can introduce variation: (1) through varia-
tions in the thickness of the coupling agent layer [46, 47], and (2) through variations in
the temperature of the coupling agent [48, pp. 247-248].

The coupling agent itself can influence the frequency response of the measurement
system. An investigation comparing the performance of different agents–propylene glycol,
glycerin, ultrasound gel, and silicone grease–showed that at low frequencies (below 200
kHz), their behavior is similar, with the observed differences attributable to variations
in the coupling process [45]. In the range from 200 kHz to 350 kHz, silicone grease
outperformed the other coupling agents. However, at higher frequencies (350 kHz to
900 kHz), silicone grease showed significantly poorer performance, while ultrasound gel
outperformed all other coupling agents. It should be mentioned that the same study
concluded that silicone grease demonstrated the least variation in coupling among all
agents tested.

In a similar study of other coupling agents [49], acrylic adhesive pads, hot glue, honey,
and Vaseline were investigated. Acrylic adhesive pads exhibited the least variation in
sensor re-coupling in the range of 50 kHz to 100 kHz. Between 50 kHz and 65 kHz, hot
glue and acrylic adhesive pads demonstrated similarly superior performance compared to
honey and Vaseline. In the range from 65 kHz to 80 kHz, Vaseline and honey demonstrated
superior performance.

The force that pushes the sensor against the surface of the specimen is another rel-
evant variable, along with the coupling accommodation time. Although ASTM E 650
gives a rough guideline for the contact force, this parameter is obtained by experimental
observations. In the literature, the force value used in most applications is around 10
N [21, 50, 51, 34, 52, 20]. However, some studies used values as low as 1 N [53] and as
high as 35 N [54]. The coupling accommodation time is another variable for which there
is no consensus in the literature, ranging from 15 to 30 minutes [53, 55, 54]. An extreme
case is an investigation that reported that two days were used [40], which resulted in a
coupling uncertainty of 1.6 %.
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2.4 Acoustic Emission Sensing Technology

2.4.1 Acoustic Emission Phenomenon

The phenomenon of acoustic emission occurs when transient elastic waves propagate
through a typical solid material in the range of 20 kHz to 1000 kHz due to the rapid
release of localized energy [56]. The sources of elastic waves can be the formation and
growth of cracks [57], the formation of corrosion [58], leaks [59], and so on. They can
be used for a wide variety of applications, such as material characterization [60], condi-
tion monitoring [61], and structural health monitoring (SHM) [62], which is a subset of
condition monitoring, just to name a few. These elastic waves can be detected by using
strategically distributed sensors on the surface of the industrial asset or sample specimen,
which convert the mechanical displacement caused by the elastic wave into an electrical
signal, usually through the piezoelectric effect. This analog signal is usually amplified by
electronic circuits inside or outside the sensor, and then converted into a digital signal
using an analog-to-digital converter board [63, 56, 35].

2.4.2 Acoustic Emission Testing

In order to perform AE testing, appropriate sensors are placed at critical positions to
ensure effective capture of transient signals. Sensors are selected by taking into account the
frequency range of expected defect mechanisms or phenomena, as well as the material of the
test specimen. The coupling agent, usually silicone grease, is applied between the surface
of the test specimen and the sensor to increase the transmission of the elastic wave from
the specimen to the sensor [35]. AE testing is passive, non-invasive, and non-destructive,
allowing the collection of signals from the specimen during its normal operation or under
controlled conditions. Data are collected, allowing real-time monitoring, or they can be
further processed depending on the objective of the test. It is common practice to write
a report after the AE testing with information about the test specimen, the settings, and
the results of the test.

2.4.3 Acoustic Emission Sensor

There is a wide variety of acoustic emission sensor technologies available on the market,
each with specific characteristics that make them suitable for specific applications, for
example, at high temperatures or over long distances (a few kilometers). This section will
briefly review the most common types of acoustic emission sensor technologies.

The first to be mentioned is based on the fiber Bragg grating (FBG) sensor technology
[64]. A grating pattern is imprinted on a small segment of the optical fiber by ultraviolet
(UV) light. This grating pattern reflects light at a specific wavelength. The elastic wave
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distorts the grating pattern when the two interact, altering the peak of the reflected
wavelength measured by a photodiode in the interrogator [65]. Some advantages of this
sensor are its immunity to electromagnetic interference, the ability to achieve high density
without a larger cost increase due to its multiplexing capability, and the capacity to
transmit signals over long distances without signal attenuation, making this type of sensor
ideal for SHM [66] of large civil structures.

The second type of AE sensor technology is the capacitive sensor. This type of sensor is
capable of measuring very small changes in the distance between two conductive surfaces.
One surface is the sample to be inspected, and the other is the resonant mass. An air
gap of a few micrometers wide separates these two surfaces, where smaller gaps produce
greater capacitance. The elastic wave is detected by the disturbance it causes in the air
space, changing the capacitance of the sensor, and consequently, the sensor signal. The
advantage of this type of sensor is its high sensitivity, making it ideal for primary (absolute)
calibration of AE sensors [67, 68, 6].

The third type of AE sensor technology is the electromagnetic acoustic transducer
(EMAT). There are two subgroups of this sensor type. The first is based on the Lorentz
force principle and is intended for conductive materials [69]. The second is based on the
magnetostriction principle and is intended for ferromagnetic materials [70]. This type of
sensor is contactless and, consequently, is suitable for high-temperature environments [71]
above 700 ◦C [72] and rough surfaces [73].

Laser interferometers can also be used to measure the AE phenomenon. However,
because of the high cost of this equipment and its size, their use is restricted to laboratory
measurements.

The most common type of AE sensor technology is based on the piezoelectric effect.
In this type of sensor, a quartz crystal or piezoelectric ceramic can be used to convert the
displacement on the surface of the specimen material caused by the elastic wave, into an
electrical charge, which produces an electrical potential across the sensor. As this type of
sensor is the most common, the following section explains in more detail the principle of
the piezoelectric effect applied to acoustic emission. The biggest advantage of this type of
sensor is that its technology is mature and well-established. These reasons may explain its
relatively low cost compared to other technologies, and the ease with which new sensors
can be built and prototyped.

Finally, the last type is the micro-electromechanical systems (MEMS) AE sensor. This
type of sensor can have a micro-fabricated piezoelectric or capacitive element. Due to its
extremely small size, it can fit in small spaces [74]. This advantage offers high spatial
resolution for detecting damage, making it ideal for small test samples.
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Piezoelectric Effects

Although it is possible to produce piezoelectric effects from natural and synthetic-formed
crystals such as Quartz, the focus is on the piezoelectric ceramic sensors, more specifically,
on lead zirconate titanate (PZT). Figure 2.2 shows an experiment that demonstrates the
inverse piezoelectric effect.

Figure 2.2: Illustration of the inverse piezoelectric effect applied to acoustic emission. The
magnitude of the elastic waves is greatly exaggerated.

In the same figure, two piezoelectric ceramics are shown, named PZT 01 and PZT 02.
PZT 01 has its electrodes connected to an arbitrary function generator via a Bayonet Neill–
Concelman (BNC) connector, which applies an electric potential across the electrodes of
the ceramic. This external potential generates an electric field that interacts with the
internal electric field of the polarized PZT, which originates from the imbalance of charges
aligned within its crystal lattice during poling. The interaction between the external and
internal fields causes a deformation of the piezoelectric ceramic, an effect known as the
inverse piezoelectric effect. Figure 2.3 presents this mechanism in detail.
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Figure 2.3: Detail of the PZT 01 element.

As PZT 01 is in contact (coupled) with the plate, it creates an elastic wave that
propagates through the plate. When this elastic wave reaches the PZT 02 element, as
shown in Figure 2.2, which is also coupled to the plate, it induces an electric charge on the
electrodes of PZT 02. This is called the direct piezoelectric effect. This charge is amplified
by a charge amplifier, indicated by the blue box in the same figure, allowing the transient
signal generated by the elastic wave to be measured by the AE DAQ system. The direct
piezoelectric effect was first discovered by Pierre and Jacques Curie in 1880 [75]. The
inverse piezoelectric effect was verified within a year of the discovery of the piezoelectric
direct effect.

Piezoelectric Acoustic Emission Sensors

Although there is a wide variety of AE sensor designs, the majority of sensors found on
the market are of two types: those with and without a metal membrane, as shown in
Figure 2.4a and Figure 2.4b, respectively. Sensors have a casing, usually made of stainless
steel, to enclose the PZT element(s) and the amplifier circuit when the sensor has an
integrated amplifier. This casing also has the function of ensuring watertightness and
providing mechanical and electromagnetic shielding.

The wear plate is the element that connects the sensor to the surface of the test
specimen. It has two functions. The first is to match the mechanical impedance of the
test specimen material and the sensor. Another function assumed by the wear plate is to
electrically isolate the sensor from the test specimen, in the case where the test specimen
is made of electrically conductive material. Wear plates are usually made of alumina
(Al2O3) or machinable glass. The wear plate is glued to the PZT element with electrically
conductive adhesive in the case of sensors without a metallic membrane, or with epoxy
adhesive in the case that the sensor has a metallic membrane.

There are many options for piezoelectric ceramic material, one very common being
PZT ceramics [35]. It is glued to the wear plate or the metallic membrane. The bottom
part of the PZT element is the negative electric terminal, or ground terminal. Therefore,
the upper surface of the wear plate (for sensors without a metallic membrane), the bottom
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Figure 2.4: (a) AE sensor with a metallic membrane. (b) AE sensor without a metallic
membrane.

surface of the PZT element, and the case must be electrically connected for the designs
shown in Figure 2.4b.

One end of an electric wire is electrically welded to the top surface of the electrode
of the PZT element, and the other end can be either connected to the positive electric
terminal of the electrical connector or to the amplifier circuit, if the sensor has a built-in
amplifier. The most common option for an electrical connector for an AE sensor is a BNC
or a microdot when the sensor is of a small size.

AE sensors can have a built-in damping material, which consists of rubber or another
type of viscoelastic material that surrounds the PZT element(s) inside the sensor. It serves
to reduce mechanical vibrations and absorb unwanted noise. It can also suppress resonance
at certain frequencies by reducing the amplitude of resonance peaks [35]. Therefore, the
damping material can improve signal clarity. Figure 2.5a presents an illustration of an AE
sensor with damping material.

Another element that can be present in an AE sensor is the backing mass. It consists
of a mass bonded to the PZT element. The advantage of the backing mass is to delay
the reflections of the elastic wave in the PZT element, avoiding its resonating, and thus
improving the sensitivity over a broad band of frequencies [76, 77, 78]. Similarly to the
damping material, it can also damp unwanted vibrations because it absorbs and dissipates
unnecessary vibrations in the piezoelectric element. Figure 2.5b presents an illustration
of an AE sensor with a backing mass.

AE sensors can also be divided into resonant and broadband sensors. Broadband
sensors have a flat response in the frequency spectrum, hence they are suitable for ma-
terial and damage characterization. Resonant sensors are specialized sensors engineered
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Figure 2.5: (a) AE sensor with a damper mass. (b) AE sensor with a backing mass.

for specific AE signal types. For example, low resonance frequency sensors are ideal for
AE signals of low amplitude and for use with highly attenuated materials [79]. Another
good example of this versatility is a sensor engineered for partial electrical discharge de-
tection [80]. Figure 2.6 presents a sensitivity chart of three distinct sensors to exemplify
different frequency ranges.

The VS75-V sensor presents a resonance frequency at 75 kHz, where it shows its highest
sensitivity. One can notice that as it moves away from this frequency, the sensitivity of
the sensor decreases rapidly. The VS150-R sensor has a resonant frequency at 150 kHz,
where it is the most sensitive. Similarly to the VS75-V sensor, it rapidly loses sensitivity
when moving far from this peak. The VS150-R sensor can be considered a multi-resonant
sensor because it has other resonance peaks, such as at approximately 230 kHz and 310
kHz. The VS900-M sensor can be considered a broad-band sensor because it is sensitive
to a wide range of frequencies.
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Figure 2.6: Sensitivity chart of three distinct sensors from Vallen Systeme GmbH [81, 79,
82].

AE Conical Transducer

Proctor (1982) [77] proposed a conical AE sensor that has a very high fidelity response,
comparable to that of the capacitive sensor, but with much greater sensitivity. The aim of
this sensor is to establish a reference sensor for the secondary calibration of AE sensors at
the National Institute of Standards and Technology (NIST). This design is more robust,
cost-effective, and easier to manufacture than the capacitive sensor developed for the
primary calibration of AE sensors. It provides a flat amplitude response within ±3 dB in
the 50 kHz to 1 MHz range. Its signal waveform is almost identical to that of the capacitive
sensor, with only a slight deviation due to a small undershoot. This sensor consists of a
truncated cone-shaped PZT element with a small diameter and a backing mass made of
brass, which is attached to the larger diameter surface of the PZT element.

This design aligns two key features to obtain a high-fidelity response. The first one is
the conical PZT element with its small tip area, which approximates a point contact area.
This feature is fundamental in eliminating the fixture effect inside the frequency range
of interest, which attenuates frequencies with wavelengths smaller than the diameter of
the contact area. The conical shape itself also plays a role because it provides not just
a small contact area, but also a relatively large volume compared to a cylindrical shaped
element with the same diameter as the cone tip. This is an advantage because the larger
the volume of the PZT element, the higher the sensitivity.

The second key feature of the conical sensor is its backing mass. One of the first to
explore the backing mass was Oliver (1957) [76] when studying the dispersion of elastic
waves. The backing mass serves as an extension of the PZT element, in a way that it
delays the reflections of the high-frequency waves, with high velocities, giving time for the
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low frequencies, with low velocities, to be measured without the interference of the high
frequencies. Therefore, the larger the extension of the backing mass, the better the signal
can be characterized because it reduces resonance effects. However, for the backing mass
to work properly, its impedance has to match the impedance of the piezoelectric element,
and the bonding layer between them must be sufficiently thin [83].

The major disadvantage of this design is the exposed tip of the PZT element. One
consequence of that is that the tip, which plays the role of an electric terminal, can
only couple to electrically conductive materials, limiting the range of materials usable
as propagation media. Therefore, the propagation medium is the ground terminal, and
the positive terminal is the wire connected to the brass mass or the other surface of the
PZT element. Proctor (1982) [84] gave more details on the conical sensor in a further
work: the flatness and and surface finish conditions of the backing mass are given, as well
as recommendations to extend the usable life of the sensor. Chang and Sun (1988) [85]
created a sensor version using a polyvinylidene fluoride (PVDF) film instead of PZT
ceramic. It is flexible, durable, inexpensive, versatile, and suitable for metallic and non-
metallic specimens. However, its sensitivity is about 100 times lower than that of the
original Proctor design.

Greenspan (1982) [86] conducted a detailed analysis of the original design of the conical
sensor proposed by Proctor, including the introduction of equivalent circuits to model the
mechanical and electrical behavior of the sensor due to varying load and frequency condi-
tions. Theoretical predictions were compared with the experimental results of calibration
using steel plates as the propagation medium. The work underscores the conical sensor
as a reliable and flat-response AE sensor that outperforms conventional AE sensors. It
also identified areas for improvement, in particular, the need for better modeling of wave
propagation.

Proctor (1986) [87] improved the original design, suggesting several options for backing
masses, one of which had several cutoffs, forming a multi-sided polygon, in order to elim-
inate the symmetry of the original cylindrical mass. The PZT element was also placed in
an asymmetrical location. These modifications drastically reduced interference reflections,
improving the flatness of the frequency spectrum compared to the original design.

Glaser et al. (1998) [88] proposed an innovative embedded AE sensor design to mea-
sure particle velocity in solid materials based on Proctor’s improved design. The goal was
to create a reliable sensor to quantitatively study wave propagation and acoustic emission
with sensitivity comparable to that of the commercial resonant sensor while keeping the
high-fidelity flat-frequency response. These characteristics make this sensor ideal for ma-
terial science investigations. The conical PZT element is identical in dimensions to the
original Proctor design. However, the backing mass is made of a lead-base alloy, with the
back end showing a cutoff angle of 30◦ to prevent direct reflections. A small field-effect
transistor (FET) preamplifier is used to improve impedance matching. The PZT element,
the backing mass, and the FET preamplifier are embedded in rubber, with a small portion
of the PZT exposed. Finally, there is a brass casing to ruggedize the sensor. The final
dimensions of the sensor are considerably smaller than those of the original Proctor design.
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Lee and Kuo (2001) [89] proposed a novel device to measure surface waves [89]. This
device is composed of two laser-micro-machined PZT cone elements with an aperture
diameter of around 200 µm to 400 µm and a height of 250 µm. The backing mass and the
casing are made of copper. This compact design allows accurate generation and detection
of surface waves (Rayleigh and Lamb waves) in metallic materials. Tests on different
substrates reveal consistent waveforms in close agreement with theoretical predictions.
It was concluded from experimental results that the optimal frequency occurs when the
aperture size is one-half or one-quarter of the wavelength. Lee and Lin [90] refined the
laser-micro-machined process, allowing for more precise dimensions of the conical tip.
The sensor design was also refined to include a grounding electrode on the outside surface
of the sensor so that both electriccally conductive and non-conductive specimens can be
measured. After achieving fairly good agreement between experimental measurements and
theoretical predictions, the potential of the sensor to be a cost-effective and high-fidelity
AE sensor for engineering applications was confirmed.

Although it was already noticed right after the conical sensor was proposed that it is
not just an excellent high-fidelity sensor, but also an excellent transmitter [83], it was only
used as a calibrated AE source for sensor calibration at the beginning of 2000s [41, 91].
An innovative self-calibrating AE source based on the original conical design proposed by
Proctor was proposed with a few modifications [51, 20, 21].

The first modification was the dimension of the PZT element with a tip diameter of
1 mm, a wide-end diameter of 10 mm, and a height of 3 mm. The first innovation was a
thin brass shim installed on the tip of the PZT element, performing the role of wear plate,
allowing usage in non-conductive materials such as optically transparent glass block. It
also used a brass backing mass; however, on the back end of the backing it was permanently
coupled a wide-band differential (WD) sensor supplied by Mistras Group Inc. The setup
consisted of a PZT element, a brass backing, and the WD sensor that was spring-loaded,
and everything was integrated inside an aluminum case.

The principle of operation of this transmitter is based on the fact that when the conical
PZT is excited by an electrical signal, it generates an elastic wave that propagates into the
propagation medium to which the transmitter is coupled, and also into the backing mass,
which is sensed by the backing sensor. A high coupling efficiency between the transmitter
and the propagation medium means that the elastic wave will propagate with more energy
into the propagation medium and less energy will be detected by the backing sensor. In
fact, there is an inverse linear relationship between the coupling efficiency and the backing
energy. A later version of the transducer, without the backing sensor and with the backing
mass replaced by one made of tungsten epoxy, was proposed [92].

Ono et al. (2008) [28] investigated the transfer functions of commonly used AE sensors
to understand their response to various waveforms. Two AE sources were used; the first
one was a conical transmitter and the other was a pulsed laser. It was concluded that
the conical transmitter is capable of generating reliable and consistent AE signals, which
makes it preferred for calibration. Although the pulsed laser is capable of exciting sensors
at high frequencies, the conical transmitter is more appropriate for lower frequencies within

20



2.4 Acoustic Emission Sensing Technology

the range of operation of AE sensors (50 kHz to 1 MHz). In the same year, Cervena and
Hora [50] investigated the original design of the conical sensor using FEM, calculating
different responses for various backing mass sizes. It was concluded that a larger backing
mass improves the frequency response, and it was also possible to obtain close agreement
between the simulations and the theoretical predictions. The major contribution of this
work was the establishment of a FEM model to predict the response of the conical sensor,
paving the way for many other works related to FEM modeling of AE sensors [15, 93, 94,
95].

McLaskey and Glaser (2010) [34] studied the generation and propagation of stress
waves resulting from the Hertzian ball impact using an array of conical sensors. The sen-
sors were custom-made by the authors, with a PZT element tip of 1.75 mm and a thin
wear plate made of brass [88]. They were calibrated via glass capillary fracture and ball
impact, and were able to distinctly sense longitudinal, shear, and Rayleigh waves with
displacement as small as 1 pm over the frequency range of 20 kHz to 1 MHz. The exper-
imental measurements showed good agreement with theoretical predictions for different
ball sizes and propagation media. The authors also acknowledged the importance of the
conical sensor in advancing sensor calibration and elastic wave propagation studies.

Sause et al. (2017) [22] presented a test setup for AE sensor verification using a conical
transducer inspired by Proctor’s design. The conical transducer used in this setup has a
conical PZT-5A tip with dimensions identical to the one proposed by Proctor, but the
brass mass, however, has a different shape, in which the angle of the cone matches the
conical part of the brass mass. It is permanently coupled to an aluminum block using
a silver-based paint to improve the electrical contact between the block and the PZT
element. The conical transducer plays both the transmitter and receiver roles. When it is
required to check the overall condition of the verification setup, the transducer plays the
role of a sensor to measure the PLBs performed on the surface of the block. When it is
required to verify an AE sensor, the transducer acts as a transmitter that generates pulses
that are measured by the SUT. This conical transducer has demonstrated remarkable
endurance, exhibiting only minor measurement variation over almost a decade, confirming
the robustness and long-term stability of the conical sensor, as previously observed by
Frick and Proctor (2011) [96].

Aperture Effect

A comprehensive explanation of the aperture effect is given by Monier et al. (2012) [97].
Considering a wave propagating on the surface of a medium, the AE sensor measures the
normal velocity, pressure, or displacement at its contact surface, which is not uniform.
Therefore, the sensor measures the average velocity, pressure, or displacement, which
depends on the contact surface of the sensor and the wavelength of the wave, and can
cause destructive interference, reducing the amplitude of the signal at some frequencies.
This phenomenon of averaging and reducing the signal amplitude at certain frequencies
is more pronounced for sensors with a larger contact area, and it is called the aperture
effect.
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When an AE sensor is calibrated, its response is compared to the response of the
medium. However, the sensor itself disturbs the wave with its presence due to the aperture
effect. This effect is considered in calibration procedures, treated as an intrinsic property of
the sensor, and is thus characterized during calibration [68]. Therefore, the most suitable
standard sensors for AE calibration are non-contact types, such as capacitive sensors [98,
68, 13], or sensors with a small contact area, such as conical sensors [77, 88, 90]. Laser
interferometers are also an option; however, their signal-to-noise ratio must be carefully
considered [41, 99, 91, 100]. Figure 2.10 shows that a typical AE sensor exhibits multiple
dips in its sensitivity curve, which become more pronounced at higher frequencies. In the
same figure, the conical sensor, on the other hand, has a much flatter response, which can
be greatly attributed to its considerably smaller fixture size.

There is no aperture effect for the longitudinal wave, or it is greatly minimized, because
the wave hits the face of the sensor in-phase [33]. However, for this to happen, the source
must be on the axis of the sensor and sufficiently distant, so that the curvature of the waves
approximates a line compared to the diameter of the sensor [97, 94, 33, 100]. This situation
is unlikely to occur in AE applications without a proper design of the measurement setup.
Therefore, the aperture effect must be taken into account when considering the frequency
range of interest. Proctor concluded experimentally that when the wavelength of interest
is similar to the diameter of the sensor, interference will be present in the response of the
transducer [77]. Esward et al. (2002) [41] observed that, for instance, the wavelength of
a 1 MHz compressional wave in glass is 6 mm, and as the vast majority of sensors are
much larger than 6 mm in diameter, consequently, the aperture effect will be present for
this specific case of sensor calibration. Lee and Kuo (2001) [89] when developing a device
to measure surface waves via a conical sensor, concluded experimentally that the best
results are obtained when the wavelength is at most one-half of the aperture size. Wu
and McLaskey (2018) [33] established the aperture frequency faper, Equation 2.6, based
on earlier work [101, 102]. Above this frequency, the aperture effect starts to significantly
affect the response of the sensor.

faper =
CR

ϕ
(2.6)

Where:

• CR is the Rayleigh wave speed in the medium (e.g., the material of the test specimen,
such as aluminum).

• ϕ is the diameter of the sensor.

There are some approaches to remove the aperture effect; however, they require precise
characterization of the sensor. One method to compensate for the aperture effect involves
dividing the Rayleigh wave sensitivity by the aperture function in the frequency domain to
derive the longitudinal wave sensitivity [97]. It is important to note that this approach was
validated experimentally, with results showing good agreement in the low-frequency range
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and deviations in the high-frequency range. Moreover, the authors claim that longitudinal
and shear waves are linked in such a way that it is necessary only to characterize the sensor
using the Rayleigh wave (reciprocity calibration), and the other two (longitudinal and
shear) sensitivities can then be obtained. More recently, a similar method was proposed
that also uses division in the frequency domain; however, this method used a different
aperture function [33] with a relatively good alignment between the experimental results
and theoretical predictions.

2.5 AE Features

The AE DAQ system is a multichannel analog-to-digital converter, with an aliasing filter,
that is able to record transient signals at a high sampling rate of several MHz. Transient
signals in waveform format retain all information, making them the best way to perform
advanced analysis. As can be expected, recording signals in their transient form, such as
depicted in Figure 2.7, can require a large amount of computer memory. This can be the
case when a substantial number of signals are generated and many channels are required
to properly monitor the entire surface of the test specimen.

Figure 2.7: Illustration of an AE transient signal with its features.

One way around this is to record the AE signal in its parametric form, or AE features.
Not only does it have the advantage of drastically reducing the required memory, but it
also makes it easier to interpret the nature of the physical phenomena in question [56, p.
41] [48, pp. 132–133]. For example, a rapid increase in amplitude can be an indicator that
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the specimen is collapsing [103]. Similarly, an increase in the root mean square (RMS)
value can be an indicator of leakage in pressure equipment [104].

There is a wide variety of AE features, and Figure 2.7 illustrates only a few features.
One very important feature is the amplitude of the signal, which is defined as the maximum
amplitude of the transient signal. Another feature is the count, which is the number of
times a signal crosses a certain threshold in the ascending direction. Similarly, the counts
to peak feature is defined as the number of times a signal crosses a certain threshold in the
ascending direction up to reaching the peak value. The Duration is defined as the time
between the first and last time the signal crosses the threshold. The rise time is defined
as the time between the signal first crossing the threshold and when the maximum peak
occurs. Energy is defined as the area under the curve and above the threshold of the
rectified signal, delimited by the duration.

2.6 Uncertainty Analysis

The JCGM 100:2008 guide [105] is used to assess the uncertainty of the measurements.
There are two types of uncertainty: Type A uncertainty includes all uncertainties evaluated
using statistical methods. For example, when a measurement is repeated under identical
conditions, the mean and standard deviation can be determined. Type B uncertainty is
assessed by methods other than statistical analysis. It relies on previous knowledge and
may be based on scientific judgment, assumptions, and expertise. A typical example of
this type is the uncertainty specified on the calibration certificate.

The ASME PTC 19.1:2018 [106] also specifies two types of uncertainty, known as
random and systematic uncertainties. Unlike JCGM 100:2008, both can be obtained by
statistical methods. Random uncertainty represents variations in measurements that are
unpredictable, such as electronic noise or operator influence. This type of uncertainty
can be reduced by averaging and assumed to be symmetrically distributed around zero.
Systematic uncertainty accounts for predictable variations, such as temperature and in-
strument bias. It cannot be reduced by averaging and can cause an offset from the true
value.

Although ASME PTC 19.1:2018 defines the types of uncertainty more clearly, JCGM
100:2008 was chosen to express uncertainty in this research because it is more widely
accepted. The formulation to calculate the expanded uncertainty is given in Appendix A.

2.7 AE Sensor Calibration

In this section, the two types (impulse and reciprocity) of AE sensor calibration with
international impact will be discussed, along with the newly proposed calibration methods.
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Although calibration is not the main objective of this thesis, calibration procedures are
the foundation and have a strong influence on the conception of the mobile verification
device; therefore, a section is dedicated to them.

A proper calibration of an AE sensor consists first of correlating the electrical signal of
the sensor with the physical quantity that is most appropriate for the phenomenon involved
[99, 107, 33], which can be displacement, velocity, or pressure. Proper calibration allows
for reliability, comparability, and reproducibility of experiments performed by different
laboratories with consistent results, allowing further understanding of the AE phenomenon
[40, 13, 30, 99]. It allows linking the acoustic signals to their sources (crack growth,
delamination, corrosion, etc.) [98]. Calibration also enables the discrimination of system
distortions from wave propagation effects and the source mechanism [33].

2.7.1 Impulse Calibration

Primary Calibration

The first internationally recognized standard for AE sensor calibration is ASTM E 1106 [6],
first published in June 1986. This standard is based mainly on the work done by Franklin
Breckenridge [68, 67, 13] and Nelson Hsu [13] and is intended for the primary calibration
of the AE sensor. References [68, 67, 13] were also used in ISO 12713:1998 [10], which
is similar to ASTM E 1106 in terms of purpose. This procedure calibrates reference
sensors, which are then used as standards to calibrate AE sensors for field and laboratory
applications. The main component of this calibration procedure is a large steel block with
a specular finish (ASTM A 508 class 2 [108]). The block measures 0.9 m in diameter and
0.43 m in length and weighs approximately 2 tonnes. It serves as the propagation medium.

The calibration procedure involves placing the AE sensor to be calibrated, also called
the sensor under test (SUT), and the standard sensor, namely a high-fidelity capacitive
sensor [68], on top of the steel block. Both sensors are positioned symmetrically in opposite
directions at 100 mm from the AE artificial source. The AE artificial source is a glass
capillary fracture, which, when broken, generates a pulse that is measured by both sensors.
Briefly explained, the sensitivity chart is obtained by the division of the Fast Fourier
Transform (FFT) of the SUT by the FFT of the standard sensor.

Secondary Calibration

A secondary calibration procedure is the ASTM E 1781 [7] standard, which is very similar
to ASTM E 1106, and intended to calibrate sensors that will be used in field and laboratory
tests. The major difference from the previous procedure is that it does not use the high-
fidelity capacitive sensor, but rather the sensor that was calibrated by the capacitive
sensor. The second difference is a consequence of the first, where the sensitivity of the
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capacitive sensor must be considered to compute the sensitivity chart of the SUT. The
counterpart of the secondary calibration of AE sensors is the ISO 12714:1999 [9] standard.

Limitations and Considerations of the Impulse Calibration

The steel block used in ASTM E 1106 and ASTM E 1781 was specifically designed, in terms
of material and dimensions, to represent a typical propagation medium for a pressure ves-
sel. At the time when the standard was published, the AE technique was most commonly
used to inspect this type of equipment and to detect classical sources of AE [41]. The
dimensions of the block also play a role in making it appropriate for generating Rayleigh
and longitudinal waves, which are also present in pressure vessels with thick walls.

However, today the AE technique is applied to many additional areas, including cavi-
tation detection [109, 110], assessment of machine tool wear [111, 112], and monitoring the
intensity of chemical reactions [113, 114], just to name a few. Furthermore, a wide variety
of materials are now used, including new alloys, composite materials, and hybrid materi-
als. With the emergence of these new materials and the increased computational power
available today, Lamb waves in thin plates and shells have become more relevant. Conse-
quently, this type of calibration is, to some extent, obsolete and no longer representative
of most AE applications.

Several issues are associated with the glass capillary fracture used in the aforemen-
tioned procedures. The first issue is the variation of the capillary dimensions caused
by the manufacturing process [115, 116], and the second is the low rate of the break-
age [115, 31, 116]. Another issue with using the glass capillary for primary calibration is
that the free surface displacement caused by the capillary break, at the same position as
the RS sensor, is sometimes used as a substitute for the standard sensor signal. Elasticity
theory used to calculate the free surface displacement assumes that the capillary fracture
acts as a point load. However, Burks (2011) [117] demonstrated using FEM that the
loading area is approximately elliptical rather than a point. This results in changes to the
peak amplitude of the Rayleigh wave as demonstrated by Hamstad (2011) [118].

Another negative aspect of ASTM E 1106 and ASTM E 1781 is that both surfaces (top
and bottom) of the steel block must be polished to a specular finish with very tight flatness
tolerances. This requirement, combined with the massive size of the steel block, requires
a substantial initial investment to implement these procedures and is not practical [53].

Other drawbacks of ASTM E 1106 include the requirement for a high-fidelity capac-
itive sensor, which is difficult to fabricate [77]. Furthermore, because this sensor serves
as a primary standard, damage or malfunction can compromise the traceability of both
primary and secondary calibrated sensors. One possible solution is to measure free surface
displacement using a laser interferometer. Several studies have already implemented this
approach [99, 91, 100, 119, 44].

Another limitation of impulse calibration is that its frequency range is restricted from
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100 kHz to 1 MHz. This is a major limitation because this procedure cannot prop-
erly calibrate AE sensors for highly attenuated materials, as shown in Figure 2.6 in Sec-
tion 2.4.3 [79].

2.7.2 Reciprocity Calibration

The reciprocity calibration method, first proposed by Maclean (1940) [120] for electro-
acoustic transducers, such as hydrophones, is based on the reciprocity theorem for electri-
cal circuits. It applies to electromechanical transducers that are either purely electrostatic
or purely electromechanical in nature and exhibit a reversible property [40]. The cali-
bration of the AE sensor using the reciprocity method was first proposed by Hatano and
Mori (1976) [121]. The procedure uses three transducers calibrated by Rayleigh waves.
Each transducer alternately functions as a transmitter and receiver, and input and output
voltages are measured such that no reference sensor is required.

Hsu and Breckenridge (1981) [13] critically reviewed the reciprocity method. Hatano
later further developed the method [122, 123]. In 1998, a code with international impact,
ISO/TR 13115 [8], was released based on these works. It addresses the primary calibration
of AE sensors using the reciprocity method. Like ASTM E 1106, this standard requires
a large transfer block, resulting in a significant initial investment. Furthermore, both ex-
perimental studies [100] and FEM simulations [94] have shown that the same sensor can
exhibit varying sensitivity responses depending on the propagation medium. Figure 2.8
presents a sensitivity in decibel scale, as given in Equation 2.7. This figure illustrates the
sensor behavior when different materials are used as a propagation medium [94]. The im-
plication is that the absolute calibration of a sensor is considered for one specific material,
and is not valid if the sensor is used in another material.

Although there are studies that present good agreement between reciprocity and im-
pulse methods [123, 40, 124], and between reciprocity and laser interferometer measure-
ments [100, 107], the reciprocity method for the AE sensor is questioned in the scientific
community because the assumption of reciprocity, the capacity of the AE transducer to
operate as a transmitter and receiver, does not hold for all AE sensors [107, 125, 126]. Be-
cause of that, there is an effort in the scientific community to challenge this method [127].
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Figure 2.8: Sensitivity curves of an AE sensor numerically obtained for different propaga-
tion media materials (steel, aluminum, and PMMA). Adapted from [94].

dB = 20 · log10

(
A

Aref

)
(2.7)

Where:

• dB is the value in decibels.

• A is the measured amplitude (e.g., voltage).

• Aref is the reference amplitude.

2.7.3 New Methods of AE sensor Calibration

As discussed in Sections 2.7.1 and 2.7.2, the calibration standards with international im-
pact have several negative aspects that make their implementation prohibitive. Therefore,
many researchers have proposed new calibration methods that address the weaknesses of
these standards. Several methods will be summarized in this section without the ambition
of being a comprehensive review.

A major negative aspect of those standards is the need for a large transfer block,
weighing more than 2 t, which is required to characterize sensors in the range of interest
from 100 kHz to 1 MHz [6, 7, 8]. A large block is advantageous for proper characterization
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at the lower limit because it allows the low-frequency components to be characterized
without the reflections of the high-frequency components. This lower limit of interest is
also a limitation of these standards, since low-resonance sensors have become increasingly
relevant nowadays.

Esward et al. (2002) [41, 91] made a significant effort to establish a practical method
for calibration of AE sensors. They used an innovative propagation medium made of trans-
parent glass with relatively small dimensions (300 mm × 300 mm × 50 mm), suitable for
measurements in the range from 100 kHz to 1 MHz. The authors noted that glass is easier
to machine to achieve flatness tolerances and has wave propagation velocities comparable
to aluminum. An innovative self-calibrated AE conical transducer was also implemented
as an AE source [20, 21], and the reference measurements were performed by a laser inter-
ferometer. They identified surface preparation, choice of coupling agent, and applied force
as the main sources of uncertainty, which significantly affect the repeatability of sensor
coupling. The variability due to surface issues was estimated to cause deviations in the
sensitivity of approximately 5 % to 30 %. In some cases, depending on the methodology,
this variation could range from 0.18 V/pm to 0.37 V/pm. An additional advantage of the
transparent glass medium is that the laser interferometer and SUT measurements can be
performed simultaneously, as the laser beam passes through the glass and can be focused
on the SUT wear plate. This eliminates the need for sequential measurements, which in
other methods can increase uncertainty because the SUT and reference sensors do not
experience identical excitation.

Theobald (2009) [44] proposed a method using two hemispherical aluminum blocks as
the propagation medium to measure the out-of-plane and in-plane displacement AE sensor
sensitivity, with laser interferometer reference measurements, covering a frequency range
from 100 kHz to 3 MHz.

Ono et al. (2010) [30] used a rectangular aluminum plate (150 mm × 150 mm mm × 50
mm) as the propagation medium and performed reference measurements using a laser
interferometer, measuring a range from 20 kHz to 1 MHz. They employed a broadband
ultrasonic transducer and PLBs as simulated AE sources. They recommended revising
the ASTM E 976 [12] to incorporate power spectral density (PSD).

Ono et al. (2017) [53] extended the method using a flat aluminum bar, measuring 25.4
mm x 6.4 mm x 3660 mm, and a laser interferometer to measure the normal displacement
of guided waves from 22 kHz to 1.5 MHz, using an ultrasonic transducer as the AE source.
Optimal measurement conditions were a 1 N contact force, Vaseline as the coupling agent,
and a 15-minute wait before measurement to minimize re-coupling uncertainty.

Augutis et al. (2016) [115] proposed guided wave calibration of bars and plates, using
a laser interferometer and a piezoelectric transducer as the AE source, covering frequencies
from tens of kHz to several hundred kHz.

Ono has been the sole author of other relevant publications on AE sensor calibration,
including one in which various methods are employed using solid blocks as the propagation
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medium and a frequency range of 30 kHz to 2 MHz. Reference measurements were carried
out using a laser interferometer, and the simulated AE source used was an ultrasonic
transducer. The sensitivity values of typical AE sensors were found to range from 1 V/nm
to 4.5 V/nm. The variation between methods was also found to generally be within ±
2 dB, but depending on the frequency range, this variation could exceed 5 dB. In other
studies, Ono also carried out a comprehensive review of calibration methods, in which
various types of propagation media were used with similar frequency ranges that extended
as low as 10 Hz [55, 127, 119, 54].

McLaskey and Glaser (2010) [34] used plates of different materials, steel, aluminum,
glass, and PMMA (polymethyl methacrylate), measuring 610 mm x 610 mm x 50 mm.
The frequency range was 20 kHz to 1.5 MHz. Two types of simulated AE sources were
used: spheres of various materials to generate Hertzian impacts with lower-frequency
components, and breaking glass capillary tubes to provide high-frequency components.
A PZT conical sensor performed the reference measurements. The study aimed not to
establish a calibration procedure, but to demonstrate that the measurements agree with
Hertz’s theory, providing a basis for absolute sensor calibration. A variation in sensitivity
of ± 3 dB was also observed due to coupling problems such as contact force and waiting
time before measuring. The deviation between the theoretical and experimental spectral
analysis was as low as 1 % to 2 %.

Another relevant initiative is the face-to-face (F2F) method, in which the sensor is
directly coupled to the transmitting transducer without a propagation medium. Reference
measurements can be taken at the coupling surface of the transmitting transducer using
a laser interferomete [52, 128] or by measuring a calibrated receiving transducer, RS or
standard sensor [116, 128]. Although there is a proposal to make this method an absolute
calibration standard for AE sensors [129], there are other authors who do not consider it
an absolute calibration procedure because no propagation medium is used [94].

Xiao et al. (2015) [128] reported excellent agreement of the F2F method, with only
a 0.8 dB deviation between the frequency spectrum measured by a laser vibrometer and
that obtained via the NIST calibration procedure. For the SUT, model R15 supplied by
Mistras Group Inc., the deviation of the resonance frequency was less than 2 % compared
to the laser vibrometer method. The expanded uncertainty (95 % confidence level) was
0.82 dB. In another study, it was possible to obtain a difference in sensitivity of less than
5 % compared to the factory calibration of the R15 sensor [116].

A major limitation of the absolute calibration of AE sensors is the fact that there
is no single sensitivity curve. The sensor sensitivity changes as the material and shape
of the propagation medium change. A further step towards resolving this limitation is
to deal with the problem by means of a numerical approach. A relevant contribution in
this direction was made by Cervena and Hora (2008) [50], when they investigated the
performance of a high-fidelity piezoelectric cone transducer with a backing mass, designed
by NIST [77, 84, 87, 86], by means of FEM. The COMSOL Multiphysics software was
used to simulate the AE source and the transducer response due to different backing mass
sizes.
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Sause et al. (2012) [15] also investigated the piezoelectric cone transducer with FEM
and COMSOL Multiphysics software. The simulated AE source was the PLB, and the
propagation medium was a rectangular aluminum plate measuring 1000 mm x 750 mm
x 3 mm. The frequency range was from 1 kHz to 2 MHz. The aim was to investigate
the effects of varying the cone tip of the piezoelectric element on the transducer’s signal
response. The authors concluded that the best tip diameter was 1.5 mm, which achieved
the best balance between amplitude sensitivity and spectral flatness. Good agreement
was also obtained between the experimental and simulated results. Figure 2.9 shows the
simulated and experimentally measured signal from the conical sensor.

Figure 2.9: Simulated and experimental signal waveform of the conical sensor. Adapted
from [15].

Zhang et al. (2017) [130] also contributed a relevant paper on the numerical approach
to absolute AE sensor calibration. The authors investigated the responses of three types
of AE sensors, including commercial sensors and a custom sensor designed to detect shear
waves [29], experimentally and numerically (using COMSOL Multiphysics). The simulated
AE sources were the PLB and a laser pulse. The propagation medium was a rectangular
steel plate with dimensions of 254 mm x 254 mm x 12.7 mm, and the frequency range was
from 10 kHz to 1 MHz. Good agreement was shown between the numerical and experi-
mental results, with correlation coefficient values ranging from 0.80 to 0.89, depending on
the AE simulated source and the specific sensor.

Wul and McLaskey (2018) [33] also used experimental measurements to validate the-
oretical and numerical models for broadband calibration of AE sensors in the frequency
range of 1 kHz to 1 MHz. In the experiment, a thick aluminum plate with dimensions
of 614 mm x 614 mm x 100 mm was used. Ball impacts of different sizes and materials
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were used as the AE source to control the frequency content measured by the sensor. It
was demonstrated that FEM can simulate low-frequency excitations, while generalized ray
theory can model high-frequency excitations, enabling broadband calibration. For high-
frequency components up to 1 MHz, the agreement between the FEM and generalized
ray theory was within 2 dB. For low-frequency components from 1 kHz to 10 kHz, the
agreement between the accelerometer data and the FEM was within a few dB, except
between 6 kHz and 8 kHz, where the deviation reached up to 10 dB. The authors reported
coupling effects (hot glue) that introduced frequency-dependent attenuation, and small in-
compatibilities between the material and dimensions of the plates and their digital model
as sources of uncertainty.

Another relevant investigation of absolute calibration simulation was performed by
Sause and Hamstad (2018) [94], who studied the response of two types of AE sensors: a
typical AE sensor design and the conical sensor [15]. The frequency range of interest was
from 0 Hz to 1.5 MHz. The relevance of this work is to demonstrate the viability of Lamb
waves generated in thin plates for use in the absolute calibration of AE sensors. Figure 2.10
presents the simulated sensitivity curves for the conical and typical AE sensors, where the
propagation medium is a steel plate and the excitation is the PLB. The conical sensor
exhibits a flatter response than the typical AE sensor. This is attributed to the aperture
effect, which is more pronounced in the typical sensor. Additionally, the backing mass of
the conical sensor contributes to spectral flatness, as it delays high-frequency reflections.

Figure 2.10: Simulated sensitivity curves for conical and typical design AE sensors for
Lamb waves in a steel plate. Adapted from [94].

A final observation about the calibration procedure is that its main purpose is to
establish the AE sensor’s sensitivity curve, e.g., amplitude (mV/µm) vs. frequency (kHz),
across the entire frequency spectrum. In other words, the purpose of the calibration
standards is to establish the sensitivity graph of the sensor to allow the AE operator to
choose which sensor is most appropriate for the specific application required or to compare
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the results. Their purpose is not to establish criteria for passing or failing a sensor; that
is the purpose of verification standards, Section 2.8.

2.8 AE Sensor Verification

As discussed in Sections 2.7.1 and 2.7.2, setting up an AE sensor calibration laboratory
that strictly follows ASTM and ISO standards presents several challenges. AE operators
often address the limited availability of absolute calibration services by using simpler
verification procedures. A few such standards exist, and the most relevant are summarized
below.

The first standard to be mentioned is ASTM E 976 [12], which specifies procedures
for testing and comparing the performance of acoustic emission sensors in a simple and
cost-effective way. In summary, these procedures consist of measuring the response of the
AE sensor to repeatable acoustic waves that propagate in a block or rod. The acoustic
wave sources can be an ultrasonic transducer, gas jet, or PLB. Regardless of the type
of propagation medium or acoustic wave source, this standard emphasizes the necessity
of making a verification setup as reproducible as possible with respect to SUT coupling,
acoustic wave source, cables, and amplifier. A major advantage of ASTM E 976 is that it
provides criteria for estimating sensor degradation.

The second standard is ASTM E 2075 [131], which specifies a procedure to routinely
check the sensitivity of AE sensors. This standard can be considered easier to implement
and execute compared to ASTM E 976. The main limitation of this procedure is the
acrylic rod used as the propagation medium. As a polymer, its mechanical properties
are highly sensitive to temperature variations. Therefore, the procedure must always be
performed at a consistent temperature, which is a significant disadvantage, especially since
the standard is also intended for field verification.

Another relevant standard is the DGZfP SE02 [11], whose goal is to present guidelines
for sensor verification and sensor coupling in laboratories. It allows a variety of materi-
als and shapes for the propagation medium, and consequently permits different types of
waves, including Rayleigh waves and Lamb waves. It also recommends three types of AE
sources: PLB, piezoelectric transducer, and hard ball impact. It establishes the criteria
for acceptance of the AE sensor and the periodicity of verification. Its current version is
intended to be implemented in both laboratory and field environments.

2.8.1 Field Verification of AE Sensors

A widely used field verification test for AE sensors is described in ASTM E 2374 [132].
This standard is intended to verify the performance of the AE system, referring not only to
the sensors, but also to the amplifiers and AE channels. A key advantage of this method
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is that verification is performed with the sensors installed on the test specimen. If a
particular sensor is much less sensitive than the others, or vice versa, the sensor can be
replaced. The standard provides a general assessment of sensor performance relative to
others and suggests criteria for replacing sensors that deviate significantly. However, this
code does not establish criteria for when a sensor is no longer usable for work.

Chen et al. (2024) [133] proposed a method for verifying AE sensors in rotating
machinery, performing both quantitative analyses in the time and frequency domains to
identify faulty sensors. The experimental results indicated that RMS and spectral entropy
were the best features to detect a faulty sensor. Although this study provides valuable
insights into sensor verification, it is specific to rotating machinery.

Priebe et al. (2024) [134] proposed an innovative approach to the self-diagnosis of AE
sensors. They explored the potential of using electromechanical impedance (EMI) spectra
for AE sensor self-diagnosis. Reinhardt et al. (2024) [47, 135] later refined this method
by examining factors affecting the EMI spectra through combined numerical and exper-
imental approaches. Using an aluminum plate as the propagation medium, the impact
of temperature (from -50 ◦C to +10 ◦C), structural parameters (material and thickness),
and coupling properties was investigated. The frequency range studied was from 100 kHz
to 450 kHz.
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Chapter 3

Design and Development of the Mobile
AE Verification Device

3.1 Conceptual Design

The mobile verification device was designed and developed to meet the following criteria
of the calibrAEte project:

1 - The device must use a wave-based approach, allowing multiple materials to be used
as the propagation medium (rods or plates).

2 - It must be simple to use and inexpensive, increasing the likelihood of adoption by
AE operators.

3 - It must operate with minimal human intervention.

4 - It must be reproducible and reliable.

5 - It must support the verification of sensors from different manufacturers.

6 - It must allow for in-field sensor verification.

The first criterion for the mobile verification device is that it employs a wave-based
approach. Two shapes of the propagation medium could be used: a rod or a plate, which
excludes the use of the F2F method.

Although rods typically have smaller cross-sectional areas than plates, they pose cer-
tain challenges as propagation media in verification devices. The main challenge stems
from their cylindrical shape. When using a rod to verify AE sensors, one end couples to
the SUT, while the other introduces the AE simulated source. Two piezoelectric trans-
ducers were chosen for the verification device: one acts as a transmitter to produce AE
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simulated signals, while the other measures the signals to assess the device’s condition.
Machining the cylindrical surface of the rod flat would be necessary to properly couple
the transmitter at its center.

Plates, in contrast, usually have a much larger surface area, allowing all transducers to
be mounted vertically on one side without machining. They require less complex tooling to
reach their final dimensions, provided that they are obtained with the required thickness.
Plates are easy to obtain not only in metallic, but also in non-metallic materials such
as Carbon Fiber Reinforced Polymer (CFRP), Glass Fiber Reinforced Polymer (GFRP),
glass, etc. This is an advantage in cases where verifying sensors across different materials
is needed.

A plate made of aluminum alloy 5754 measuring 500 mm × 400 mm × 3 mm (length,
width, and thickness) was chosen as the propagation medium. Although steel more closely
matches the acoustic impedance of the AE sensor wear plate, aluminum is less dense,
reducing the weight of the mobile device. Figure 3.1 illustrates the main component of
the mobile verification device. The 3 mm thickness balances stiffness and weight, while
the other dimensions ensure at least 30 µs of usable signal without significant reflections
when testing the WD sensor. The usable signal excludes pre-trigger time. This minimum
signal length is based on the requirements of the benchmark verification device [22].

Figure 3.1: Illustration of the mobile verification device. Adapted from [23].

A transmitter transducer was chosen to produce the AE simulated signals in order
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to make the process of sensor and device verification more automated and reproducible.
The principle of verification of both the SUT and the verification device is to check their
condition by comparing to a previous reference signal. If there is some level of agreement
between the current measurement and a previous reference, the SUT or the device is
approved.

Figure 3.2: Zoom view of the plate holder. Adapted from [23].

As can be observed in Figure 3.1, the transmitter transducer is positioned in the middle
of the receiver transducer and the SUT, 125 mm from each of them. The function of the
transmitter transducer is to generate elastic waves that are measured by both the receiver
transducer and the SUT. Because of this, it is convenient to position it in the middle of the
two. As the conical sensor has a high-fidelity performance, the transmitter and receiver
transducers are identical and are modified versions of the conical sensor. Another reason
to use Lamb waves from aluminum plates is that their feasibility in characterizing AE
sensors was already confirmed, as presented in Sections 2.7.3 and 2.4.3.

3.2 Structural Design

The mobile device consists of two structural frames constructed from 30 mm x 30 mm
extruded profiles. The first frame supports the plate, while the second has bridge shape,
housing the amplifier hodlers, the coupling mechanisms for the transmitter and receiver
transgenders, and the SUT, as shown in Figure 3.1. The mobile device has overall dimen-
sions of 560 mm x 460 mm x 170 mm (length, width, and height). Detailed drawings of
the main components are provided in Appendix B.

The transmitter and receiver transducers, constructed by the author, are a modified
version of the conical transducer described in previous experiments [22] and numerical
studies [94, 15, 93]. The main components of the conical transducer, consistent with
previous references and this thesis, are the PZT-5A conical tip and the brass mass, whose
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conical angles matches that of the PZT tip. The brass mass includes a cylindrical section
that further contributes to delaying reflections of elastic waves. Figure 3.3 presents a
cross-section illustration of the transmitter and receiver transducers.

Figure 3.3: Cross-section illustration of the transmitter and receiver transducers. Adapted
from [136].

The first major modification in the design is the addition of a wear plate. Since these
transducers must be decoupled from the propagation medium for transportation, the PZT-
5A elements cannot be cemented directly to the medium’s surface, as done in [22]. An
alternative is an exposed PZT tip. However, as noted in [84], repeated coupling and
decoupling of the exposed PZT tip can cause its deterioration, compromising the device
operation over time. This design was chosen because a similar version with the PZT-
5A permanently coupled to the propagation medium operated for nearly a decade with
minimal signal degradation [22]. There is also another work that reinforces the endurance
of this design, showing that it was able to keep almost the same response for more than
two decades [96]. Although the lifetime of such transducers is closely related to how often
they are used, it is still an exceptional characteristic that the transducers have not shown
a strong deterioration due to the aging process.

The wear plate is made of Alumina Al2O3 disks, one measuring 12 mm in diameter
and 2 mm thick. The second measures 6 mm in diameter and 2 mm thick. Both disks were
bonded using a high-performance ceramic adhesive supplied by Ted Pella Inc, with the
lower cap serving as a template. Figure 3.4 illustrates the wear plate bonding procedure.
After cleaning all components, the 12 mm disk was glued to the lower cap. Both bonding
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surfaces were then moistened, and the high-performance ceramic adhesive was applied
immediately afterward. A clamping force was applied to ensure intimate contact, and the
assembly was cured in an oven at 90 °C for two hours.

Figure 3.4: Illustration of the bonding procedure for the wear plate.

Since the smaller diameter PZT tip serves as the ground terminal and alumina is non-
conductive, conductive silver paint was applied to the inner upper region of the wear plate
to ensure electrical contact between the wear plate, lower cap, and PZT tip. The same
conductive paint was applied at the interface between the PZT element and the brass
mass. Before assembly, the smaller diameter region of the brass mass was carefully sanded
with progressively finer abrasive paper up to a grit size of 2000 [84]. This procedure is
necessary to promote optimal electrical and mechanical contact during bonding. After
both surfaces were cleaned with isopropyl alcohol, a fine film of adhesive was applied to
both surfaces and then pressed together.

Non-metallic sleeves were glued to the back end of the brass mass and the bottom
of the upper cap using cyanoacrylate adhesive. Both sleeves are ring-shaped with an
inner groove to accommodate the loading spring. These components use non-conductive
material to prevent electrical contact between the brass mass (positive terminal) and the
stainless steel casing (negative terminal). A cable connects the back end of the brass mass
to the positive terminal of the SMB connector, not represented in Figure 3.3. Finishing
the design of the transducers, there are locking pins to hold all the components together.
The non-metallic sleeves were 3D-printed from carbon fiber-reinforced nylon (Markforged
800 Onyx), while the stainless steel casing and upper and lower caps were printed using a
Metalx printer.

To allow both the transmitter and the receiver transducers to be coupled and decoupled
from the propagation medium, a coupling mechanism illustrated in Figure 3.5 is used.
The mechanism ensures consistent positioning and orientation of the transducers on the
propagation medium. Locking mechanisms secure the transducers in the retracted position
during transport to prevent damage. A cover, bolted to the aluminum profile (bolts not
shown), is mounted on top of the coupling mechanism. There is also a hole in the cover
lid and consequently in the extruded aluminum profile to allow cable passage.
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Figure 3.5: Illustration of the coupling mechanism of the transmitter and receiver trans-
ducers. Adapted from [23].

Similarly to the coupling mechanism of the transmitter and receiver transducers, there
is a coupling mechanism for the SUT, as shown in Figure 3.6. The sensor adapter at the
bottom is designed to have the external dimensions of the sensor. Special care was taken
with the tolerances so that the sensor can be inserted and removed from the adapter with
ease, however, without being excessively loose. There is also a cutout in the adapter,
not shown in the picture, to allow the cable and connector to fit into the adapter and
determine the orientation of the sensor. The adapter can be easily removed, allowing other
adapters for different sensors. The SUT coupling mechanism is attached to the aluminum
extruded profile in the same way as the coupling mechanism for the transmitter and
receiver transducers. Despite the spring and the guiding rods, all other components were
3D-printed in carbon fiber-reinforced nylon, model 800 Onyx, supplied by Markforged.

As will be demonstrated in Section 4.3, the 3D-printed SUT coupling mechanism has
shown lower repeatability compared to the coupling mechanism for the transmitter and
receiver transducers and the coupling mechanism of the benchmark device. Therefore, it
was rebuilt using metallic components with tighter tolerances. Figure 3.7 presents this
improved SUT coupling mechanism. The principle of operation is the same as that of the
previous one, using a spring load mechanism. The sensor adapter was also 3D-printed in
carbon fiber-reinforced nylon. Despite the bolts and springs, all other components were
built from aluminum. Both the first and the improved versions were designed to impose
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Figure 3.6: Illustration of the 3D-printed SUT coupling mechanism. Adapted from [23].

a coupling force of approximately 10 N.

The mobile verification device incorporates three amplifiers (model 2/4/6, supplied
by Mistras Group Inc.). One amplifier is used for the receiver transducer, and another
is used for the SUT if the sensor does not have a built-in amplifier. The third amplifier
is dedicated to the transmitter transducer but is used only when the transmitter needs
to be tested as a sensor. For example, during the device auto-check procedure described
in Section 3.3.1, if the sensor fails its verification, a PLB can be performed to determine
whether the transmitter, the receiver, or both are malfunctioning.
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Figure 3.7: Illustration of the improved SUT coupling mechanism.

An arbitrary waveform generator, model 33210A, supplied by Agilent, is used to gen-
erate square pulses. Its output is connected to an amplifier, model WA301, supplied by
Aim TTi, to increase the signal amplitude. The output of the amplifier is connected to
the transmitter transducer. The amplified output drives the transmitter transducer. The
optimal excitation signal is a rectangular pulse with a repetition frequency of 15 Hz, am-
plitude 10 Vpp, zero offset, window width of 10 µs, and an edge rise time of 20 ns, as
illustrated in Figure 3.8. The gain of the amplifiers is set to 10x, exciting the transducer
with a 100 V amplitude.

Figure 3.8: Diagram of the pulse used in the mobile verification device.

The DAQ system used is a 4-channel AMSY-MB2-V1, supplied by Vallen Systeme
GmbH. The final component of the mobile verification device is a laptop, which connects
via USB to the AMSY-MB2-V1, the waveform generator, and a borescope camera when it
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is required to read the sensor ID. Figure 3.9 (top) presents an illustration, and Figure 3.9
(bottom) presents a picture of the entire mobile verification device.

Figure 3.9: Top: Illustration of the verification setup with the arbitrary waveform genera-
tor, amplifier, AMSY-MB2-V1, and laptop [137, 138]. Bottom: Actual photograph of the
mobile verification device. Adapted from [23].
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3.3 Operational Procedure

The protocol to operate the mobile device is divided into two steps, the first step is the
device auto-check and the second step is the sensor verification itself. The purpose of
the device auto-check is to verify its overall performance. There are two possible ways
in which the device can undergo inconvenient modifications in its performance. The first
is possible damage during transport, and the second is the fact that the device must be
partially disassembled before transportation and reassembled before use. Therefore, it
must be re-qualified to mitigate the possibility that the device is at fault rather than that
the SUT is damaged.

3.3.1 Device Auto-Check

To accurately assess the condition of the mobile device, a minimum of 600 measurements
is required. Each measurement consists of one waveform generated by the pulse of the
transmitter transducer and measured by the receiver transducer. Figure 3.10a presents
a typical waveform of the device auto-check, where 600 measurements are averaged. In
Figure 3.10b, the dark blue line indicates the average value, while the light blue shaded
area shows the maximum and minimum values. The waveform in Figure 3.10a displays a
typical Lamb wave signal with two distinct modes: the S0 mode begins at approximately
40 µs and the A0 mode at approximately 55 µs. To avoid reflections, the signal was
truncated at 116.4 µs.

After computing the experimental standard error of the mean (ESEM), as given in
Equation 3.1, for the maximum amplitudes of the auto-check measurements, as shown in
Figure 3.12, it was observed that the ESEM stabilizes after approximately 300 measure-
ments. However, to ensure robustness in the uncertainty analysis, a sample size of twice
this amount was chosen.

ESEMk =

√
1

k−1

∑k
i=1(xi − x̄k )2
√
k

(3.1)

Where:

• ESEMk is the experimental standard error of the mean at step k .

• k is the number of observations up to step k .

• xi is the observed value at index i .

• x̄k is the cumulative mean of the first k observations.
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Figure 3.10: Typical waveform of the device auto-check with average as well as maximum
and minimum values.

Figure 3.11: A magnified view of the waveform from approximately 107 µs to 115 µs.
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Figure 3.12: Experimental standard error of the mean of the maximum amplitude of
typical auto-check measurement.

The reference data consist of 600 measurements and represent the mobile device in
an undamaged state. During verification, the current measurements are compared with
the reference. If the AE features fall within the allowed uncertainty, the mobile device
is approved, enabling AE sensor verification. Appendix C presents the full procedure to
perform the device auto-check.

3.3.2 Sensor Verification

After approving the mobile device, the SUT is coupled to the propagation medium using
silicone grease, model KORASILON-Paste (medium viscosity), supplied by Kurt Ober-
meier GmbH & Co. KG. This coupling agent was chosen because it is the same one used
in almost all the tests performed in the Department of Mechanical Engineering at the
University of Augsburg. Although there are other coupling agents that perform better,
as presented in Section 2.3, using the same coupling agent to verify the sensor is more
practical. This coupling agent was used in all tests.

Similarly to the device auto-check, 600 measurements of the SUT are performed, and if
the AE features of the current measurements are within the allowed uncertainty, the SUT
is approved. Figure 3.4 presents the ESEM of the maximum amplitude of a WD sensor.
The ESEM begins to stabilize after approximately 400 measurements. Therefore, a total
of 600 measurements was also chosen to perform sensor verification to ensure statistical
robustness in the analysis and to have the same number of measurements as the device
auto-check.
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Figure 3.13: Experimental standard error of the mean of the maximum amplitude of a
typical measurement of a WD sensor as the SUT.

3.4 Signal Acquisition and Processing

In terms of data acquisition, both measurements, the device auto-check and sensor veri-
fication, are performed using a 10 MHz sampling frequency. Measurements are acquired
with a 60 dB gain, except for sensors with a built-in amplifier. The amplifier model 2/4/6
has an analog band-pass filter with a pass-band ranging from 20 kHz to 1.2 MHz.

Signal post-processing begins by converting the data from the transient data format
(TRADB) to comma-separated values (CSV) using a Python script in Jupyter Notebook.
Appendix D presents the Python code that automates sensor verification measurements,
including file conversion. Subsequently, data cleaning is performed to remove potentially
faulty measurements. Most faulty measurements are those made at the beginning and the
end due to mis-synchronization between the pulse of the arbitrary waveform generator
and the DAQ system.

Additional faulty measurements can arise from AE signals not generated by the trans-
mitter transducer, such as mechanical shocks or electromagnetic interference. A cross-
correlation filter is used to eliminate these faulty measurements. The filter computes the
average waveform and then evaluates the cross-correlation between this average and each
individual waveform using Equation 3.2. Waveforms with a maximum cross-correlation
below 0.9 are discarded.

47



3 Design and Development of the Mobile AE Verification Device

Rxy [k ] =

∑
j x [j ] · y [j + k ]√∑

j x [j ]2 ·
∑

j y [j + k ]2
(3.2)

Where:

• Rxy [k ] is the normalized cross-correlation at lag k .

• x [j ] is the first discrete signal.

• y [j ] is the second discrete signal.

• j is the current sample index of the signal.

Cross-correlation is a feature that measures the similarity between two signals as a
function of the time lag between them [139]. It is used to identify delays or time shifts,
as well as the signal itself, such as the radar signal reflecting back to the receiver. The
reflected signal is expected to have some similarity with the transmitted signal. In other
words, a signal can be recognized if the cross-correlation with a reference signal exceeds
a certain threshold. Equation 3.2 computes the normalized cross-correlation between two
discrete signals, that can assume values between -1 and 1. -1 indicates a perfect negative
correlation, which means that one signal is an inverted version of the other. 1 indicates
a perfect positive correlation, which means that both signals perfectly overlap with each
other. 0 indicates no correlation, which means that they are orthogonal or unrelated in
terms of alignment.

Figures from 3.14a to 3.14d present a real AE signal, the original signal, which was
gradually distorted artificially. It is evident that as the distortion increases, the normalized
cross-correlation values decrease. In real-world applications, there are many factors that
can distort an AE signal, such as reflections, temperature variation, mechanical noise, and
degradation of the coupling agent, or the sensor, just to name a few.

The next step is to truncate each waveform to eliminate the main reflection. The
truncation time is case-specific and depends mostly on the geometric dimensions of the
sensor and its piezoelectric element. The final step is to compute the features.
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Figure 3.14: Normalized cross-correlation values between a real AE signal and gradually
distorted signals.
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Chapter 4

Experimental Qualification of the Mobile
Verification Device

To ensure the robustness and reliability of the mobile verification device, a series of qualifi-
cation tests were conducted to assess its performance. Critical analysis of the qualification
test results enabled the refinement of the test protocols and the identification and quan-
tification of error sources and weak points in the design.

Each qualification test focuses on a specific aspect of the performance of the mobile ver-
ification device. The angle sensitivity test determines the optimal transducer positions and
orientations and identifies the best choices for transmitter and receiver transducers. The
assembling test assesses whether measurements remain repeatable after partially disassem-
bling and reassembling the device. The settlement test establishes the required settling
time before measurements. Environmental tests verify the stability and sensitivity of the
device under varying temperature and humidity conditions. The human-reproducibility
test quantifies the variability introduced by different operators.

4.1 Angle Sensitivity Test

The purpose of the angle sensitivity test is to evaluate the response of the manufactured
transducers at different angular orientations. This allows the determination of the optimal
orientation for both transducers and the identification of which prototype is best suited
as the transmitter or receiver.

Figure 4.1a presents the test setup for the angle sensitivity test. The plate and lower
frame are the same as those of the mobile verification device. The extruded aluminum pro-
file, to which the transducer holder is bolted, does not touch the plate. The test consists
of performing 10 PLBs for each angle orientation, 125 mm from the transducer. Although
the reversibility of an AE transducer is questionable [107, 125, 126], measuring both trans-

50



4.1 Angle Sensitivity Test

ducers as sensors provides a reliable estimate of their performance as transmitters.

Figure 4.1: (a) Illustration of the angle sensitivity test. (b) Detail of the transducer and
its holder.

Figure 4.1b presents the details of the transducer and its holder. Each groove in the
transducer holder corresponds to an angle ranging from 0◦ to 315◦, with 45◦ increments.
There is a mark on the transducer that allows alignment with the grooves, as shown in
Figure 4.1b. The environmental conditions were maintained at 23 ◦C ±2 ◦C, 53 % ±4 %
RH.

Figure 4.2a and Figure 4.2d present the average signal waveform of the chosen receiver
and transmitter due to the PLBs at different angles of orientation, respectively. No digital
filtering was applied; the only filter was the amplifier’s analog band-pass filter from 20
kHz to 1.2 MHz. The amplifier gain was set to 60 dB, and each waveform was truncated
at 65 µs to avoid primary reflections.

Two distinct Lamb modes are visible in Figure 4.2a and Figure 4.2d, starting at ap-
proximately the same times for both transducers. The S0 mode starts at approximately
25 µs and the A0 mode starts at approximately 40 µs. Both transducers exhibit simi-
lar responses in shape and magnitude across all orientations; however, the transducer in
Figure 4.2d shows less variation.

Figures 4.2b and 4.2e present the histogram of the measurements of Figures 4.2a and
4.2b, respectively. Most measurements cluster around zero, indicating no offset.

As the response of the transducers is difficult to visualize from Figures 4.2a, 4.2b, 4.2d,
and 4.2e, Figures 4.2c and 4.2f present the RMS values of each angle orientation for the
receiver and transmitter transducers, respectively. The transmitter exhibited more evenly
distributed RMS values than the receiver; therefore, it was selected as the transmitter.
This is a relevant feature for a transmitter transducer, since it can generate elastic waves
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Figure 4.2: (a) Signal time series of the receiver in different angle orientations. (b) Dis-
tribution of the signal time series of the receiver. (c) RMS values of the receiver in polar
coordinates. (d) Signal time series of the transmitter in different angle orientations. (e)
Distribution of the signal time series of the transmitter. (f) RMS values of the transmitter
in polar coordinates. Adapted from [23].

more symmetrically in all directions. The 45◦/225◦ orientation was the one that produced
almost equal values; therefore, this orientation was chosen for the transmitter transducer
in the mobile verification device, with 45◦ towards the SUT and 225◦ towards the receiver.

The receiver transducer plot shows a drastic drop in response at 45◦. This is attributed
to a slight inclination of the transducer’s wear plate after curing of the high-performance
ceramic adhesive, as discussed in Section 3.2. Since 90◦ yields the highest response, it was
chosen to face the transmitter transducer in the mobile verification device.
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4.2 Assembly Validation

To ensure the flatness of the aluminum frame that the aluminum plate rests on, it was
fixed to a T-slot mounting plate, as shown in Figure 4.3. The clamp bolts were lightly
torqued merely to maintain contact between the aluminum frame and the T-slot mounting
plate. Afterward, the joining bolts of the aluminum profiles were tightened, and the frame
was removed from the T-slot mounting plate. The bridge-format aluminum frame, which
houses the transmitter and receiver transducers and the SUT coupling mechanism, was
mounted atop the other frame and carefully aligned.

Figure 4.3: Picture of the frame being aligned on the fixing table.

The aluminum plate was mounted on the main frame and secured using plate holders
(Figure 3.2). After the device was fully assembled, a reference measurement was recorded
for later comparison. The aluminum plate was then disassembled from the mobile verifica-
tion device and reassembled. Immediately thereafter, a long-term measurement exceeding
14 hours was performed in auto-check mode. Since the device is intended to work with
different plate materials, it is essential to assess the impact of reassembling the plate.
During this test, the aluminum frames were kept assembled. Environmental conditions
were maintained at 23 ◦C ± 2 ◦C and 53 % ± 4 % RH. The pulse settings were identical to
those specified at the end of Section 3.2, except that the repetition frequency for this test
was 33 mHz. It took 220 minutes for Assembly 01 to stabilize and 110 minutes for As-
sembly 02. Figure 4.5 presents the signal time series of the reference measurement before
and after the assembly test. The two waveforms almost perfectly overlap, indicating that
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reassembling the propagation medium caused no relevant change.

Figure 4.4: Maximum amplitude plot after reassembling the propagation medium.

Figure 4.5: Signal time series before and after the assembly test.
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4.3 Human-Reproducibility Test

A crucial capability of the mobile verification device is its reproducibility across multiple
operators. Therefore, a human-reproducibility test was performed to check this capability.
The test consists of performing the measurements required for operating the device, the
device auto-check, and sensor verification, by six operators, and comparing the results of
the same operators with the measurements they performed in the benchmark verification
device. Figures from 4.6a to 4.6c present illustrations of the benchmark verification de-
vice [22]. It consists of an aluminum block as the propagation medium, a sensor coupling
mechanism on top, as shown in Figure 4.6b, and a PZT transducer on the bottom, as
shown in Figure 4.6c, which operates as a receiver when device verification is performed
and as a transmitter when sensor verification is performed. Benchmark device verifica-
tion involves performing PLB on the top surface of the aluminum block while measuring
with the PZT conical transducer on the bottom. This procedure is not included for the
mobile verification device, as PLBs are not used as the standard excitation method. For
sensor verification, the PZT conical transducer is excited using rectangular pulses with
the following parameters: 50 Hz repetition frequency, 10 Vpp amplitude, zero offset, 4 ms
duration, and 20 ns edge length. The function generator used is the same as that of the
mobile verification device, and the AE DAQ system consists of a PCI-2 system supplied by
Mistras Group Inc. The benchmark procedure follows the guidelines provided by DGZfP
SE-02 [11].

Each operator performed each test three times: 1) device auto-check, 2) sensor verifi-
cation using the mobile verification device, and 3) sensor verification using the benchmark
device. The WD sensor was reassembled between measurements. The mobile verification
device transducers were also reassembled between the sensor and the auto-check mea-
surements. The environmental conditions were maintained at 23 ◦C ±2 ◦C, 53 % ±4 %
RH.

Figure 4.7a presents the signal time series of the WD sensor measured by the operators
using the benchmark device. Each color represents the average of the 600 waveforms
measured three times for each operator (dark lines), and the maximum and minimum
values (light-shaded colors). Similarly, Figure 4.8a presents the measurements performed
by the mobile verification device. Figure 4.9a presents the signal time series of the auto-
check of the mobile verification device.
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Figure 4.6: (a) Benchmark verification device [22]. (b) Detail of the SUT’s coupling
mechanism. (c) Details of the PZT transducer.

Figure 4.7: (a) Signal time series of the WD sensor measured by six persons using the
benchmark verification device. (b) Colormap of normalized cross-correlation among all
measurements of the benchmark verification device. Adapted from [23].
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Figure 4.8: (a) Signal time series of the WD sensor measured by six persons using the
mobile verification device. (b) Colormap of normalized cross-correlation among all mea-
surements of the mobile verification device. Adapted from [23].

Figure 4.9: (a) Signal time series of the auto-check measured by six persons using the
mobile verification device. (b) Colormap of normalized cross-correlation among all auto-
check measurements. Adapted from [23].

As can be observed, both devices measure signals with clearly different characteristics,
and this is directly related to the shape of the propagation medium. The benchmark ver-
ification device operates using bulk longitudinal waves, which results in a transient signal
that decays over time. The mobile verification device operates using Lamb waves, which
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exhibit a transient signal that increases over time. In the case of the mobile device auto-
check, both S0 and A0 modes can be clearly observed, with S0 starting at approximately
40 µs and A0 at approximately 55 µs.

The measurements of the receiver transducer of the mobile verification device have
shown the best results with a minimum cross-correlation of 0.9994. This is because the
transmitter and receiver transducers couple to the surface at the same position and orien-
tation due to their coupling mechanisms. The measurements of the SUT of the benchmark
verification device have shown a slightly smaller minimum normalized cross-correlation,
of 0.9977. The slightly worse performance of the benchmark SUT measurements can also
be explained by the coupling mechanism of the SUT. Although it allows the sensor to
couple at the same position, it cannot ensure the same sensor orientation as the cou-
pling mechanisms of the transmitter and receiver transducers of the mobile verification
device. The SUT measurements performed by the mobile verification device have shown
the worst performance, with a minimum cross-correlation value of 0.9800. The reason
for this is also related to its coupling mechanism, more specifically to the dimensional
tolerances. Although the coupling mechanism of the mobile verification device also allows
the same sensor orientation due to a cut-out in the adapter for the sensor cable, this vari-
ation in tolerances creates variation in the distance between the transmitter transducer
and the SUT. This does not happen with the benchmark verification device because the
distance between the transmitter transducer and the SUT is dictated by the thickness of
the aluminum block, which is constant and stable. Another aspect that also increases the
uncertainty in the distance between the transmitter transducer and the SUT is the fact
that the sensor must have to play a little looser inside the adapter to make it easier to
insert and remove the sensor from the adapter.

Although all cross-correlation values are remarkably high, indicating that the mobile
verification device and the benchmark verification device have comparable performances
in terms of reproducibility, there is room for improvement in the SUT coupling mechanism
of the mobile verification device. Therefore, Section 4.4 presents the performance of the
improved coupling mechanism compared with the 3D-printed coupling mechanism.

4.4 Improvement of the SUT Coupling Mecha-

nism

As the SUT 3D-printed coupling mechanism performed worse compared to the coupling
mechanism of the transmitter and receiver transducers and the coupling mechanism of the
benchmark device, a new SUT coupling mechanism was created. Many components of the
improved coupling mechanism were machined from aluminum, which is more stable and
allows tighter tolerances, as shown in Figure 3.7. Only the sliding bushings of the pillow
linear guide and the sensor adapter were not manufactured in aluminum.

Three scenarios were tested: the 3D-printed coupling mechanism, as shown in Fig-

58



4.4 Improvement of the SUT Coupling Mechanism

ure 4.10a, the improved coupling mechanism with original sliding bushings, as shown in
Figure 4.10b, and the improved coupling mechanism with tighter-tolerance sliding bush-
ings made of Polytetrafluoroethylene (PTFE), as shown in Figure 4.10b. As the major
goal was to compare the performances of the 3D-printed and improved coupling mecha-
nisms, they were tested under the same conditions, including the same operator and SUT,
to keep the variables as consistent as possible.

Five measurements were performed, with the SUT reassembled between them, for
each of the three scenarios using a VS900-M sensor. The settling time, i.e., the waiting
time after assembling the SUT and starting the measuring, was 400 seconds, and each
measurement had 600 waveforms. The pulse configuration was the same as described at
the end of Section 3.2, and the environmental conditions were the same as those used in
Section 4.2.

Figure 4.10: (a) The SUT 3D-printed coupling mechanism. (b) SUT improved coupling
mechanism with original sliding bushings and tighter tolerance sliding bushings. Adapted
from [23].

Figure 4.11a presents the average signal time series of the 3D-printed coupling mech-
anism obtained from the five measurements. Similarly, Figure 4.11b presents the average
signal time series of the improved coupling mechanism equipped with the original sliding
bushings and with the tighter-tolerance PTFE sliding bushings. All tests were performed
with 60 dB amplification, and signals were truncated at 125 µs for comparison. The two
scenarios using the improved coupling mechanism showed similar waveforms. In contrast,
the waveforms produced by the 3D-printed mechanism differ noticeably, which can be at-
tributed to the different positioning of the improved mechanism relative to the transmitter
and receiver transducers. Because it is no longer aligned with the transmitter and receiver
transducers, the sensor couples to the aluminum plate with a different orientation. This
change in the waveform shape also alters the frequency spectrum, as shown in Figure 4.12.
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Figure 4.11: (a) Signal time series of the 3D-printed coupling mechanism. (b) Signal
time series of the improved coupling mechanism with original sliding bushings and tighter
tolerance sliding bushings.

Figure 4.12: Frequency spectrum of the three coupling mechanism scenarios.

Overall, the main difference between the two coupling mechanisms is that the 3D-
printed one exhibited greater variation, which is expected since it has looser tolerances.
Another clear difference appears at 150 kHz, where the improved mechanism shows a
higher FFT magnitude. The configuration using the PTFE sliding bushings shows higher
amplitude for the second coupled peak in the range from 200 kHz to 300 kHz. In the
range between 300 kHz and 400 kHz, the improved mechanism exhibits a single peak at
around 350 kHz, whereas the 3D-printed mechanism shows two coupled peaks, one at
approximately 320 kHz and another at approximately 360 kHz. The improved coupling
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mechanism has shown more resonance frequencies in the range between 400 kHz and 500
kHz.

Figure 4.13 presents the maximum cross-correlation values among the tests of the three
scenarios.

Figure 4.13: Maximum cross-correlation among the tests of: (a) 3D-printed coupling mech-
anism, (b) Improved mechanism with original sliding bushings, (c) improved mechanism
with tighter tolerance sliding bushings.

The minimum normalized cross-correlation value for the improved mechanism with
tighter tolerance sliding bushings was 0.9967, compared to 0.9958 for the mechanism with
original sliding bushings, and 0.9726 for the 3D-printed mechanism. Therefore, the im-
proved mechanism with sliding bushings with tighter tolerances has shown superior per-
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formance in terms of repeatability among the tests. This is also confirmed in Figure 4.14,
where uncertainties in the mean maximum amplitudes are shown with a 2σ confidence
level for each scenario in the form of error bars.

The improved mechanism with tighter tolerances has shown not only more similar
mean values, but also less uncertainty for all measurements. The mean and its associated
uncertainty for the new sensor coupling mechanism with tighter tolerances were 4760 mV
± 65 mV. The 3D-printed mechanism has shown the worst repeatability among them:
4076 mV ± 220 mV.

Figure 4.14: Maximum amplitude uncertainties for different tests and scenarios.

4.5 Settlement Test

During the first measurements of the mobile verification setup, a high variation in the
results was observed. To investigate this variability, a settlement test was performed. This
test consists of spreading a fixed amount of coupling agent, approximately 50 mg, onto
the sensor wear plate using a spatula to avoid bubble formation, and then beginning the
measurements immediately after assembling the sensor on the mobile verification device
in order to study the settling behavior of the coupling agent.

The pulse configuration for this test is the same as described in Section 3.2, except
for the repetition frequency, which was set to 1 Hz. For each sensor investigated, the
settlement test had a duration of at least 900 s (or 15 minutes). The sensors tested were:
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WD [140], VS30-V [141], VS150-M [142], VS900-M [143], and VS150-RSC [144]. The WD
sensor is supplied by Mistras Group Inc., and the others are supplied by Vallen Systeme
GmbH, as shown in Figure 4.15.

(a) (b) (c) (d) (e)

Figure 4.15: AE sensors: (a) WD, (b) VS30-V, (c) VS150-M, (d) VS900-M, and (e) VS150-
RSC.

Table 4.1 presents specification values for the tested sensors.

Table 4.1: Specifications of selected AE sensors.

Model Diameter [mm] Height [mm] Weight [g] Freq. Range [kHz]

WD 17.8 16.5 20 125 – 1000
VS30-V 20.3 37.0 69 25 – 80
VS150-M 20.3 14.3 24 100 – 450
VS900-M 20.3 14.3 22 100 – 900
VS150-RSC 28.6 31.5 81 100 – 450

As an illustration of the settlement behavior of an AE sensor, Figure 4.16 presents the
900 waveforms of the WD sensor, in which considerable variation can be observed. Since
it is difficult to identify any clear trends directly from these waveforms, the maximum
amplitude of each waveform was calculated for every test and every sensor, and the results
were plotted in Figure 4.17a. Each curve represents three tests for each sensor, normalized
by the maximum amplitude measured. Each waveform has at least 94 µs in total length,
ensuring a representative signal duration.

It is worth noting that although the VS150-M and VS900-M sensors have the same ex-
ternal dimensions, they have exhibited opposite settlement behavior. The VS150-M sensor
begins with high amplitudes, then decreases to a minimum before showing a monotonic
increase. In contrast, the VS900-M sensor starts with a minimum amplitude, increases to
a maximum, and then exhibits a monotonic decrease.
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Figure 4.16: 900 waveforms of the settlement test for the WD sensor.

(a) (b)

Figure 4.17: (a) Normalized maximum amplitude of the sensors: WD, VS30-V, VS150-M,
VS150-RSC, and VS900-M. (b) Zoomed-in view of the initial 50 s of the data shown in
(a). Adapted from [23].

Finally, as shown in Figure 4.17a, there are sensors that settle quickly, such as the
VS30-V, and sensors that need more time, such as the VS150-RSC. Therefore, it is impor-
tant to observe the settlement time for each sensor before performing the measurement.
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4.6 Environmental Testing

This section is divided into two main topics, the environmental tests of the mobile veri-
fication device and the SUTs. The objectives are to investigate their performance over a
broad range of temperatures and humidity levels, and to check whether the setup remains
stable afterward.

4.6.1 Environmental Tests of the Mobile Verification Device

The environmental test of the mobile verification device was performed with the device
operating in auto-check mode, with only one modification: the pulse repetition frequency
was set to 0.1 Hz to avoid generating large data files. To investigate the behavior of the
mobile verification device under varying environmental conditions, the device, together
with the transducers, cables, and amplifiers, was placed inside a WK3-340/70 climate
chamber supplied by Weiss Technik. The only components not placed inside the chamber
were the WA301 amplifier, the AE DAQ system, and the arbitrary function generator.
Figure 4.18 shows a photograph of the experimental setup.

Figure 4.18: Picture of the climate chamber and the instrumentation for the mobile veri-
fication device.

The first investigation aimed to determine the temperature accommodation time. The
temperature was varied from 25 ◦C to -10 ◦C, while the relative humidity was maintained
at 75 %. Measurements were performed using the receiver transducer with 40 dB ampli-
fication and lasted for 400 minutes (6 hours and 40 minutes). Figure 4.19 presents the
maximum amplitude for each waveform over time. It can be observed that it took approx-
imately 85 minutes to stabilize the measurements from 25 ◦C to -10 ◦C, or 2 minutes and
24 seconds for each ◦C variation in a rough estimation.
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Figure 4.19: Temperature accommodation of the mobile verification device.

The second investigation aimed to characterize the behavior of the mobile verification
device at different temperatures and to evaluate its stability afterward. Measurements
were performed with 60 dB amplification, while the temperature was varied from -10
◦C to 45 ◦C in 5 ◦C steps. This temperature range was chosen because it represents
the maximum operating range of the instrumentation equipment. Although less time is
required, a two-hour temperature accommodation period was used, as suggested by the
previous temperature accommodation test. The device was operated in auto-check mode,
performing one auto-check at each temperature. Relative humidity was maintained at 75
%.

Figure 4.20a presents the waveforms at each temperature, truncated at 116.4 µs to
eliminate reflections. Each waveform represents the average of 600 measurements, with
shaded areas indicating maximum and minimum values. An increase in maximum ampli-
tude with temperature can be observed, which is more clearly depicted in Figure 4.20b.
This trend is explained by the decrease in stiffness of the propagation medium as temper-
ature increases; for the same input force, greater displacement occurs.

Figure 4.20a also shows that as the maximum amplitude increases, the time at which
it occurs is delayed, suggesting a decrease in frequency with increasing temperature. This
effect is more clearly observed in Figure 4.21, where the frequency spectrum is plotted
for all temperatures. Around 50 kHz, both the frequency and amplitude decrease as
temperature increases, consistent with observations reported by Lopes et al. (2018) [145].
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Figure 4.20: (a) Signal time series of the receiver at different temperatures. (b) Maximum
amplitude trend of the signal time series at different temperatures. Adapted from [23].

The maximum frequency amplitude follows a pattern very similar to the maximum
waveform amplitude, as can be observed in Figure 4.22. The trend of the peak frequency
is better observed in Figure 4.22b. It is important to mention that zeros were added to
the truncated signal, increasing its final length by 100 µs, this procedure was adopted to
increase the resolution of the peaks in Figure 4.21.

Figure 4.21: Frequency spectrum of the signal time series curves obtained at different
temperatures. Adapted from [23].
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Figure 4.22: (a) Maximum frequency amplitude trend at constant RH (75 %). (b) Max-
imum peak frequency trend of the frequency spectrum at constant RH (75 %). Adapted
from [23].

The response of the mobile verification device was also investigated under a broad
variation in humidity. The test protocol consisted of of keeping the temperature constant,
at 25 ◦C, and varying the RH from 0 % to 100 % in 10 % steps. Figure 4.23a presents
the receiver transducer signal time series at different humidity levels, and Figure 4.23b
presents the maximum amplitude for each level of RH. It can be observed that RH causes
a slight variation in the maximum amplitude. From 40 % RH to 100 % RH, the variation
in the maximum amplitude was 1.5 %.

Figure 4.23: (a) Signal time series of the receiver at different RH levels at constant tem-
perature (25 ◦C). (b) Maximum amplitude for each RH level at constant temperature (25
◦C).
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Figure 4.24 presents the receiver waveforms before and after the climate chamber tests,
where a strong similarity between the two signals is observed, suggesting that the device
remains stable after significant temperature and RH variations.

Figure 4.24: Signal time series of the receiver before and after the climate chamber test.
Adapted from [23].

4.6.2 Environmental Tests of the SUTs

Similarly to the tests in Section 4.6.1, in which the influence of temperature on the mobile
device was investigated, each sensor in Figure 4.15 was also exposed to a wide range of
temperatures. The tests were automated by a Python script written in Jupyter Notebook,
where the measurements of the mobile device and the variation of the temperature of the
climate chamber were synchronized. The code can be found in Appendix E. A study of
the impact of the RH on the measurements was not performed because it produced only
small variations in the measurements, as presented in Section 4.6.1.

WD Sensor

Figure 4.25a presents the signal time series of the WD sensor over the temperature range
from -10 ◦C to 45 ◦C in 5 ◦C steps. Measurements were performed with 60 dB amplifica-
tion, and each signal was post-processed following the procedure described in Section 3.4.
Waveforms were truncated at 94.1 µs to avoid reflections. The maximum amplitude was
calculated to evaluate the influence of temperature on the measurements, as shown in Fig-
ure 4.25b. An increasing trend in maximum amplitude with temperature is observed, with
a minimum of 1743 mV at -10 ◦C and a maximum of 2154 mV at 45 ◦C. This corresponds
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to a total maximum amplitude variation of 23.5 % over a temperature range of 55 ◦C.

Figure 4.25: (a) Signal time series of the WD sensor at different temperatures. (b) Maxi-
mum absolute amplitude trend of the signal time series.

Figure 4.26 presents the frequency spectrum of the signal time series of Figure 4.25a,
where multiple dominant frequencies can be observed. Zeros were added to the truncated
signal, increasing its final length by 100 µs, to improve frequency resolution.

Figure 4.26: Frequency spectrum of the signal time series at different temperatures of the
WD sensor.

The three most prominent frequencies are approximately 165 kHz, 240 kHz, and 325
kHz. These resonance frequencies and the anti-resonances around 200 kHz, 270 kHz and
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400 kHz are also present in the sensitivity chart provided by the sensor manufacturer,
as shown in Figure 4.27. The maximum frequency amplitude follows the trend of the
maximum amplitude of the signal time series, as can be observed in Figure 4.28a. Similarly
to the receiver transducer measurements, the peak frequency decreases with increasing
temperature, as can be observed in Figure 4.28b.

Figure 4.27: Sensitivity chart of the WD sensor. Adapted from [140].

Figure 4.28: (a) Maximum FFT-magnitude trend of the frequency spectrum of the WD
sensor. (b) Peak frequency trend of the frequency spectrum of the WD sensor.

VS30-V Sensor

Figure 4.29a presents the signal time series of the VS30-V sensor over the temperature
range from -5 ◦C to 45 ◦C in 5 ◦C steps. The lower limit at -5 ◦C is determined by
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the sensor minimum operating temperature. Measurements were performed with 60 dB
amplification, and each signal was post-processed following the procedure described in Sec-
tion 3.4. Waveforms were truncated at 105 µs to avoid reflections. The maximum absolute
amplitude was calculated to evaluate the influence of temperature on the measurements.
Figure 4.29b shows the maximum absolute amplitude versus temperature, revealing an
increasing trend with increasing temperatures. The maximum amplitude increases from
1200 mV at -5 ◦C to 1670 mV at 45 ◦, which represents a variation of 39.1 % over a 50
◦C temperature range.

Figure 4.29: (a) Signal time series of the VS30-V sensor at different temperatures. (b)
Maximum amplitude trend of the signal time series at different temperatures.

Figure 4.30a presents the frequency spectrum of the signal time series of Figure 4.29a.
Zeros were added to the truncated signal, increasing its final length by 100 µs, and its
frequency resolution.

Figure 4.30: (a) Frequency spectrum of the signal time series at different temperatures of
the VS30-V sensor. (b) Magnification of the frequency spectrum from 0 Hz to 100 kHz.
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A narrow frequency range can be observed that aligns with the sensor datasheet, show-
ing a frequency range from 25 kHz to 80 kHz [141]. Figure 4.30b presents a magnification
of the frequency spectrum from 0 Hz to 100 kHz with one dominant frequency at around
55 kHz. The frequencies around this value are the most sensitive according to the sensi-
tivity chart of the sensor manufacturer, as shown in Figure 4.31. Other relevant resonance
frequencies can be observed at around 25 kHz and 30 kHz, and these resonances are also
present in the sensitivity chart [141] provided by the sensor manufacturer.

Figure 4.31: Sensitivity chart of VS30-V sensor. Adapted from [141].

Figure 4.32: (a) Maximum FFT-magnitude trend of the frequency spectrum of the VS30-
V sensor. (b) Peak frequency trend of the frequency spectrum of the VS30-V sensor.

Figure 4.32a presents a bar graph showing the maximum FFT magnitude at each
temperature, where the same trend of the maximum amplitude of the signal time series
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can be observed. The peak frequency, on the other hand, shows a different trend, in which
it increases from -5 ◦C to 10 ◦C, then stays stable up to 25 ◦C, decreases at 30 ◦C, and
remains stable up to 45 ◦C.

VS150-M Sensor

Figure 4.33a presents the signal time series of the VS150-M sensor from -10 ◦C to 45 ◦C in
5 ◦C steps. A 60 dB amplification was used, and each signal was post-processed following
the procedure described in Section 3.4. Each waveform was truncated at 115 µs to avoid
reflections. The maximum absolute amplitude was calculated to show the influence of
temperature on the measurement, as shown in Figure 4.33b. The maximum amplitude
varied from from 2130 mV at -10 ◦C to 2580 mV at 10 ◦C, which represents a variation
of 21.1 %.

Figure 4.34 presents the frequency spectrum of the signal time series shown in Fig-
ure 4.33a. Zeros were appended to the truncated signal, extending its final length by
100 µs to improve frequency resolution. Multiple frequencies can be observed, with the
dominant frequency around 150 kHz, which corresponds to the sensor’s resonance. Other
notable frequencies appear around 50 kHz, 225 kHz, 265 kHz, and 325 kHz, while anti-
resonances occur at 200 kHz and near 300 kHz. These features are consistent with the
sensitivity chart provided by the sensor manufacturer, as shown in Figure 4.35.

Figure 4.33: (a) Signal time series of the VS150-M sensor at different temperatures. (b)
Maximum amplitude trend of the signal time series.

Figure 4.36a presents the maximum FFT magnitude from Figure 4.34. The measure-
ments exhibit stable behavior, with the largest variation ranging from 318 mV at 20 ◦C to
339 mV at 10 ◦C, corresponding to 6.5 %. The peak frequency increases from -10 ◦C to
25 ◦C, followed by a sharp drop at 30 ◦C, after which it decreases gradually. This sudden
drop is explained by the coupled peaks around 160 kHz, as shown in Figure 4.36b. As
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temperature increases, the peak around 170 kHz loses predominance to the peak near 150
kHz.

Figure 4.34: Frequency spectrum of the signal time series at different temperatures of the
VS150-M sensor.

Figure 4.35: Sensitivity chart of VS150-M sensor. Adapted from [142].
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Figure 4.36: (a) Maximum FFT-magnitude trend of the frequency spectrum of the VS150-
M sensor. (b) Peak frequency trend of the frequency spectrum of the VS150-M sensor.

VS900-M Sensor

Figure 4.37a presents the signal time series of the VS900-M sensor from -10 ◦C to 45 ◦C in 5
◦C steps. An amplification of 60 dB was used, and each signal was post-processed following
the procedure described in Section 3.4. Each waveform was truncated at 94.1 µs to avoid
reflections. The maximum absolute amplitude was calculated to evaluate the influence
of temperature on the measurements, as shown in Figure 4.37b. The VS900-M sensor
exhibits an increasing trend in maximum absolute amplitude with rising temperatures,
followed by a slight decrease at higher temperatures. The maximum amplitude varied
from 470 mV at -10 ◦C to 503 mV at 35 ◦C, corresponding to a 7 % variation.

Figure 4.37: (a) Signal time series of the VS900-M sensor at different temperatures. (b)
Maximum amplitude trend of the signal time series.
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Figure 4.38 presents the frequency spectrum of the signal time series from Figure 4.37a.
Zeros were appended to the truncated signal, increasing its total length by 100 µs and
improving the frequency resolution. Multiple frequencies are observed, with dominant
peaks at approximately 160 kHz, 260 kHz, 325 kHz, 370 kHz, and 440 kHz. Among
these, the frequencies at 160 kHz, 325 kHz, and 440 kHz, as well as anti-resonances near
200 kHz and 400 kHz, are also reported in the sensitivity chart provided by the sensor
manufacturer, as shown in Figure 4.39. The maximum FFT magnitude (Figure 4.40a)
and the peak frequency (Figure 4.40b) exhibit an overall decreasing trend with increasing
temperature.

Figure 4.38: Frequency spectrum of the signal time series at different temperatures of the
VS900-M sensor.

Figure 4.39: Sensitivity chart of VS900-M sensor. Adapted from [143].
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Figure 4.40: (a) Maximum FFT-magnitude trend of the frequency spectrum of the VS900-
M sensor. (b) Maximum peak frequency trend of the frequency spectrum of the VS900-M
sensor.

VS150-RSC Sensor

Figure 4.41a presents the signal time series of the VS150-RSC sensor from -10 ◦C to 45
◦C in 5 ◦C steps. An amplification of 34 dB was used, and each signal was post-processed
following the procedure described in Section 3.4. Each waveform was truncated at 85 µs
to avoid reflections. The maximum amplitude was calculated to evaluate the influence
of temperature on the measurement, as shown in Figure 4.41b. The VS150-RSC sensor
exhibits a decreasing trend in maximum amplitude with increasing temperature. The
maximum amplitude varied from 222 mV at -10 ◦C to 162 mV at 45 ◦C, corresponding to
a total variation of 37 %.

Figure 4.41: (a) Signal time series of the VS150-RSC sensor at different temperatures. (b)
Maximum amplitude trend of the signal time series.
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Zeros were added to the truncated signal, extending its final length by 100 µs, and
improving the frequency resolution. Multiple frequencies can be observed in Figure 4.42,
with the dominant frequencies around 160 kHz, 215 kHz, and 275 kHz.

Figure 4.42: Frequency spectrum of the signal time series at different temperatures of the
VS150-RSC sensor.

Figure 4.43: Sensitivity chart of VS150-RSC sensor. Adapted from [144].

A resonance frequency around 150 kHz is expected, as the sensor is designed for res-
onance at this frequency. This resonance, along with the anti-resonance at 200 kHz, is
also shown in the sensitivity chart provided by the sensor manufacturer (Figure 4.43).
The maximum FFT magnitude (Figure 4.44a) exhibits a decreasing trend with increasing
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temperature, while the peak frequency (Figure 4.44b) remains largely stable, showing only
slight oscillations around 160 kHz.

Figure 4.44: (a) Maximum FFT-magnitude trend of the frequency spectrum of the VS150-
RSC sensor. (b) Peak frequency trend of the frequency spectrum of the VS150-RSC sensor.
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Chapter 5

Experimental Validation of the Mobile
Verification Device

5.1 Impact Test

The objective of this chapter is to evaluate the performance of the mobile verification
device in detecting degraded sensors. To achieve this, sensors were gradually degraded
through controlled impacts. Figure 5.1 illustrates the free-fall drop device, which consists
of aluminum profiles with tube holders. The tubes guide a 24 g steel ball to strike the
lateral surface of the sensors. The drop height of the steel ball can be adjusted by adding
or removing tubes. The sensor holder is tilted by 15◦ relative to the horizontal to avoid
double impacts and reduce the energy of each hit.

Three sensors: WD, VS30-V, and VS900-M were degraded by impact. After each
impact, the sensors were measured using both the mobile and benchmark verification
devices. Pulse settings for the mobile device measurements were the same as described in
Section 3.2, and each measurement consisted of 600 waveforms. A settling time of at least
400 s was allowed before measurements. Environmental conditions were 23 ◦C ± 2 ◦C and
53 % ± 4 % RH, except for the VS30-V sensor, for which the data logger malfunctioned; in
this case, historical maximum and minimum temperatures were used. Each measurement
was processed according to the procedure described in Section 3.4.
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Figure 5.1: Illustration of the steel ball drop device. Adapted from [23].

5.2 WD Sensor

The WD sensor was impacted starting from a height of 70 mm, with increments of 50 mm.
Each height was tested at least three times, except for 1820 mm, where only a single impact
was performed due to the sensor advanced stage of degradation. Measurements after each
impact were performed with 60 dB amplification for both the mobile and benchmark
verification devices.

Figure 5.2a presents the signal time series of the WD sensor in its baseline (undamaged
state) and after the impact test (damaged), measured with the mobile verification device.
A significant change in the waveform is observed, particularly a decrease in amplitude.
These changes are also evident in Figure 5.2b, which shows the frequency spectrum of
the signal time series. As expected, the magnitude of the frequency spectrum decreases
significantly, with noticeable changes in the resonance peaks. Although three regions of
dominant resonance frequencies remain, their sensitivity is drastically reduced. Addi-
tionally, frequencies above 400 kHz show a flatter, less responsive behavior, indicating a
marked degradation in the sensor performance.
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5.2 WD Sensor

Figure 5.2: WD sensor measured by the mobile verification device before and after the
impact test. (a) Signal time series. (b) Frequency spectrum. Adapted from [23].

Figure 5.3a presents the signal time series from the baseline of the WD sensor (undam-
aged state) and after the impact test (damaged) measured by the benchmark verification
device. Similar to the mobile verification device, a significant change in the waveform can
be observed, especially a decrease in amplitude. In addition, the usable signal length of the
damaged state decreased by approximately 10 µs. Consequently, these changes impacted
the frequency spectrum, as shown in Figure 5.3b, where a significant decrease in frequency
magnitudes can be observed. In this case, the most pronounced changes occurred in the
lower frequencies, up to approximately 300 kHz. Above that frequency, the frequency
spectrum of the damaged state resembles that of the undamaged state, however, it has
lower magnitudes.

Figure 5.3: WD sensor measured by the benchmark verification device before and after
the impact test. (a) Signal time series. (b) Frequency spectrum. Adapted from [23].

To provide a proper comparison of the performance of both devices, Figure 5.4 presents
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the RMS values of the WD sensor test for the mobile and benchmark verification devices.
The RMS values were calculated using the equation in Table 6.1. The x-axis represents
the cumulative drop energy of the steel ball, calculated as the cumulative sum of its
gravitational potential energy for each impact height.

A noticeable trend change in the mobile verification device occurs around 3.75 J, while
the benchmark device detects a similar change at 5 J, showing a more sensitive response
up to 6 J. Beyond this energy level, both devices display comparable sensitivity. A distinct
measurement is observed for the mobile verification device at approximately 5.5 J, showing
an exceptional increase in RMS value, most likely caused by a temporary increase in the
sensor sensitivity due to the impact.

Figure 5.4: RMS values of the WD sensor impact test. Adapted from [23].

Figure 5.5a illustrates the internal components of the WD sensor, showing its two
piezoelectric elements. Figure 5.5b presents a scanning acoustic microscopy (SAM) image
of the undamaged state of the WD sensor, obtained by a microscope model V8 supplied by
KSI with a 15 MHz ultrasound transducer. Both the inner disk and outer ring piezoelectric
elements are clearly visible. Figure 5.5c shows the SAM image of the damaged sensor,
where the inner disk has completely detached from the wear plate, and the outer ring is
partially detached.
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Figure 5.5: (a) Illustration of the inner part of the WD sensor. Scanning acoustic mi-
croscopy (SAM) backwall echo inspection at approximately 3.5 mm from the wear plate:
(b) Before the impact test. (c) After the impact test. Adapted from [23].

5.3 VS900-M Sensor

The impact test of the VS900-M sensor started at a height of 2000 mm, with a 100
mm increment up to 2500 mm. Then, the next height tested was 2700 mm, followed by
3000 mm, and afterward, the increment was 500 mm up to 4000 mm. Each height was
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tested three times, except for the last step, which was tested four times. The signals were
truncated at 94.1 µs for the mobile verification device and at 57 µs for the benchmark
verification device.

Figure 5.6a presents the signal time series from the baseline of the VS900-M sensor (un-
damaged state) and after the impact test (damaged) measured by the mobile verification
device. It can be observed that there is a complete change in the shape of the waveform,
with the damaged state showing a slight decrease in amplitude. Figure 5.6b presents the
frequency spectrum of the signal time series of Figure 5.6a, where the undamaged state
shows lower magnitudes up to 400 kHz.

Figure 5.6: VS900-M sensor measured by the mobile verification device before and after
the impact test. (a) Signal time series. (b) Frequency spectrum.

Unlike the mobile verification device, the benchmark verification device detected a
significant decrease in the signal time series and frequency spectrum amplitudes, as shown
in Figures 5.7a and 5.7b, respectively.

Similar to the WD sensor, the usable signal length of the damaged VS900-M sensor
decreased by approximately 10 µs. A significant reduction in magnitude is also evident in
the frequency spectrum.
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Figure 5.7: VS900-M sensor measured by the benchmark verification device before and
after the impact test. (a) Signal time series. (b) Frequency spectrum.

Figure 5.8 compares the performance of the mobile and benchmark verification devices
using RMS values for the VS900-M sensor.

Figure 5.8: RMS values of the VS900-M sensor during the impact test.

For clarity, the RMS values of the mobile verification device were offset by +450 mV.
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Both devices exhibit similar trends up to 12 J. Beyond this energy, a noticeable trend
change occurs, with RMS values decreasing for both devices, although the benchmark
verification device shows a more pronounced variation.

For the final measurements, an opposite trend is observed: the mobile verification
device shows a significant increase, while the benchmark device shows a sharp decrease.
This discrepancy could be attributed to the different wave types used by the devices; the
mobile verification device uses Lamb waves, while the benchmark device uses longitudinal
waves. In the final stage of damage, Lamb waves may be more sensitive to the sensor
condition. Alternatively, changes in the electrical contact within the sensor could affect
its response, contributing to the observed differences.

Figure 5.9a presents an X-ray inspection of the VS900-M sensor in the undamaged
state, and Figure 5.9b shows it after the impact test. It can be observed that the piezo-
electric element broke into multiple pieces, and a small portion of it remained attached to
the metallic membrane.

Figure 5.9: X-ray inspection of the VS900-M. (a) Before impact test. (b) After the impact
test.

5.4 VS30-V Sensor

The impact of the VS30-V sensor started at a height of 150 mm, with a 100 mm increment.
Each height was tested at least three times until 950 mm, where it was impacted only twice.
The signals were truncated at 104 µs for the mobile verification device and at 57 µs for
the benchmark verification device.

Figure 5.10a presents the signal time series from the baseline of the VS30-V sensor (un-
damaged state) and after the impact test (damaged) measured by the mobile verification
device. Similar to the WD sensor, the amplitudes decreased significantly. A change in the

88



5.4 VS30-V Sensor

shape of the waveform can also be observed. Figure 5.10b presents the frequency spectrum
of the signal time series of Figure 5.10a, where a significant decrease in magnitude can be
observed. The major peak around 50 kHz is still present in the damaged state, and the
frequency spectrum above this frequency shows a flatter and less sensitive response.

Figure 5.10: VS30-V sensor measured by the mobile verification device before and after
the impact test. (a) Signal time series. (b) Frequency spectrum.

Similar to the mobile verification device, the benchmark verification device also showed
a significant decrease in sensitivity in the signal time series and the frequency spectrum,
as shown in Figures 5.11a and 5.11b, respectively.

Figure 5.11: VS30-V sensor measured by the benchmark verification device before and
after the impact test. (a) Signal time series. (b) Frequency spectrum.

Figure 5.12 presents a comparison of the performance of the mobile and benchmark
verification devices in the form of RMS values. There are several points that must be
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addressed in this plot. The first is that, in order to slow down the degradation process,
after impacting the sensor at 950 mm, the steel ball drop height was decreased to 550
mm and then increased again to 850 mm. The second is that the benchmark verification
device showed remarkably consistent measurements up to 850 mm. A third issue is that
at approximately 3 J, there is a drastic drop in the RMS value for both devices, and just
before 4 J, the RMS value increases for both devices. Afterward, there is a decreasing
trend, and at 5 J, there is another drastic decrease in the RMS values. After 5 J, the RMS
values remain at a slightly higher level than the first drastic drop.

There are two possible explanations for these drastic variations in the measurements.
The first is a potential bad connection within the sensor, where impacts could either
degrade or improve the electrical contact. The second possibility is that the impacts alter
the residual polarization of the PZT element, thereby affecting its electrical response.
This behavior of piezoelectric elements has been observed in previous studies [146, 147].
These facts could also explain the outlier measurement of the WD sensor in Figure 5.4 at
approximately 5.5 J.

Unfortunately, neither the SAM nor the X-ray images were able to detect the type of
damage present in the VS30-V sensor.

Figure 5.12: RMS values of the VS30-V sensor during the impact test.
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Chapter 6

Verification Criteria

As explained in Section 3.3, the sensor verification and setup auto-check are based on
the comparison of their measurements with the previously determined baselines. There-
fore, it is reasonable to consider a deviation in the measurement that is greater than the
uncertainty as an evaluation criterion. If the current measurement of a certain sensor
shows values outside the uncertainty range, this sensor can be considered not approved.
Consequently, an uncertainty analysis is necessary to calculate the expanded measurement
uncertainty and establish a verification criterion.

This analysis considers both the baseline measurements of the AE sensors and the
measurements taken during sensor degradation in the impact test, as presented in Sec-
tion 5.1. In this analysis, two main sources of uncertainty were considered: variation in
sensor coupling and in temperature.

The coupling uncertainty was calculated by mounting each AE sensor five times on
the aluminum plate of the mobile verification device and measuring 600 waveforms per
mounting, with a settling time of at least 400 s. The uncertainty due to temperature was
calculated from measurements of each sensor during the environmental tests presented in
Section 4.6. Influences from different operators were not considered, as only one operator
performed the measurements after each impact. The uncertainty of the AE DAQ sys-
tem was also not included, since the coupling uncertainty was found to be two orders of
magnitude greater than the DAQ system resolution.

The procedure for calculating coupling uncertainty involved computing the 48 features
listed in Table 6.1 for each of the five measurements, re-mounting the sensor between
measurements. After computing the features, the mean of each feature was calculated
using Equation (A.1), followed by the sample standard deviation using Equation (A.2).The
experimental standard deviation of the mean was then obtained using Equation (A.3).
The same procedure was applied to calculate the temperature-related uncertainty at 20
◦C and 25 ◦C, which were chosen because the baseline and impact-test measurements
were conducted within this temperature range. Finally, the coupling uncertainty and the
temperature uncertainty at 20 ◦C and 25 ◦C were fed into Equation (A.5) to calculate the

91



6 Verification Criteria

Type B uncertainty.

Table 6.1 presents a list of AE and statistical features along with their definitions.

Table 6.1: Definitions of the features. Adapted from [48].

Feature Definition Unit

Counts (NAE ) Number of threshold crossings between t0 (time
of the first threshold crossing) and tterm (time of
the last threshold crossing)

[#]

Duration (tAE ) Time between the first and last threshold cross-
ing (tterm − t0)

[µs]

Peak time (tpeak) Time of the maximum amplitude [µs]

Peak frequency (fpeak) Maximum peak frequency [Hz]

Amplitude at Peak Fre-
quency (Afreq)

The magnitude of the signal spectrum at the
peak frequency, representing the maximum
spectral amplitude obtained from the FFT

[mV]

Counts to peak (Npeak) Number of threshold crossings between t0 and
tpeak

[#]

Amplitude (vmax) Maximum amplitude [V]

Rise Time (trise) tpeak − t0 [µs]

Number of samples (n) Number of discrete samples (voltage measure-
ments)

[#]

Root Mean Square
(RMS)

RMS =
√

1
n

∑n
i=1 v

2
i , with vi representing the

voltage measurement at time ti , and n as the
total number of values in the signal

[V]

Average Signal Level
(ASL)

ASL = 1
n

∑n
i=1 |vi | [V]

Average Frequency
(favg)

favg = NAE
tAE

[Hz]

Reverberation Fre-
quency (frev)

frev =
NAE−Npeak

tAE−tpeak
[Hz]

Initiation Frequency
(finit)

finit =
Npeak

tpeak
[Hz]

Amplitude Rate to Peak
(φrise)

φrise = vmax
tpeak

[V/s]

Absolute Energy
(WAE )

WAE =
∑n

i=1
v2
i

10kΩ∆t with 10kΩ input
impedance of the AE DAQ system

[aJ]

Frequency Centroid
(fcentroid)

fcentroid =
∑n

i=1 fi ·Ai∑n
i=1 Ai

with fi representing the in-

dividual frequency values and Ai its amplitude

[Hz]

Weighted Peak Fre-
quency (Wpeak)

Wpeak =
√
fpeak · fcentroid [Hz]
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Feature Definition Unit

Partial Power (Ppartial) Ppartial =
∑fb

i=fa
A2

i∑fend
i=fstart

A2
i

× 100 Frequency range of

investigation from fstart (0 kHz) to fend (1200
kHz) and frequency range of

• Partial Power 1 from 0 kHz to 150 kHz.

• Partial Power 2 from 150 kHz to 300 kHz.

• Partial Power 3 from 300 kHz to 450 kHz.

• Partial Power 4 from 450 kHz to 600 kHz.

• Partial Power 5 from 600 kHz to 900 kHz.

• Partial Power 6 from 900 kHz to 1200 kHz.

[%]

Fall time (tfall) tfall = tterm − tpeak [µs]

Counts from peak
(Nfall)

Number of threshold crossings after the peak till
signal duration

[#]

Termination Frequency
(fterm)

fterm = Nfall
tfall

[Hz]

Mean value (v̄) v̄ = 1
n

∑n
i=1 vi [V]

Minimum value (vmin) Minimum amplitude value [V]

Range (Rrang) Rrang = vmax − vmin [V]

Median values (M ) M =

v n+1
2

if n is odd

1
2

(
v n

2
+ v n

2
+1

)
if n is even

with v n+1
2

the middle value in the sorted list of signal values

[V]

Skewness value (γ) γ = n
(n−1)(n−2)

∑n
i=1

(
vi−v̄
σ

)3
[dimensionless]

Kurtosis value (γ2) γ2 = n(n+1)
(n−1)(n−2)(n−3)

∑n
i=1

(
vi−v̄
σ

)4 − 3(n−1)2

(n−2)(n−3) [dimensionless]

Entropy value (H ) H = −
∑n

i=1 p (vi) log2 (p (vi)) with p (vi) =
count(vi )

n

[dimensionless]

Mean Absolute Devia-
tion (MAD)

MAD = 1
n

∑n
i=1 |vi − v̄ | [V]

Interquartile Range
(IQR)

IQR = Q3 −Q1

• Q3: The third quartile (75th percentile)
of the signal.

• Q1: The first quartile (25th percentile) of
the signal.

[V]
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Feature Definition Unit

Pearson correlation
value (Pe)

Pe =
∑n

i=1(Vsti−V̄st)(Vsci−V̄sc)√∑n
i=1(Vsti−V̄st)

2
√∑n

i=1(Vsci−V̄sc)
2

• Vsti : The i -th value in the first dataset
(in this case, the first half of the signal).

• V̄st : The mean value of the first dataset
(Vst).

• Vsci : The i -th value in the second dataset
(in this case, the second half of the signal).

• V̄sc: The mean value of the second
dataset (Vsc).

• Pe = 1: Perfect positive correlation.

• Pe = −1: Perfect negative correlation.

• Pe = 0: No linear correlation.

[dimensionless]

Autocorrelation at Lag
1 (r1)

r1 =
∑n−1

i=1 (vi−v̄)(vi+1−v̄)∑n
i=1(vi−v̄)2

[dimensionless]

Variance (σ2) σ2 = 1
n

∑n
i=1 (vi − v̄)2 [V2]

Standard Deviation of
Differences (σ∆v )

σ∆v =
√

1
n−1

∑n−1
i=1

(
∆vi − ∆v

)2
• ∆vi : The difference between consecutive

values in the signal (vi+1 − vi).

• ∆v : The mean of the differences ∆vi .

[V]

Occupied Bandwidth
(OBW)

OBW = f2 − f1

• f1 and f1: Lower and upper cutoff fre-
quencies such that

∑f2
k=f1

|S [k ]|2∆f =

α
∑n−1

k=0 |S [k ]|2∆f , where α is the percent-
age of total signal power (default α = 0.99
for 99%).

• S [k ]: The discrete Fourier transform of
the signal.

• ∆f = Fs
n : The frequency bin width, where

Fs is the sampling frequency.

[Hz]
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Spectral Flatness (SF) SF = geomean(|X [k ]|)
mean(|X [k ]|)

• X [k ]: The discrete Fourier transform of
the signal.

• |X [k ]|: The magnitude of the DFT coeffi-
cients.

• geomean(|X [k ]|): The geometric mean of
the magnitudes.

• mean(|X [k ]|): The arithmetic mean of the
magnitudes.

[dimensionless]

Spectral Roll-off (SR) the frequency below which a fixed percentage
(85 %) of the total power of the AE signal spec-
trum is contained. It is defined as the frequency
fr satisfying

∑kr
k=0 |X [k ]|2 ≥ 0.85

∑N−1
k=0 |X [k ]|2

• |X [k ]|2: The energy at frequency bin k .

• fr : The frequency corresponding to the
roll-off point.

• N : The total number of frequency bins.

[Hz]

Harmonic-to-Noise Ra-
tio (HNR)

HNR = 10 log10

(
Ph
Pn

)
• Ph =

∑
k∈harmonic |X [k ]|2: The total

power of the harmonic components.

• Pn =
∑

k∈noise |X [k ]|2: The total power of
the noise components.

[dimensionless]

Spectral Entropy (SE) SE = −
∑N−1

k=0 pk log(pk )

where pk = |X [k ]|2∑N−1
j=0 |X [j ]|2

: normalized power spec-

trum

[dimensionless]

The uncertainty in the measurements during the impact test is considered Type A.
Therefore, only the mean and the sample standard deviation were calculated. The next
step is to calculate the combined uncertainty by combining Type A and Type B uncer-
tainties using Equation (A.7). Finally, the expanded uncertainty can be obtained using
Equation (A.7), assuming that each feature follows a normal distribution and a 2σ confi-
dence level.
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For each sensor, many features were unable to capture the degradation trend caused
by successive impacts. Figure 6.1 presents the mean value of the feature duration and its
uncertainty range for the baseline of the WD sensor. The blue error bars represent the
mean and uncertainty range of the measurements after each impact. It can be concluded
that duration is a feature that did not vary with sensor degradation, as all measurements
remained within the baseline uncertainty range. Therefore, this feature was not considered
for use as a verification criterion. Similarly, many other features were also excluded because
they did not reflect the degradation process of the sensors.

Figure 6.1: Mean and expanded uncertainty values of the baseline and of the measurements
after each impact of the WD sensor.

6.1 WD Sensor

In total, 18 features were able to capture the degradation process for the WD sensor.
Figure 6.2 presents a graph of the cumulative drop-down energy at the point when each
feature first exceeds the uncertainty range. Considering all 18 features, the mean drop-
down energy at which the measurements first exceeded the baseline uncertainty is 4.32 J.
The first feature to exceed this limit was the skewness value, at 1.36 J.

Figure 6.3a shows the mean and expanded uncertainties of the baseline and the mea-
surements after each impact for the skewness value. For illustration, the features am-
plitude, RMS values, and partial power 1 are plotted in Figures 6.3b, 6.3c, and 6.3d,
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6.1 WD Sensor

respectively. These plots define the criteria for verifying an AE sensor, establishing three
levels of degradation:

- Deviation level 1: Minor deviation from the baseline, indicating light degrada-
tion. This corresponds to measurements exceeding the baseline uncertainty but remaining
within ±2.5 times the expanded uncertainty of the baseline.

- Deviation level 2: Moderate deviation from the baseline, indicating moderate degra-
dation. This corresponds to measurements exceeding ±2.5 times but remaining below ±7
times the expanded uncertainty of the baseline.

- Deviation level 3: High deviation from the baseline, indicating severe degradation.
This corresponds to measurements exceeding ±7 times the expanded uncertainty of the
baseline.

When a measurement falls outside the defined uncertainty range, the sensor is consid-
ered not approved.

Figure 6.2: Cumulative drop-down energy at which each feature first exceeds the uncer-
tainty range of the WD sensor baseline.

As can be noticed, although the skewness value was the first to exceed the limits of
uncertainty, as the impact test continued, it started to show measurements withing the
range of uncertainty slightly before 6 J. At that point, however, many other features were
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showing values outside the range of uncertainty, such as the amplitude, RMS, and partial
power 1. Figure 6.4 presents a graph of the number of features outside the uncertainty
limits, showing a growing trend with increasing cumulative drop-down energy. After the
first feature exceeded the uncertainty, there were a minimum of two features outside the
range of uncertainty.

(a)

(c)

(b)

(d)

Figure 6.3: Mean and expanded uncertainty values of the baseline and of the measurements
after each impact for the WD sensor. (a) Skewness value. (b) Amplitude. (c) RMS value.
(d) Partial power 1.

Table 6.2 presents the absolute expanded uncertainty values for the 18 features in the
second column, and the relative expanded uncertainty in the third column. The relative
expanded uncertainty was calculated using Equation A.8 and can be used to compare the
results with other verification devices, serving as a general guide for industry.
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6.1 WD Sensor

Figure 6.4: Number of features outside the uncertainty bounds of the baseline vs. cumu-
lative drop-down energy for the WD sensor.

Table 6.2: Expanded and relative expanded uncertainties of the selected features for the
WD sensor.

Feature
Expanded
Uncertainty

Relative Expanded
Uncertainty [%]

Amplitude [mV] 222.85 10.53
RMS Value [mV] 24.0 4.99
ASL Value [mV] 9.2 5.04
Amplitude Rate to Peak [V/s] 2751610.4 10.67
Amplitude at Peak Frequency [mV] 10.30 5.85
Freq. Weighted Peak [kHz] 45.8 6.65
Partial Power 1 [%] 1.5119 10.02
Partial Power 2 [%] 1.6954 4.98
Partial Power 3 [%] 2.6682 6.55
Partial Power 4 [%] 0.1935 18.94
Partial Power 6 [%] 0.0615 18.20
Minimum Value [mV] 138.7 4.74
Range Value [mV] 352.0 6.98
Skewness Value 0.26 25.11
MAD Value [mV] 10.12 5.42
Std. Dev. of Differences [mV] 3.0 7.12
Mean Square [mV2] 16684.9 7.19
Occupied Bandwidth [kHz] 286.6 16.64
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6.2 VS900-M Sensor

Figure 6.5 presents the graph of the cumulative drop-down energy at each feature first
exceeds the uncertainty range for the VS900-M sensor. In this case, there were six features
that showed early deviation: amplitude, RMS value, Amplitude Rate to Peak, Amplitude
at Peak Frequency, range, and standard deviation of differences. The VS900-M sensor
showed more features that were able to capture the degradation trend of the sensor. The
average cumulative drop-down energy for early deviation, considering all features, is 7.21
J, and the cumulative drop-down energy for the features that showed early deviation is
0.94 J.

Figure 6.5: Cumulative drop-down energy at which each feature first exceeds the uncer-
tainty range of the baseline: VS900-M sensor.

Figure 6.6 presents some features that showed early deviation with the same degra-
dation trend, such as the amplitude, RMS value, range, and standard deviation of the
differences. Although some features show the same degradation trend, each feature has its
own magnitude values and sensitivity to impact, so that, for a more robust assessment of
the condition of the sensor, all the features that are able to show the degradation process
are kept. Figure 6.7 presents the number of features outside the uncertainty limits as a
function of the cumulative drop-down energy, where it can be observed that at least one
feature was outside the limits above 5 J.
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6.2 VS900-M Sensor

(a) (b)

(c) (d)

Figure 6.6: Mean and expanded uncertainty values of the baseline and of the measurements
after each impact for the VS900-M sensor. (a) Amplitude. (b) RMS Value. (c) Range
Value. (d) Standard deviation of the differences.

Figure 6.7: Number of features outside the uncertainty bounds of the baseline vs. cumu-
lative drop-down energy for the VS900-M sensor.

Table 6.3 presents the absolute expanded uncertainty values for 22 features and the
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relative expanded uncertainty. In general, it can be observed that the uncertainties of the
VS900-M sensor are lower than those of the WD sensor. This is more evident when com-
paring the relative expanded uncertainties. The reason for this can be partially explained
by the fact that the improved coupling mechanism was used for the VS900-M and the
3D-printed coupling mechanism was used for the WD sensor.

Table 6.3: Expanded and relative expanded uncertainties of the selected features for the
VS900-M sensor.

Feature
Expanded
Uncertainty

Relative Expanded
Uncertainty [%]

Amplitude [mV] 6.5 1.43
RMS Value [mV] 1.4 1.89
ASL Value [mV] 0.9 3.23
Amplitude Rate to Peak [V/s] 68827.1 1.38
Amplitude at Peak Frequency [mV] 291.2 1.00
Frequency Centroid [kHz] 136.8 14.70
Freq. Weighted Peak [kHz] 33.1 8.59
Partial Power 1 [%] 1.1590 3.91
Partial Power 2 [%] 1.4801 3.87
Partial Power 3 [%] 0.2984 1.38
Partial Power 4 [%] 0.1197 11.66
Partial Power 5 [%] 0.0803 31.81
Partial Power 6 [%] 0.0338 35.95
Minimum Value [mV] 15.7 5.93
Range Value [mV] 19.3 2.66
Skewness Value 0.08 4.35
MAD Value [mV] 0.9 3.03
Std. Dev. of Differences [mV] 0.1 2.22
Occupied Bandwidth [kHz] 132.9 19.65
Spectral Flatness 0.04 18.53
Spectral Roll-off [kHz] 303.5 21.87
Spectral Entropy 0.17 3.66

6.3 VS30-V Sensor

Figure 6.8 presents the graph of the cumulative drop-down energy at which each feature
first exceeds the uncertainty range for the VS30-V sensor. In this case, the majority of the
features were able to show early deviation. The average cumulative drop-down energy for
early deviation, considering all features, is 0.38 J, and the cumulative drop-down energy
for the features that showed early deviation is 0.36 J.
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6.3 VS30-V Sensor

Figure 6.8: Cumulative drop-down energy at which each feature first lands outside the
uncertainty range of the baseline: VS30-V sensor.

As an illustration, Figure 6.9 presents several features that showed early deviation
from the baseline. It is important to note that the amplitude and ASL values exhibited
very similar degradation trends. Similarly, the RMS, range, and standard deviation of
the differences showed comparable trends for the VS900-M sensor, while amplitude and
RMS showed similar trends for the WD sensor. Although not all are shown, many features
display comparable degradation patterns. However, each feature has its own sensitivity;
therefore, for a more conservative approach, all features capable of capturing the degra-
dation trend are retained.

Figure 6.10 shows the number of features outside the uncertainty bounds as a function
of the cumulative drop-down energy. It can be observed that up to approximately 2.1 J,
all features remain within the baseline uncertainty bounds. This initial instability is also
reflected in the uncertainty plots of the WD and VS900-M sensors and has been previously
reported in the literature [134].

Table 6.4 presents the absolute expanded uncertainty values for all 22 features, along
with the relative expanded uncertainty. The VS30-V sensor exhibited the same number
of features capable of capturing the degradation trend as the VS900-M sensor.
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(a)

(c)

(b)

(d)

Figure 6.9: Mean and expanded uncertainty values of the baseline and of the measurements
after each impact for the VS30-V sensor. (a) Amplitude. (b) ASL value. (c) Frequency
Centroid. (d) Partial Power 1.

Figure 6.10: Number of features outside the uncertainty bounds of the baseline vs. cumu-
lative drop-down energy for the VS30-V sensor.
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The uncertainties in the measurements are smaller than those of the WD sensor, and
this can be explained, to some extent, by the fact that this sensor was also tested using
the improved coupling mechanism.

Table 6.4: Expanded and relative expanded uncertainties of the selected features for the
VS30-V sensor.

Feature
Expanded
Uncertainty

Relative Expanded
Uncertainty [%]

Amplitude [mV] 18.4 4.00
RMS Value [mV] 4.7 6.29
ASL Value [mV] 2.4 8.36
Inverse Rise Slope [V/s] 178318.1 3.57
Amplitude at Peak Frequency [mV] 3.4 11.70
Frequency Centroid [kHz] 42.1 4.53
Freq. Weighted Peak [kHz] 8.2 2.14
Partial Power 1 [%] 0.4073 1.37
Partial Power 2 [%] 0.4597 1.20
Partial Power 3 [%] 0.2505 1.16
Partial Power 4 [%] 0.0362 3.53
Partial Power 5 [%] 0.0171 6.81
Partial Power 6 [%] 0.0089 9.50
Minimum Value [mV] 19.7 7.42
Range Value [mV] 36.9 5.08
Skewness Value 0.03 1.52
MAD Value [mV] 2.3 7.50
Std. Dev. of Differences [mV] 0.09 1.78
Bandwidth [kHz] 41.2 6.09
Spectral Flatness 0.01 5.34
Spectral Roll-off [kHz] 137.1 9.89
Spectral Entropy 0.06 1.36

6.4 Self Verification Criteria of the Mobile Veri-

fication Setup

Table 6.5 presents the absolute expanded uncertainty values for 28 features in the second
column, and the relative expanded uncertainty in the third column for the measurement
of the baseline of the receiver transducer.
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Table 6.5: Expanded and relative expanded uncertainties of the selected features for the
receiver transducer of the mobile verification device.

Feature
Expanded
Uncertainty

Relative Expanded
Uncertainty [%]

Amplitude [mV] 207.1 4.78
RMS Value [mV] 67.0 4.57
ASL Value [mV] 34.5 4.50
Amplitude Rate to Peak [V/s] 1855309.7 4.73
Frequency Peak Value [Hz] 61300.1 4.60
Frequency Centroid [Hz] 32904.8 12.79
Freq. Weighted Peak [Hz] 8365.713571 7.27
Partial Power 1 [%] 0.0435 0.04
Partial Power 2 [%] 0.0387 5.89
Partial Power 3 [%] 0.0030 8.78
Partial Power 4 [%] 0.0005 21.94
Partial Power 5 [%] 0.0007 23.77
Partial Power 6 [%] 0.0002 29.78
Minimum Value [mV] 203.6 4.52
Range Value [mV] 410.1 4.64
Skewness Value 0.01 54.45
MAD Value [mV] 36.4 4.50
Std. Dev. of Differences [mV] 1.0 4.60
Bandwidth [Hz] 1695.1 1.06
Spectral Flatness 0.01 17.22
Spectral Roll-off [Hz] 12000.2 7.76
Spectral Entropy 0.06 2.13

As the mobile verification device is intended to be used to verify AE sensors after its
validation, and it is possible that it will be used for more investigations, degradation of
any kind was not imposed on it to assess the behavior of the features. However, Table 6.5
presents reference uncertainty values that can be used as criteria. If one of the features is
outside the uncertainty range, the mobile verification device auto-check must be considered
not approved. The same applies to sensors, where the corresponding table of uncertainties
must be used.
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Chapter 7

Discussion, Conclusion and Future Work

7.1 Design of the Mobile Verification Device

In Chapter 3, the mobile verification device was introduced, where its components were
presented in detail, including details of the design and assembly. The operation of the
device is divided into two steps, the setup auto-check and the sensor verification. The
setup auto-check is a preliminary step intended to avoid a faulty assessment of the SUT.
Two options of coupling mechanisms were proposed, a 3D-printed one and another made
of metallic components. Both coupling mechanisms have features that allow the sensor to
couple at the same position and with the same orientation. This proved to be relevant for
decreasing the variation among the measurements as discussed in Section 4.3, and, as can
be noticed in Figures 4.2a and 4.2d, different sensor orientations produce different signal
time series.

Approximately 300 waveform measurements were found to be sufficient to stabilize
the experimental standard error of the mean, considering the amplitude and the mobile
verification device auto-check. However, 600 measurements were chosen for a more robust
statistical analysis for both the setup auto-check and the sensor verification. The data
of each measurement were processed before any assessment of the setup and sensor con-
ditions. The data processing is described in Section 3.4, where the measuring data were
converted to CSV file format and then the first and last waveforms were deleted, and the
cross-correlation filter was applied. Then, the features are computed for each individual
waveform. Afterward, statistics such as mean and standard deviation are computed for
each feature. Table 6.1 contains all the features studied in this work. The majority of these
features were found not to be suitable for sensor verification. The appropriate features for
sensor verification can be found in Tables 6.2, 6.3, and 6.4.
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7.2 Qualification of the Mobile Verification De-

vice

In Chapter 4 several tests were performed to validate the device. With the angle sensitivity
test it was possible to establish which manufactured transducer would play the role of
transmitter and receiver, as well as their orientation on the plate. One of the transducers
showed a drastic decrease in sensitivity in one of the angle orientations as a result of a
manufacturing problem with the wear plate. This was not a problem, since this transducer
was chosen as the receiver, and it was placed on the plate with its most sensitive angle
facing the transmitter transducer.

From the assembly test, where an assembly procedure for the aluminum frames was
proposed. From the assembly test, it can be concluded that the propagation medium
can be assembled multiple times, which is a relevant feature if sensor verification must be
performed on different materials. However, more tests with different plate materials must
be performed to fully confirm this hypothesis. A possible future work is to check whether
plates made of the same material with very close mechanical properties can produce similar
results. This could be of interest in case that a plate in use is accidentally damaged, and
a backup plate can be used as a replacement.

The effect of operators was examined in the human-reproducibility test, in which six
individuals performed measurements using both the mobile verification device and the
benchmark verification device. The measurements obtained by the receiver of the mobile
verification device proved to be the most reproducible, showing a minimum normalized
cross-correlation of 0.9994, followed by the SUT measurements of the benchmark device,
which showed a minimum normalized cross-correlation of 0.9977. The lowest reproducibil-
ity was observed for the SUT measurements performed with the mobile verification device,
which resulted in a minimum normalized cross-correlation of 0.9800.

The high reproducibility of the receiver transducer is attributed to its coupling mech-
anism, which allows the transducer to couple to the propagation medium at the same
position and with the same orientation each time. The SUT coupling mechanism of the
benchmark verification device also ensures consistent positioning, but it does not ensure
the same sensor orientation. The 3D-printed SUT coupling mechanism of the mobile veri-
fication device produced the least reproducible results, despite also constraining the sensor
position and orientation. This reduced reproducibility is primarily due to its construction:
the mechanism is made almost entirely from 3D-printed carbon-reinforced polymer com-
ponents, a manufacturing process that cannot guarantee the tight tolerances for sliding
parts. As a result, the distance between the SUT and the transmitter transducer varies
between measurements. Moreover, the sensor must fit loosely inside the adapter to allow
easy insertion and removal, which introduces additional variability in the measurements.

As the SUT 3D-printed coupling mechanism showed lower performance than the others,
it was improved and a new version made of metallic components was built and investigated.
This new version with sliding bushings showed better performance than the original bush-
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ings and 3D-printed versions, having less variation for each individual test and among the
tests, as shown in Figure 4.14. Although the 3D-printed coupling mechanism performed
the worst, its minimum normalized cross-correlation values were not much inferior to the
other mechanisms, making this device an attractive solution in terms of costs.

Settlement tests were performed for several sensors, consisting of applying the cou-
pling agent on the sensor and starting the measurement right after it was coupled to the
propagation medium. In the worst-case scenario, which corresponds to the WD sensor, a
variation of the maximum amplitude for each waveform of approximately 80 % was ob-
served. After 400 seconds, all sensors started to show a monotonic behavior, indicating
settling in the measurements. It is fundamental to consider the settling behavior of each
sensor before making the measurements that will be used for verification.

Environmental tests were performed with respect to temperature and humidity to
characterize the behavior of the mobile verification device. First, a preliminary climate
test was performed to establish the thermal accommodation time. The behavior of the
mobile verification device was characterized for temperatures ranging from -10 ◦C to 45
◦C. The pulses were generated by the transmitter transducer and measured by the re-
ceiver transducer of the mobile verification device. It was observed that there was an
increasing trend in amplitude with temperature. The frequency spectrum response due
to the temperature variation was also studied, showing an increasing trend of maximum
FFT magnitude with increasing temperatures. This can be explained by the fact that,
with increasing temperatures, the propagation medium loses stiffness, causing oscillations
with higher amplitudes. This is in agreement with a similar study already reported [145].
The peak frequency showed a decreasing trend with increasing temperatures, which is also
related to the loss of stiffness.

The behavior of the mobile verification device was also studied under the variation
in relative humidity from 0 % RH to 100 % RH, keeping the temperature constant at
25 ◦C. The measurements of the pulses were also performed. A small variation of 1.5
% in the maximum amplitude was observed for the range from 40 % RH to 100 % RH,
indicating that RH has a small influence on the mobile verification device. After the
climate chamber tests, the measurements of the mobile verification device were compared
with the measurements before the climate chamber test, and the results indicate that it
remains stable after a wide range of temperature and RH variations.

Climate chamber tests for several AE sensors were also performed. An advantage of
the mobile verification device is its dimensions and weight, allowing it to fit in a climate
chamber and characterize the response of the sensors at different temperatures. Similarly
to the mobile verification device, the temperature was varied from -10 ◦C to 45 ◦C for
the sensors: WD, VS150-M, VS900-M, and VS150-RSC, and from -5 ◦C to 45 ◦C for the
VS30-V sensor.

The WD sensor showed a behavior similar to that of the receiver transducer of the
mobile verification device, where the maximum wave amplitudes and the maximum FFT
magnitude increased with increasing temperatures. The WD sensor also showed a de-
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creasing trend in amplitude at peak frequency with increasing temperature. The frequency
spectrum of the WD sensor was compared with the sensitivity chart provided by the sensor
manufacturer, and it shows some similar features.

The VS30-V also showed similar behavior, where the maximum wave amplitudes and
the maximum FFT magnitude showed an increasing trend with increasing temperatures.
However, the peak frequency showed a distinct trend, increasing up to 10 ◦C, then remain-
ing stable up to 25 ◦C, then decreasing at 30 ◦C and remaining stable. The resulting fre-
quency spectrum showed a narrow response, which was aligned with the sensor datasheet.
The highest sensitivity of the sensor was around 55 kHz, which is also in agreement with
the sensor datasheet.

The VS150-M was one of the sensors that showed less variation in the measurements
for both the amplitude and FFT magnitude. Another relevant observation is that the
frequency spectrum obtained with the mobile verification device has several identical fea-
tures to the sensitivity chart provided by the sensor manufacturer, such as the resonances
and anti-resonances.

The VS900-M also showed good agreement between the frequency spectrum obtained
by the mobile verification device and the sensitivity chart provided by the sensor manu-
facturer, matching resonances and anti-resonances.

The VS150-RSC sensor showed a very distinct maximum amplitude trend, showing
decreasing maximum amplitudes with increasing temperatures. One possible explanation
for this can be the fact that this sensor has a built-in amplifier, and its inner electronic
circuit could counteract the response of the piezoelectric ceramic. The maximum FFT
magnitude also showed a decreasing trend with temperature, and the peak frequency
showed a very stable behavior. The frequency spectrum obtained by the mobile verification
device had a few characteristics that were also present in the sensitivity chart provided by
the sensor manufacturer.

7.3 Validation of the Mobile Verification Device

The validation of the mobile verification device consisted of the gradual degradation of
the WD, VS30-V, and VS900-M sensors by impact. Therefore, the ball drop device was
constructed in such a way that the height of impact could be adjusted by adding tubes
on top of each other. The sensors were impacted by a steel ball with a mass of 24 g. This
weight was chosen because it is approximately the weight of the WD sensor, simulating
a sensor drop-down event. The ball drop device allows the sensor to be impacted at the
same lateral point on the sensor, making the impacts reproducible.

The first objective of the impact test is to assess the performance of the mobile verifi-
cation device compared to the benchmark verification device. The benchmark verification
device was constructed by taking into account the requirements of the DGZfP SE-02 stan-
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dard for AE sensor verification. It consists of an aluminum block with a PZT transducer
at the bottom and a sensor holder on top. The second objective of the impact test is to
establish verification criteria for AE sensors based on experimental tests.

The first sensor to be gradually degraded was the WD sensor. After each impact,
the sensor response was measured by both the mobile and benchmark verification devices.
The measured waveforms before and after the impact test for the mobile and benchmark
verification devices, as well as their respective frequency spectra, underwent significant
changes, both showing a drastic decrease in magnitude. From the RMS value versus the
cumulative drop-down energy graph of Figure 5.4, it can be observed that the mobile ver-
ification device detected the change in trend of the RMS values first, after 3.5 J. Although
the benchmark verification device detected the change in trend later, it showed a more
aggressive drop in RMS values, indicating more sensitive behavior. The impact-induced
damage to the WD sensor was characterized by scanning acoustic microscopy, as shown
in Figures 5.5a and b, where the inner piezoelectric disk was detached from the wear plate
and the outer piezoelectric ring was partially detached.

The second sensor damaged by the impact test was the VS900-M. The graph of the
RMS value versus the cumulative drop-down energy showed a decreasing trend after 12 J.
However, the benchmark device showed a more drastic decrease. The last measurement
before the sensor was completely damaged showed a significant increase in value for the
mobile verification device and a significant decrease in value for the benchmark verification
device. The possible reasons could be that the mobile and benchmark verification devices
operate with different types of waves. The mobile verification device operates with Lamb
waves, and the benchmark verification device operates with longitudinal waves. It is
possible that in the final stage of damage, the Lamb wave was more sensitive than the
longitudinal wave. Another explanation could be the loss or increase in electrical contact
within the sensor, which would have a significant impact on the sensor response. The
impact-induced damage was also characterized, in this case by X-ray inspection, as shown
in Figures 5.9a and 5.9b, where the piezoelectric disk was broken into multiple pieces.

The final sensor to be degraded was the VS30-V. The measurements of both mobile and
benchmark verification devices showed a drastic decrease in signal strength and frequency
content after the impact test. The graph of the RMS value versus the cumulative drop-
down energy showed a distinct behavior compared to the other sensors, where the RMS
value decreased drastically and then recovered with increasing impact number, as can be
observed in Figure 5.12. This behavior was also noticed in the measurements performed by
the benchmark verification device. As mentioned, this sensor started to show degradation
in its measurements after around 2.5 J of cumulative drop-down energy, making it the one
that showed the earliest deviation. This can also be explained by its design, similar to that
shown in Figure 2.5b. This sensor has a large backing mass/piezoelectric element that can
magnify the stress at the interface between the metallic membrane and the piezoelectric
element caused by impact. Unfortunately, it was not possible to characterize the damage
in the sensor by imaging, either by X-ray or by SAM.

With the impact test, it was possible to assess the performance of the mobile verifi-

111



7 Discussion, Conclusion and Future Work

cation device in the detection of the degradation of the AE sensors and to compare its
performance with the benchmark verification device. It can be concluded that the mobile
verification device showed a performance similar to that of the benchmark verification
device. Although the mobile verification device showed less sensitive behavior, it was
able to detect the change in trend in the measurements first for the WD sensor and at
approximately the same point for the other sensors.

7.4 Evaluation Criteria

Chapter 6 presented the evaluation criteria for three distinct AE sensors that were sub-
jected to gradual degradation. It also presented the evaluation criteria for the mobile
verification device. The criteria are based on the uncertainty limits, which represent the
condition of the sensor in an undamaged state. If the current measurement of an AE
sensor or the mobile verification device auto-check feature is outside the range of uncer-
tainty compared with the reference value, the sensor or the device should be considered
not approved. In this sense, three deviation levels were established for the degraded sen-
sors. Deviation level 1 consists of measurements that lie outside the uncertainty up to
two-and-a-half times the expanded uncertainty of the baseline. Deviation level 2 consists
of measurements that lie outside deviation level 1 up to seven times the expanded uncer-
tainty, indicating moderate damage. Deviation level 3 consists of measurements that lie
outside deviation level 2, indicating severe damage.

It is important to mention that of the original 46 investigated features, only 18 features
were able to capture the degradation progress of the WD sensor; therefore, the other
features were not used in the verification criteria. For the VS900-M and VS30-V sensors,
22 features were able to capture the degradation progress of the sensors, and this difference
in feature numbers can be explained, to some extent, by the fact that the WD sensor has
a different design from the VS900-M and VS30-V sensors. Among the sensors, the VS900-
M was the one that showed greater tolerance to impact, with the average cumulative
drop-down energy of the features outside the uncertainty limits being the highest, 7.15 J,
followed by the WD sensor at 4.19 J, and the VS30-V showing the lowest value of 0.41 J.

As observed in this study and as reported in previous work [134], the sensors can show
unstable behavior such that it is possible that one sensor can pass the verification test and
then fail later. Therefore, it is important to keep track of the sensor test results and not
use sensors that have once failed the verification test in a high-responsibility AE test or
in tests that require a long duration. For instance, a sensor that shows deviation level 1
could be still used to detect leakage in non-critical valves or to determine the wave velocity
in a test specimen.

Tables from 6.2 to 6.5 present the reference values for the evaluation criteria of the
WD, VS900-M, VS30-V, and the mobile verification device, respectively. Overall, the
uncertainty values of the WD sensor are higher than those of the other sensors because
the 3D-printed coupling mechanism was used to perform the measurements of this sensor,
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which showed more variation in the measurements. The VS900-M and VS30-V measure-
ments were performed with the improved coupling mechanism, which likely improved the
variation in the measurements.

Possible future work for the mobile verification device could consider increasing the
number of damaged sensors already investigated in this work, as well as including new
sensor types. This could contribute to a more robust assessment of the mobile verification
device and more robust verification criteria for AE sensors.

Another possible future work is to study the possibility that the mobile verification
device can also perform sensor calibration, since it has a receiver transducer that could
work as a reference sensor if the receiver is absolutely calibrated. Another aspect that
reinforce this possibility is the fact that the measurements of the mobile verification device
showed very similar features compared to the sensitivity chart of the sensors’ manufacturer.

As the mobile verification device measurements are strongly influenced by temperature,
another future work could be to find a methodology to compensate for the influence of
temperature.

A possible point for improvement in the design of the mobile verification device is
to find a means to increase the automation level. In this sense, a robotic automation
approach could be advantageous in improving efficiency and reliability.
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Appendix A
Calculation of Expanded Uncertainty

Calculation of Type A Uncertainty

The first step in calculating the expanded uncertainty is to calculate the arithmetic mean
or average of the measurand, as given in Equation (A.1). It is calculated under the
assumption that it varies randomly (random variable X̄i).

X̄i =
1

n

n∑
i=1

Xi (A.1)

Where:

• X̄i is the mean value of the measurand obtained from a set of observations.

• n is the number of observations.

• Xi is an observed value with the index i .

The next step is to calculate the sample standard deviation of each variable SXi Equa-
tion (A.2).

SXi =

√√√√ n∑
i=1

(
xi ,m − X̄i

)2
(n − 1)

(A.2)

Where:

• xi ,m is the m − th individual measurement in the set for the variable SXi .
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The next step is to calculate the experimental standard deviation of the mean SX̄i
in

Equation (A.3). This equation is meant for measurements that were taken in sequence
under the same conditions i .

SX̄i
=

SXi√
Mi

(A.3)

• Mi is the total number of measurements for SXi .

The final step to calculate Type A uncertainty is to compute the uncertainty of all
uncertainties in the different measurement conditions in Equation (A.4).

SX̄i,A
=

1√
J

 J∑
j=1

(
SX̄i,A,j

)2

1/2

(A.4)

Where:

• SX̄i,A,j
is the values from Equation (A.3).

• J is the number of different conditions under which the measurements were taken.

Calculation of Type B Uncertainty

The Type B uncertainty is calculated by other means rather than statistical methods;
therefore, it is more straightforward to compute compared to the Type A uncertainty. It is
calculated using the contributions of elemental Type B sources of errors in Equation (A.5).

bX̄i,B
=

1√
J

 J∑
j=1

(
SX̄i,B,j

)2

1/2

(A.5)

Where:

• SX̄i,B,j
is the individual elemental Types B errors sources.

• J is the number of different types B elemental sources of errors.
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Combined Standard Uncertainty in the Measurement

The combined standard uncertainty in the measurement is uX̄i
, expressed by Equation

(A.6), which requires the values of Equations (A.4) and (A.5).

uX̄i
=

√(
SX̄i,A

)2
+
(
bX̄i,B

)2
(A.6)

Expanded Uncertainty in the Measurement

To calculate the expanded uncertainty in the measurement, it is necessary to multiply the
combined uncertainty uX̄i

by the coverage factor KCL. This factor comes from statistical
tables based on the Student’s t-distribution or the normal distribution, depending on the
degrees of freedom associated with the measurement uncertainty, and it accounts for a
confidence level of typically 95% or 99%, depending on the rigor of the measurement.

UX̄i ,CL = KCLuX̄i
(A.7)

Another way to express the expanded uncertainty is to use the relative uncertainty,
Equation (A.8).

ÛX̄i ,CL =
UX̄i ,CL

X̄i
× 100(%) (A.8)

Finally, the measurement of one specific measurand is expressed by

X̄i ±UX̄i ,CL (A.9)

at a confidence level of CL%.

143



Appendix B
Drawings of the Mobile Verification
Device

The dimensions in the drawings are shown in millimeters (mm) and are not to scale.
Tolerances are not given because they were manually adjusted. The building material and
assembly details can be found in the text.

Figure A.1: Transmitter and receiver transducers design.

144



Figure A.2: Lower cap.

Figure A.3: Lower matching layer.
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Figure A.4: Upper matching layer.

Figure A.5: Conical PZT-5A element.

Figure A.6: Locker pin.
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Figure A.7: Casing.
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Figure A.8: Brass backing mass.

Figure A.9: Lower non-metallic sleeve.
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Figure A.10: Upper non-metallic sleeve.

Figure A.11: Upper cap.
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Figure A.12: Transmitter and receiver coupling mechanism.

Figure A.13: Guiding rod.

150



Figure A.14: Body ring.

Figure A.15: Lower spring sleeve.
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Figure A.16: Locker.

Figure A.17: Lower sliding sleeve.
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Figure A.18: Upper sliding sleeve.

Figure A.19: Hinge pin.
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Figure A.20: Cup.

Figure A.21: Upper spring sleeve.
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Figure A.22: Upper cap.
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Figure A.23: Improved coupling mechanism.

Figure A.24: WD sensor adapter.
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Figure A.25: Upper sensor adapter.

Figure A.26: Lower stopper.
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Figure A.27: Spring sleeve.

Figure A.28: Guiding rod.

Figure A.29: Upper stopper.
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Figure A.30: Spacer.

Figure A.31: Back plate.
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Figure A.32: 3D-printed coupling mechanism.
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Figure A.33: WD sensor adapter.
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Figure A.34: Upper sensor adapter.

Figure A.35: Inner Guide.
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Figure A.36: Body ring.

Figure A.37: Guiding rod.
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Figure A.38: Lower and upper spring sleeve.

Figure A.39: Cup.
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Figure A.40: Upper cap.
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Appendix C
Operational Procedure of the Mobile
Device

Introduction

Overview

This document is the operational manual of the mobile device for acoustic emission sensor
verification. It contains information on how to operate the mobile device towards sensor
verification. It also mentions a specific data acquisition setting for reference.

Acronyms

AE – Acoustic Emission

DAQ – Data Acquisition

PLB – Pencil Lead Break

PZT – Lead (plumbum) Zirconate Titanate

SMA – Sub-Miniature version A (connector)

STD – Standard

SUT – Sensor Under Test

TR – Transient Record

166



# Document Title Type of the Document

01 AMSY-6 System Specification Instruction manual

02 AMSY-6 Chassis and AE Signal Processor
Instruction Manual

Instruction manual

03 AMSY-6 Software Operation Manual Instruction manual

04 2/4/6 Switch Selectable Gain Single Ended
and Differential Preamplifier

Data sheet

05 Studies on a Mobile Acoustic Emission Sen-
sor Verification Device, 36th EWGAE, Pots-
dam, 2024.

Conference Paper

06 Agilent 33210A 10 MHz Function/Arbitrary
Waveform Generator

Instruction manual

07 WA301 Wideband Amplifier Instruction manual

Table A.1: List of referenced documents

References

Setup

The mobile device, shown in Figure 1 is meant to verify acoustic emission sensors not just
in the laboratory but also in the field. Its support structure consists of 30 mm x 30 mm
extruded aluminum profiles. The frame supports the plate, made from the aluminum alloy
AlMg3 with dimensions 500 mm x 400 mm x 3 mm, serving as propagation medium for
plate waves. The plate is point-mounted at the corners so that no undesirable reflections
occur except via the edges of the plate, and it can vibrate freely. A supporting frame is an
extension in the form of a bridge where the transmitter, receiver, the coupling mechanism
of sensor under test (SUT), and amplifier holders are attached as can be observed in
Figure A.41a.
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Figure A.41: (a) Illustration of the mobile device for acoustic emission sensor verification.
(b) Illustration of the transmitter and receiver and their coupling mechanism. (c) Illus-
tration of the SUT and its coupling mechanism.

The transmitter is a customized conical PZT capable to generate elastic waves that
are measured by the SUT and the receiver. Therefore, it is positioned at the center of the
plate, in between the SUT and the receiver, at a distance of 125 mm each.

The holder of the receiver was constructed by means of a spring-loaded mechanism
and manufactured via 3D printing, and is identically to the holder of the transmitter
and the details can be observed in Figure A.41b. Inside the receiver is a conical PZT
element, which is damped by a brass cylinder and tensioned with a spring so that the
pulse generator can compensate for thermal and mechanically induced expansion. There
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is a spring-loaded mechanism for the receiver, transmitter and SUT (Figure A.41c), and
guiding rod to allow them to couple and decouple with the aluminum plate at the same
position and with the same orientation. The transmitter and receiver can be retrieved and
be locked in position during transportation to avoid damage. Three amplifiers of model
2/4/6 supplied by Mistras Inc were used, with one for the SUT, when no built-in amplifier,
one amplifier for the transmitter and one for the receiver.

Usually, an amplifier for the transmitter is not required, but has been integrated in
case of testing the transmitter as a sensor by Pencil Lead Breaks (PLBs). Furthermore,
there is one arbitrary waveform generator model 33210A supplied by Agilent and one
amplifier model WA301 supplied by Aim TTi. The DAQ system used is AMSY- MB2-V1
model supplied by Vallen Systeme GmbH, with four channels. For other DAQ system
manufactures, the settings must be adapted accordingly.

Operational Procedure

The operation of the mobile device for acoustic emission verification is divided in two
steps, consisting of the device auto-check and the sensor verification.

Auto-Check

The device auto-check is a preliminary step before sensor verification, meant to verify the
overall performance of the device. For transportation, the system is partly disassembled,
so it needs to be re-qualified after re-assembly. Hence, this step is necessary to ensure that
the setup is correct.

Start is transmitter and receiver in retrieved position, as shown in Figure A.42a. For
the coupling between transmitter and the aluminum plate, use a spatula with approxi-
mately 50 mg to 60 mg of coupling agent KORASILON-Paste (medium viscosity) supplied
by Kurt Obermeier GmbH & Co. KG. on the area where the transmitter will be posi-
tioned. The transmitter must be held with one hand, Figure A.42b, and with the other
hand, the locking mechanism is released, Figure A.42c. Slowly release the transmitter
towards the plate avoiding impact, as shown in Figure A.42d. Repeat the procedure for
the receiver.
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Figure A.42: (a) Transmitter in retrieved position. (b) Hold the receiver with one hand.
(c) Release the locking mechanism. (d) Slowly release the transmitter towards the plate.

The cable of the receiver must be connected to the single input of its 2/4/6 amplifier
and the switch must be in single position. The gain of the amplifier must be in 40 dB
position and its output must be connected to the channel number 3 of the DAQ system.

The output of the arbitrary waveform generator must be connected to the input of the
WA301 amplifier, and its 50 Ωoutput connected to the transmitter, Figure A.43.

Figure A.43: Full verification setup.

Connect the power cords of the DAQ system, of the arbitrary function generator, and
of the WA301 amplifier into the electric outlets and turn on all devices .

Select the function pulse on the arbitrary wave form and enter the following settings:
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Frequency = 15 Hz

Amplitude = 10 Vpp (peak-to-peak)

DC-Offset = 0 V

Window width = 10 µs

Edge (rise time) = 20 ns

These settings were found to be optimal for the specific case of the transmitter and
receiver measurements. Other pulse settings can be required to adapt to the response of
specific SUTs.

On the front end of the DAQ system, select the position of the switches to enable AE
and transient record (TR).

Connect the USB cable of the DAQ system to the laptop/pc and open the application
“Vallen Control Panel”. In the “Vallen Control Panel”, open the application “Acquisition”
under the tab “Normal Use”, as shown in Figure A.44.

Figure A.44: Vallen Control Panel.

On “Vallen Acquisition”, double-click on “Step 2”, as shown in Figure A.45, and
navigate to the folder where the pulse test template file should be saved and save with
appropriate name.
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Figure A.45: Vallen Acquisition.

Afterward, the “Acquisition Parameter Setup” will automatically open. Click on
“save” after setting the features according to Figure A.46.

Figure A.46: Acquisition Parameter Setup.

Click on “Go to data Acquisition”, then click “VisualAE”, as shown in Figure A.47.
Afterward, click on “Continue”, select the option “Yes, browse for a setup file” and select
the appropriate template.
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Figure A.47: Data acquisition menu.

Then, click on the green play button, as shown in Figure A.48, return to “Data Ac-
quisition” and click on “Record”. After that, press “Output” on the front end of the
arbitrary function generator to collect at least 600 signals. Click on “Pause” to pause
recording data, and then on “Stop”.

Figure A.48: Data Visualizer.
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Sensor Verification

Once the setup is approved, the operator can move on to verify the AE SUT. For the
coupling between SUT and the aluminum plate, use a spatula to spread approximately
50 mg to 60 mg of coupling agent KORASILON-Paste (medium viscosity) supplied by
Kurt Obermeier GmbH & Co. KG on the wear plate of the sensor. Retrieve the coupling
mechanism of the SUT by moving it upwards with one hand. Then, insert the sensor with
the other hand in the hole of the sensor adapter, Figure A.49a-c. There exist different
adapters depending on the model and geometry of the sensor. Afterward, slowly release
the coupling mechanism for the SUT to move towards the plate avoiding impact.

Figure A.49: (a) Coupling mechanism of the SUT in advanced position. (b) Coupling
mechanism of the SUT in retrieved position. (c) Positioned SUT and coupled to the
surface.

If the sensor has an integrated amplifier, connect the sensor to channel three of the AE
DAQ system. If the sensor does not have an integrated amplifier, connect the SUT to the
input of the 2/4/6 amplifier and select differential switch position for differential sensors,
or single if the sensor has a single PZT element. In the case that the 2/4/6 amplifier is
required, select the appropriate gain. Connect the output of the 2/4/6 amplifier to channel
three of the AE DAQ system.

Similar to the auto-check procedure, select the appropriate pulse settings on the front
end of the arbitrary function generator.

Before staring signal recording, it is important to observe a settlement time of the
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coupling agent, which varies among the sensor types.

Similar to device auto-check, perform the data acquisition of 600 signals.

Storage and Transportation

The mobile device must be stored with the transmitter and receiver coupled to the plate
with coupling agent, in order to avoid creep effect on the loading springs of the coupling
mechanisms.

Transmitter and receiver must be moved into retrieved position before transportation,
in order to avoid damage in case of mechanical shock.

After retrieving the transmitter for transportation, the leftover coupling agent must be
removed. Therefore, move the transmitter into retrieved position and insert a wet tissue
between the transmitter and the aluminum plate, Figure A.50. Move the transmitter
downwards and rotate the wet tissue 360°, Figure A.50b. Move the transmitter back
to retrieved position, Figure A.50c. Remove and discard the wet tissue, Figure A.50d.
Repeat the same procedure for the receiver.

Figure A.50: (a) Insert the wet tissue between the transmitter and aluminum plate. (b)
Move the transmitter downwards and rotate the wet tissue 360°. (c) Move the transmitter
back to retrieved position. (d) Remove the wet tissue.
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Appendix D
Example Code for Sensor Verification

The code to automate sensor verification can be found at:
https://github.com/Adelmo-Ferandes/AE-sensor-verification-codes
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Appendix E
Example Code for Climate Chamber Test
Automation

The code to automate climate chamber test can be found at:
https://github.com/Adelmo-Ferandes/AE-sensor-verification-codes
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