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ABSTRACT

The manufacturing process of composite structures permits fully embedding acoustic emission (AE) sensors. While the embedding process may pose challenges, its
advantages, if proven, can outweigh the challenges. The increased sensitivity resulting from embedding acoustic emission sensors in composites is still not defini-
tively established. A test was set up with pre-determined AE initiation locations (surface and sub-surface) and pre-determined receiving sensor’s location (surface and
sub-surface) to ensure any sensitivity increase was evident. The receiving sensor’s attenuation along (at 90°) and across the fibres (at 45°) was assessed using two test
methods: pencil lead breaking (PLB) and actuator methods. The actuator method involved using two pulse generators, the TGP110 pulse generator and the Mistras
FieldCal. A range of specific frequencies were utilised, 30, 60, 150 and 300 kHz, using the FieldCal. The results obtained from the test methods were not in agreement
with each other. For example, comparing the sensitivity using surface cracks, the PLB method showed decreased sensitivity when embedding the receiving sensor
compared to the actuator method, which demonstrated minimal changes in sensitivity. The research aims to clarify the sensitivity increase obtained when embedding

an AE sensor while taking into account the crack’s position and frequency.

1. Introduction

The use of acoustic emission in composites has been explored for
many industries, including automotive [1], energy (wind turbine
blades) [2], aerospace [3], liquid rocket motor casing [4] and hydrogen
tank [5]. The method’s valuable capability lies in detecting and identi-
fying the crack location in a composite without external stimulation or
excitation. Despite the challenges posed by the composite’s anisotropic
properties in locating the AE source, numerous studies have been un-
dertaken to devise solutions [6] [-] [8]. In a composite, the type of crack
can be determined due to the unique waveform produced by each failure
mode [9] [-] [15].

The ability to embed an acoustic emission sensor is particularly
relevant for composites, given the manufacturing process involved.
Piezoelectric sensors such as lead zirconate titanate (PZT) and poly-
vinylidene fluoride (PVDF) can be embedded due to their low thickness.
There are both benefits and challenges associated with the integration of
AE sensors. Benefits include the theoretical high sensitivity, protection
from environmental factors such as foreign objects and external noise,
and eliminating the need for a couplant. However, several drawbacks
are present, such as the mechanical properties loss associated with
embedding, the manufacturing process’s complexity, and the inability to
incorporate on existing structures.

Several experiments have been conducted to investigate the
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utilisation of embedded acoustic emission sensors in various composites
[9,10,16-23]. The mechanical properties deterioration due to embed-
ding a foreign object is found to be dependent on multiple aspects,
including the type of load exerted [24]. The enhanced sensitivity of the
embedded acoustic emission sensor varies among researchers and is still
open for investigation. This study considers the significance of the
crack’s frequency and initiation location, aspects that may be neglected
but still hold importance.

This study aims to investigate the sensitivity of the embedded sensor,
considering the relative position of the crack in relation to the sensor
placement as well as the influence of frequency on the sensor’s
sensitivity.

2. Methodology
2.1. Sensors

A piezoelectric element (PZT) obtained from Farnell (7BB-15-6) was
employed as the actuator. The actuator had a diameter of 15 mm and a
thickness of 0.22 mm. The PZT receiving sensor, obtained from Farnell
(MCFT-15T-4.0A1-121), had dimensions of 15 mm in diameter and 0.13
mm in thickness.
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2.2. Plate manufacturing

The testing plate employed was made of glass fibre-reinforced
polymer. The testing plate was fabricated through resin vacuum infu-
sion, incorporating six layers of woven glass fibres, all togeher sand-
wiched by peel ply. A flow mesh was added to facilitate wetting. The
sensors were positioned at the centre of the composite (between the
third and fourth ply) when manufacturing the fully embedded actuators
plate. The actuators were placed 10, 20 and 30 cm from the receiving
sensor along and across the fibres, as shown in Fig. 1B. A copper cable
with backing adhesive was utilised to establish the electrical connec-
tions. A release film was positioned over the outgoing copper cables.

Four plates were produced — two plates had surface embedded ac-
tuators alongside a surface embedded and a fully embedded receiver, as
seen in Fig. 2A. The other two plates integrated fully embedded actua-
tors alongside surface embedded and fully embedded receivers, as seen
in Fig. 2B.

The fully embedded receivers/actuators were positioned during
manufacturing, whereas the surface receivers/actuators were positioned
after curing, using the same epoxy. Ultimately, the plate measured 615
mm x 630 mm x 2.6 mm in its final dimensions. The materials used for
the manufacturing are detailed in Table 1.

2.3. Equipment

A PCI-2 based AE system (AEwin) was utilised to capture the AE
signal from the receiving sensor. The receiving sensor was connected to
the AE system using a preamplifier set to a gain of 40 dB. The primary
threshold used was 45 dB.

The pulse generator employed was a TGP110 10 MHz model man-
ufactured by Thurlby Thandar Instruments (TTi). It was configured to
pulse with a pulse width of 5 ps, a frequency of 4 s and an amplitude of
10 V.

The pencil used for the pencil lead breaking method was from MIS-
TRAS, pre-fitted with a ‘shoe’. The pencil lead used had a 0.5 mm
diameter and 2H hardness.

The acoustic emission generator, FieldCal by Physical Acoustics, was
utilised to generate a specific frequency signal. The amplitude was set to
90 dB, burst to AE, rate to 1 pps and range to 40 dB.

3. Results and discussion

Multiple researchers made significant contributions to identify the
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effect of fully embedding the acoustic emissions sensor. Researchers
have reported a variety of results when embedding the AE sensor, that is:
no sensitivity change [20], slight improvement [17] and clear
improvement [19]. The testing method used to identify the sensitivity
improvement was mechanically testing specimens with and without
embedded sensors. Various factors can be attributed to the different
outcomes reported, including the sensors, material type, specimen
thickness, manufacturing process and mechanical testing (crack loca-
tion). The mechanical testing method is thought to have a significant
effect as the different mechanical tests could give rise to cracks at
random locations. Specific mechanical tests, such as the three-point
bend test, produce initial surface failure, but cracks can occur from
within as the test progresses. On the other hand, the tensile test produces
failure at the weakest point, which its location could vary. Also,
embedding the acoustic emission sensor within the high-stress regions
may introduce failure around the inclusion (sensor), indicating a false
increase in sensitivity.

The ability to distinguish the sensor response difference due to the
location of a defect will allow the user to verify improvements, if any.
The actuating sensors are only present as an artificial crack and will not
be present if AE sensors are placed in service. The fully embedded ac-
tuators act as a defect from within the composite compared to the sur-
face embedded actuator, representing a defect from the composites’
surface.

The receiving sensors were placed on the same plate, i.e. the surface
embedded receiver on top of the fully embedded receiver, as shown in
Fig. 2. The placement ensures that the test is accurate as both sensors
receive the same event. Initially, concerns were raised regarding the
potential impact of placing the surface embedded receiver on top of the
fully embedded receiver. However, after conducting multiple tests
before and after surface embedding, the variation in response primarily
fell within the error margin of the testing machine and hence was dis-
regarded. The fully embedded and surface embedded actuators were
placed on separate plates to avoid complications when pulsing, as seen
in Fig. 2.

3.1. TGP pulse generator and PLB

The findings obtained from pulsing using the surface embedded
actuator revealed that the fully embedded receiver had a higher
amplitude than the surface embedded receiver, as seen in Fig. 3A and B.
However, the increased sensitivity is inconclusive as the difference of 2
dB can be attributed to the error from the machine, i.e. &= 1 dB from each
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Fig. 1. (A) The cured plate after manufacturing (B) sensor’s configuration illustration.
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Fig. 2. The test setup for (A) plates 1 and 2 (B) plates 3 and 4.

receiver. The difference in sensitivity was greater than 2 dB in certain
conditions, such as at 20 and 30 cm in Fig. 3B. However, it is incon-
clusive as plate 1, Fig. 3A, produced different results. On the other hand,
the fully embedded actuators showed comparable responses from both
Hardener RS-MH137 receivers, as shown in Fig. 3C and D. That is, the amplitude of the re-
Fibres Glass woven roving 600 gsm plain weave ceivers was similar when pulsing using the fully embedded actuator and
the surface embedded actuator, around 76 dB at 10 cm. A similar trend

Table 1
Materials used for manufacturing the glass fibre plates.
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Fig. 3. The attenuation of surface embedded (SE) and fully embedded (FE) PZT receivers along fibres utilising the PLB method (A and B) and surface embedded
actuators - Act (C and D) and fully embedded actuators - Act.
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was recorded when testing across the fibres, as seen in Fig. 4C and D. A
noticeable difference was observed when testing the attenuation along
and across the fibres, which could stem from various factors, as elabo-
rated later. No apparent difference can be observed when comparing the
amplitude difference between pulsing from the surface or fully
embedded actuator. Based on the actuator method results, it could have
been concluded that the location of the crack does not significantly
affect the sensitivity with respect to the receiver’s location. This implies
that the receiving sensor’s sensitivity is not significantly affected by the
crack’s initiation location (surface or from within). However, this was
not the case upon utilising the second signal-generating method (PLB).

The pencil lead-breaking method was used to generate an acoustic
emission signal by breaking the pencil on the surface of the plate. Unlike
the actuator method, a significant difference was evident between the
surface embedded receiver and the fully embedded receiver when uti-
lising the PLB for generating a test signal, as seen in Figs. 3 and 4. The
results remained evident despite the receiver’s data variability (error
bars). The PLB was performed on each plate individually, with a total of
5 tests conducted, and subsequently, an average of the results was
recorded. The results show that the surface embedded receiver had a
much higher amplitude than the fully embedded receiver, i.e. the fully
embedded receiver’s performance degraded. The results were consistent
along and across fibres. A significant difference of approximately 10-15
dB was observed when comparing the responses of both receivers using
the PLB method. The PLB test attenuation was limited to 25 cm
compared to 30 cm with the actuator method due to the presence of the
actuating sensor at 30 cm.

Even though the surface and embedded receivers responded to the
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same PLB hit, the variations (error bars) were different, as seen clearly in
Fig. 3B. When applying the PLB method, the variation associated with
the fully embedded receiver was higher than the surface embedded
receiver when testing along fibres (Fig. 3) but lower when testing across
fibres(Fig. 4). The propagation path of the wave is affected by the fibres;
as a result, the sound spreads unevenly [25]. The lower amplitude
associated with testing across fibres compared to along fibres may be
attributed mainly to the fibre alignment and different travelling me-
diums. That is, testing across the fibres could force the wave to travel
across multiple fibre strands compared to a single fibre strand when
along the fibres. Also, as the wave travels across the fibres, it will
encounter two different mediums: resin and glass fibre. The polymer’s
(resin) viscoelastic nature results in thermoelastic dissipation, making it
more susceptible to attenuation [26].

The pencil lead-breaking method shows that the number of plates
tested is adequate to ensure the validity of the results. That is, the pencil
lead-breaking method was performed on all the plates individually, and
the results were similar. Hence, the effect of the sensor’s intrinsic dif-
ferences, if any, is minimal.

The frequencies obtained from the PLB method and the PZT actu-
ating method were significantly different, as evident in Fig. 5, Figs. 6 and
7. The frequency response of the fully embedded and surface embedded
receivers is similar when testing using the PLB method peaking at
around 21 kHz, as seen in Fig. 5. Even though both sensors received the
same wave, the peak frequency did not always perfectly match. The
frequencies acquired through the PLB method primarily fell within the
range of 1 kHz-50 kHz.

On the other hand, when testing using the surface embedded
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Fig. 4. The attenuation of surface embedded (SE) and fully embedded (FE) PZT receivers across fibres utilising the PLB method (A and B) and surface embedded

actuators - Act (C and D) and fully embedded actuators - Act.
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Fig. 5. Comparison of time domain (left) and frequency domain (right) responses utilising the pencil lead breaking method (PLB) at 10 cm distance along fibres for

(top) surface embedded receiver (bottom) fully embedded receiver.
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Fig. 7. Comparison of time domain (left) and frequency domain (right) responses utilising the fully embedded (FE) actuator at 10 cm distance along fibres for (top)

surface embedded receiver (bottom) fully embedded receiver.

actuators, the frequency response of the receivers was different, as
evident in Fig. 6. The fully embedded receiver’s frequency response was
broad (around 35-240 kHz) with a secondary peak between 240 and
325 kHz. On the other hand, the surface embedded receiver had an
initial peak between 5 and 50 kHz. Beyond 50 kHz, it followed a similar
trend as the fully embedded receiver. The initial peak between 5 and 50
kHz did not significantly affect the amplitude, i.e. both receivers’
amplitude was similar.

The surface and the fully embedded receivers responded similarly
when the signal was generated using the fully embedded actuator, as

seen in Fig. 7. Both recorded signals had a similar trend to the fully
embedded receiver signal when the surface embedded actuator was
utilised. Also, the time domain signals of both receivers were similar.
The time domain signal using the surface actuating method differed
significantly from the PLB method. The time domain signal of the
actuating method showed secondary peaks with both receivers, as seen
in Figs. 6 and 7. The possibility that the secondary hits and beyond are
reflections from the plate edges is possible, even though measures were
taken to prevent reflection. Measures include placing tacky tape on the
plate edges as well as placing the sensors away from the edge, as seen in
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Fig. 1. However, the secondary peaks are insignificant and can be dis-
regarded due to their low amplitude compared to the main peak.

The predominant wave generated using the two methods is the anti-
symmetric wave (Ag) based on the location of the signal-generating
method’s actuating and receiving sensors. That is, the force applied
was perpendicular to the plate [26]. However, Pant’s study showed that
the dominant wave produced can be based on the frequency generated,
even when the force was perpendicular to the plate [27]. Consequently,
this area requires further investigation.

Nevertheless, the difference in wave generation mechanism, area of
contact and frequency response factors can account for the divergent
results obtained from the different signal generation methods. The
actuating method depends on an electrical signal transmitted to the PZT,
which is converted to mechanical vibration, creating a wave that
transmits through the material. In comparison, the PLB method relies on
breaking a brittle material (pencil lead) to induce a stress wave at the
material’s surface. The contact area is much smaller when testing using
the PLB compared to the TGP pulse generator. The frequencies acquired
from both signal generation methods exhibited variation; nevertheless,
their potential influence can be tested. The disadvantage of using the
TGP pulse generator is the inability to control the wave’s peak frequency
precisely, prompting the use of an alternative device.

3.2. Pulsing targeted frequencies

The FieldCal device produced a pulse with a pre-set frequency peak
which was used to validate the frequency effects on the receiving sensor
sensitivity. The sensitivity of the receiving sensor, whether surface
embedded or fully embedded, was tested against surface embedded and
fully embedded actuators. Four frequencies were examined, namely 30
kHz, 60 kHz, 150 kHz, and 300 kHz.

Fig. 8 shows the amplitude difference between the surface and fully
embedded receiver when applying the pulse using the surface embedded
actuator. The amplitude difference is calculated by subtracting the fully
embedded receiver’s amplitude from the surface embedded receiver’s
amplitude. If the amplitude difference is positive, the surface embedded
receiver exhibited greater amplitude; conversely, if negative, the fully
embedded receiver showed higher amplitude.Fig. 8 shows an apparent
trend when comparing the amplitude against the frequency; the lower
the frequency, the higher the sensitivity of the surface embedded
receiver. At 30 kHz, close to the PLB method signal frequency, the
amplitude difference averaged around 12 dB along and across fibres. As
the frequency increased, the amplitude difference decreased. At 150
kHz, the closest frequency to the signal acquired from the TGP pulse
generator, the amplitude difference was no longer noticeable. The
amplitude difference acquired at 30 and 150 kHz roughly aligns with the
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results of the PLB and TGP pulsing methods, respectively. Thus, this
validation highlights the frequency significance in influencing the sen-
sor’s sensitivity when embedding.

The receivers’ response along and across the fibres, induced by the
surface embedded actuators, exhibited a comparable pattern. Although
the fully embedded receiver had a higher sensitivity at 300 kHz along
the fibres, as seen in Fig. 8(left), the increase is not evident across the
fibres, Fig. 8(right). Initial results suggest the fully embedded receiver is
more sensitive when the crack initiates along the fibres at 300 kHz. The
difference in results along and across fibres suggests that the wave
travelling path may also influence the sensor’s sensitivity with respect to
frequency.

The results from the surface embedded actuator suggest that the
surface embedded receiver is more sensitive to surface cracks with low
frequencies (30 and 60 kHz), both along and across fibres. However,
with surface cracks with midrange frequency (150 kHz), the sensitivity
of both receivers is similar along and across fibres. The fully embedded
receiver is more sensitive than the surface embedded receiver when high
frequency (300 kHz) is aligned along the fibres. However, if the high-
frequency surface crack is aligned across the fibres, both receivers
sensitivity is similar.

The amplitude difference at 30 kHz dropped to around 6 dB using the
fully embedded actuators along the fibres, as seen in Fig. 9(left). Testing
at 30 kHz using the fully embedded actuator is similar to testing using
the pencil lead-breaking method but within the laminate. Beyond 30
kHz, the results indicate that the amplitude difference between both
receivers is minimal (less than 2 dB), except for a few anomalies. On the
other hand, when testing using the fully embedded actuators across the
fibres, Fig. 9(right), the receiver’s amplitude difference is around 2 dB
across all the frequencies tested, even 30 kHz. A 2 dB difference is
considered insignificant due to the detection system’s accuracy.

The results obtained from the fully embedded actuators reveal that
the surface embedded receiver displays increased sensitivity solely to
cracks originating from the composite’s centre along the direction of the
fibres, particularly at a frequency of 30 kHz. At all other frequencies (60,
150 and 300 kHz) along and across fibres, the sensitivity of both re-
ceivers is similar to cracks originating from the centre of the composite.
Further investigation is needed to elucidate the cause behind the
disparate outcomes observed during testing along and across the fibres.

3.3. The embedding process effect

Although the frequency sensitivity of the receiving PZT is not
documented, the surface and fully embedded receiving PZT’s were
identical, implying that both exhibit matching frequency responses. For
example, if the surface embedded PZT had a higher sensitivity response
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Fig. 9. The amplitude difference between the surface and fully embedded receivers (SE - FE) based on the fully embedded actuators at four frequencies (left) along

fibres (right) across fibres.

at 50 kHz, the fully embedded should have a higher sensitivity at 50 kHz.
Additionally, the PZT sensor demonstrated sensitivity within the tested
frequency range, as the AE machine software successfully received and
displayed the frequency spectrum containing the peaks of each pulse.
However, the frequency sensitivity of the receiving sensor may have
shifted due to the embedding process (the pressure and surrounding
material). The idea of frequency sensitivity transition due to the
embedding process can be argued to have no effect using the PLB
method data, which shows that a similar peak produced different am-
plitudes. However, when viewing the fully embedded actuating data,
both receivers had a similar amplitude at a similar frequency response.
Hence, the embedding process might have influenced the frequency
sensitivity at specific frequencies.

The variation in results between the signal-generating methods is
predominantly attributed to the frequency. However, it is essential to
note that other factors, such as the sensor properties and material
thickness can also contribute to this phenomenon. For example, if
another receiving sensor is used, could the frequency transition occur at
another frequency? Also, how does the change in material thickness
affect the signal’s amplitude with respect to the sensor’s placement? If
amplitude variation is exclusively dependent on frequency, it is not
advisable to fully embed the acoustic emission sensor in composites
because initial crack formation occurs at low frequencies. When a glass
fibre composite fails, the initial failing mechanisms, depending on the
situation, can be matrix cracking or fibre-matrix cracking, which occur
at a relatively low frequency, as seen in Table 2. Even though initial
failure can occur at 300 kHz, more hits are likely at frequencies lower
than 300 kHz. On the other hand, fibre fracture occurs at high fre-
quencies, where the embedded sensor might have a higher sensitivity
depending on the crack initiation point. However, detecting earlier
failure events (at lower frequencies) where the fully embedded receiver
is less sensivitive or as sensitive is preferable over high-frequency events
that indicate critical structural conditions.

Table 2
The frequency acquired from glass fibre/epoxy matrix composite failure mechanisms,
adapted from Ref. [28].

Reference  Thickness Frequency Response (kHz)
(mm) Matrix Fibre- Delamination  Fibre
Cracking Matrix Fracture
Cracking

[11] 2.78 90-110 - 130-200 250-280

[12] 4 62.5-125 125-187.5 - 187.5-250

[13] 5 100-190 200-320 - 380-430

[14] 4.8 60-180 190-250 - 350-500

[15] 4.8 11-93 82-210 - 160-281

The drawbacks linked to the potential degradation of mechanical
properties due to sensor embedding and manufacturing challenges
overshadow the benefit of increased sensitivity at specific frequencies.
The potential benefit of protecting sensors through embedding, which
provides a shield from external conditions, can positively impact the
viability of the embedding approach. However, further research is
required in this aspect.

This study represents the initial phase of exploring sensor sensitivity
based on location, which was accomplished using artificial acoustic
emission sources. The artificial acoustic emission sources are valid and
have been used elsewhere [6,27]. However, the next step is to demon-
strate the behaviour using AE arising from actual failure.

4. Conclusion

The placement of the receiving sensors on the same test plate ensured
that the results could be accurately compared, avoiding variability from
the composite plate due to processing. The receiving sensor’s sensitivity
(registered amplitude) varied with the different signal-generating
methods. The PLB method showed that the fully embedded receiver
registered lower amplitude than the surface embedded receiver, proving
lower sensitivity when embedding. On the other hand, PZT actuation
utilising the TGP pulse generator showed that the receiving sensor’s
sensitivity variation was inconclusive and was, therefore, considered
similar with both surface and fully embedded actuators. That is, the PLB
method results showed that embedding AE sensors degrades their per-
formance compared to the TGP pulse generator, which showed that
performance is unchanged. The discrepancy in results among the testing
methods was thought to stem from the acoustic signal frequency
generated by each method. That is, the PLB frequency response peaked
at a low frequency (around 21 kHz) compared to the TGP pulse gener-
ator, which mostly peaked at around 150 kHz.

The FieldCal was employed to verify the sensor’s sensitivity con-
cerning different frequencies. It was found that the receiving sensor’s
sensitivity varied when utilising different frequencies. In most cases, the
surface embedded receiver had higher sensitivity at 30 kHz (near the
PLB peak) compared to comparable behaviour at 150 kHz(near the TGP
peak). Also, the location of the AE source (surface or fully embedded)
affected the amplitude difference between the receiving sensors,
depending on the frequency.

The fully embedded sensor can, at a specific condition, detect high
frequency signals better than the surface embedded sensor. However,
early failure mechanisms, such as matrix cracking, are usually lower
frequency events where the fully embedded sensor was not proven to
have any advantage over the surface mounted sensor.

Furthermore, the AE signal’s amplitude was affected by the wave
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travelling path. That is, AE wave travelling across the fibres exhibited
lower amplitude than along the fibres, which was thought to be due to
the different mediums and fibre orientation.
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