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Abstract: The bondline integrity of a repair patch to the parent composite laminate is considered
the most important factor in the repair design. A smart repair patch is proposed here to allow for
real-time ultrasonic guided wave monitoring of repaired composites. A diagnostic film with lead
zirconate titanate (PZT) transducers and inkjet-printed wires is embedded into the repair patch
using a cut-out method. The electro-mechanical impedance (EMI) method is used to verify the
integrity of the embedded PZT transducers. The performance of the smart repair patch is assessed
on the external panel with artificial bondline delamination and surface-mounted artificial damage.
The damage index correlation coefficient and delay-and-sum (DAS) algorithm are used for damage
detection and localization. The results show that the developed repair patch can successfully detect
and locate damages.

Keywords: smart repair patch; structural health monitoring (SHM); embedded PZT transducers;
damage detection and localization; delay-and-sum (DAS) algorithm

1. Introduction

Repair of in-service composite parts plays an important role in the sustainability of
composite airframes due to the recent increase in the utilization of composite structures
in modern aircraft. In certain practical cases, the repair of composite structures accord-
ing to the Structural Repair Manual (SRM) can reduce the cost of replacement without
compromising the mechanical of composite structures [1–3]. However, the strength and
durability of the repaired area still need to be considered since the stress transfer at the
interface is under service load with different environmental conditions [4]. The mechanical
properties of the exposed thermosetting adhesives and resin of bonded area will absorb
the moisture, which will affect the durability [5–8]. The defects will be also generated
stress concentrations and initiate cracks when the repaired structure subjected to a cyclic
loading [9–11]. In addition, failures may occur due to inconsistent processing methods
which will degrade the mechanical properties between the repair patch and composite
bondline [4,12].

To meet the requirements of airworthiness certification, repair based on Structural
Health Monitoring (SHM) system can be an effective way to monitor the integrity of the
bonded repair patch for aircrafts [3,8,12,13]. Generally, the smart patch consists of an array
of actuators/sensors. Compared to traditional non-destructive inspection (NDI) techniques,
SHM enables bondline inspection possible without destroying the repaired patch and can
be used to monitor in real-time the bonding area of the repaired part [12,14]. It has been
shown that the smart patch can detect debonding, delamination of composite layers and
damage growth in the repaired area [8].

Piezoelectric lead zirconate titanate (PZT) transducers and fibre Bragg gratings (FBG)
are two main types of sensors commonly utilized for SHM applications. The advantages
of PZT transducers include wide frequency range, low price and small size and good

Appl. Sci. 2022, 12, 4916. https://doi.org/10.3390/app12104916 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12104916
https://doi.org/10.3390/app12104916
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-4024-5937
https://orcid.org/0000-0002-2883-2461
https://doi.org/10.3390/app12104916
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12104916?type=check_update&version=4


Appl. Sci. 2022, 12, 4916 2 of 13

coupling capacity which are particularly suitable for embedding [15,16]. In addition, they
can simultaneously exhibit actuator/sensor behaviours, which allow for both passive and
active detections [17–19]. While FBG sensors are super-light, small size, sensitive, lower
power consumption, immune to electromagnetic interferences/corrosion and have high
bandwidth and multiplexing sensors [15,16,20–23]. By comparing PZT and FBG sensors,
PZT transducers can capture the ‘integrated’ signals in the entire covered area, while FBG
sensors are directional dependent [16]. In addition, PZT transducers are sensitive to both
symmetric (S0) and anti-symmetric (A0) modes, while FBG sensors are less sensitive to the
A0 mode [16]. For damage localization, RAPID (reconstruction algorithm for probabilistic
inspection of defects) [24,25] and delay-and-sum (DAS) [26–28] algorithms are imaging
methods and have been widely used. The RAPID algorithm does not need to acquire the
information of wave modes and group velocity for ultrasonic guided waves (UGW) while
the DAS algorithm only assumes one wave mode exists and little mode conversion exists
when the wave interacts with damage.

Many works were conducted on the SHM system for the smart repair patch. Rito R.L.
et al. [29] numerically and experimentally studied bondline monitoring using a composite
repair patch with embedded FBG sensors. Both experimental and modelling results showed
that the smart repair patch embedded with chirped FBG sensor can be used to monitor
the initial disbond. Lambinet F. et al. used surface-mounted PZT transducers [13] and
hybrid system (surface-mounted PZT transducers + embedded FBG sensors) [12] to conduct
bending fatigue and impact tests for the step-sanded composite repair structures and used
scaling subtraction method and RAPID to detect and locate these damages. In addition,
they [3] also proposed a so-called Minimal Intersection Score (MIS) algorithm to detect
and locate the damage to the smart repair patch under different environmental conditions.
Roth W. et al. [30] numerically and experimentally used a smart patch with phased-array
PZT transducers to monitor the artificial disbond. The Teflon tape was inserted in the edge
between the patch and host composite structure during manufacturing. The results showed
that disbond can be detected by using the electro-mechanical impedance (EMI) method.
Qing X. et al. [31] used the smart patch combined with the SMART layer (Stanford Multi-
Actuator-Receiver Transduction Layer) system to monitor the curing progress and disbond
by using the active sensing SHM technique. Their results showed that the combined
SMART layer system for the smart repair patch can be used to monitor the curing progress
and integrity of the bonding quality of the composite repair structure. Later, Bekas D.
G. et al. [32] used inkjet-printed interdigital sensors to monitor the bondline integrity of
bonded composite joints by using the EMI method. Sánchez-Romate X.F. et al. [33] used
carbon nanotube (CNT) based adhesive films to investigate the crack sensing capabilities
of adhesive film for composite bonded repair. They demonstrated that the use of CNT
adhesive films for the bonded repair composite structures did not affect their mechanical
performance and the electrometrical results showed it can be used for SHM purposes.

Furthermore, Bekas D. G. et al. developed the SHM layer and renamed it as diag-
nostic film [34]. This layer had been shown to reduce the thickness of integrated layers
(25.4 µm) [35] by 50% compared to that of the SMART layer (50.8 µm) [36]. They found
this diagnostic film was effective for thin composites and can be used under extreme
environmental and operational conditions. In the authors’ previous work, a novel embed-
ding technique using this diagnostic film with PZT transducers based on the edge cut-out
method for the composite structure was developed [35]. This technique allowed edge trim-
ming possible without damaging the printed circuits, which met industrial requirements
for the next higher assembly. In addition, the EMI properties and sensing performance of
embedded PZT transducers remain stable up to 1 million loading cycles under fatigue tests,
and reductions of tensile and compressive modulus for the composite coupons remain
acceptable for the worst-case scenario [37]. Earlier, Salmanpour M. S. et al. [38] reported that
the SMART layer did not meet the operational and environmental conditions of regional
aircraft as related to low/high temperatures changes under cyclic loading, while diagnostic
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film utilizing inkjet-printed technology performed well in the tests [39]. In addition, the
SMART layer was the most fragile before and during the bonding procedures [38].

This paper is the first application and assessment of the embedded PZT transducers for
detection of the damage along the bondline and on the surface of a composite repair patch.
In previous work, PZT transducers were installed on the surface of the host structure to
detect damage to the repair patch. This approach as shown in [3,13] required the placement
of many sensors surrounding the entire patch and the guided waves had to travel the entire
length of the patch to detect possible damage. There was also scattering from the edge to
the patch since the guided wave was generated from the host structure and not internally
to the patch as with the approach proposed in this paper. Furthermore, the use of a hybrid
PZT-FBG acquisition system has already been reported in [12]. Hence, a smart repair patch
with developed embedded diagnostic film and PZT transducers is the most innovative
because it reduces the number of sensors.

In this paper, the edge cut-out method is applied to manufacture a smart repair patch
combined with an embedded diagnostic layer and PZT transducers. Then this patch will
bond to the composite host structure together to simulate composite repair. The active
sensing method will be used for SHM purposes. The aim of this paper is to investigate
the monitoring ability of the smart repair patch using the diagnostic film for bondline
inspection of the composite repair structure. First, the EMI method will be used to verify
the bonding properties between PZT transducers and the repair patch. Second, the damage
index (DI) correlation coefficient [40] and the DAS algorithm will be used to detect and
locate the artificial delamination and surface-mounted artificial damage.

2. Experimental Setup

Unidirectional carbon fibre prepregs Hexply® IM7/8552 were used in this experi-
ment. For fabrication of the composite repair patch, the quasi-isotropic stacking sequence
[(0◦/+45◦/−45◦/+90◦)2]s was used for the lay-up and the thickness of the repair patch
was about 2 mm after curing. The KAPTON® film (DuPontLM HM, melting temperature
400 ◦C) with a thickness of 25.4 µm was used as a diagnostic film and DuraActTM PZT
transducers (P-876.K025 – PIC255, Curie temperature: 350 ◦C) were used during the man-
ufacturing. Dimatix printer (DMP-2580) was used to print the circuits on the KAPTON®

film. In addition, thermoplastic film (TPU-Pontocal AG) was used to pre-bond the PZT
transducer to KAPTON® film for diagnostic film preparation. Furthermore, resin film
Hexply® M56 was used during embedding to bond the surface and increase the bonding
properties between the prepreg, KAPTON® films and PZT transducers.

The preparation of the diagnostic film, sensor installation and details of the novel
cut-out method for the embedding were reported in the author’s previous work [35].
PZT transducers needed to be pre-bonded to the printed diagnostic film using two layers
of thermoplastic films for preparing the printed diagnostic film to ensure there is no
delamination between the printed diagnostic film and transducers. Figure 1a shows the
general drawing of the smart repair patch with the configuration of PZT transducers and
Figure 1b shows the schematic of the embedding procedure during lay-up.
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mechanical impedance of the composite structure close to zero and only the mechanical 

Figure 1. Schematics of (a) general drawing of repair patch and (b) embedding procedure during layup.

For the embedding, a release film was placed in the middle of the cut-out area shown
in Figure 1b to prevent the bonding of the diagnostic film to the prepregs within the cut-
out area. Then the resin film and a blank diagnostic film were applied on the surface
of the bottom prepregs respectively to prevent the short-circuited of printed circuits due
to the conductivity of carbon fibre prepregs, followed by the resin film, the prepared
KAPTON® film, resin film and main upper prepregs. After that, the exposed area of
prepared KAPTON® films was applied on the surface of the main upper prepregs and the
release film placed on the cut-out area was removed. Finally, cut-out prepregs were applied
to the designated position.

After lay-up and bagging, the patch was cured at 180 ◦C in the autoclave and the
curing cycle was set up according to the prepregs’ datasheet. After curing and trimming,
a connector (RS 514-4408, operating temperature range: −40 ◦C to +85 ◦C) was mounted
on the surface of the repair patch and bonded by a super glue (RS 473-445, operating
temperature range: −50 ◦C to +80 ◦C) to connect circuits and embedded PZT transducers
by conductive epoxy adhesive resin/hardener (RS 186-3616). After the fabrication, the
trimmed repair patch is shown in Figure 2b. For manufacturing the host composite struc-
ture, a quasi-isotropic stacking sequence (0◦/+45◦/−45◦/+90◦)4s was used for the layup
and the size was 300 mm × 260 mm, and the thickness of the host structure was about
4 mm after curing.

Figure 2. Schematics of (a) embedding procedure and (b) trimmed smart repair patch.

After manufacturing, the EMI method was used to evaluate the bonding properties
between the PZT transducer and the repair patch. The EMI method can be used to evaluate
local damage severities, transducers’ fractures, mechanical/electrical properties for the
degradation and integrity of bonding properties [35]. According to the EMI method,
the imaginary part of admittance at a low-frequency range will make the mechanical
impedance of the composite structure close to zero and only the mechanical impedance of
the PZT transducer is considered [41]. Therefore, any slope change in the imaginary part of
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admittance at the low-frequency range will determine the integrity of bonding properties
between the host structure and the PZT transducers [35].

In the experiments, a SinePhase Impedance Analyzer (Model 16777K) was used for
measuring the imaginary and real parts of admittance at room temperature. Figure 3
presents EMI results for the imaginary and real parts of admittances for different embedded
PZT transducers. As is shown in Figure 3a, slopes of imaginary parts of the admittance
for all embedded PZT transducers at the low-frequency range do not show an obvious
difference. Hence, the bonding qualities were good for these embedded PZT transducers,
and they can be further used for active sensing SHM purposes.

Figure 3. The EMI results of (a) imaginary and (b) real part of admittance for different PZT transducers.

3. Damage Detection and Localization

To verify if the smart repair patch embedded with diagnostic film and PZT transducers
can monitor the integrity of the bondline quality, the damage index (DI) correlation coeffi-
cient and delay-and-sum (DAS) algorithm based on active sensing were used to detect and
locate the bondline defects. In this section, two types of defects were studied, which were
artificial delamination and surface-mounted artificial damage. In addition, blue contact
gel was fully applied to the repair patch to bond it with the composite host structure as
baseline signals (as is shown in Figure 4a). Here, the contact gel was used in DolphiCam
C-Scan to improve the coupling on rougher surfaces. The reason for using this contact gel
was that the repair patch could be easily removed at room temperature and used for further
measurements. For simulating delamination and measuring the current signals, the repair
patch was removed and two layers of KAPTON® films were inserted in the designated
positions of the repair patch (shown in Figure 4b). The repair patch was then put back to
the original position as close as possible. To detect the surface-mounted artificial damage, a
weighted blue-tack was placed in designated positions on the surface of the repair patch
and bottom of the host structure as the current signals.
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Figure 4. Schematics of (a) artificial delamination and (b) bonding with blue contact gel for the
bonded repair structures.

For measuring guided waves, a National Instrument (NI) PXIe-1073 and an arbitrary
signal generator (NI PXI-5412) were used for signal generation, and a digitizer (NI PXI-5105)
was used to record UGW signals. During the measurements, the time-of-arrival (ToA) of the
A0 mode could not be distinguished at 50 kHz due to the overlap between the crosstalk and
the first wave packet of each measured signal. Therefore, a five-cycle Hanning-windowed
toneburst signal at 250 kHz [42] was used as the actuation signal. The actuation amplitude
and sampling frequency were 6 V and 100 MHz, respectively. Both baseline and current
signals were measured at room temperature.

3.1. Delamination

Figures 5 and 6 compare the results of damage detections and localizations for two
artificial delamination positions at 250 kHz by using three and four PZT transducers,
respectively. The results show that the DI results using both three and four PZT transducers
can detect the damage. The DAS results show that the artificial delamination can be located
accurately using three PZT transducers but cannot when using four PZT transducers. Two
factors affected the locating results during the measurements. First, the repair patch cannot
be placed in the same position as the baseline status after inserting the KAPTON® films
into bondline positions. In addition, the thickness of the contact gel used to bond the repair
patch and the host structure cannot be kept at the same value since the contact gel will
come back again every time after hardly pushing the repair patch. Both factors would
affect the measured signals. Therefore, using four or more PZT transducers will cause the
inaccuracy of damage localization due to the inconsistency caused by the contact gel.

However, the smart repair patch will be bonded to the host structure permanently by
resin film for the actual situation. First, the repaired structure bonded by the resin film
will make the patch maintain its original position when delamination happened and retain
the same thickness of the bonding area. Furthermore, the selection of the contact glue to
bond the patch and host structure is a compromising way under laboratory conditions
and no alternative material can be found to bond the repaired structure together and peel
them after measuring. Hence, the above two factors would not affect the measuring results
when using four PZT transducers, and it can be confirmed that the DAS results would be
accurate when using four PZT transducers for the actual repair.
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Figure 5. Delamination detection using (a) three PZT transducers and (b) four PZT transducers, and
localization using (c) three PZT transducers and (d) four PZT transducers at 250 kHz for the position
1 (where the “#” is the position for real damage and the “×” is the position for predicted damage).

Figure 6. Cont.
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Figure 6. Delamination detection using (a) three PZT transducers and (b) four PZT transducers, and
localization using (c) three PZT transducers and (d) four PZT transducers at 250 kHz for the position
2 (where the “#” is the position for real damage and the “×” is the position for predicted damage).

3.2. Surface-Mounted Artificial Damage—Surface of the Repair Patch

To simulate the repair patch suffering surface damage, a weighted blue tack was
attached on the surface of the repair patch. Figures 7 and 8 show the results of damage
detection and localization for the surface-mounted artificial damage attached on the surface
of the repair patch. As can be seen in Figures 7 and 8, using both three and four PZT
transducers can detect and locate the damage accurately. In this situation, the blue tack
was removed from the surface of the repair patch only, so the using of contact gel would
not become the factor affecting the accuracy of the localization results.

Figure 7. Detection of surface-mounted artificial damage on the surface of the repair patch using
(a) three PZT transducers and (b) four PZT transducers, and localization using (c) three PZT transducers
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and (d) four PZT transducers at 250 kHz for the position 1 (where the “#” is the position for real
damage and the “×” is the position for predicted damage).

Figure 8. Detection of surface-mounted artificial damage on the surface of the repair patch using
(a) three PZT transducers and (b) four PZT transducers, and localization using (c) three PZT trans-
ducers and (d) four PZT transducers at 250 kHz for the position 2 (where the “#” is the position for
real damage and the “×” is the position for predicted damage).

3.3. Surface-Mounted Artificial Damage—Bottom of the Host Structure

To simulate the host structure suffering damage, a weighted blue tack was attached
on the bottom of the host structure, which was the surface of the opposite side of the
repair patch. Figures 9 and 10 show the damage detection and localization for the surface-
mounted artificial damage attached on the bottom of the host structure. As can be seen
in Figures 9 and 10, using both three and four PZT transducers can detect the damage.
However, the DAS algorithm can locate the damage more accurately using three PZT
transducers than using four PZT transducers. The reason why five PZT transducers were
not used for damage localization is that the repair patch is relatively small and having more
sensors installed generate more noise in the signals. This can be seen with the results from
three and four PZT transducers that the noise in the signal was high enough to mask the
scattering from the damage.
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Figure 9. Detection of surface-mounted artificial damage on the bottom of the host structure using
(a) three PZT transducers and (b) four PZT transducers, and localization using (c) three PZT trans-
ducers and (d) four PZT transducers at 250 kHz for the position 1 (where the “#” is the position for
real damage and the “×” is the position for predicted damage).

Figure 10. Cont.
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Figure 10. Detection of surface-mounted artificial damage on the bottom of the host structure
using (a) three PZT transducers and (b) four PZT transducers, and localization using (c) three PZT
transducers and (d) four PZT transducers at 250 kHz for the position 2 (where the “#” is the position
for real damage and the “×” is the position for predicted damage).

4. Conclusions

This paper developed a smart repair patch using the diagnostic film embedded into
the patch using an edge cut-out method. This film has been verified to perform well under
extreme environmental and operational conditions. Electro-mechanical impedance results
showed that embedded lead zirconate titanate transducers’ bonding qualities were good
after manufacturing. For damage detection and localization, the damage index correlation
coefficient and delay-and-sum algorithm based on the active sensing technique were used.
In addition, blue contact gel was used to bond the repair patch and host structure together
for easier removing the patch and inserting KAPTON® films to create artificial delamination.
Furthermore, the A0 mode at 50 kHz was not applicable due to the overlap between the
crosstalk and the first wave packet of measured signals.

According to the damage index results, the use of a smart repair patch can detect
the artificial delamination and surface-mounted artificial damage at 250 kHz using both
three and four lead zirconate titanate transducers. Furthermore, the smart repair patch
can locate the delamination using three lead zirconate titanate transducers and surface-
mounted artificial damage using four lead zirconate titanate transducers accurately. Since
the resin film was replaced by blue contact gel for simulating the bonding and caused the
inconsistency and uncertainty between the baseline and current signals due to removing
the patch and inserting delamination, so the delay-and-sum results were not accurate when
using four lead zirconate titanate transducers for the S0 mode at 250 kHz. However, the use
of resin film will keep the composite repair structure consistent and it can be confirmed that
using four transducers will locate the delamination accurately using the delay-and-sum
algorithm for actual composite repair. Therefore, the smart repair patch embedded with
the developed diagnostic film and lead zirconate titanate transducers can be used to detect
and locate bondline defects of repaired composite structures based on Structural Health
Monitoring techniques.
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