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A B S T R A C T   

This paper proposed an Acoustic Emission (AE) based Smart Composite Fastener (SCF) concept for health 
monitoring of bonded/bolted composite single lap joints. The SCF was made of 3D-printed continuous carbon 
fibre reinforced thermoplastic materials with an embedded piezoelectric sensor. The SCF detected signals were 
found to be successfully associated with AE damage sources during the loading period. It was discovered that the 
adhesive crack/delamination AE sources resulted in burst-type signals with identifiable onset and end, whereas 
AE sources of frictional sliding between the SCF and fastener holes resulted in continuous-type signals producing 
broad frequency content. Furthermore, the amplitudes of the burst-type signal measured from the network of 
SCFs were successfully correlated with the locations of the damages. In the direction away from the damage, the 
amplitudes of the burst-type voltages measured from the SCF showed a decreasing trend, with 10195mv, 
9,995mv, and 7,426mv respectively. Generally, the research in this paper explores the correlation between the 
voltage signal from a damaged AE source and the SCF, providing the feasibility of using a novel SCF for health 
monitoring in composite joint structures.   

1. Introduction 

Composite materials are widely used in aircraft primary structures 
owing to their superior strength properties over metallic materials. 
However, due to the variations and discontinuities in the geometries of 
aircraft structures, the composite structures have to be bonded to form 
the major components, and the structural bonding quality is affected by 
many factors which can often be a critical threat to structural integrity 
and efficiency [1–3]. The primary bonded structure failures would 
generally result in a catastrophic loss of the aircraft. Consequently, the 
large and heavy aircraft structures need to be monitored on a regular 
basis to detect the defects and determine the remaining life. 

Structural health monitoring (SHM) is broadly applied in engineer-
ing structures, allowing for condition-based maintenance to reduce 
repairing costs and improve structural safety margin set [4–6]. Damage 
caused by mechanical injury, environment change, or aging of me-
chanical structure results in strain change abruptly. Piezoelectric 

sensors, one of the most commonly used materials for SHM, can be used 
for actuating under electric field and sensing the reaction, owing to their 
electro-mechanical coupling effect [7]. Due to its high sensitivity, high 
signal-to-noise ratio, and rapid reaction time, small and conformal 
piezoelectric sensors are well-suited for the determination of pressure, 
acceleration, strain, force, and high-speed impact load measurements 
[8]. They are being widely either surface mounted or embedded into the 
structures for continually monitoring the target structure. Some research 
efforts have developed structure health monitoring for the bolted SLJs. 
Doyle et al. investigated the acoustic-elastic and electro-mechanical 
impedance methods based on self-diagnostic techniques for detecting 
the loosened bolts by assembling an active piezoelectric wafer sensor 
network [9]. The technology has shown the capability to detect and 
locate loosened bolts in a reasonable range. Similarly, Demetgul et al. 
evaluated the condition of the riveted joints based on an active and 
passive method. The active method used leadzirconate titanate (PZT) to 
generate Lamb waves and monitor their propagation, and the passive 
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method used Fibre Bragg Grating sensors to evaluate the spectral char-
acteristic of the signals based on Fast Fourier Transformation [10]. The 
results indicated that using both approaches together can estimate the 
missing rivet’s locations and evaluate the health condition of the joints. 

However, one of the challenging issues of using surface-mounted 
sensor is that it changes the wing shape and affects aerodynamic load 
transfer [11]. One of the solutions is to embed sensors into the host 
structures. Nevertheless, the monitored structure embedded with sen-
sors can be considered a typical model containing inclusion due to the 
different material characteristics between the host material and the PZT 
sensor, and the contact interface is prone to debonding failure under 
high interfacial shear load [12]. Attempts have been made to address 
this issue. Wang et al. proposed a new concept of smart composite joints, 
integrating eddy current sensor foils and piezoelectric sensors into the 
fasteners to develop smart composite joints with multifunctional sensing 
capabilities, which can autonomously sense the external environment 
events and the fastener connection status [13]. The above studies have 
mainly focused on mechanical bolted joints. The combination of me-
chanical bolted and bonded joints has been widely employed to safe-
guard aircraft structures. Compared to the bolted joint, they have more 
complex failure modes due to the structural non-linear behavior and 
uneven distribution characteristics of load transfer [14,15], however, 
limited research has been carried out in this field. 

Acoustic Emission (AE) monitoring is a passive and dynamic moni-
toring method that detects energy from the monitored object itself, not 
dependent on other power sources, and is a popular technology 
currently applied to the health monitoring of composite joint structures 
[16]. In this study, a new concept of AE-based Smart Composite Fastener 
is proposed as an alternative to the traditional SHM method, which can 
meet the demand for fast response and low energy consumption SHM 
without compromising the aerodynamic performance and structural 
reliability of the composite aircraft structures. The research is carried 
out in a more qualitative approach and a few key features are accom-
plished: 1) The failure mode was found to be related to output signal 
types. Adhesive crack/delamination generates a burst-type signal, while 
the SCF loosen generates a continuous-type signal. 2) In networks 
formed by SCFs, the amplitude of the burst-type signal varies with the 
location of the damage. 

2. Experiment 

The Single-Lap Joints (SLJs) of 200 × 20× 3.6 mm3 were manufac-
tured of woven CFRP laminates, which consisted of 12 plies sheets in 0/ 
90 orientation. The overlap region was bonded using Redux420® ad-
hesive. Three holes of 8 mm diameter were drilled along the center line 
of the overlap region at 20 mm intervals to reinforced by Smart Com-
posite Fasteners (SCFs). The detailed dimensions of the SLJs reinforced 
by SCFs are shown in Fig. 1(a). To fabricate the SCFs, the composite 
fasteners were firstly manufactured by a 3D printing machine Mark Two 
desktop, followed by the assembly of piezoelectric sensor. The 3D- 
printed composite fasteners consisted of two filament feedstocks, one 
is continuous carbon fibre filament and the other one is Onyx (matrix) 
filament, as described in Ref. [2]. As shown in Fig. 1(b), the composite 
fasteners were manufactured with a length of 14 mm and diameters of 8 
mm and 14 mm for the head and body respectively. A through-out hole 
of 3 mm diameter was made in the center of the base composite fastener 
to accommodate a piezoelectric sensor inserted into the hole. The sensor 
was fixed with composite fastener through filled epoxy to form the SCFs. 
The piezoelectric sensor of P5 type was obtained from Nippon Electric 
Company, Ltd. (Japan) with a dimension of 5 × 1.65 × 1.65 mm3. The 
properties of the P5 PZT sensor are summarized in Table 1 provided by 
the manufacturer. 

After assembly of the SCFs into the SLJs, the Distributed Optical 
Fibre Sensor (DOFS) provided by Luna Ltd was installed on the laminate 

Fig. 1. (a) Dimension of the SLJ and configuration of the SCF (unit in mm), (b) 3D-printed composite fastener and piezoelectric sensor, (c) C-scan results of the SLJs 
with different bonding conditions. (d) FE model of the SLJ reinforced by SCFs. 

Table 1 
Parameters of the P5 PZT sensor.  

Parameters Values 

Piezoelectric Charge constant, d33 (C/N × 10-12) 460 
Piezoelectric Voltage constant, g33 (10-3 Vm/N) 27 
Resonant frequency, f (kHz) 40 
Relative Dielectric constant, K33

T 2800 
Transverse coupling co-efficient, K31 0.37 
Longitudinal coupling co-efficient, K33 0.72 
Coupling coefficient, Kp 0.63 
Measured Capacitance, C (nF) 3.28 
Measured impedance, I (Ω) 170  
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surface over the overlap area by using adhesive tape, as shown in Fig. 1 
(a). Herein we examine Rayleigh scattering based optical fibre sensors 
due to their high chemical stability and small diameters. When an 
electromagnetic wave is launched into an optical fibre, the light will be 
redistributed by Rayleigh scattering [17]. If the local changes in tem-
perature and strain are relayed to the optical fibres, the scattered signal 
in the fibre will be modulated by these physical parameters. Coherent 
Optical Frequency Domain Reflectometry (C-OFDR), a type of Rayleigh 
scattering based DOFS, is performed to monitor distributed strain and 
temperature of the anode electrode, due to its high spatial resolution 
(2.6 mm) measurement capability. To leave enough space for the DOFS 
installation, the blank tail-end SCFs were directly used for assembling. 
The blank tail-end was glued with laminate hole using Redux420® ad-
hesive, to prevent the pull-out of SCFs during the test. The SLJs samples 
prepared in this study were designed with different debonding lengths in 
the overlap region. Fig. 1(c) shows the ultrasonic C-scan results of SLJs 
with debonding of 0 mm to 40 mm seeded from the overlap edge close to 
the SCF 3. 

A numerical model was built to simulate the stress distribution in the 
SLJ reinforced by SCFs using ABAQUS®/Explicit software, to compare 
and validate the results obtained from DOFS. The FE mesh and boundary 
conditions set for the SLJ reinforced by SCFs are shown in Fig. 1(c). The 
adherends, fasteners and adhesive layer were modelled with three- 
dimensional solid element C3D8R. The contact surface between the 
SCFs and two adherents was defined by the surface-to-surface algorithm. 
The material data for MTM46/HTS and adhesive Redux420® were 
found in Ref. [1]. The material properties of the 3D-printed composite 
materials used in this study were taken from Ref. [2], where the same 
filament material and manufacturing process were used. 

Fig. 2 shows the experiment test set-up for the SLJs including the 
piezoelectric sensor and optical fibre sensor measurement system. The 
SLJs were tested at a loading rate of 1 mm/min until failure by 
displacement control, using an INSTRON machine equipped with a 50 
kN load cell. The piezoelectric sensor measurement system consisted of a 
charge amplifier and a data acquisition system, connecting through 
wires, with a data acquisition rate of 20Hz. The DOFS was connected to 
ODiSI-B system with a data acquisition rate of 20Hz. 

3. Results and discussion 

The test results of type-A, B and C bonded SLJs reinforced by SCFs are 
shown in Figs. 3–5 respectively. Each Figure (a) shows the load against 
displacement curves of the SLJs. The corresponded voltage outputs from 
SCF 1, 2, and 3 measured by the piezoelectric sensor system are plotted 
in Figure (b). As shown in Fig. 3/4/5 (a) and (b), as the load applied 
increased linearly, the voltage measured from the SCFs remained at 
zero. The voltage signals measured from SCFs were not varied with the 
increase of the load applied to the SLJs. This is due to loading frequency 
is reltively low and the piezoelectric sensor will not respond to the load 
at low frequency [18]. 

However, when the applied load gradually increased to a higher 

level, voltage signal was detected, accompanied by the noise generated 
from the onsite damage of the specimens. To relate the voltage signal 
with the structure damage, tests were then suspended followed by on- 
site damage observation using the traveling microscope, as shown in 
Figure (c). Longitudinal strains (ε11) measured by DOFS along the 
attached path at different periods are plotted in Figure (d), together with 
the FE model simulated results for validation and comparison. 

3.1. Type-A SLJ 

The first burst-type signal of type-A SLJ occurred when the load 
reaches 18.3 kN at 79.1 s, marked as point (I) in Fig. 3(a). The amplitude 
of voltage signal measured from SCF 1 was 8051 mv, however, SCF 2 
and 3 had no apparent burst-type signal. In Fig. 3 (c), traveling micro-
scope observation at point (I) showed delamination propagating in the 
adherends nearing the overlap edge (green triangle side), with the ad-
hesive bonding remaining bonded. In Fig. 3 (d), before the damage 
occurred (point I), the measured strain in blued triangle side had a more 
rapid growth trend. Subsequently, after the damage occurred (point I), 
strain in the green triangle side decreased, and the strain in the blue 
triangle path started to rapid growth and surpass the green triangle path. 
This suggested that the green triangle path side dominated the load 
transfer resulting in the delamination damage, which can further explain 
the experimental observation. 

The second set of signals were detected from 82 s until failure of the 
joint, in addition to the burst type signal at the final failure point, it also 
contained the continuous-type signal. Different from burst-type signals 
with identifiable beginning and end, typically on a timescale between 
μs and ms, the continuous-type source produced a broad range of fre-
quency content. Further observation in Fig. 3(c)-II showed that the SLJ 
fractured with interface debonding, along with the SCF pull-out and 
shear mode failure. This finding suggested that there is a strong corre-
lation between the SCF voltage signal and the damage type. Wash-
abaugh and Knauss [19] reported that Mode-I crack propagation over a 
weak interface can approach the material’s Rayleigh wave speed (CR), 
which is faster than a crack propagating in a bulk medium that can only 
reach half of the CR due to crack branching. Under mode-II loading, 
Rosakis et al. [20] found that the interface bonding crack propagation 
speed exceeds the shear wave speed of the material (CS) and becomes 
intersonic. On-site of the micro- or macro-crack failure, elastic stress 
waves were generated by the sudden release of stored elastic energy at a 
very fast speed, resulting in the generation of burst-type signals. 
Thereafter, with the increase of the applied load, the shear load and 
out-of-plane bending led to the friction sliding between the SCF and 
laminate hole, resulting in the generation of continuous-type AE signals. 

3.2. Type-B SLJ 

The first burst-type signal of type-B SLJ occurred when the load 
reaches 16.9 kN at 75.6 s, marked as point (I) in Fig. 4(a). Similarly, the 
burst-type signal of 6958 mV amplitude at 75.6 s was only detected by 

Fig. 2. Experiment set-up including the SCF and DOFS measurement systems.  
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SCF 1, as shown in Fig. 4(b). Inspection at point (I) found that the wire 
had lost its connection to SCF 3. The voltage signal from SCF1 and SCF 2 
were used for the following discussion. Observation under the traveling 
microscope in Fig. 4(c)@(I) showed that delamination propagation 
initiated near the SCF 2. The SLJs joints finally failed in delamination 
with adhesive debonding, along with the SCF pull-out and shear mode 
failure, as shown in Fig. 4(c)@II. Fig. 4 (d) revealed that the strain 

measured between two loading paths showed similar values and varia-
tion trends before and after point (I). 

It should be noted that the voltage signal at the same time detected 
by SCFs in the network had different magnitudes or modes. Several 
factors could explain this: Firstly, regarding the directional nature of the 
damage and predominant mode, different AE sources can generate two 
types of AE mode: in the plane of the plate (IP) for the extensional mode 

Fig. 3. Experiment and FE modelling results of type-A SLJ: (a) The load-displacement curve of the measured SLJ sample; (b) The AE signals captured by SCF 1,2 and 
3; (c) The observations of sizes and locations of the debonding damages in the joint associated with the sample images; (d) The comparison of longitudinal strains 
measured from DOFS and FE modelling corresponded to the DOFS path. 

Fig. 4. Experiment and FE modelling results of type-B SLJ: (a) The load-displacement curve of the measured SLJ sample; (b) The AE signals captured by SCF 1,2 and 
3; (c) The observations of sizes and locations of the debonding damages in the joint associated with the sample images; (d) The comparison of longitudinal strains 
measured from DOFS and FE modelling corresponded to the DOFS path. 
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and outside to the plane of the plate (OP) for the flexural mode. In this 
regard, depending on the predominant mode, even sensors in the same 
positioning array often do not receive stress waves in the same mode 
[21]. Secondly, due to the multi-layered geometry and 
non-homogeneous nature of the bonded/bolted joint properties, AE 
wave propagation in the structure with various attenuation trends [22]. 
Thirdly, the piezoelectric sensor sensing mechanism is also 
directional-dependent, only when the stress wave arrived at specific 
directions, such as d33 and d15, could maximum the voltage output. 

3.3. Type-C SLJ 

The burst-type signal of type-B SLJ occurred when the load reached 
25.7 kN at 100.1 s, marked as point (II) in Fig. 5(a). By comparing the 
picture taken at the beginning point (I) and point (II), verified the 
occurrence of crack propagation, initiated from the adhesive edge close 
to SCF1 with a length of 2 mm, as shown in Fig. 5(c). The amplitudes of 
burst-type voltages measured from SCF 1, 2, and 3 were 10195 mv, 9995 
mv, and 7426 mv, respectively with a decreasing tendency. This atten-
uation tendency indicated that the AE source generated elastic stress 
wave propagated from SCF1 to SCF3, which was agreed with the 
observed damage location. Longitudinal strain (ε11) measured by DOFS 
along the whole attached path at 50 s, 90 s, and 110 s were plotted in 
Fig. 5(d). At 50 s, symmetrical paths located on both side of the SCFs 
showed a similar strain variation trend with the increase of load, which 
were verified by the FE simulation. However, as the load increased 
further, the path marked by the green triangles showed a more rapid 
growth trend than the blue triangle path till the final failure. The stress 
distribution over the laminate surface indicated that the load transfer on 
the symmetrical path is not identical. The uneven distribution of the 
adhesive could explain the difference, as the load transfer varies with the 
thickness of the adhesive layer. The thinner the thickness of adhesive, 
the higher the load transfer and stress level [23]. The strain distribution 
across the overlap agreed well with the experiment observation, which 
was consistent with the data obtained from the voltage signal of SCF. 

The SCF of type C SLJ failed to detect any voltage signal after the first 
set of signals were detected. Compared to type A and B SLJs, the first 
burst type signal detected in type C SLJ at a higher load level with higher 
voltage amplitude indicates that a large amount of stored energy was 
released on site of the crack. This could result in the adhesion loss and 
interface cracking between the sensor and composite fastener, leading to 
the discontinuity in the stress waves propagation [24]. 

4. Conclusion and future work 

A concept was developed for structure health monitoring (SHM) by 
using a novel Acoustic Emission (AE) based smart composite fastener 
(SCFs) that can be mounted in a structure joint for reinforcement. The 
feasibility and application potential of this method is demonstrated by 
experiment and numerical simulation of composite SLJs as an example. 
The results of this study show that the burst-type and continuous-type 
output voltage from SCFs is correlated with the different types of AE 
sources in response to different damage types occurred, verified by ob-
servations under the traveling microscope and measured strain using 
Distributed optical fibre sensors (DOFS). Also, the magnitude of the 
voltage signals measured by SCFs determined by a variety of factors was 
clarified, such as the directional fracture behavior of the AE source, and 
the multilayer and non-homogeneous nature of the composite joining 
structure, and the orientation-dependent electro-mechanical properties 
of the piezoelectric sensor. This study has provided a new strategy for 
structure health monitoring of composite SLJ by using the AE source- 
based Smart Composite Fasteners. Future research will carry out the 
modal analysis to separate the modes of different source AE waves, 
making it possible to extract information about the source event in a 
more quantitative method. 
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