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Abstract 

Fatigue cracks initiated from fastener holes are common in aircraft structures. Implementation of 

effective structural health monitoring (SHM) system to detect or monitor fatigue cracks near 

fastener holes is desired for realizing condition based maintenance with improved aircraft safety 

at reduced cost. In this work, direct-write piezoelectric ultrasonic transducers were used for 

monitoring crack near fastener hole. Made of poly (vinylidenefluoride-co-trifluoroethylene) 

[P(VDF-TrFE)] film and annular array electrodes, the direct-write piezoelectric ultrasonic 

transducers were both directly coated and patterned around the fastener holes. A novel ring-

design using annular array electrodes with small footprint was proposed to detect fatigue crack 

initiated in the vicinity of a fastener hole using pulse-echo and pitch-catch methods. The ring-

design direct-write piezoelectric ultrasonic transducers were designed to operate with Lamb 

wave modes at 1.5 MHz. A numerical simulation study was conducted to investigate the 

interaction of Lamb wave modes with the fatigue crack. Experimental ultrasonic testing was 

performed with signal gates determined using wavelet analysis. Fatigue crack detection was 

demonstrated using an energy ratio method by comparing energy parameter of gated ultrasonic 
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signal with baseline signal. Using the pulse-echo method, the direction of the fatigue crack was 

able to be determined.  The pitch-catch method was found to have higher sensitivity in fatigue 

crack detection but could not determine the direction of the fatigue crack. These transducers 

made of thin films promise high conformability even on curved surface and around irregular 

objects with limited space, compare to conventional discrete ultrasonic transducers. The analysis 

and results showed that the ring-design direct-write piezoelectric ultrasonic transducers have 

great potential for fastener hole SHM.   
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Introduction 

Implementation of structural health monitoring (SHM) system in aerospace industry promises a 

cost-effective solution to improve safety & reliability of aircraft. Smart structures with SHM 

capability can reduce the need for labour-intensive inspection. It can also improve the lifetime of 

the structure and its safety aspects through preventative maintenance strategy by allowing the 

operator or inspector to take appropriate actions before breakdown or catastrophic failure. With 

the introduction of SHM system, work organization of maintenance services could be greatly 

shifted by replacing scheduled maintenance with condition-based preventive maintenance.1 

Fatigue crack is often initiated in regions with high stress concentration around a fastener 

hole in an aircraft structure. If not attended to, fatigue cracks may develop in multiple fastener 

holes. Subsequently, these cracks may manifest together as one large crack, causing widespread 

fatigue damage.2 The state-of-the-art non-destructive testing (NDT) methods for defect detection 

near a fastener hole include: eddy-current,3 noncontact laser inferometer,4 acoustic 

shearography,5 and ultrasonic guided wave.6 Advantages of ultrasonic guided wave over other 

methods include the ability to be transmitted over a long distance, access to deep hidden parts, 

and inherent comprehensive detection ability (such as with frequency dispersion, multiple 

modes, wave-defect interaction).7 By integrating miniaturized piezoelectric ultrasonic 

transducers into structure in combination with signal processing and health prognosis capability, 

the host structure is able to be monitored for the entire service period.  

In recent years, there have been several advanced ultrasonic techniques developed for 

fastener hole fatigue crack detection and monitoring. Rakow and Chang3 developed instrumented 

fastener by integrating flexible eddy-current sensors directly to fastener shank to monitor cracks 

developed within the joint layers, demonstrating feasibility of fatigue crack monitoring at 

fastener hole locations. For in-service structure permanently joined by a permanent fastener (e.g. 

rivet), surface-mounted piezoelectric SHM solutions would be a viable alternative, with 

examples as published by research groups, including: Ihn and Chang,8, 9 Giurgiutiu et al,10 and 

Soorgee et al.11  
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A framework for in situ local ultrasonic monitoring of fatigue crack was proposed by 

Cobb et al.12 Algorithms for crack detection and sizing were developed by investigating bulk 

shear wave generated and received by angle beam transducers in through-transmission 

configuration. The authors focused on crack detection and characterization, without considering 

crack localization. Compared to conventional fundamental Lamb wave modes (S0 and A0) that 

are normally excited in lower frequency region, high frequency bulk wave with smaller 

wavelength provides higher defect sensitivity. However, when bulk wave is applied on thin 

metallic structure, multiple skip or reverberation would occur, and this increases the complexity 

of data analysis as compared to Lamb wave application. 

Cho and Lissenden13 developed surface-mounted piezoelectric lead zirconate titanate 

(PZT) transducer arrays to detect, locate, and characterize fatigue cracks developed from 

multiple fastener holes in a structure, by using S0 mode Lamb wave with excitation frequency of 

350 kHz on a 2 mm thick aluminium plate. Five transducer pairs were implemented, with each of 

the transducer pairs aligned to a fastener hole. The transducer pairs were positioned in such a 

way that the ultrasonic wave path received by the receiver either contains ultrasonic wave 

obstructed by the aligning fastener hole, or contains diffracted waves reflected from its 

neighbouring fastener hole. Results revealed that the obstructed wave path was more sensitive to 

fatigue cracks. Due to the long distance between two in-line transducers, such design is not 

practical when applied to structures with limited space or with fastener holes located closely 

together.   

High frequency guided ultrasonic wave using a 2.25 MHz ultrasonic wedge transducer 

operated in pulse-echo method for defect detection was investigated by Masserey and Fromme14. 

A0 and S0 Lamb wave modes at frequency-thickness region of 6.75 MHz mm were investigated 

due to their non-dispersive nature as the velocities converged toward Rayleigh wave velocity. 

The ultrasonic wedge was positioned 125 mm away from the fastener hole to monitor high 

frequency guided wave reflected from the fastener hole and fatigue crack. They used energy ratio 

to analyze the recorded pulse-echo signals. Energy ratio of the reflected wave was reported to 

increase with increasing crack area. The long stand-off distance from the fastener hole is 

undesirable in practice due to space constraints.  

Barski and Stawiarski15 developed an SHM system that was able to detect and evaluate 

crack length by strategically placing rectangular piezoelectric transducers near a fastener hole 

using A0 Lamb wave mode, with excitation frequency of 125 kHz on a 2 mm-thick aluminium 

alloy plate. They utilized a total of 10 piezoelectric transducers. A piezoelectric transducer was 

placed on the edge of the fastener hole as an activator, another piezoelectric transducer was 

placed on the other edge of the fastener hole as early crack detector, and the remaining eight 

piezoelectric transducers were placed at an equal distance from the activator to receive ultrasonic 

wave via pitch-catch method. The system estimated crack length by correlating signals collected 

from each sensing pairs. This design is dependent on the geometry and available space near the 

fastener hole. Such a design may become unfeasible when the fastener hole is small or when the 

crack initiation position is unknown.   

From literature survey, some notable limitations of applying conventional discrete 

ultrasonic transducer for SHM include the sensor and instrumentation size, weight, and cable 

management issues.7 Moreover, the installation of discrete ultrasonic transducer has to be precise 
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and in some cases, the direction of the crack growth has to be known. Misalignment, inconsistent 

contact condition, and changes in acoustic coupling agent may all affect the consistency and 

reliability of the results. Shortcomings associated with implementation of discrete ultrasonic 

transducer for crack monitoring near fastener holes may be overcome by applying direct-write 

piezoelectric thin film ultrasonic transducers.  

Direct-writing is a process in which electronic components are deposited and patterned 

directly onto a structure.16, 17 A direct-write piezoelectric ultrasonic transducer comprises a 

piezoelectric layer and electrode layers, which are in-situ fabricated on the structure to be 

monitored. By implementing direct-write piezoelectric ultrasonic transducers in SHM, the weight 

and profile of the transducer network can be minimized. In addition, the consistency and 

reliability of SHM result can be improved by eliminating the need for acoustic coupling agent, 

manual positioning, and installation process. Furthermore, the direct-write piezoelectric 

ultrasonic transducers can be conveniently implemented in confined places, on curved surfaces, 

and around objects with complex shapes.  

Our group has explored the feasibility of applying direct-write piezoelectric ultrasonic 

transducer technology for SHM. To date, our group has made  piezoelectric polymer and ceramic 

coating directly on a flat or pipe structure to demonstrate the function of monitoring simulated 

defects 18,19 and plastic deformation.20, 21  

In this work, novel ring-design direct-write piezoelectric ultrasonic transducers were 

developed for SHM of a fastener hole. This design has a small design footprint comprising 

annular array electrodes, with diameter of 48.2 mm, surrounding the fastener hole. The ring-

design direct-write piezoelectric ultrasonic transducers excited and detected Lamb wave using 

pulse-echo and pitch-catch methods. The array electrodes were aligned to the center of the 

fastener hole. Poly(vinylidenefluoride-co-trifluoroethylene), [P(VDF-TrFE)] was used as the 

piezoelectric material. Numerical simulations on the pulse-echo and pitch-catch methods were 

conducted to investigate the ultrasonic wave propagation and interaction with the defect. 

Wavelet analysis using Short Time Fourier Transform (STFT) was conducted, and energy ratio 

method was selected for demonstrating defect detection.   

 

Transducer Design 

The ring-design piezoelectric ultrasonic transducer array is proposed for focusing Lamb wave 

onto the center of a fastener hole in a rectangular aluminium plate with thickness of 1.6 mm. 

This design works for pulse-echo or pitch-catch methods. Successful applications of ultrasonic 

guided wave in aircraft were reported by Rose.7 Since Lamb wave is dispersive, it is essential to 

design the positioning of the transducer and its excitation frequency to obtain a suitable Lamb 

wave mode for defect detection. Lamb wave comprises antisymmetric A-modes and symmetric 

S-modes.22 Dispersion curves for an aluminium plate with the thickness of 1.6 mm were 

calculated, as presented in Figure 1.  
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Figure 1. Dispersion curves for aluminium plate with thickness of 1.6 mm: (a) phase velocity; (b) 

group velocity.  

 

The ring-design transducers in this study have annular array electrodes with a periodicity 

of one wavelength. The proposed ring-design consists of an outer ring and an inner ring array, as 

shown in Figure 2. The outer ring (labelled as ‘A’) acts as an actuator for pulse-echo method. 

The inner ring array comprises four individual transducer electrodes (labelled as T1, T2, T3, and 

T4) with spanning angle of 80°, which can be configured as an actuator or a sensor. Fatigue 

crack, marked as ‘C’ in Figure 2, was generated in the direction of T4.  

 

Figure 2. Ring-design using annular array electrodes: (a) ultrasonic wave propagation direction 

in pulse-echo method; (b) ultrasonic wave propagation direction in pitch-catch method, where 

‘C’ and red line represent fatigue crack; black arrows are ultrasonic wave transmission paths.  

 

For pulse-echo method, as shown in Figure 2(a), the outer ring acts as an actuator and the 

generated ultrasonic wave will propagate towards the center of the fastener hole. Ultrasonic wave 

will be reflected by the fastener hole and echo towards the outer ring. The reflected ultrasonic 

wave will then be detected by the inner ring transducer array (T1, T2, T3, and T4), which serves 

as sensors. For pulse-echo method, the ultrasonic wave propagation paths are: A-T1, A-T2, A-
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T3, and A-T4. On the other hand, pitch-catch method only uses the inner ring transducer array by 

configuring T1 & T2 as actuators, and T3 & T4 as sensors, as shown in Figure 2(b). The 

ultrasonic wave generated by the actuator will be transmitted through the fastener hole, and 

received by the aligning sensor. The ultrasonic wave propagation paths for pitch-catch method 

are: T1-T3, and T2-T4. 

To increase practicability, some design considerations were contemplated. In most 

structures, fastener holes are placed very near each other. Due to space limitation, the transducer 

design footprint has to be as small as possible. However, if the actuator and sensor pair is too 

close, the received signal will be interfered by electromagnetic interference (EMI). With this in 

mind, an excitation frequency of 1.5 MHz was selected to dominantly excite S0 mode Lamb 

wave. Based on the group velocity dispersion curve in Figure 1(b), wave modes of S0, A0, and 

A1 will also be excited at this frequency. One of the reasons for selecting S0 mode is due to its 

lowest group velocity among the three wave modes. By having the lowest group velocity, S0 

mode will have the longest arrival time and this could separate and distinguish S0 mode from the 

effect of EMI, and from A0 & A1 modes. However, selection of a slower group velocity is 

different from most studies in literature. It should be noted that the possibility of mode 

overlapping should be considered when selecting a wave mode with a slower group velocity for 

Lamb wave application. 

 The period of the EMI can be estimated using, tEMI = n/f, where ‘n’ is the number of 

cycle and ‘f’ is the operating frequency. By taking n = 5, and f = 1.5 MHz, the period of the EMI 

can be calculated as 3.33 µs. To minimize the effect of the EMI, the first edge of the inner ring 

was positioned 15 mm from the center of the fastener hole. By selecting S0 mode and operating 

frequency of 1.5 MHz, the electrode width for the transducer design was calculated based on the 

phase velocity dispersion curve to be 1.3 mm using, d= vp /2f, where d is the electrode width, and 

vp is the phase velocity. A summary of the critical dimensions of the ring-design transducer is 

given in Table I. 

 

Table I. Summary of the critical dimensions of the ring-design transducer (unit: mm).  

Inner 

diameter 

Outer 

diameter  

Electrode 

width 

Ultrasonic wave 

propagation distance: 

Pulse-echo 

Ultrasonic wave 

propagation distance: 

Pitch-catch 

30.00 48.20 1.30 30.35 30.00 

 

When the transducer is operating at frequency of 1.5 MHz, wave modes S0, A0, and A1 

will be excited. The arrival time of these wave modes can be estimated by dividing the ultrasonic 

wave propagation distance by the group velocity of respective wave modes. Based on the design, 

the ultrasonic wave propagation distances for pulse-echo and pitch-catch methods are calculated 

to be 30.35 mm and 30.00 mm, respectively. Arrival times for wave mode S0, A0, and A1 in 



Published: V-K Wong, M Liu, W-P Goh, S Chen, Z Z Wong, and F Cui, and K Yao, “Structural 

Health Monitoring of Fastener Hole Using Ring-design Direct-write Piezoelectric Ultrasonic 

Transducer,” Structural Health Monitoring, doi.org/10.1177/14759217211073950d. 

both pulse-echo and pitch-catch methods are presented in Table II. The arrival times of all the 

wave modes are all significantly longer than tEMI.  

 

Table II. Group velocity and arrival time, for wave modes: S0, A0, and A1, excited at frequency 

of 1.5 MHz using pulse-echo and pitch-catch methods. 

Wave mode Group velocity (m/s) 
Arrival time (µs) 

Pulse-echo Pitch-catch 

S0 1732 17.32 17.52 

A0 3030 9.90 10.02 

A1 3596 8.34 8.44 

 

 

Transducer Fabrication and Characterization  

Poly(vinylidenefluoride-co-trifluoroethylene) [P(VDF-TrFE)] powder was first dissolved in 

acetone and dimethylformamide (DMF) in a 1:1 ratio to obtain a 5 wt.% P(VDF-TrFE) solution. 

Next, the P(VDF-TrFE) solution was sprayed onto an aluminium substrate (Al 2024) to form a 

film using a 3-axis automated robot system with a spray nozzle (Nordson, 782S-SS). During the 

spray, the aluminium plate was heated to 90 oC. Thereafter, the P(VDF-TrFE) film was annealed 

at 135 °C for 60 minutes. The thickness of the P(VDF-TrFE) film was 20 µm with a variation of 

±2 µm.  

To fabricate the electrode with pattern of annular array, silver (Ag) paste with a viscosity 

of ~1000 cP were printed on top of the P(VDF-TrFE) using a computer-controlled industrial-

grade deposition system with an auger valve and a needle gauge with an inner diameter of 0.26 

mm. The array electrodes were designed corresponding to 1.5 MHz operation mode, having an 

electrode width of 1.3 mm spaced at 1.3 mm apart, with a variation of ±0.1 mm. The printed 

electrodes were then annealed at 140 °C for 30 minutes. The average thickness of the annealed 

electrodes was 40 µm. Finally, corona poling was performed to produce functional piezoelectric 

ultrasonic transducers. The electrodes were connected to Bayonet Neill–Concelman (BNC) 

connectors using enamelled copper wires of 50 µm in diameter, which were not shielded.  

The effective piezoelectric coefficient (d33) of the P(VDF-TrFE) film was quantified 

using a laser scanning vibrometer (Polytec, PSV-400)23, based on the converse piezoelectric 

effect. A unipolar voltage with amplitude of 20 V and frequency of 100 kHz was applied to the 

P(VDF-TrFE) film. An area covering regions with and without the electrode pattern was 

scanned, as shown in Figure 3(a). The displacement amplitude of the profile line shown in Figure 

3(a) is given in Figure 3(b). By dividing the measured displacement amplitude by the applied 

unipolar voltage, the effective d33 value of the P(VDF-TrFE) film was obtained. The measured 
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effective d33 value of the P(VDF-TrFE) film was approximately -18.9 ±1 pm/V, which is 

comparable to previous reports.19-21 It should be noted that the effective piezoelectric coefficient 

was measured with the mechanical in-plane constraint of the structure. The actual piezoelectric 

coefficient of the P(VDF-TrFE) film should be higher than the measured value. 

 

  

Figure 3. Measurement of piezoelectric coefficient using laser scanning vibrometer: (a) 

piezoelectric response of the piezoelectric coating with electrode patterned on aluminium plate 

and analysis profile line; (b) displacement amplitude profile line. 

 

Sample Preparation 

A schematic of the aluminium plate with the direct-write piezoelectric ultrasonic transducer and 

a starter notch is presented in Figure 4. Two samples were fabricated using aluminium plate (Al 

2024) with dimension of 100 mm  177 mm  1.60 mm. A fastener hole with diameter of 4.85 

mm was machined at the center of the aluminium plates. The ring-design piezoelectric ultrasonic 

transducers with a small design footprint, within a diameter of 48.2 mm, were in-situ fabricated 

surrounding the fastener hole.  A small starter notch was machined on the side facing transducer 

T4 at the boundary of the fastener hole to facilitate crack initiation (refer to Figure 2). For 

Sample 1, the length and average width of the starter notch are approximately 0.32 mm and 0.39 

mm, respectively. For Sample 2, the length and average width of the starter notch are 

approximately 0.59 mm and 0.42 mm, respectively.  
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Figure 4. Aluminium plate and fastener hole with direct-write piezoelectric ultrasonic transducer 

and starter notch. 

 

Fatigue crack was created by exerting cyclic loading using a tensile test machine. 

Loading of 5000 cycles at a rate of 10 Hz with a maximum load of 20.6 kN and stress ratio of 0.1 

was applied to the two samples. Images of the produced crack on two test samples are shown in 

Figure 5. For Sample 1, the fatigue crack length and average width are approximately 5.72 mm 

and 6.64 µm, respectively. For Sample 2, the fatigue crack has length and average width of 

approximately 5.31 mm and 4.18 µm, respectively, with the crack having approximately 10º 
tilting angle, which leans to T3 side. 

 

  

Figure 5. Images of fatigue cracks propagated from the notch tip for: (a) Sample 1; and (b) 

Sample 2. 

 

Numerical Simulation  
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To get a theoretical understanding of the ultrasonic wave propagation excited by the direct-write 

piezoelectric ultrasonic transducer, a simulation study was conducted using ABAQUS software. 

Numerical simulations on pulse-echo and pitch-catch methods were conducted.  

The Finite Element simulation models in this study are built with ABAQUS/CAE and 

solved with ABAQUS/Explicit solver, which merits over the Standard solver in terms of 

computational speed. A circular plate with diameter of 150 mm was built as the full modelling 

domain, considering the circular shape of the direct-write piezoelectric ultrasonic transducer. 

Material of the circular plate material was assigned as aluminium with density of 2700 kg/𝑚3, 

Young’s modulus of 68.9 GPa, and Poisson ratio of 0.33. General purpose linear brick element 

with reduced integration C3D8R was adopted, with a global mesh of 0.2 mm and local finer 

mesh of 0.1 mm around the central hole area, constructing a model with around 1.8 million 

elements. To simulate the excitation of the direct-write piezoelectric ultrasonic transducer, an in-

plane pressure loading is applied along the edge of the direct-write piezoelectric ultrasonic 

transducer, as displayed in Figure 6. A fixed time increment of ∆t= 0.5 ns is adopted. The fixed 

time increment is smaller than the automatically calculated critical time increment, which 

satisfies the stability criteria for the Explicit solver. 

 

 

Figure 6. Representative Finite Element Model illustrating the central monitored region and the 

transducer region.  
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In the central monitored region, the intact model is constructed with a fastener hole in the 

center, with diameter of 4.85 mm. Based on the intact model, the model with notch is built by 

drilling out a cubic of 0.4 mm in width, 1 mm in length, and 1.6 mm in depth. Thereafter, a 

model with both crack and notch is built. The crack is modelled as a through thickness seam with 

length of 5 mm and depth of 1.6 mm. ABAQUS forces the separation of the seam in the 

simulation by duplicating nodes. Finally, a tilt angle of 10º is added to the last model, simulating 

a crack with 10º tilt on the fastener hole.  

The models are built with both pulse-echo and pitch-catch setups in the transducer region 

given as Figure 6. A simulated pressure excitation of a modulated 5-cycle sinusoidal wave with a 

central frequency of 1.5 MHz is applied along the edge of regions where the direct-write 

piezoelectric ultrasonic actuator is placed in the experiment. In the simulation model, no 

piezoelectric material is modelled, as ABAQUS only allows piezoelectric element to be 

computed with ABAQUS/Standard solver, which requires higher computation cost and 

consumption of RAM.  

The calculated ultrasonic wave propagation contours of out-of-plane displacement for pulse-

echo method are displayed in Figure 7. In the pulse-echo mode, A0 and A1 modes propagate 

faster than S0 mode. The wave modes propagate both towards and away from the central hole. 

As the sensing elements are inside the actuating ring, the propagating ultrasonic waves toward 

the central hole will be acquired by the sensing elements. Once the ultrasonic wave reaches the 

edge of the fastener hole, the propagating ultrasonic waves will be reflected, to be sensed again 

by the sensing elements.  
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Figure 7. Out-of-plane displacement contours for the pulse-echo method at different time frames, 

where the black arrows represent transmitted wave modes and red arrows represent reflected 

wave modes from the fastener hole. 

 

The calculated ultrasonic wave propagation contours for pitch-catch method are shown in 

Figure 8. For the pitch-catch method, A0 and A1 modes propagate faster than S0 mode. The 

ultrasonic waves propagate both towards and away from the central hole. Once the ultrasonic 

wave touches edge of the fastener hole, part of the propagating ultrasonic wave will transmit 

through the fastener hole, to be sensed by the sensing element on the opposite side of the 

actuating element. Hence, the transmitted ultrasonic waves first concentrate on the fastener hole, 

then part of the ultrasonic waves will be transmitted through the fastener hole to the sensor 

opposite to the actuating element, while most of it will be reflected back to the actuator.  

 

 

 

Figure 8. Out-of-plane displacement contours for the pitch-catch method at different time frames, 

where the black arrows represent transmitted wave modes and red arrows represent reflected 

wave modes from the fastener hole. 

  

To compare the response acquired by the sensing elements, the in-plane stresses 𝜎11 and 𝜎22 

located at the sensing elements are output from the simulation model, and the equivalent 

response signal can be obtained by considering the mean value of the summation of all the in-
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plane stresses 𝜎11 and 𝜎22, in order to guarantee that the equivalent signal will not be influenced 

by the slightly different meshing among all the models. Thus, the equivalent signal is calculated 

as: 

 

11 22
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(1) 

 

where, N denotes the number of finite elements for the sensing element in the simulation model.  

 

Crack Testing Methodology 

Ultrasonic measurements using both pulse-echo and pitch-catch methods were performed in 

three different stages. The first ultrasonic measurement was taken before the notch was 

machined. This served as a baseline measurement when the fastener hole was in pristine 

condition. The second measurement was conducted after the starter notch was machined, and the 

third was carried out after the fatigue crack was generated.  

During the ultrasonic test, a signal generator (Tektronix, AFG 3103) was used to generate 

a modulated 5-cycle sinusoidal wave with a frequency of 1.5 MHz. The signal was then 

amplified by a power amplifier (E&I, Class A Linear RF Amplifier) to a peak-to-peak voltage 

amplitude of 100 V. The amplified signal was split, with one output driving the direct-write 

piezoelectric ultrasonic transducer and then the other output to an oscilloscope (Tektronix, MDO 

3102) for excitation signal monitoring. Ultrasonic waves generated by the actuator were received 

by the selected sensor, which was connected to the oscilloscope for signal recording. The 

sampling rate of the receiver was set as 100 MHz and the received signals were averaged 512 

times. The recorded signal was post-processed for data analysis. 

 

Results and discussions 

Ultrasonic signals from simulation and experimental measurements are analyzed and discussed in 

this section. The ring-design transducer is designed to operate with pitch-catch and pulse-echo 

methods. Multiple Lamb wave modes are generated at 1.5 MHz, which focuses inwards to the 

ring. With a small propagation distance and multiple Lamb wave modes travelling at different 

speeds, the interactions of these Lamb wave modes with the fastener hole and defects are complex. 

It is challenging to analyze the interactions accurately. In order to effectively evaluate the structural 

integrity using the ring-design transducer, an energy ratio method is applied here.14 The energy 

ratio method takes into account the multiple wave modes that are reflected, transmitted, or 

scattered from the fastener hole and defects. The energy ratio, ER, can be obtained quantitatively 

as below: 
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𝑑𝑡

∫ [𝑉𝑏(𝑡)]
2𝑡1

𝑡0
𝑑𝑡

 
(2) 

 

 

where t is time, V(t) and Vb(t) are the gated ultrasonic signal and gated baseline signal, 

respectively during a defined section of time (form 𝑡0 to 𝑡1), E and Eb are the corresponding 

energy parameters. 

 

Ultrasonic measurements using pulse-echo and pitch-catch methods were conducted to 

evaluate the potential for SHM using ring-design. The voltage-time response graphs recorded 

from ultrasonic measurements for pulse-echo (A-T4) and pitch-catch (T1-T3) methods from 

Sample 1 are presented in Figure 9. 

 

  

Figure 9. Time response graphs obtained from Sample 1 at different measurement stages 

(baseline, notch and crack) for: (a) pulse-echo method, A-T4 ultrasonic wave propagation 

direction; (b) pitch-catch method, T1-T3 ultrasonic wave propagation direction. 

 

To investigate the wave packets in the recorded ultrasonic signals, wavelet analysis was 

performed using Short Time Fourier Transform (STFT) algorithm with Origin software. A 

rectangular window with length of 0.66 µs was selected based on the period of a 1.5 MHz wave. 

The overlap of the window was selected to be half of the window length that is 0.33 µs. The 

STFT contour graphs for pulse-echo method (A-T4) and pitch-catch method (T1-T3) measured 

at baseline stage are given in Figure 10. 
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Figure 10. STFT contour graphs for: (a) pulse-echo method (A-T4) and (b) pitch-catch method 

(T1-T3), where, EMI is electromagnetic interference signal, IW is incident wave, and SW is 

defect scattered waves.  

The STFT contour graphs showed a narrowband ultrasonic signal centered at 1.5 MHz, 

which is same as the excitation frequency. From the STFT contour graph for pulse-echo method 

in Figure 10(a), the first 4.00 µs is identified as the time period for EMI, which was due to 

electrical crosstalk from the excitation pulse. The wavelets found in the time interval of 4.5 µs to 

7.0 µs are the first arrival wave packets (also known as incident wave, IW) transmitted from the 

outer ring. Since EMI and IW do not interact with the defect, they were not considered in the 

ultrasonic signal gate. The wavelets in time interval of 7.0 µs to 12.0 µs are A1 and A0 Lamb 

wave mode. The Lamb wave mode of interest, S0 mode is identified to be occupying the 

dominant energy in the time interval of 16.5 µs to 21.0 µs. The first 3.0 µs in the STFT contour 

graph for pitch-catch method shown in Figure 10(b) is recognized as EMI. The transmitted A1 

and A0 Lamb wave modes are in time interval of 8.5 µs to 15.5 µs. The transmitted S0 mode for 

the case of pitch-catch method is located in the time interval of 17.0 µs to 20.0 µs. Besides the 

excited Lamb wave modes (A1, A0, and S0), other wave modes are also found in the STFT 

contour graphs. These wave modes are identified as the wave modes scattered from the defect, 

herein known as scattered waves (SW). Due to multiple wave modes interfering within a short 

distance, the ultrasonic signal gate has to contain the complete reflected and transmitted 

ultrasonic waves from the fastener hole in order to fairly assess the structural condition. Thus, 

the ultrasonic signal gates for pulse-echo and pitch-catch modes are 7.0 µs to 40.0 µs and 8.0 µs 

to 40.0 µs, respectively, without including EMI signals. Following the transducer notations given 

in Figure 2, the ultrasonic paths obtained from pulse-echo method were labelled as: A-T1, A-T2, 

A-T3, and A-T4. For pitch-catch method, the ultrasonic paths were labelled as: T1-T3, and T2-

T4.  

Energy ratios of the simulation results are given in Figure 11 . In Figure 11, energy ratios 

at baseline or notch stage have similar values for the cases of vertical crack (𝜃 = 0°) and tilted 

crack (𝜃 = 10°). For the simulation results with vertical crack, all the energy ratios for A-T1, A-

T2, and A-T3 in pulse-echo method are approximately one. This shows that the scattered waves 

from the vertical crack had low interference to the wave modes in T1, T2, and T3 regions. 

Meanwhile, the energy ratio for A-T4 decreases substantially at notch stage, and further 
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decreases at crack stage. In the case of A-T4, the wave modes were scattered from T4 region due 

to presence of the notch and vertical crack nearby. As a result, A-T4 had lower energy parameter 

at notch and crack stages in comparison with baseline. 

 

 

Figure 11. Energy ratios estimated from simulation at different measurement stages (baseline, 

notch, and crack) for vertical crack (𝜃 = 0°) and tilted crack (𝜃 = 10°) for (a) pulse-echo, and 

(b) pitch-catch methods. 

A tilting angle of 10º was introduced to the crack in the simulation, which leans to T3 

side, as depicted in Figure 6.  As a result, more ultrasonic wave scattering was diverted to T3 

region. This gave an increase in energy ratio at crack stage, as shown in Figure 11(a). On the 

other hand, the tilted crack scattered more ultrasonic waves away from T4 region and this 

resulted in lower energy ratio at crack stage when compared to the case of vertical crack. From 

the simulation results using pulse-echo method, energy ratio for the ultrasonic transducer that 

faces the defect consistently has the lowest energy ratio. This result shows that the ring-design 

transducer possesses the capability of defect localization around fastener hole via pulse-echo 

method. 

The energy ratio reduction trend using pitch-catch mode for both crack orientations was 

similar. For T1-T3 path, the transmitting ultrasonic wave modes were blocked by the defects; for 

T2-T4 path, the transmitting ultrasonic wave modes were scattered from the defects. Both 

resulted in reduction of energy ratio. Energy ratios at crack stage for both crack orientations are 

compared. After the introduction of 10º tilting angle to the crack, energy ratio of T1-T3 increased 

by 23.1 %, while energy ratio for T2-T4 reduced by 11.7%. At the current stage of this study, it 

is hard to determine the defect orientation using pitch-catch method because the method does not 

differentiate effects of the defect size and orientation. Nonetheless, when compared to energy 

ratios estimated using pulse-echo method, it can be inferred that the energy ratios obtained using 

pitch-catch method are more sensitive to the presence of crack.    
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Energy ratios from experimental measurements of the two samples using both pulse-echo 

and pitch-catch methods are presented in Figure 12. As shown in Figure 12(a) and (c), energy 

ratios for A-T1, A-T2, and A-T3 at notch stage are higher than the baseline for both samples, 

which indicates higher energy parameters for A-T1, A-T2, and A-T3 when defect is present. The 

reason for the observed higher energy parameters in T1, T2, and T3 regions could be related to 

the irregularity and structural complexity of the actual defect. As illustrated by the comparison of 

crack angles in simulation studies, the simulated energy ratios for A-T1, A-T2, and A-T3 

increased after introducing 10º tilting angle to the crack. The anti-symmetry and complex 

geometry of the notch and crack may cause the echoed ultrasonic wave to be scattered away 

from T4 electrode region to T1, T2 and T3 regions, giving higher energy parameter in these 

regions compared to baseline.  

 

 

Figure 12.Energy ratios from experimental measurements for different samples (baseline, notch, 

and crack): Sample 1 using: (a) pulse-echo method, (b) pitch-catch method; and Sample 2 using: 

(c) pulse-echo method, and (d) pitch-catch method. 
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Meanwhile, a decrease in energy ratio for all pulse-echo paths was still observed from 

notch stage to crack stage, as shown in Figure 12(a) and (c). This is consistent with the expected 

larger signal reduction due to crack in comparison with notch. Interestingly, energy ratios for A-

T4 at both the notch and crack stages exhibited lower energy ratio than the baseline consistently, 

for both samples. This phenomenon is also observed from the simulation results. As a result from 

the analyses here, the potential for determining the notch and crack direction is demonstrated 

using pulse-echo method, by evaluating and comparing the energy ratios measured by A-T1 to 

A-T4 in the pulse-echo method.   

For pitch-catch method, energy ratios decreased at both notch and crack stages, as shown 

in Figure 12(b) and (d), because ultrasonic signals were scattered by notch and crack, in spite of 

the change in energy ratio being sometimes rather small at notch stage. The general trend of the 

experimental results for pitch-catch method for both samples is in good agreement with the 

simulation results, where the energy parameter decreases at notch stage and further decreases at 

crack stage. By comparing the energy ratios for both pulse-echo and pitch-catch methods, pitch-

catch method exhibited a larger drop in energy parameter and a lower energy ratio than pulse-

echo method in the presence of crack, which are consistent with the simulation results. Hence, 

pitch-catch method could potentially have a higher sensitivity in detecting crack. 

From the simulation results and experimental results of the two samples, the capability of 

crack direction detection was observed in pulse-echo method. Pitch-catch method was found to 

have a higher sensitivity to fatigue crack as compared to pulse-echo method. For applications 

where determination of crack position and direction is not essential, a pair of annular electrodes 

using ring-design transducer in pitch-catch method can also be used to effectively detect crack in 

the proximity of a fastener hole and reduces the transducer’s footprint.  

The results show the capability and flexibility of the ring-design direct-write ultrasonic 

transducers to be practically implemented for monitoring cracks around fastener holes. In our 

work, the ring-design transducer has the whole outer ring as an actuator, while the four inner 

sensors are separated, each having a spanning angle of 80°. The ultrasonic wave generated from 

the larger outer ring actuator propagates inwards, with focus on the inner smaller fastener hole 

from all the radial directions. Thus, interactions of the ultrasonic wave propagating to smaller 

space are more complicated than ultrasonic wave propagation outwards. With an inclination of 

crack and imperfect symmetry in the samples in the reality, the reflected and distorted ultrasonic 

wave will be recorded by the neighbouring sensors, resulting in asymmetric ultrasonic wave 

received. As a result, the increase in ultrasonic wave signal received by the transducers in pulse-

echo method was observed, contributing to energy ratio higher than one. Improvements to the 

pulse-echo method can be made by separating the outer ring into four discrete outer actuators 

with spanning angle of 80°. The discrete outer actuators can work in pairs with the inner sensors 

sequentially so that only the reflected ultrasonic waves from the fastener hole or defects are 

being detected by the pairing sensor. By doing so, the sensitivity of pulse-echo method using this 

design could be improved.  

For pitch-catch mode, presence of the fastener hole at the center, as another factor 

blocking the passing ultrasonic wave, increases the complexity in the ultrasonic wave 

interactions due to the inward ultrasonic wave propagation from the larger outer whole ring 

actuator with focus to the inner fastener hole. Based on these analyses, it is understandable that 
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challenges exist in obtaining quantitatively consistent and symmetric ultrasonic wave signals 

among the individual samples and transducers. Finite Element simulation with different crack 

lengths and orientations can be conducted in the future for improved understanding of the 

complex ultrasonic wave modes interaction with different defect geometries using this design.  

While efforts were made for achieving consistency in sample fabrication, it was 

challenging to produce identical transducers in the lab. However, we believe standardized direct-

write processing on an industrial scale can significantly improve the consistency over the 

conventional manual installation of discrete bulking transducers. Furthermore, improvement of 

wire connection with proper shielding could be implemented to increase signal-to-noise ratio of 

the received ultrasonic signal, and to shield the device from EMI that would affect the signal 

analysis.  

 

Conclusion 

Direct-write P(VDF-TrFE) piezoelectric ultrasonic transducers with annular array electrodes 

were designed to generate Lamb wave modes at frequency of 1.5 MHz to detect fatigue cracks in 

the vicinity of fastener holes on aluminium plate samples. The annular ultrasonic transducers 

surrounding the fastener holes were able to operate in both pulse-echo and pitch-catch methods. 

The ultrasonic signal gates for pulse-echo and pitch-catch methods were obtained experimentally 

using wavelet analysis. Energy ratio method was applied to quantify the extent of the fatigue 

cracks. Simulation and experimental results revealed that the pulse-echo method was capable of 

detecting fatigue crack direction, while the pitch-catch method had a higher sensitivity in crack 

detection but not the ability to determine the crack direction. The ring-design of the direct-write 

ultrasonic transducers made of piezoelectric coating has low profile and small footprint, showing 

potential for in-situ SHM of fastener holes.   
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