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Abstract 

 

Structural health monitoring (SHM) using direct-write transducers is an emerging technology wherein the 

piezoelectric ultrasonic transducers are directly produced on the structures using scalable in-situ processing 

method. In contrast to implementation of discrete piezoelectric transducers by manual installation as in 

existing SHM technologies, the direct-write transducer technology is promising for achieving the long-

envisioned smart structures with self-diagnostic function, with the advantages of improved reliability, 

lowered cost, minimized weight and lowered profile. In this work, direct-write piezoelectric ultrasonic 

transducers were designed and fabricated near fastener holes in aluminum structures for evaluating the 

feasibility of monitoring the structural integrity around the holes. Notches and fatigue crack were produced 

from the holes, and the ability of detecting the notches and crack using the direct-write transducers was 

investigated by comparing the ultrasonic signals and evaluating appropriate damage indexes related to 

ultrasonic energy. The results and analyses show the potential of applying direct-write ultrasonic transducers 

for SHM around fastener holes.    
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1. Introduction 

The global structural health monitoring (SHM) market is forecasted to increase from USD 1.24 billion in 

2017 to USD 3.38 billion by 2023, at a high compound annual growth rate (CAGR) of 17.93%, according to 

a latest market report [1]. Among the various industries, aerospace industry exhibits the highest CAGR (24.64 

%) in the SHM market [1]. Appropriate implementation of SHM technologies can improve flight safety, 

enhance longevity of aircrafts, and improve productivity, by enabling strategic transition in repair and 

maintenance work from schedule-based and reactive way to condition-based and proactive way. Ultrasonic 

wave-based SHM is one of the major technologies under extensive study [2-5], and has already been 

implemented in selected area of aircrafts for flight testing by aerospace industry [6]. 

 

The current ultrasonic wave-based SHM system uses discrete ultrasonic transducers made of piezoelectric 

ceramic pellets, which are manually installed on the structures to be monitored [2, 4, 7].  The piezoelectric 

ceramic-based discrete ultrasonic sensors have shown good performance in detecting defects in many 

applications, as published by research teams including  Fu-Kuo Chang et al. [8] [9, 10], Giurgiutiu Victor et 

al.  [11] [12], Joseph L. Rose et al.  [13, 14], Zhongqing Su et al.  [5], Shenfang Yuan et al. [15, 16], and Hu 

Sun et al. [17]. The technology has been commercialized as the product of SMART Layer (Acellent 

Technologies Inc, US). 

 

However, in some large-scale SHM applications, it is very challenging or impractical to install a large number 

of discrete ultrasonic transducers in large and complex structures. It was reported that the major factors 

limiting the growth of SHM market are high installation cost and unreliable results due to errors in readings 

[1]. The major challenges for the SHM system providers are the requirement of experienced engineers for 

the installation and calibration of the SHM instruments [1]. In addition, variations in the positioning, 

alignment and bonding during installation of the discrete transducers may cause inconsistency in the signals 

of transducers.  
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Recent works of Salowitz et al [18] and Wang et al [19] reported SHM using large scale and flexible 

piezoelectric sensor network made of multiple piezoelectric ceramic pellets or film bonded on polymer films. 

The sensor network comprises more than ten piezoelectric sensors inter-connected by wires, and can be 

bonded on a structure in a way quicker and more efficient than installing discrete ultrasonic sensors and the 

wires individually. 

 

SHM using direct-write transducers is a strategically different SHM scheme, wherein the piezoelectric 

ultrasonic transducers are directly produced on the structures using scalable in-situ processing method. The 

direct-write transducers do not involve manual installation or use of adhesive for bonding to the structures to 

be monitored, leading to significantly reduced labor and installation cost, and decreased complexity and 

weight. The direct-write transducers could be applied in many locations over a large area with high 

consistency, which is challenging for the current discrete ultrasonic transducers. In addition, directly 

integrating the transducers to the structures enables improved signal coupling and enhanced reliability. 

Therefore, compared to the existing SHM technologies, the direct-write ultrasonic transducer-based SHM is 

more promising for achieving the long-envisioned smart structures with self-diagnostic function.  

 

Our group has developed piezoelectric coating-based direct-write ultrasonic transducers for SHM 

applications [20-23], in which piezoelectric polymer [20-22] or piezoelectric ceramic coatings [23] are 

deposited to the structures. The feasibility of using the direct-write transducers to detect micro and macro 

scale defects has been demonstrated in plate structures. 

 

In this work, we further explore the potential of using the direct-write transducers for practical SHM 

applications, particularly demonstrating the feasibility for detecting fatigue cracks initiated from fastener 

holes (a type of common defects in aircrafts [24, 25]), and monitoring the cracks around the fastener holes 
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by introducing damage index as an indicator.  

2. Experimental 

Two types of aluminum (7075 alloy) structures were used in this study. Structure I is with dimension of 254 

mm  254 mm  12.7 mm, containing four through holes with diameter of 12.7 mm. Two non-through 

triangle-shaped notches with different lengths (6 mm and 12 mm) were machined at the edge of two of the 

holes, as schematically shown in Fig. 1 (a – c). The notches are to simulate crack defects at fastener holes. 

Structure II is with dimension of 304 mm  50 mm  12.7 mm, containing one through hole with diameter 

of 12.7 mm. A triangle-shaped notch (1.3 mm  1.3 mm) was machined at the edge of the hole to guide the 

subsequent fatigue crack growth (refer to Fig. 1 (d- e)). Fatigue crack was initiated at the notch root and 

propagated under cyclic loading generated by a tensile test machine.  

 

 

Fig. 1. Schematic illustration of Structures I and II to be integrated with direct-write transducers (unit: mm). 

(a) Top view of Structure I. (b) and (c): Cross-sectional view of Structure I along the A-A’ and B-B’ 

locations as indicated in (a). (d) Top view of Structure II. (e) Cross-sectional view of Structure II along the 

A-A’ location as indicated in (d). 
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To prepare solutions for piezoelectric material deposition, poly (vinylidene fluoride / trifluoroethylene) 

copolymer (P(VDF/TrFE)) (72/28 mol%) pellets were dissolved in a solvent of mixed dimethylformamide 

and acetone. The solution was then sprayed on both sides of the aluminum structures by aerosol spray. During 

spray, the P(VDF/TrFE) coatings were directly patterned on the aluminum structures with the aid of shadow 

masks. After the spraying process, the coatings were dried at 100 oC and then annealed at 135 oC. The 

thickness of the P(VDF/TrFE) coatings was controlled to be in the range of 25 – 30 µm. Patterned aluminum 

top electrodes were deposited on the P(VDF/TrFE) coatings with the aid of shadow masks. To induce 

piezoelectric effect, the P(VDF/TrFE) coatings were polarized by a corona discharge gun. 

 

To excite ultrasonic wave, the direct-write transducers were driven by Hanning windowed tone burst signals 

generated by a function generator (Tektronix AFG3101) connected to a power amplifier (NF Electronic 

Instruments 4010). Depending on the thickness of the piezoelectric layers, peak-to-peak voltage amplitudes 

applied to the direct-write transducers ranges from 80 to 120 V. The generation and propagation of ultrasonic 

waves on the aluminum structures were characterized by a laser scanning vibrometer (OFV-3001-SF6; 

PolyTech GmbH). The signals from direct-write transducers were collected by a digital oscilloscope 

(Tektronix TDS3052C). The schematic and photo of the experimental setup for ultrasonic testing using 

direct-write transducers are presented in Fig. 2. 
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Fig. 2. Schematic and photo of the experimental setup for ultrasonic testing using direct-write transducers. 

 

3. Results and discussion 

3.1 Feasibility study of direct-write transducers for notch detection in Structure I 

Photos of the Structure I with direct-write transducers are shown in Fig. 3. The pair of T1-R1 is at the 

reference location without notch, while the pairs of T2-R2 and T3-R3 were at the locations with 6 mm and 

12 mm notches, respectively. On the opposite side of Structure I, three pairs of direct-write transducers, T1’-

R1’, T2’-R2’ and T3’-R3’, were fabricated at the mirror locations of T1-R1, T2-R2 and T3-R3, respectively. 

The direct-write transducers were designed to selectively generate and detect Rayleigh waves in Structure I 

at frequency of 1.14 MHz, with the periodicity of the top electrode patterns matching the wavelength of 

Rayleigh wave at the frequency (2.5 mm). The piezoelectric coefficients (d33) of all the transducers are in the 

range of -19.8 ± 1.0 pm/V. 
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The transmitters were designed with concentric arc-shaped comb electrodes so that the ultrasonic wave could 

be focused to the area prone to crack. The possible application scenario of the sensors in such design is to 

monitor existing defects or cracks, and send alert signal when a crack is propagating and approaching a 

critical length defined by users. The effect of beam focusing was validated with finite element (FEM) 

simulation, as shown in the inset of Fig. 3. Cracks in the wave propagation path of the focused ultrasonic 

beams could significantly affect the ultrasonic signals received by the receivers. 

  

Fig. 3. Photos of Structure I with direct-write transducers. (a) Direct-write transducers at the same side of the 

notches. The pair of T1-R1 is at the reference location without notch. The pairs of T2-R2 and T3-R3 are at 

the locations with 6 mm and 12 mm notches, respectively. (b) Direct-write transducers at the opposite side 

of the notches. (c) Finite element simulation for the direct-write transducers with concentric arc-shaped comb 

electrodes showing the ultrasonic wave propagation and the effect of beam focusing. 

 

The direct-write transducers were excited by a sine wave signal at 1.14 MHz, and the surface displacement 

profile of the area near edge of the hole at reference location was examined by a laser scanning vibrometer, 

as shown in Fig. 4(a). It was found the ultrasonic wave is in concentric shape, with high intensity concentrated 

at the focal point of the concentric arc-shaped comb electrode of T1, which is consistent with the FEM 

simulation result in Fig.3. Fig. 4(b) presents the surface displacement profile along the A-A’ line as indicated 

in Fig. 4(a), showing the energy of the ultrasonic wave is concentrated in the middle. Surface displacement 

profile along the B-B’ line as indicated in Fig. 4(c) shows the energy of the ultrasonic wave is concentrated 

in the middle. In addition, the wavelength of the ultrasonic wave measured by laser scanning vibrometer is 

around 2.5 mm, which is consistent with the designed value. The wavelength of the ultrasonic wave also 
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matches the periodicity of the top electrode pattern of the direct-write transducer R1, revealing that the 

ultrasonic wave can be selectively detected by the receiver. 

 

Fig. 4. (a) Surface displacement profile in Structure I in the reference location characterized by laser scanning 

vibrometer. (b) Surface displacement profile along the A-A’ line as indicated in (a), showing the energy of 

the ultrasonic wave is concentrated in the middle. (c) Surface displacement profile along the B-B’ line as 

indicated in (a), showing the energy of the ultrasonic wave is concentrated in the middle. 

 

3.5 cycle Hanning windowed signals at 1.14 MHz were applied on the direct-write transducers T1, T2 and 

T3, and the signals detected by the corresponding transducers (R1, R2 and R3) were compared. Fig. 5 presents 

the time domain signals from the receivers after band-pass filtering in the range of 0.5 to 2.0 MHz. Based on 

the time of arrival in the reference signal (i.e. T1-R1), the propagation velocity of the ultrasonic wave was 

determined as 2907 m/s, which is consistent with the Rayleigh wave velocity in aluminum structures as 

reported in the literature (2888 m/s [26]). Comparison of the amplitude of the signals from the three direct-

write receivers revealed that the existence of the notches resulted in lower signal amplitude, particularly in 

the case of 12 mm notch, wherein the signal amplitude was reduced by more than 90 %. 
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Fig. 5. Comparison of time domain transmission spectra obtained by the direct-write transducers at the same 

side of the notch defects of Structure I. 

 

To study the interaction of the notch and ultrasonic waves, the surface displacement profile near the hole 

edge of the location with 12 mm notch were characterized by the laser scanning vibrometer. As shown in 

Fig. 6, the intensity of the ultrasonic wave dropped dramatically at the location at the right side of the notch. 

The significant drop was because the presence of the 12 mm long notch blocked the transmission of almost 

all the ultrasonic energy. This is consistent with the time domain signal in Fig. 5, wherein signal amplitude 

was reduced by more than 90 % in the case of with 12 mm notch. 

.  

Fig. 6. Surface displacement profile of Structure I near the hole edge with 12 mm notch, characterized by 

laser scanning vibrometer. Inset: Surface displacement profile along the dashed line, showing the energy of 
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the ultrasonic wave is substantially blocked by the notch defect. 

 

Preliminary investigation on the stability of the transducers was conducted by examining the effect of 

temperature on the performance of the transducers. The transducers were exposed to elevated temperature of 

70 oC for 48 hours and low temperature of -40 oC for 48 hours. There was no substantial change in the sensor 

performance after the temperature exposure. Systematic study on the long term stability will be addressed in 

the subsequent work. 

 

In some practical applications with space limitation and complex structures, it is often needed to apply 

transducers at one side of the structure to detect or monitor sub-surface defects which are originated from the 

opposite side of the structure. To investigate the possibility of detecting sub-surface defects by the direct-

write transducers, ultrasonic waves were excited by the direct-write transducers at the opposite side of the 

notches (T1’, T2’, and T3’), and received by the corresponding receivers (R1’, R2’ and R3’). As shown in 

Fig. 7, considerable drop in the signal amplitude was observed with the existence of notches at the opposite 

side. In the case of 12 mm notch, the ~45 % drop of amplitude is not as significant as the 90% drop in T3-

R3 (i.e. the notch is at the same side of the direct-write transducers). Despite the observed drop of amplitude, 

there is no significant change in the waveform in Fig. 7.  

 

Fig. 7. Comparison of time domain transmission spectra obtained by the direct-write transducers at the 

opposite side of the notch defects in Structure I. 
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The capability of the direct-write transducers in detecting defects at the opposite surface could be due to the 

generation of multiple modes of ultrasonic waves (Rayleigh wave dominant, together with other modes of 

ultrasonic waves) by the transducers. Although efforts were taken to preferably generate Rayleigh wave by 

designing the electrode periodicity and selecting appropriate frequency of the excitation signal, ultrasonic 

waves other than Rayleigh wave could be excited by the transducers in the structure. There could be other 

modes of ultrasonic wave that radiated to and even penetrated the bulk of the structure, which could detect 

the defects at the opposite surface.  

 

To investigate the presence of ultrasonic wave radiating deep to the bulk structure, Transducer T1’ was 

excited at 1.14 MHz corresponding to the periodicity of the electrode pattern, and the displacement of the 

surface opposite to the receiver R1’ was characterized, as illustrated in Fig. 8. Distinct surface vibration at 

1.14 MHz was detected at the surface, with the periodicity of the vibration around 2.5 mm, which is consistent 

with the wavelength of the Rayleigh wave excited by T1’. This result suggested that some ultrasonic wave 

penetrated through the complete thickness of the structure. The deep-penetrated ultrasonic wave and its 

interaction with the sub-surface defects could be the reason for the observed reduced signal amplitude in Fig. 

7. 

  

Fig. 8. Schematic view and measured surface displacement in the region opposite to the receiver R1’ in 

Structure I, with ultrasonic wave generated by the transmitter T1’. 
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As shown in the dispersion curves of the aluminum structure (Fig. 9), high-order Lamb modes may also be 

generated at excitation of 1.14 MHz. At 1.14 MHz, the wavelengths of A1, S1 and A2 modes are in the range 

of 2.7-3.0 mm, which are close to the 2.5 mm wavelength of Rayleigh wave around the same frequency. It is 

possible that the ultrasonic waves measured at the opposite side of the receivers are those high-order Lamb 

modes.   

 

Fig. 9. Dispersion curves of an aluminum plate with thickness of 12.7 mm. The red box indicates the high-

order Lamb modes (A1, S1 and A2) with wavelength of 2.7-3.0 mm at 1.14 MHz. 

 

Finite element modeling (FEM) using ANSYS was conducted to study the ultrasonic wave excited by the 

transmitters with the notch at the opposite surface. A 2D model was built in accordance to the material 

property and the cross-sectional dimension of Structure I. Fig. 10 presents the snapshots obtained by the FEM 

for the displacement distribution at the locations where the notch exists at the opposite side of the direct-

write transducers. The snapshots were captured at the moment when the ultrasonic wave propagates near the 

notch location. It was found that there are considerable ultrasonic energy propagating across the whole 

thickness of 12.7 mm for the structure. The transmission of the sub-surface ultrasonic wave was shadowed 

by the notches, which resulted in reduced ultrasonic energy at the location of the receivers. The 2D simulation 

results suggests that a possible reason for the measured amplitude decrease in Fig. 7 is due to ultrasonic 
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waves other than Rayleigh wave generated by the transmitters. Nevertheless, these finding of detecting 

defects at the opposite surface by the direct-write transducers in Structure I and the explanations may need 

further study to confirm. 

  

Fig. 10.  2D numerical simulation results showing the displacement distribution in the cross-section in 

Structure I when the notch exist at the opposite side of the direct-write transducers. 

 

3.2 Case study of fatigue crack detection using direct-write transducers in Structure II 

After feasibility demonstration of the defect detection in Structure I, the direct-write transducers were applied 

in a case study for detection of fatigue crack in Structure II, as show in Fig. 11. The fatigue crack was 

generated at the tip of the notch machined at the root of holes by cyclic tensile loading. The width of the 

fatigue crack (< 30 µm) is significantly smaller than that of the notch defects in Structure I (400 µm). The 

direct-write transducers in Structure II were designed to selectively generate and detect Rayleigh wave at 

frequency of 1.45 MHz, with the periodicity of the top electrode patterns matching the wavelength of 

Rayleigh wave at the frequency (2.0 mm). 
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Fig. 11. (a) A photo of the direct-write transducers integrated with Structure II. (b) Schematic illustration of 

the propagation of ultrasonic waves in the structure. (c) Crack growth versus number of cycles of the 

aluminum structure under cyclic load (18 ksi at 10 Hz), with the inset image showing the photo of the 

structure with notch and 10 mm-long fatigue crack. 

 

Unlike the study in Structure I, wherein signals from different pairs of direct-write transducers at locations 

with different size of defects were compared, the study in Structure II involved comparison of signals from 

same pair of direct-write transducers in different stages of the defect creation and growth. Three ultrasonic 

tests were conducted at four sequential stages: (1) original state without notch, (2) notch created (length: 1.3 

mm), and (3) fatigue crack grown to 10 mm long. The transducers were excited by 5.5 cycles of Hanning 

windowed tone burst signal. Fig. 12 shows the comparison of ultrasonic testing results for T1-R1 and T1’-

R1’, wherein the notch and crack are at same and opposite sides of direct-write transducers, respectively. For 

both T1-R1 and T1’-R1’, reduced signal amplitude was observed in the case of notch with 10 mm long crack, 

in comparison to the signal amplitude in the case of without notch. On the other hand, the change of signal 

amplitude in the cases of notch without crack was not obvious by comparing the time domain signals. 
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Fig. 12. Comparison of time domain transmission spectra obtained by the direct-write transducers in Structure 

II: (a) Direct-write transducers (T1 and R1) at the same side of the notch and the fatigue crack. (b) Direct-

write transducers (T1’ and R1’) at the opposite side of the notch and fatigue crack. 

 

3.3 Ultrasonic signal analysis with damage index 

An appropriate damage index was selected to correlate the change of signals to the size of the defects, by 

comparing the wave signal collected by the receivers in the conditions with and without the defects. Different 

damage indexes for SHM applications are reported in literature, including signal maximum [27], spectral 

maximum [27], residual signal energy [28], and residual spectral energy [29]. In this study, we applied 

residual signal energy method for calculating damage index, as this method was reported to be less sensitive 

to noise and more reliable compared to the methods based on maximum voltage signal amplitude [28].  
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Residual signal energy method is an energy based method which measures the energy ratio between signals. 

The damage index is expressed as [28]:  

𝐷𝐼 =
∫ 𝑥2𝑑𝑡
𝑡2
𝑡1

− ∫ 𝑦2𝑑𝑡
𝑡2
𝑡1

∫ 𝑥2𝑑𝑡
𝑡2
𝑡1

 

 

(3) 

where, t1 and t2 indicate the start and end of the time interval of interest.   

 

Damage indexes of Structure I at different locations and Structure II at different stages were calculated using 

residual signal energy method above. The time domain signals between 5 to 20 µs for Structure I and between 

15 to 40 µs for Structure II were used for the calculation. The damage indexes calculated based on the signals 

obtained in the two structure are presented in Fig. 13. The damage indexes are normalized between 0 and 1, 

wherein 0 represents undamaged (i.e. reference) signal, and 1 represents completely damaged (i.e. energy of 

signal is zero) [30].  

 

The results obtained in both Structure I and Structure II showed increase of damage index values with 

presence of notch or crack. When the notch or crack was at the same side of the direct-write transducers, 

more significant increase of damage index values was observed. Overall, the current results revealed that 

damage index calculated by the residual signal energy method was useful indicator for severity of damage in 

the structures. 
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Fig. 13. Damage indexes calculated from the signals obtained from Structure I: (a) transducers and notch at 

the same side, and (b) transducers and notch at the opposite sides; and Structure II: (c) transducers and 

crack at the same side, and (b) transducers and crack at the opposite sides 

 

4. Conclusions 

Direct-write piezoelectric film ultrasonic transducers were designed and in-situ fabricated near fastener holes 

in aluminum structures. The feasibility of monitoring the structural integrity with the direct-write transducers 

was demonstrated for detecting machined notches of different lengths (Structure I). The ability of detecting 

fatigue crack of 10 mm in length induced by cyclic stress loading was also demonstrated with the direct-write 

transducers produced on another aluminum structure (Structure II). The investigations showed that the 

existence of notches and cracks resulted in significantly reduced ultrasonic signal, even when the defects 

located at opposite side of the transducers. Accordingly, the direct-write transducers exhibited the capability 

of detecting the notches and cracks at both sides of the aluminum structure, at least up to 12.7 mm in the 

thickness. A damage index based on the residual ultrasonic energy could be used as indicators of severity of 

damage in the structures. Use of concentric arc-shaped electrode for the direct-write transducers could 

generate focused ultrasonic wave beam with promise for improving the detection sensitivity at the focused 

locations. Our results and analyses showed the potential values and advantages of applying direct-write 
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ultrasonic film transducers for SHM around fastener holes. Before wide deployment over a large structure, 

the application could start from monitoring selected "hot-spots" with defects already identified, for 

continuous tracking the possible defect growth and structure degradation. 
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