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Abstract  

Novel direct-write ultrasonic transducers comprising piezoelectric poly(vinylidenefluoride/ 

trifluoroethylene) [P(VDF/TrFE)] polymer coatings  which were in-situ deposited, 

crystallized and patterned on pipe for structural health monitoring purpose. Lamb 

ultrasonic wave signals, generated and measured by the direct-write transducers and 

propagating along the pipe structure, were used to monitor the integrity of the pipe 

structure. The experimental measurements of the axial Lamb wave on pipe structure 

showed the substantial reduction in the ultrasonic signal by the defects. In addition, pipe 

thickness was accurately determined with the direct-write transducers to generate and 

detect the ultrasonic wave in the pipe thickness direction using pulse-echo mode. Our 

result and analyses suggest that implementation of the unique direct-write ultrasonic 

transducer technology is promising for realizing structural health monitoring for pipeline 

structures with improved consistency and reliability.   
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1. Introduction 

Pipe structures are widely utilized in various industrial sectors, such as oil and gas 

industry, marine and offshore industry, chemical and refinery industry, and many other 

general utility infrastructures. The pipes are susceptible to various damages from internal 

and external corrosion, cracking, external impact, etc. The presence of defects in pipes 

is a major concern in such industries and reliable non-destructive testing (NDT) 

techniques to assess the integrity of pipes in service are highly demanded for securing 

the safety and operation [1].   

Ultrasonic guided waves have received substantial attention in pipe inspection in 

comparison with other NDT methods, including eddy current techniques, radiography, 

electromagnetic techniques and vibration-based methods, mainly due to their capability 

of long distance propagation without substantial amplitude attenuation [2-5].  

Discrete piezoelectric ultrasonic transducers are typically utilized to generate and 

receive ultrasonic waves for inspection of the integrity of pipe structures. For the 

conventional guided wave techniques, additional wedges are required to excite the Lamb 

waves in the pipe structure [6-8]. However, the use of the discrete angle beam 

transducers with the additional wedges not only increases the assembling complexity, but 

also generates unwanted wave forms and inconsistency issue related to the location, 

pressure, and alignment. An alternate choice to the angle beam transducers can be 

multiple discrete sensors, e.g., piezoelectric ceramic patches or discrete ultrasonic 

probes bonded or fixed on the pipe structures acting as both actuators and sensors for 
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damage detection [9-11]. In some cases, the piezoelectric ceramic and polymer 

transducers with interdigital electrodes were bonded on the structures to excite and 

receive the guided wave for structural health monitoring purpose [12-17]. However, the 

bonding or coupling of the ultrasonic transducers on pipe structures has issues of 

inconsistency and unreliability due to manual installation, and also results in high cost 

with the implementation of a large number of sensors. Furthermore, ultrasonic guided 

waves, generated by pulsed laser were reported for pipe inspection [18], however, this 

technique is unable for wide application in consideration of safety, cost and practical 

limitations. 

Therefore, an in-situ, real-time, low-cost, and reliable ultrasonic transducer technology 

that is capable of monitoring structural failure occurrences and detecting the structural 

defects, over a long axial distance and through the thickness of the pipe structure, is of 

great interest to the community. In contrast to existing NDT techniques that utilize 

conventional discrete acoustic transducers, either handheld or installed on the structures 

with extra fixtures, we have developed the direct-write 

poly(vinylidenefluoride/trifluoroethylene) [P(VDF-TrFE)] based piezoelectric ultrasonic 

transducers to detect micro and macro scale defects on plate structures[19-21]. However, 

it is more technically challenging for implementation of the direct-write transducers on 

pipe structures, considering  the complicated deposition and patterning process  of 

piezoelectric and electrode films on the curved surfaces. In addition, with the different 

feature for the propagation of ultrasonic wave along pipe structure, it is interesting to 

investigate the potential of the direct-write transducers for monitoring structural integrity 

of pipeline after the previous study on plate structure.  
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Processing of piezoelectric materials and fabrication of ultrasonic transducers directly 

onto the pipe structures of interest are unique technological solutions promising for 

realizing real-time in-situ structural health monitoring. The potential advantages include: 

(1) improved reliability and consistency with the batch processing, without any couplant, 

additional fixture, or any manual installation; (2) applicable for curved or irregular 

structures; (3) ability of real-time and in-situ monitoring; and (4) lowered overall cost when 

a large number of transducers and transducer array are implemented over a large area.   

In this work, we report the design and fabrication of direct-write piezoelectric ultrasonic 

transducers on pipes for detecting both external and internal defects. The ultrasonic 

transducers comprise of piezoelectric P(VDF/TrFE) polymer coatings and comb 

electrodes, which are in-situ deposited and patterned on the pipe structures to be 

monitored. The Lamb mode ultrasonic waves propagating along the pipes are generated 

by the direct-write transducers, and received by the other direct-write transducers for 

analyzing the structural integrity.  In addition, an array of direct-write transducers is 

designed and fabricated to detect the internal defects along the pipe’s wall thickness 

direction using the pulse-echo mode. The direct-write sensor network shows the potential 

for realizing effective in-situ monitoring function for the structural integrity of pipeline.  

2. Method and experimental details 

2.1. Dispersion Curves of the Pipe Structure 

A stainless steel (316L) pipe measuring 1000 mm in length, 168 mm in outer diameter 

and 10.3 mm in thickness was assessed with the direct-write transducers. The dispersion 

curves of the pipe structure are shown in Fig. 1. It is generally desirable to select the fast 
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mode as this will facilitate the time domain separation of the signals of interest [10]. In 

consideration of both wavelength and pipe length, the asymmetric wave mode L(0,3) at 

frequency of 260 kHz, as marked in Fig. 1, was selected to design the transducers with 

the corresponding gap for the comb electrodes. The details of the design parameters of 

the direct-write transducers are given in Table 1. 

Table 1. The design parameters of the direct-write transducers integrated on the pipe 
structure using L(0, 3) mode at 260 kHz. 

 

2.2. Direct-write Transducers for Axial Lamb Wave on Pipe Structure 

The schematic of piezoelectric ultrasonic transducers with same dimensions, each 

made of P(VDF-TrFE) (72/28, Solvay, Belgium) coating in-situ fabricated onto the one 

meter-long stainless steel pipe, is shown in Fig. 2(a). Each comb transducer consists of 

two equally spaced parallel elements (i.e., periodicity of electrode), in which the central 

lines of the two adjacent electrodes equal to the wavelength of the selected frequency 

(260 kHz) at L (0,3) mode, to generate and detect the guided waves for defects detection 

[13]. Increasing the number of the comb electrodes can help to generate acoustic waves 

with narrow frequency band and also increase the amplitude of receiving signals. 

However, due to the 1-meter pipe length limitation in the lab demonstration here, 

increasing electrode number would generate long ultrasonic wave signals, with the 

transmitted and reflected signals overlapped. Thus, only two-electrode comb 

configuration is adopted here. 
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Fig. 1. Dispersion curves of the stainless steel pipe structure. (a) The phase velocity versus 
frequency. (b) The group velocity versus frequency. 

 

In order to explore the capability of direct-write transducers on defect detection, artificial 

defects with different dimensions were introduced on the external surfaces of the pipe to 

simulate levels of integrity as shown in Fig. 2(b). Three levels of integrity were designed 

including Control (without defect), Defect I and Defect II and the detailed dimensions of 

the defects were introduced in Fig. 2(c). The ultrasonic signals obtained from the 

structures with and without defects were analyzed and compared. The transducers were 

fabricated along the circumferential direction of pipe as shown in Fig. 2(b). To fabricate 

the direct-write transducers, a layer of P(VDF/TrFE) piezoelectric coating was in-situ 

deposited, crystallized and patterned on the selected areas on the pipe structure as 
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shown in Fig. 2(d). Before depositing P(VDF/TrFE), the outer surface of the pipe was 

polished by sand paper (Grit 600) and was cleaned using Acetone (purity > 99%, Sigma-

Aldrich, Singapore). Poly(vinylidenefluoride-co-trifluoroethylene) (P(VDF/TrFE)) (72/28, 

Solvay, Belgium) were dissolved in a mixed solvent of dimethylformamide (DMF, Purity > 

99%, Sigma-Aldrich, Singapore) and acetone (purity > 99%, Sigma-Aldrich, Singapore) 

(1:1 in volume) at a concentration of 5 wt%. The solution was subsequently sprayed on 

the stainless steel pipe using an airbrush (Badger NH200, Badger Air-Brush Co., US).  

During spray, the coating area of the pipe structure was heated to around 90 °C, and the 

P(VDF/TrFE) coating was directly patterned on the pipe structure with the aid of shadow 

masks. After the spraying process, the P(VDF/TrFE) coating was annealed at 135 °C[Fig. 

(2d)]. To fabricate the top electrode with comb pattern, silver paste patterns were brushed 

on the surface of P(VDF/TrFE) coating with the aid of shadow mask. The electrodes were 

connected to external instrumentation using enameled copper wires (100 μm in diameter, 

Advent Research Materials, UK) by the aid of silver paste (#12684-15, Electron 

Microscopy Sciences, US). The P(VDF/TrFE) coating in the devices was one layer with 

thickness of ~25 µm. The P(VDF/TrFE) coating was polarized by corona discharge at 20 

kV to obtain piezoelectric property. 

The methodology used in the diagnostic process is based on comparing the sensor 

response (with defect) to the recorded baseline sensor response (without defect) from the 

pristine structure. The differences between the two sets of signals are what contain the 

information about any existing damage or other anomalies [9]. 
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Fig. 2. The schematic of direct-write transducers on pipe structures for defects detection. (a) The 
schematic of direct-write transducers and defects on pipe structure. (b-c) The defect types and 
defect dimensions. L, W and T are abbreviations of length, width and depth, respectively. (d) The 
deposition of P(VDF-TrFE) coatings on the surface of pipe (marked areas) by  aerosol spray and 
electrically polarized with corona discharge. 

 

2.3. Direct-write Transducers for Thickness Pulse-echo Wave on Pipe Structure 

Local thinning in pipe structure is another crucial safety issue. To detect pipe wall 

thinning, cracking, or leakage, a reliable technique to monitor the pipe wall thickness with 

high reliability is demanded. The discrete and flexible ultrasonic transducers were 

commonly used for thickness measurement of structures [22, 23]. However, the 

measurement reliability and consistency are substantially affected by the alignment and 

fixture of transducers with structures, in particular for the curved pipe structures, and 

usually this method does not provide real-time monitoring function. To improve the 

reliability and facilitate future in-situ real-time monitoring, an array of direct-write 

transducers are designed and fabricated onto the pipe structures to determine the 

thickness and internal defects using the pulse-echo mode in the thickness direction.  
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Fig. 3. The pulse-echo mode to measure the thickness of pipe using direct-write transducers. (a) 

Schematic illustration of pipe structure monitoring by integrated piezoelectric ultrasonic 

transducers using the pulse-echo mode. (b) Photographs of the pipe with integrated piezoelectric 

ultrasonic transducers: side-view showing 8 integrated piezoelectric ultrasonic transducers 

produced on outer surface of the pipe and top-view showing the trench defects with different depth 

at inner surface. (c) The schematic of experimental setup of an array of direct-write transducers 

for detecting the internal defects of pipe structure. 

 

The schematic of the direct-write transducers on the detection of pipe thickness is 

shown in Fig. 3(a). A pipe made of stainless steel 316L with outer diameter of 168 mm 

and thickness of 10.3 mm was selected. A series of artificial trenches with depths of 0.25, 

0.39, 0.98, 2.00 and 5.00 mm were machined on the inner surface of the pipe to simulate 

local wall-thinning defects due to corrosion as shown in Fig. 3(b). A layer of P(VDF/TrFE) 

piezoelectric polymer coating with a thickness of ~25 µm was in-situ deposited, 

crystallized and patterned on the pre-determined area of the pipe and was electrically 

poled by corona discharge to achieve piezoelectric property, as previously described. 

Circular shape silver paste patterns were applied on the surface of P(VDF/TrFE) coating 

to serve as top electrodes. A photograph of pipe with direct-write transducer array is 
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shown in Fig. 3(b). The direct-write Transducers 1, 2 and 8 were fabricated on the pipe 

structures without internal defects, and the Transducers 3-7 were fabricated to detect 

internal defects with various depths. The thickness of the P(VDF/TrFE) coating for all the 

transducers are quite consistent, varied in the range of ±3 µm. 

The array of direct-write piezoelectric ultrasonic transducers were driven by a computer-

controlled commercial pulser-receiver system (Olympus IMS) combined with a 

customized relay switch, as schematically shown in Fig. 3 (c). In the pulse-echo mode, 

the ultrasonic wave is generated by the direct-write transducers on the outer surface of 

the pipe, and the wave reflected by the inner surface is received by the same transducer. 

The direct-write Transducers 1, 2 and 8 were fabricated on the part of pipe structure 

without internal defects, and the Transducers 3-7 were fabricated to detect internal 

defects with various depths. The thickness of the pipe wall can be determined by 

accurately measuring the time required for the ultrasonic wave travel. Defects such as 

corrosion-induced local thinning can be detected by analyzing the change of travel time 

of the ultrasonic waves.  

3. Results and discussion 

3.1. Characterization of Direct-write Transducers on Pipe Structure 

Figure 4(a) shows a photograph of the pipe sample under testing with in-situ fabricated 

direct-write transducers and artificial external defects. The period of the comb electrode 

pattern matched with the wavelength of the selected Lamb wave mode [(260 kHz, L(0,3)] 

of 15.6 mm. The width of top electrodes and the gap between electrodes were 7.8 mm 

and the length of electrodes were 60 mm. The direct-write transducers were fabricated 
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along the circumferential and axial direction of the pipe structure, where one transducer 

served as an actuator for generating bulk ultrasonic wave propagating along the axial 

direction and the other transducer acted as a sensor for receiving the bulk ultrasonic 

wave. Any defects in the propagation path between the actuator and the sensor would 

affect the signals of the bulk ultrasonic waves as shown in Fig. 4(a), and thus the integrity 

of pipe can be monitored. As the L(0,3) mode wave is bulk wave mode, defects on both 

the exterior and interior surfaces of the pipe can be detected by the transducers. 

 

Fig. 4. Piezoelectric polymer direct-write transducers in-situ fabricated on the stainless steel pipe 
for defect detection demonstration. (a) Photograph of the stainless steel pipe with in-situ 
fabricated direct-write transducers and artificial external defects. (b) The effective piezoelectric 
coefficient (d33) characterization of the direct-write transducers using laser scanning vibrometer 
(LSV). (c)  Set-up for generating and detecting ultrasonic signals by the direct-write transducers. 
(d) The detected ultrasonic wave at 260 kHz using LSV. (e) The representative time domain 
ultrasonic signal detected by the direct-write transducer. 

 

The effective piezoelectric coefficient (d33) of the P(VDF-TrFE) piezoelectric coatings 

was measured using a laser scanning vibrometer (LSV, Polytec GmbH)[24].  A unipolar 
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1 kHz AC voltage of 20 V was applied onto the transducer and an area covering the 

regions with and without electrode were scanned as shown in Fig. 4(b). The effective 

piezoelectric coefficient d33 value of thin film was determined as ~20 pm/V [Fig. 4(b)] 

under the mechanical clamping condition with the pipe structure. The ultrasonic wave, 

generated by the direct-write transducer was measured using the LSV and the 

wavelength of 15.8 mm was measured corresponding to 260 kHz, L(0,3) mode, according 

to the design, as shown in Fig. 4(d).  

The ultrasonic testing was conducted with the direct-write transducers, acting as both 

actuators and sensors, as schematically illustrated in Fig. 4(c). A tone burst signal of 5-

cycle sinusoidal waves at 260 kHz from a function generator (Agilent 33210A, US) was 

amplified by a linear power amplifier (EI2100L, US), to drive the direct-write transducer 

(Actuator 1), and the time domain signals from the pristine structure (defect free structure) 

was recorded as the baseline signals. As a comparison, the ultrasonic signals, generated 

by the other direct-write transducer (Actuator 2), and propagated passing through the 

section with external defect was recorded by an oscilloscope (Tektronix TDS 3052C, US) 

and compared with the Control signals. A representative ultrasonic signal received by the 

direct-write sensor is shown in Fig. 4(e), and the first-arrival ultrasonic signals were 

compared to evaluate the defects. To reduce the background noise and increase the 

signal-to-noise ratio, the received signals were averaged for 512 times. 

 

3.2. Defect Detection with Axial Lamb Wave on Pipe Structure 
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Damage detection in the pipe structure was realized by comparing the ultrasonic signals 

from structures with defects with the structure without the defects as a baseline [9]. The 

asymmetric mode L(0, 3) at 260 kHz was selected for the comparison of the defected 

ultrasonic signal amplitude.  

During testing, Actuator 1 and Actuator 2 were excited by a 260 kHz tone burst signal 

with 5 cycles at amplitude of 100 Vp-p. The ultrasonic signal received by the sensor was 

collected with an oscilloscope. For the Control [Fig. 5(a)], the distance between actuator 

to sensor is measured at 41.5 cm, and the time of flight is 0.11 ms, the group velocity was 

therefore measured at 3773 m/s, which is consistent with the group velocity at desired 

asymmetric mode L(0, 3) at 260 kHz (Table  1). The same mode was also used for the 

pipe with external Defect I and Defect II as shown in Fig. 5. 

 

Fig. 5. Comparison of time-domain ultrasonic signals among pipe structure with and without 

defects. (a) Without defect. (b) Defect I, an external notch, 40 mm x40 mm x 1 mm. (c) Defect II, 

an external notch, 40 mm x40 mm x 4 mm. 
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The presence of the simulated artificial defects led to substantial reduction of ultrasonic 

amplitudes as observed in time domain as shown in Fig. 5. The amplitude of the Control 

signal was measured at 0.2 mV, while the signal was substantially reduced by 40% for 

the pipe with the notch of 1-mm depth (Defect I), and further reduced by 85% with the 

notch of 4-mm depth (Defect II). The time-domain signals were further analyzed in 

frequency domain as presented in Fig. 6. Similar to the time domain signal, the ultrasonic 

signal amplitude at the frequency of 260 kHz was reduced substantially with the increased 

defect sizes. The interactions of asymmetric mode L(0, 3) at 260 kHz with the non-

axisymmetric defects could cause the mode conversion and generate other signals, thus 

leading to the reduced magnitude of mode L(0, 3). 

The presence of external defects on the substantial reduction of ultrasonic signals were 

reported by using commercial discrete ultrasonic transducers [3, 7, 9, 25], which were 

manually bonded or attached on the pipes using external fixtures. In contrast, the batch 

processed direct-write transducers can determine the signal change with significantly 

improved comparability, and hence higher reliability, due to the highly consistent 

measurement condition without requiring acoustic coupling agent, mechanical fixture, or 

any other human installation factors. Many variables, such as coupling conditions, 

clamping forces for affixing transducers, transducers position and alignment can 

substantially affect ultrasonic measurement, as well known in the literature [21, 26]. For 

the direct-write transducer method, as all the conditions were kept consistent among the 

multiple measurements, it showed excellent repeatability as shown in flat structures [20]. 

For this work on the pipe structures, each measurement was repeated for three times 

with negligible difference.   
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It is understood that the current transducers were patterned on the surface of pipe in 

non-axisymmetric manner, thus non-axisymmetric modes would also be generated 

together with the axisymmetric mode. For further optimization of the direct-write 

transducer in the future application, the design with full cover around the pipe for effective 

generation of axis-symmetrical mode ultrasound wave can be considered for further 

improving the performance of the structural health monitoring for pipe application. 

 

Fig. 6. Frequency domain of ultrasonic signals obtained from the pipe structures with different 

sizes of the defects. 

3.3. Defect Detection with Thickness Pulse-echo on Pipe Structure 

The signals from the integrated piezoelectric ultrasonic transducers at the locations 

without defect and with trench defects of various depths are compared in Fig. 7. The 

results show that all the trench defects above induce change in travel time of ultrasonic 

waves. For Transducer 1, the time of flight is 3.595 μs for ultrasonic wave at the location 

without trench defect. Based on the ultrasonic velocity of pipe (5720 m/s for stainless 

steel 316L), the measured wall thickness is 10.28 mm, which is consistent with the 

actual thickness of 10.30 mm. The same results were obtained from Transducer 2 and 

8. For Transducer 6 at location with 2.00 mm deep trench at the inner surface, the time 
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of flight is 2.90 μs for ultrasonic wave propagation and the corresponding wall thickness 

is determined to be 8.29 mm, and thus the depth of trench was determined as 2.00 mm, 

which is also consistent with the actual trench depth. The measured values of all 

trenches were summarized in Table 2, showing high consistency with the actual values, 

with error below 3%. Here we did not use averaging when acquiring the measurement 

data. In practical application, signal averaging from multiple cycles could be 

implemented to further improve the signal noise ratio (SNR). 

Table 2. The measurement of inner defects of pipe using direct-write transducers 

Transducer 
No. 

Actual trench 
depth (mm) 

Trench depth measured 
by ultrasonic testing (mm) 

Difference 

3 0.25 0.25 0 

4 0.39 0.38 2.6% 

5 0.98 0.96 2.0% 

6 2.00 1.97 1.5% 

7 5.00 4.96 0.8% 

 

The pulse-echo mode ultrasonic testing results indicate that the direct-write 

piezoelectric ultrasonic transducers can effectively in-situ monitor the integrity of pipe’s 

internal structure without implementation variation in transducer’s location, acoustic 

transmission angle, and other inaccuracy from human operation factors, and therefore 

promising for monitoring purpose with improved consistency and reliability. 
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Fig. 7. Comparison of time domain signals obtained by integrated piezoelectric ultrasonic 

transducers at different locations. The red arrows indicate the time of arrival for the ultrasonic 

wave reflected from the inner surface of the pipe wall. 

 

4. Conclusion 

Direct-write ultrasonic transducers are firstly designed and in-situ fabricated on 

stainless steel pipe structures for demonstrating the detection of detects in the pipes. The 

transducers are made of piezoelectric P(VDF/TrFE) polymer coatings and electrodes, 

directly deposited and patterned on the pipe structures to be monitored. The transducers 

with comb-shaped top electrode were dedicatedly designed with specified periodicity for 

generating and detecting the selected Lamb wave propagating along the pipe axial 
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direction for defect detection along the pipe structure. The results show that the defects 

in the pipes can be detected by the substantial reduction of ultrasonic signal amplitudes. 

In addition, pipe thickness can be accurately determined with the direct-write transducers 

to generate and detect the ultrasonic wave in the pipe thickness direction using pulse-

echo mode. Implementation of the direct-write ultrasonic transducers is promising for 

realizing structural health monitoring for pipeline structures with improved consistency 

and reliability, in consideration of that it can determine the ultrasonic signal change with 

significantly improved comparability and reliability. It is also an important step toward 

smart pipeline with real-time self-diagnostic function.    
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