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ABSTRACT 

This paper presents a Structural Health Monitoring (SHM) system for Condition-Based Monitoring (CBM) application of 

composite structures. The proposed SHM system consists of a smart diagnostic film and a wireless passive impact detection 

system. The diagnostic film includes embedded sensors and wiring networks. The diagnostic film is flexible and can adapt to 

any shape and geometry; the wires are inkjet-printed into a protective layer and connected to a wireless diagnostic system. The 

impact detection system is designed to be low-power, energy-efficient with a processing system to run feature extraction 

algorithms to optimize the transfer of data back to the host machine wirelessly. Both the diagnostic film and the wireless impact 

detection unit are implemented and tested, showing the practicability of this combination in aircraft CBM applications.   

 

KEYWORDS: Inkjet Printing, Condition Based Maintenance, Structural Health Monitoring, Wireless Sensor Networks, 

Passive Sensing, Impact Detection, Piezoelectric Sensors.  

1. INTRODUCTION  

Structural health monitoring (SHM) approach offers a paradigm shift from a schedule driven maintenance regime to a 
condition based maintenance philosophy. This family of approaches have attracted both industrial and academic attention 

[1-4]. Using a network of sensors and/or actuators, SHM systems continuously monitor structural integrity while the 

structure is in operation. By monitoring the response of the structure and appropriate post-processing techniques it can 

result in impact detection and characterization [5-9] as well as damage detection and localization [10-13]. Sensorized 

structures, with embedded or surface mounted sensors, record the response of the structure during operation and result in 

on-line damage detection. Therefore, the SHM has the potential to reduce the downtime for scheduled inspections and 

maintenance and offer a condition based maintenance strategy for lower cost and higher reliability. 

 
Despite the fact that permanently-attached active-sensing PZT networks have proven to be a reliable tool for detecting and 

localizing defects (i.e. delamination) in laboratory conditions, certain issues arise when this technology is scaled-up to real 

structures in the aviation industry [1]. One of the major impediment in the application of the Structural Health Monitoring using 

PZT based ultrasonic guided wave damage detection in aeronautics is the added weight which is due mainly to the wiring. For 

large industrial scale installation of SHM (i.e. say on a fleet of aircraft), one requirement is the flexibility of the installation to 

adopt to any part with different geometry (e.g. panels with stringers, manholes, frames) without adversely effecting its operation. 

 

The decision to have an SHM system on board of an aircraft is driven by its additional weight, reliability of acquisition and 

probability of detection. Therefore the on-board electronic parts must be optimized to have as little influence on the structure as 

possible, i.e. low weight and power consumption. Therefore, the proposed hardware is designed to be small with low power 

consumption and has the capability to process the recorded data before transmitting them wirelessly to the host unit. 

Responsiveness, robustness, acquisition capability and low-power operation, are considered in the design and modelling process. 

Different modules are designed according to the system functions. For passive sensing, which results in impact detection and 

characterization, an event-triggered method is proposed to reduce the power consumption when no impact occurs and to 

maintain the system performance when activated. 

 

The proposed SHM diagnostic layer consists of an array of PZT sensors and an inkjet-printed conductive network. It can be 

either attached on the surface of a structure or embedded within a composite interlayer. Due to the versatile character of the 
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inkjet printing technology, the developed conductive network can be purposely designed to allow for accurate sensor placement 

and better meet application demands. The reliability of the developed SHM system has been verified through extensive tests that 

simulated the operational environment of an aircraft [14-17].  The diagnostic layer is light, flexible, repeatable and more 

importantly easily replaceable if the sensors fail. 

2. STRUCTURAL HEALTH MONITORING UNIT FOR ON-BOARD IMPACT DETECTION  

Fig. 1 illustrates the schematic diagram of the structural health monitoring unit for on-board impact detection of composite 
airframes. The system mainly consists of a Smart Diagnostic Film (SDF) on a composite structure and a Wireless on-board 
Passive impact detection system (WiPass). As discussed in the introduction section, this system aims to achieve on-board 
impact detection with marginal added system weight, wireless communication capability, large sensing coverage area, low-
power consumption, high sensing reliability and high system robustness. These factors are considered in the design process in 
each function block in Fig. 1. 
 

 
Fig. 1 System function diagram for the structural health monitoring system for on-board impact detection. The system is 
divided into 7 blocks according to its functions. The key requirements and functions for each module are discussed and 

summarized below each function block. 

2.1 SMART DIAGNOSTIC FILM 

The SDF includes an array of PZT sensors, surface mounted on or embedded in composite structures and an injekt-printed 

wiring network that connects those PZT sensors to the subsequent WiPass. Inkjet printing of the silver wires was performed 

employing a piezoelectric Dimatix DMP 2850 printer. The piezo voltage was selected at 20 V and a customized waveform 

with a maximum jetting frequency of 5 kHz enabled a satisfactory drop formation. During printing, the substrate 

temperature was set at 60 °C and a drop spacing of 30 μm was selected. The printing width was set at 1 mm. A silver 

nanoparticle suspension was employed for the inkjet printing of the conductive wiring network. The silver nanoparticle 

concentration was 30–35 wt%. The viscosity ranged from 10 to 18 mPa·s and the surface tension was between 35 and 40 

mN·m
−1

. 

 

The substrate used for printing was a 25 μm thick polyimide film (Kapton). To decrease the electrical resistivity of the 

printed wires, 5 layers of silver-based ink were printed on top of each other. At the end of the printing process, sintering 

took place in a laboratory oven for 30 min at 150 °C to remove any remaining traces of solvents and to fuse the conductive 

particles into a cohesive conductive trace. The electrical resistivity of the printed wires was measured via the 4-point probe 

using a digital multimeter. The thickness of the printed wire was obtained from height profiles using a surface profilometer. 

The electrical resistivity was calculated using: 

ρ = R*A/l (1) 

where R is resistance, and l and A are the length and cross-sectional area of the wire, respectively. The resistivity of the 

printed wires was calculated using Eq. (1) to 8 μΩ cm, which is around 5 times greater than bulk silver resistivity (1.59 μΩ 
cm).  

 

DuraAct transducers were used as PZT sensors, while the connections between the printed circuits and the transducers were 

created using a two-part silver-loaded epoxy adhesive. A durable surface-mounted connector with an operating temperature 

range of −40 °C to +85 °C was also used.  
 

The diagnostic thin film was mounted on the surface of carbon fiber reinforced polymer (CFRP) plate  using a thermoplastic 

layer. The diagnostic film consisted of eight DuraAct sensors that were attached to the inkjet-printed wires using silver 
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conductive paste. At the end of the printed circuits, three surface-mounted connectors were employed. For the plate 

manufacturing, 16 plies of unidirectional Hexply 914-TS-5-134 prepreg were used. The stacking sequence was 

[0/45/−45/90]2s and the composite final thickness was 2 mm.  For bonding of the Kapton film onto the composite surface, a 

thermoplastic film with a melting point of 150 °C was employed. Fig.2 (a) and (b) illustrate the injekt-printed wiring network 

and a picture obtained using optical microscopy. The CFRP plate with the diagnostic film sourface-mounted onto its surface 

is shown in Fig. 2(c). 
 

 
Fig. 2 (a) Inkjet printed wiring network, (b) optical microscopy image of the silver track and (c) CFRP plate with the diagnostic 

film sourface-mounted onto its surface 

In a previous study, the durability and performance of the diagnostic film was assessed via a set of extreme temperature, 

altitude, and vibration environment test profiles that were carried out following the Radio Technical Commission for 

Aeronautics (RTCA) DO-160 document. The diagnostic film was shown to be durable and reliable to withstand the variable 

operational and harsh environmental conditions of tests representing the conditions of regional aircraft [16]. 

2.2 WIRELESS PASSIVE IMPACT DETECTION SYSTEM 

WiPass is designed to be on-board for continuous structural health monitoring; therefore, it is necessary to be light-weight, low-

power, compact and capable of monitoring any impact events with high system reliability. Based on the function defined in 

Fig.1, a WiPass was designed. The operational principle of the system is illustrated in Fig. 3.  

 

The output pins from multiples PZTs on the SDF are connected to their respective high-pass filters and rectifiers to attenuate 

those background vibrations exhibiting in the PZT outputs during aircraft operation. Impact-induced waves typically have 

abundant frequency components over a wide bandwidth. Some high-frequency components can still remain when the ambient 

vibrations are filtered out by the high-pass filter module, and these high-frequency components can be used for impact 

localization and evaluation. The proposed filter module, therefore, increases the system adaptability and reliability for different 

environmental conditions during aircraft operation. 

 

In order to reduce the system power consumption, an event-triggered mechanism is implemented, allowing the system to operate 

at a low-power mode with no impacts and to perform a high performance when triggered. This mechanism is enabled by a 
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comparator module, as shown in Fig. 3. The filtered signals are compared with a pre-defined threshold. No trigger signal is 

generated by this module, when there is no impact events (rectified PZT outputs are lower than the threshold). When any of the 

input signals is higher than the threshold, a trigger signal can be generated to wake-up the local micro-controller unit (MCU) to 

record all the input signals.  

 

Fig. 3 Operation flow chart of the wireless impact detection system, showing its functions and operation sequneces. 

 

 

For the MCU, it should wake up and start the recording process as soon as possible in order to capture the initial part of impact 

response. Multiple allowable Analog-to-Digital Converters (ADC) channels are important to increase the input capacity and 

sensing coverage. High sampling rates are essential as well to record the impact response in detail. When the recording of all the 

filtered inputs is complete, the MCU pre-processes these data. Necessary parameters, such as the Time of Arrival (ToA) or 

Amplitude of the First Peak (AoFP), are extracted for impact localization and evaluation. Then, the MCU wakes the wireless 

transceiver up from a low-power mode, and transmit the extracted data to a host station via this wireless module; and post-

processing is conducted on the host station for impact evaluation. Eventually, after the overall process is done, the MCU and the 

wireless module turn into the low-power mode again to reduce power consumption, and wait for the next impact events. 

 

According to the above description and discussion, the key considerations and requirements for this system are: 

 Energy-efficient when not triggered; 

 High system responsiveness and multiple input capability when triggered; 

 System robustness and reliability to environmental noises. 

 

A system based on the above-discussed functions was initial presented in [18]; and an advanced version with more designed 

considerations and capabilities was developed in [19]. This WiPass is then integrated with the SDF to realize on-board impact 

detection of composite airframes.  

3. SYSTEM IMPLEMENTATION AND VALIDATION  

3.1 SYSTEM IMPLEMENTATION 

In this work, the SDF and the WiPass are integrated; and the system-level performance is test to validate its impact detection 

capability. Fig. 4 shows the implementation of the SDF and the WiPass systems, including a composite panel with the smart 

diagnostic film (a) and the wireless passive impact detection system (b). In the SDF, there are 8 PZTs, and their output are 
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connected to the pin connectors using injekt-printed wires. For the WiPass, 12 input channels are implemented. High-pass filters, 

rectifiers and comparators are designed for each input channel. A MCU and a wireless transceiver are integrated to record, 

process and transmit the sensing results.   

 

Fig. 4 System implementation of the structural health monitoring unit, including (a) a smart diagnostic film and (b) a 
compact wireless impact detection system. The diagnositic film was amounted on a composite pannel with the dimensions 

of 300 × 225 × 2.3  mm. The dimensions of the impact detection system is 110 × 75 × 15 mm. 

3.2 EXPERIMENTAL VALIDATION 

The performance is first tested using one sensing channel compared with the results from an oscilloscope, as shown in Fig. 5. 

Fig.5 (a) is the results from an oscilloscope recorded at 500 kHz; and Fig. 5 (b) is the data recorded by the SHM unit at 90 kHz. 

These results are almost identical, showing the capability of the SHM unit in detecting and recording the impact events. The 

sampling frequency, 90 kHz, is enough to record the details of the impact event.  

 

Fig. 5 Comparison of the sensing results from (a) an oscilloscope at 500 kHz and (b) the SHM unit at 90 kHz. 

 

The multiple-channel performance is then tested as shown in Fig. 6. All the 8 PZTs are connected to the WiPass. An impact was 

introduced on the panel close to PZT 5, as shown in Fig. 4 (a). From the results in Fig. 6, it is clear that the impact signals are 

first captured by Ch 5 (PZT 5). This channel triggered the MCU to initiate the recording process. All the impact responses for 

other channels are fully recorded. Ch 3 and Ch 8 have similar signal arrival time, which is reasonable, considering the impact 

location. The same trend can be discovered from other channels, such as Ch2 and Ch 7. Impact location and impact energy can 
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be estimated using information, such as the time of arrival or the amplitude of the first peak. Machine learning algorithms can be 

adopted for the post-processing of the recorded data to deal with the anisotropic nature of composite materials.   

 

Fig. 6 Multi-channels (8 channels) sensing results from this structural health monitoring unit. The sampling frequency is 90 
kHz. An impact was introduced at the location indicated in Fig. 4 (a). The y-axis units for all the curves are volt. 

4. CONCLUSIONS  

In this paper, an on-board structural health monitoring unit for impact detection of composite airframes is presented. This SHM 

unit consists of a smart diagnostic film and a wireless on-board passive impact detection system. The SDF includes an array of 

PZT sensors (8 PZTs) and an inkjet-printed wiring network to connect these PZTs to the WiPass with light-weight and great 

flexibility. The WiPass can handle 12 input sensing channels and has the modules of high-pass filters, comparators, local 

processing and wireless communication. The SHM unit was tested for impact detection. The recording impact signals illustrates 

the impact responses with enough details. The proposed SHM unit provides a light-weight, compact, low-power impact 

detection system for on-board structural health monitoring.  
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