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1. Introduction 

Structural integrity is a crucial aspect that is related to safety. Environmental stress is the common factor attributed 

to the defect in structure. Therefore, periodically inspection is conducted to monitor the condition of the structure. 

However, identifying and assessing the extent of internal damage, and its precise location can be very challenging. Hence, 

structural health monitoring (SHM) system application is proposed due to the advantages in giving real-time data [1], [2] 

as compared to the Non-Destructive Test (NDT) which is conducted offline [3]. SHM involves continuous observation 

of structural integrity over a period of time by using an array of connected sensors during the duration of the service life 

of the structure [1], [3], [4]. The possible problems or damage could be detected earlier prior to structural damage. SHM 

can reduce any cost due to catastrophic failure and reduce the human resources cost for inspection. Besides that, SHM is 

capable of recognizing the best solution to maintain a structure and to extend its design life [5].  

SHM can be divided into two aspects, which are passive response and active response. Condition monitoring is one 

of the passive response techniques in SHM [6]. The periodical response received will be compared to the normal (default) 

data to determine if there are any changes in the signal, which take effect from the structure’s integrity such as shafts, 

motors and wind turbine blades [7]. Meanwhile, the active response will monitor the signal, and feedback to the system 

if the signal changes from the natural signal.  

The technology of SHM is enhanced from time to time. However, the technology adoption in industrial application 

still lacking due to the confidence level of the system robustness in real application [8][9].  Nevertheless, the improvement 
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was conducted on various aspects such as sensing and sensor, signaling processing algorithm and storage [10]–[12]. The 

application also has been employed widely at various sectors in composite [13]–[18], energy [19]–[21], civil industry 

[19], [22] and aviation industry [12], [22]–[25]. Hence, this paper reports a general insight of SHM in civil and aviation 

application. Besides that, a brief discussion on sensor technology is presented as well. The sensor technology that widely 

use in SHM such as strain-based method [6], [12], [18], [26], Eddy current [27], guided waves [23], [28]–[32], acoustic 

emission [33]–[35]. and carbon nanotubes (CNT) [36].  

 

2. Civil structure application 

The important of SHM can be discovered from Taiwan’s Nanfang’ao bridge tragedy in 2011 where the bridge 

collapsed. No early warning sign was obtained from the structure to indicate a structural defect. The investigation reported 

that the possible failure was caused by rust, wear and tear [37]. The application of SHM may prevent such bad tragedy 

by providing early detection warning, monitoring the structural health and can save human life. E. Gasparin et al. [27] 

reported the importance of Eddy current sensor in monitoring the bridge structure. The study also proposed several 

improvements for future investigation such as matrix design elements to permit a device blind positioning, the accuracy 

of crack length optimization and online algorithms integration for fatigue life assessment [27]. SHM was employed in 

Manhattan bridge, New York City where it was reported that the bridge floor beams were subjected to induce distortion 

and cracks due to repetition of train loads. The sensor selected base on guided waves sensor concept. Over 20 

accelerometers were installed on the bridge beam to investigate the structural integrity correlation with the trainloads. 

The results show that the joints misalignment and train wheel sounds impacting the end of the rails. Therefore, further 

action was conducted via SHM system installation that can monitor the potential of fatigue cracking directly and induced 

distortion on the rail structure [28]. From this SHM application, the structural integrity of the bridge can be preserved in 

the long-run, and the life-cycle maintenance cost can be reduced. Furthermore, a comparison between strain gauge and 

optical fiber sensor for concrete beam was conducted to detect any crack propagation under a three-point bending setup 

as shown in Fig. 1. Optical fiber sensor was reported to increase the method accuracy considerably. Hence, reducing the 

crack width errors for cracks beyond 0.2 mm [29]. 

 

 
Fig. 1 - Concrete beam specimens after testing. The shear failure mechanism occurs [29] 

The application of SHM in wind turbine systems is gaining serious attention as well. In the ultrasonic guided waves 

approach, the lower excitation frequencies show a more consistent performance across all sensor paths of the 9-meter 

CX-100 wind turbine rotor blade in a controlled fatigue-test environment [30], [31]. The application of macro fiber 

composite (MFC) was employed as a sensor to monitor the structural integrity of a kenaf turbine blade for wind turbine 

via a strain-based method. Interestingly, the sensor also performs as a micro energy harvester [6].  

SHM applications have also been explored to investigate the impact damage for kenaf fiber composite [18]. 10 

Piezoelectric sensor arrays (PZT) sensors were used to capture the strain wave propagation. Then an effective impact 

damage classification procedure was established using a multilayer perceptron (MLP) neural network. The result showed 

that by using the strain profiles as inputs feature, it gave the high classification rate for all classes assigned except 

minimum peak feature get the lowest classification rate which is below 90%. While in other research, PZT sensors also 

have been used to investigate the wave propagation in woven pineapple fiber [26]. A series of 30 low-velocities, low-

energy impacts were performed at the position assigned. The two-second sampling of resulting strain waves measurement 

was recorded using 12 PZT sensors. The result indicated that the time of arrival is almost found similar for all the sensors, 

but the maximum amplitudes are different. The nearer the sensor to the impact location, the higher the maximum 

amplitude. The wave velocity characteristics provide substantial data prior to impact localization and characterizations. 
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Understanding on the behavior and damage characteristics is vital to evaluate current conditions and estimate their 

integrity for future application.  

The application of SHM in civil structures had shown significant enhancement. Most of the discussion and analysis 

was conducted on the bridge, and concrete analysis as these elements will involve human life. The summary of sensor or 

method applications are summarized in Table 1. 

 

Table 1 - Structural health monitoring sensor or method in the civil structure application 

Type of sensor/ method Application Reference 

Accelerometer Bridge -floor beams [28] 

Strain gauges Bridge, Concrete beam [28], [29] 

Crack gauges Bridge [28]  

Optical fiber sensor Concrete beam [29] 

Macro Fiber Composite Wind turbine blade [4], [6] 

Ultrasonic guided wave Wind turbine blade [30], [31] 

Piezoelectric sensor arrays (PZT) Composite structure, pipeline [17], [18], [26], [38], [39] 

Eddy current sensor Bridge, Concrete beam [27] 

 

3. Aviation industry application 

Damage structure can be invisible inside a structure. It also cannot be seen via visual observation due to the early stage 

of cracks or damage. SHM technology is capable of detecting possible structural flaws, although the surface may appear 

smooth and undamaged.  

The advantage element of SHM is real-time monitoring. A lamb wave is also able to determine the undamaged, 

damaged and repaired characteristic of carbon fibre reinforced plastic (CFRP) laminate [32]. CFRP is replacing aluminum 

alloys as the primary and secondary structure for newly developed aircraft such as the Boeing 787 and Airbus A350. The 

research reports that the intervals of interest were selected using Morlet wavelet analysis to evaluate the Condition 

Structural Index (CSI) and the Amplitude Based Assessment (ABA) for each condition. Next, the results were 

characterised using principal component analysis (PCA) to distinguish the characteristic - undamaged, damaged and 

repaired [32]. A case study between comparative vacuum monitoring (CVM) and lamb wave (LW) technique was 

compared in the Embraer-190 flight test aircraft [25]. Both SHM techniques show better detection as compared to NDT 

technique. The process of collecting data was expedited, and the damage information was presented precisely [25]. 

Another application of SHM in aviation is Fibre Bragg grating (FBG) sensors, as one of optical fiber strain sensor which 

is embedded inside aerospace-grade composite material [12]. The research was conducted to evaluate the robustness of 

sensors embedded technique in producing the SHM signal and perform the monitoring function. The tests were conducted 

following the aerospace standards, in terms of temperature cycling, pressure cycling, exposure to humidity, hydraulic 

fluid and fatigue loading. The results show that the FBG embedded technique was applicable for SHM strategies in 

aerospace-grade composite material. Further comparison on CVM, FBG and Piezoelectric wafer active sensors (PWAS) 

were conducted to evaluate the ability of the sensors to detect the smallest damage size [23]. CVM was proposed as the 

best choice due to the capability to detect any damage up to 0.02”.   

On top of that, aircraft airframe is vulnerable to corrosion, potentially leading to material degradation, and 

eventually causing fatigue cracks. Generally, aircraft structures are well coated. However, the aircraft is exposed to 

various types of impact and damage during daily services. Three methods are available to monitor and measure corrosion. 

The first method involves direct measurement of corrosion effects using electrochemical sensors such as Electrochemical 

Impedance Spectroscopy (EIS) sensor. The second method involves measurement of the corrosivity environment, where 

the corrosive condition of underlying structures is evaluated. For example, galvanic sensors are used to monitor the 

corrosion of metallic elements through the changes in electrical resistance of the sensor. The third method involves the 

measurement of corrosion using chemical sensors [20][36]. This sensor can detect the presence of specific ions from a 

corroded component/structure. However, the reliability of the sensor is still questionable since it could not demonstrate 

long-term stability or resistance to poisoning caused by contaminants.  

Besides that, Acoustic Emission (AE) is another technique in SHM used to detect and inspect the cracks 

development or any leakage in a structure. Generally, the structural problem is due to several factors, such as stress 

corrosion, creep, and fatigue [33]. AE operates at a frequency range above the audible sound frequency between 150 and 

300 kHz. This technique has great potential for aerospace composite structures [34][35]. Table 2 summarizes the 

application of structural health monitoring sensor in the aviation industry. 
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Table 2 - Structural health monitoring sensor in the aviation application 

Type of sensor Application Reference 

Electrochemical Impedance Spectroscopy (EIS) sensor Aviation [20] 

Galvanic sensors Aviation [20] 

Chemical sensors  Aviation [20] 

Piezoelectric wafer active sensor (PWAS) - ultrasonic waves. Aircraft panel [23] 

Acoustic Emission (AE) Aerospace composite 

structure 

[33] 

Comparative vacuum monitoring (CVM)  Aircraft panel [23], [25] 

Lamb wave (LW)  [25] 

Optical fiber strain sensor- Fibre Bragg grating (FBG) sensors, Aerospace composite 

structure 

[12], [23] 

 

4. Challenges in SHM implementation 

Generally, SHM applications show a positive impact in the long run both in safety and maintenance cost. However, 

system costing is the most influencing criteria in the SHM implementation. The crucial factors that are calculated in the 

cost analysis include sensor cost, installation cost, inspection cost, cost caused by extra weight, cost reduction due to less 

number of labor and discount due to maintenance downtime reduction [23]. The maintenance cost can be reduced 

significantly, as compared to the current traditional NDT while sustaining the level of risk [40]. The technology and 

installation of this system may incur a higher cost due to the increased amount of sensors installed (depends on aircraft 

size), and well beyond the affordability of many small and medium industries [23]. Besides that, the implementation of 

SHM in aircraft industry requires authority approval, multiple testing conditions and weight penalty, which could prolong 

the implementation process in the aircraft industry. Hence, this guidance may assist the industry in deciding and planning 

the application of SHM in its technical operation. The engineers must verify specific parameters that are highly likely to 

affect structural integrity so that only necessary sensors are used instead of using multiple sensors to measure all sorts of 

parameters.  

A study concluded that corrosion sensor is not cost-effective and that the current ground inspection of aircraft is 

already sufficient, for now, to detect corrosion [21]. However, the application of corrosion sensor is much more cost-

effective in hard to access areas such as undersea/subterranean pipelines and offshore structures [38]. Next was on the 

interpretation of the test result. Since the SHM enables real-time monitoring, the size of the data collected can be 

enormous. It is very challenging for engineers to analyze and interpret big data. A special set of skills is needed to utilize 

the data to facilitate decision-making [23]. Hence, Industrial Revolution 4.0 is the key factors to improve the data 

collection, process, interpretation and action taken to the particular structure.  

Another challenge is that SHM employment is certification to conduct the SHM system on the aircraft. The system 

should perform a strict and rigid assessment to prove that the system can endure such an environmental situation. Federal 

Aviation Regulations AC-21-16D is the reference to obtain the certification from the authority [23]. 

 

5. Conclusion 

This paper discusses advances in the use of various sensors complementing the SHM applications in both civil and 

aviation industries. A variety of sensors and integrated sensor networks are available to evaluate the performance of the 

desired system, including structural elements, electronics, hydraulics, avionics and others. Smaller size matters in the 

advent of sensor technology, as innovators continue to minimize the size of sensors to enable embedding in various 

structures and remote locations. It is essential for engineers to determine crucial parameters and analyze the big data to 

gauge structural integrity and performance. It is important to verify where to measures, and translate the data obtained 

into useful information in the decision-making process in order to optimize the maintenance process. It is also crucial to 

select the desired sensor based on its usage and ascertain if it is practical and effective in obtaining reliable data that are 

free from noise disturbance. 
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