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ABSTRACT 

 

With the development of sensor and information technology, more and more sensors are applied 

in the structural health monitoring system, and the size and sensor signals are gradually 

increasing. The fusion of different sensor signals can improve the stability and reliability of 

structural health monitoring technology. In this paper, eight piezoelectric transducers (PZT) 
and the distributed optical fibre sensors were layouted on the surface of an aluminum alloy plate 

to collect signals under the load-changing environment. The ultrasonic guided waves generated 

and received by PZTs were used to diagnose the damage in a way of imaging, while the strains 

obtained by optical fibre sensor were used to identify the damage. These two signal information 

is fused in feature level using Kalman filtering method. The results show that the fusion damage 

diagnosis results are more stable and the accuracy of damage location is improved than the 

single signal’s diagnosis results. 

 

1. Introduction 

 

In recent years, the accidents have frequently occurred due to failures on mechanical structures, 

aircraft, and large civil engineering, etc. The needs to acquire structural state information real 
time is becoming more and more urgent. The structural health monitoring (SHM) as an 
innovative technology for online monitoring the structural state (strain, damage, etc.) has 
become a research focus[1]. Many advanced SHM methods have emerged, mainly including[1-
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3]: optical fiber method, ultrasonic guided wave method, eddy current method, acoustic 
emission method, mechanical impedance method, intelligent coating method, vacuum 
comparison method.  

 

However, the current research on structural health monitoring focuses on a single sensing 

technique for a given scenario. There is a trend that different sensing techniques are used to 

make a comprehensive evaluation on key structures (such as aircraft body or wing and high-

speed train truck) in a complex service environment. Qing et al.[2] have proposed the concept of 

multifunctional sensor network integrated with a structure, similar to the human nervous system, where 

different types of network sensors are permanently integrated within a composite structure to sense 

structural strain, temperature, moisture, aerodynamic pressure. Yuan et al.[4-6] used a variety of 

sensors to build hybrid sensor networks to monitor the state of the structures, such as impact, 

damage and strain; NASA and the US Air Force have also developed some SHM systems and 

applied to various types of aircraft to manage various sensor signals and make comprehensive 

diagnosis[7-9], such as Beacon-based Exception Analysis for Multi-missions (BEAM), 

Prognostics and Health Management (PHM) systems. However, without the interaction or 

fusion of information from multiple sensors, it is difficult to satisfy the requirement for high 

reliability of state/damage diagnosis. False negatives or false positives of damage diagnosis 

will happen due to the influence of changing environment such as temperature, vibration and 

different loads. Therefore, it is necessary to fuse different data or signals obtained by different 

sensors in as many levels as possible such that the diagnostic results will be more reliable and 

more accurate, especially for complex structures in multiple physical fields.  

 

Piezoelectric elements and optical fibre sensor are widely applied in SHM field due to their 

small size and light weight. Meanwhile, these two kinds of sensor can diagnose the state of 

monitored structure in way of ultrasonic guided wave and strain respectively. Generally, 

ultrasonic guided waves are often used to identify different types of damages (such as crack, 

corrosion, delamination, and disbond) in a large-area structure. The changing strain around the 

damage will be obtained by high density distributed optical fiber. Although ultrasonic guided 

waves have shown potential for damage diagnosis, they are very sensitive to the fluctuation of 

environmental factors such as temperature and stress. Therefore, the strain information is used 

to overcome the disadvantage of guided wave-based method. This paper proposed a Kalman 

filtering-based feature level fusion of guided wave signals and strain to identify the damage 

under a load-changing environment. A series of experiments are carried on an aluminium plate 

with increasing damage and load to illustrate the feasibility of the proposed method. The results 

show that the information fusion-based damage diagnosis results are more stable and the 

accuracy of damage location has been improved. 

 

2. Diagnosis Principles and Information Fusion 

 

2.1 Optical Fiber Based Damage Diagnosis 

 

The propagation of light in an optical fiber is highly susceptible to environmental influences 



 

 

such as temperature, strain, humidity, and electromagnetic fields. In general, the spectral shift 
of Rayleigh scattering is mainly caused by changes in strain and temperature[10]. The changes 
in temperature or strain cause a shift in the back-scattered Rayleigh scattering spectrum of the 
fiber when a distributed fiber optic sensor is used to measure strain or temperature. And it can 
determine which part of the fiber has a change in temperature or strain by observing the 
scattering spectrum[11-13]. The relationship between the spectral shift of back-to-Rayleigh 
scattering and strain or temperature is similar to the relationship between wavelength   or 
frequency v  and strain   or temperature T  in a fiber Bragg grating[10]: 

 
T

v
K K T
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      (1) 

Where,   and v  are the average wavelength and frequency of light respectively,   and 

v   are the variation of wavelength and frequency respectively, K   and TK   are the 

calibration constants of strain and temperature respectively, and their values are related to the 
characteristics of fiber[14]. 
 

For optical fiber based diagnosis, the strain fields of the structure will be redistributed under 
the same external load and constraints when the structure is damaged. We can judge the location 
and size of the structure damage by comparing the difference of the fiber optic signal before 
and after damage occurs. The changes of distribution of strain along the Z-axis direction as 
shown in Figure 1 (b) and (c). The aluminum plate is fixed by one end as shown in Figure 1(a) 
and the other end is applied with a load in the Y-axis direction. 
 

       

(a)                       (b)                       (c) 
Figure 1. Strain distribution before and after damage of aluminum plate under the same load 

 

2.2 Guided-waves based SHM 

 

The main idea of the Guided-waves based Structure health monitoring(GWSHM)[15] is to excite 
ultrasonic guided-waves on the surface of the monitored structure while the sensor receives 
structural response signals at one or more other places on the same surface. When the structure 
is damaged, various damages and the boundary around the damage will cause scattering and 
energy absorption of the ultrasonic guided waves propagating in the structure. As shown in 
Figure 2, the state of the structure is judged by analyzing the changes of signals for each path 
before and after the structural damage occurs[15-18].  

 



 

 

 

Figure 2. The principle of guided-waves based SHM[17, 18] 

 

In the practical application, the change of the guided wave signal in a single path often cannot 
achieve the damage diagnosis, and it is necessary to consider the signal changes of  multiple 
paths at the same time[17, 18]. The diagnostic method for guidedwaves-based SHM used in this 
paper is the probability-based diagnostic imaging[17, 19], which judges the state of the structure 
by superimposing the damage probability obtained by all the sensing paths on the structure. 
 

2.3 Kalman Filtering Based Fusion 

 

The active GWSHM technique or method has high detection efficiency and can identify 

multiple damages in large-area structure. However, the guided wave signal interpretation is 

complex and susceptible to environmental influences. The optical fiber sensor is light in weight, 

small in size, easy to install. And single optical fiber sensor can realize multi-point 

measurement, but it can only monitor the signal along the length of the fiber. The monitoring 

area of optical fiber based on SHM is much smaller than that of GWSHM. The optical fiber 

based on SHM is generally used for monitoring of loads and hot spots. In order to make full 

use of the signals collected by two kinds of sensor, the Kalman filtering is selected to fuse the 

signals. 

 

Kalman filtering is a method for optimal state estimation[20], which mainly includes two 
processes: prediction and correction[21]. The main principle of Kalman filtering is: Assuming 
that the system state is an n-dimensional variable, denoted by n

X R , the equation of the 
system at time k is: 
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Where, kX  is the state of the system at time k, kU  is the control input of the system, kW  is 

the input noise, and A and B are the state transition matrix, kZ is the observation of the system 

corresponding to the state of time k, m
Z R , H is the observation matrix and kV  is the input 

noise, kW  and kV  are mutually independent white noises with a mean of zero and a variance 

matrix of Q and R, respectively, kX  is the value of the posteriori estimate at time k, kK  is 

the Kalman Gain. 
 

In this paper, PZT and fiber optic sensors are used to measure the same damage. For the 
measured values of these two sensors, we perform a weighted average based on the accuracy 
of the sensor to obtain the best measured value. It is assumed that the errors of the two sensors 
are in accordance with the normal distribution, the measurement error of the PZT is M, and the 
measurement error of the fiber sensor is N. With these two error values, we can get an optimal 

weight, that is, the weight of the piezoelectric sensor measurement is 
2

2 2

M

M N
, the weight of 

the optical fiber sensor measurement is 
2

2 2

N

M N
. 

 

The signal characteristics of multi-source sensing are fused through the Kalman filtering 
calculation method can optimize the state estimation of the measured structure and make up for 
the lack of single sensing method. At the same time, the information fusion between the optical 
fiber sensing and the piezoelectric sensing can complete the monitoring of different information 
such as the load state and the damage state of the measured structure. More comprehensively 
understand the state of the structure and timely diagnose and predict the structure will achieve 
the Digital twin in the future. 
 

3. Experimental verification 

 

3.1 Experiment Setup 

 

This experiment is carried out on a 300mm × 300mm 7075 aluminium plate as shown in Figure 
3. The center of the aluminum plate has a circular hole with a diameter of 10mm. A distributed 

fiber optic sensor and eight piezoelectric transducers (PZT) are arranged on the aluminum plate, 

and each PZT can be used as an actuator or a sensor. The size of the aluminium plate and the 

layout of the sensor are shown in Figure 3. 



 

 

 

 

 

(a) Experimental aluminum plate (b) Sensor layout 
Figure 3. Experiment object and sensor layout 

 

The relevant experimental equipment are shown in Figure 4, including ScanGenie II for 
collecting guided wave signals and high resolution fiber sensor interrogating system ODiSI-A. 

 

  

(a) Experimental equipment of GWSHM (b) Experimental equipment of optical fiber 
Figure 4. Experimental equipment 

 

During the experiment, the aluminum plate was clamped on the test bench with a clamp like a 
cantilever plate to simulate the force state of the wing. The whole system was built as shown in 
Figure 5, the back end was fixed on the test bench, and the front end is loaded at five positions 
with the magnet hook containing weights.  

 

 

 

(a) Experimental status (b) Aluminum plate loading diagram 

Figure 5. Experimental overall layout 



 

 

The specific experimental steps are as follows:  

(1) When the loading is 0g as shown in the Figure 5, two kinds of signals are obtained as the 
baseline. 
(2) Then the mass of the weights on the plate is gradually increasing with 250 g, 500 g, 750 g, 
1000 g, 1250 g, 1500 g and signals are obtained respectively. 
(3) Repeat Step two after prefabricating a 5 mm long crack at the edge of the hole on the 
aluminum plate. 
 

All signals were collected with no cracks at no load and averaged three times. 
 

3.2 Fiber Signal Analysis 

 

The effective monitoring path of the fiber sensor has four parts, namely Path AB, Path CD, Path 
EF, and Path GH as shown in Figure 3(b). The difference of strain information for plate with 
damage under different loads are shown in Figure 6. The position and width of the green mark 
is corresponding to that of the circular hole of the aluminum plate, while the position and width 
of the red mark is corresponding to that of the actual damage.  

 

  

(a) Path AB (b) Path CD 

  

(c) Path EF (d) Path GH 

Figure 6. Difference of strain information for plate with damage 

 

In this paper, the position where the difference of strain for plate with damage is biggest is 
considered to be the position of the damage center. It can be seen from Figure 6 that the strain 
at the center of the damage changes greatly under the action of residual stress after the 
occurrence of the damage. Within a certain limit, the larger the surface deformation, the more 
the residual stress is reduced. 
 

3.3 Piezoelectric Signal Analysis 

 



 

 

The results of guided-wave damage diagnosis imaging are shown in Figure 7 under different 
loads. The different colors in the figure represent different damage indicator values and the 
damage indicator axis is shown on the right. The greater the damage indicator value, the greater 
the probability of damage occurring. The imaging results under different loads are diagnosed 
based on the health signal under the same load, that is, the damage diagnosis result of the load 
of 1000g is obtained by analyzing the difference between the health signal and the damage 
signal under the load of kilograms, and so on. 
 

   

(a) Load 0g (b) Load 250g (c) Load 500g 

 

    

(d) Load 750g (e) Load 1000g (e) Load 1250g (f) Load 1500g 

 

Figure 7. Diagnostic imaging of guided wave damage under different loads 

 

It can be seen from the above results of guided wave damage diagnosis that GWSHM can well 
monitor the structural damage, but the diagnosis depends on the signal propagation path, and 
sometimes there is a misjudgment due to the load changing. 
 

3.4 Piezoelectric-optical fiber Information Fusion 

 

The fiber-based monitoring is passive monitoring method, the signal is relatively stable, but the 
monitoring area is limited and it can only be monitored after temperature or structural 
deformation has changed. The GWSHM is active monitoring, the monitoring area is large, but 
the changes of external temperature and load will affect the propagation of guided waves in the 
structure, resulting in an impact on the monitoring results. The effect of the load on guided-
wave monitoring is shown in Figure 8. 
 

In Figure 8 (a), the baseline is a health signal without load, while the comparative signal is a 
damage signal without load; In Figure 8 (b), the baseline is the health signal without load, the 
comparative signal is the health signal when the load is 1500g; In Figure 8 (c), the baseline is 
the health signal without load, and the comparative signal is the damage signal when the load 
is 1500g; Figure 8 (d) The baseline is the health signal when the load is 1500g, and the 
comparative signal is the damage signal when the load is 1500g. 



 

 

 

  

(a) (b) 

  

(c) (d) 
Figure 8. Damage diagnosis results under different baselines 

 

It can be seen from the above results that the baseline change seriously affects the damage 
diagnosis result, and even the damage misjudgment may occur, such as the damage position 
and the number of damage. For fiber optic signals, the diagnosis of damage is relatively stable. 
It is especially important to fuse the multiple signals based on the characteristics of the different 
kinds of sensors. In this paper, the entire flow of multi-source sensing information fusion is 
shown in Figure 9. 
 

 

Figure 9. The entire flow of multi-source sensing information fusion 

 

The diagnostic results of the information fusion and the results of the separate diagnosis results 



 

 

are shown in Table 1. 
 

Table 1. Damage location and diagnostic error 

Center location of 

actual damage 

Center location of 

GWSHM 
diagnosis / error 

(mm) 

Center location of 

fiber diagnosis / 
error (mm) 

Center location of fusion 
diagnosis / error (mm) 

(157.5,150) 
(151,151) 

/6.5765 

(152.5,144) 

/7.8102 

(151.7017,147.7256) 

/6.2285 

(157.5,150) 
(151,151) 

/6.5765 

(153,143.5) 

/7.9057 

(151.9356,147.4917) 

/6.1037 

(157.5,150) 
(151,151) 

/6.5765 

(153,144.5) 

/7.1063 

(151.9356,147.9595) 

/5.9268 

(157.5,150) 
(151,151) 

/6.5765 

(153,144) 

/7.5 

(151.9356,147.7256) 

/6.0113 

(157.5,150) 
(151,151) 

/6.5765 

(153,144.5) 

/7.1063 

(151.9356,147.9595) 

/5.9268 

(157.5,150) 
(151,151) 

/6.5765 

(153,145.5) 

/6.3640 

(151.9356,148.4272) 

/5.7824 

(157.5,150) 
(151,151) 

/6.5765 

(153,145) 

/6.7268 

(151.9356,148.1933) 

/5.8504 

 

After the fusion of the multi-source signals, the occurrence of damage false alarms is effectively 
reduced, and the damage positioning error is also reduced. The reduction rate of diagnosis 
damage positioning error after fusion relative to a single sensing diagnosis is shown in Figure 
10, respectively. 
 

  
(a) Relative to GWSHM (b)Relative to optical fiber based SHM 

Figure 10. Reduction rate of diagnosis damage positioning error after fusion 

 

The calculation formula for the diagnosis positioning error reduction rate is: 

     
_ _

100%
_

 The diagnosis positioning error reductio
E

n
s E f

E s
rate


    (3) 

Where, _E s  is the diagnosis positioning error of a single sensing diagnosis, _E f  is the 

diagnosis positioning error of fusion diagnosis. 



 

 

 

4. Conclusions 

 

According to the characteristics of various monitoring methods, this paper chooses 
piezoelectric-fiber hybrid sensor network for damage monitoring. Among them, the optical 
fiber-based SHM can monitor the temperature and strain of the measured structure near the 
sensor, and this method is stable, but it belongs to the passive monitoring mode; the GWSHM 
belongs to the active monitoring, the monitoring area is large, but it is susceptible to the external 
environment and the monitoring results are also subject to the sensing path. Single sensing 
method has its own shortcomings. Therefore, this paper chooses Kalman filter to fuse the above 
two kinds of sensing signals in feature level. The results show that the damage diagnosis after 
fusion effectively reduces the occurrence of damage false alarms, and also reduces damage 
positioning error. 
 

There are two aspects to the future work that need to be improved. One is to consider the impact 
of temperature on diagnosis results, and the other is to improve the signal fusion algorithm. 
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