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PERCEPTIVE SENSOR MONITORING ANALYSIS OF 

INTELLIGENT STRUCTURE MORPHOLOGY 

Yang ZHONGGUO1, Cai TIANFANG2 

In order to solve a problem that the characteristics of space plate structure is 

easy to result in changing structure morphology and dramatic low-frequency vibration 

after the structure is impacted by space environment and incentive disturbance. Based 

on the intelligent surface structure of distributed Fiber Bragg Grating (FBG) sensor 

network, the paper designs the framework of the sensor network, optimizes FBG sensor 

network of layout to acquire change information of structure morphology. Then, based 

on fitting reconstruction method, the paper realizes morphological real-time perception 

and reconstruction of platy structure and realizes dynamic expression and far-field 

monitoring through spot visualization technology. The experiment shows that the method 

is feasible and has great evaluation effects. 

Keywords: Intelligent Structure, Sensor, Perception, Reconstruction. 

1. Introduction 

Multiple, extensive and networked information perception is the important 

foundation on unifying collaborative management and scientific sustainable 

development of urban traffic in the future. Efficient and reasonable perceptive system 

can provide all-around data support for comprehensive operation management of 

urban traffic [1, 2, 3].  Establishment of perfect perceptive system and sensor network 

[4, 5] can promote traffic informationization and industrial integration effectively and 

speed up convenient [6, 7], safe, efficient and economic comprehensive system 

development for various items. Therefore, implementation technique study [8, 9, 10], 

performance evaluation study, and state optimization study etc., problems on 

perceptive system and sensor network become the key and difficult points in the 

future information acquisition field and play important theoretical significance and 

realistic guiding role on studying these problems.  

Large-scale planar structure is the basic part that is widely applied to 

industrial field, especially for aerospace field. The planar structure generally is 
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equipped with some characteristics, including light structure materials [11, 12], larger 

are, lower rigidness, small vibration damping, lower resonant frequency and multiple 

model response. Moreover, under the state of continuous work, it needs to continue to 

ensure higher running accuracy. Especially for maintaining structure shape, it has 

extremely rigorous technical requirements. Intelligent surface structure based on the 

distributed Fiber Bragg Grating sensor network is an important research direction of 

exploring the above-mentioned problems. The basic idea is to acquire change 

information of structure morphology by optimizing FBG sensor network of lay out. 

Then, based on the fitting reconstruction method structure morphology, the paper 

realizes morphological real-time perception and reconstruction of planar structure and 

realizes dynamic expression and far-field monitoring through spot visualization 

technology. Therefore, exploration and research of related technical methods have 

important scientific value, innovative significance and application prospect [13, 14]. 

2. Dynanic Monitoring Based on Optical Fiber Sensing Technology 

In existing various FBG sensors, some of belong to static measurement 

sensor, such as temperature sensor, displacement sensor, and pressure sensor, etc. 

Signals measured by the sensor can display physical quantity of equipment under test 

directly after calibration. For example, wave length signals measured by the 

temperature sensor can display temperature of the measured position directly after 

calibration and can be used for judgment of conclusions. Some of them belong to 

dynamic signal measurement sensor [15, 16, 17], such as vibrating sensor 

(displacement, speed and acceleration). Though detection signals can display instant 

quantity of equipment after calibration, the instant quantity is not enough to display 

running status of the equipment but needs more follow-up processing.  

In dynamic strain of mechanical equipment, most of them are existed in the 

form of periodic strain, because equipment, such as turbine, is rotary machinery and 

its loads are changed in line with certain requirements. The change requirements of 

periodic dynamic strain signals can be expressed by using the mathematic form:  

)()( tnTt                                                               (1) 

In the formula, T is changing period, and n is any integer.  

In the measurement of FBG sensor on mechanical equipment, there is a sensor 

that is used for extracting vibration signals, such as FBG acceleration sensor. 

Moreover, strain sensor measurement can be divided into static strain measurement 

and dynamic strain measure, due to different measurement position and equipment 

characteristics.  
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When dynamic strain measurement is conducted in FBG of single mode fiber, 

the general disturbance index along the direction of FBG can be expressed as:  
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Where, z  is the axial strain direction of grating, t is time coordinate, 0n  is 

the average index change space exceeding grading period “dc”, ),( tzi  is the phase 

increase caused by grating strain. The subscript is corresponding to the grating 

utilized in the equipment measurement.  

In the dynamic linear strain process, reflectance spectrum of FBG is 

symmetrical in central wavelength. Therefore, the dependency of wavelength shift on 

dynamic strain can be written into:  

),()1(),( tzptz mideBmidB                                         (3) 

Where, ),( tzmid  is the dynamic strain of points in grating. 

The analog signal collected from the sensor is passed through analog-digital 

conversion processing system and is transformed into numerical sequence. Digital 

signal is described as time function. Time-domain signal is the synthesis of entire 

equipment signal. Therefore, time-domain analysis is mainly used for observing 

running state of mechanical equipment in real time, but it can’t reflect fault reasons of 

equipment. Common time-domain analysis methods mainly include wavelength 

analysis, shaft centerline orbit, synchronous mean and start-stop instant analysis, etc.  

 

 

 
Fig. 1. Time-domain Signal of Start-stop Machine 
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As shown in Fig. 1, instant vibration of structure occurs in instant excitation 

force (which might be single-pulse or short-term oscillation excitation). When 

excitation stops, structure tends to its inherent frequency vibration. System damping 

results in exponential damping. Therefore, after stopping excitation force, time course 

of structure response is the sine wave set of damping. Because recombined wave of 

inherent modal superposition in the system is motivated by instant force, generally 

speaking damping of higher frequency component is relatively rapid. Higher 

frequency modal damping rapidly reduces vibration amplitudes. Synthetic waveform 

is degraded as the damping sinusoidal response of lowest frequency modes. 

Applying Fourier transform is a basic technique that changes broadband time 

graphics into discrete frequency or frequency band. It is a kind of mathematical 

method that identifies sine components of constituting overall vibration signal. These 

sinusoidal signals include any possible machinery or electrical noise. In mechanical 

low-speed operation, it is impossible for equipment vibration to form simple 

harmonic motion, due to existence of various assembly errors. After time-domain 

signal is transformed in frequency signal by FFT, it can be found that there is 

frequency signal that has integral relations with fundamental signal, namely harmonic 

signal or frequency doubling signal, except for fundamental signal that is consistent 

with rotary frequency. Figure 2 is the frequency signal of bearing vibration 

measurement. It can be observed that there is clear existence of frequency doubling 

signal.  

 
Fig. 2. Harmonic Frequency Characteristics  

3. Sensor Network Experiment Structure Design 

The system that is used for intelligent structure state monitoring has numerous 

similarities with other monitoring system distributions in overall composition, but it 

also has its own difference and characteristics. Macroscopically, it generally should 
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contain several modules, including detection module, data acquisition module, data 

processing module, data analysis module, real-time display and alarm module and 

state evaluation module. Based on FBG technology’s real-time online detection of 

mechanized equipment, the monitoring system is constructed in line with its 

characteristics. 

Wavelength sensor Intensity sensor

Wavelength  Type 

demodulator

Strength Type 

demodulator

Signal acquisition module

Data analysis module

Data management module

State Evaluation Module

Expert System

Display Interface

Sensor Calibration

Signal Analysis

Real-time status

historical data

Alarm display

cause of issue

Repair method

Timing storage

Alarm storage

Database settings

Alarm settings

Fig. 3. Monitoring System Chart 

 

According C/S framework and software functions, design software structure is 

shown in Fig. 4. 

IntelliSense condition monitoring system

Data Collection Data Processing HCI Database processing
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Fig. 4. System Software Structure 
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4. Intelligent Structure Perceptive Reconstruction Algorithm Based on 

Orthogonal Curve 

The main analysis of plane curve reconstruction method is shown as follows: 

Assuming that the arc length is short enough, the length of each segment is arc. 

Because curvature is the reciprocal of circle radio, radio by radius can be obtained in 

line with arc curvature K ( 0N ):  

)(/1 00 NKR                                                           (4) 

 

 
Fig. 5 Plane Curve Fitting Principle Analysis  

 

Because the corresponding central angle of arc length is the specific value 

between arc length and radio, it can be obtained:  

000 /)( RNS                                                        (5) 

Thus, it can be obtained from the figure that arc end node 
1O  has the position 

coordinates in 0x , 0y  coordinate system, as follows:  

)cos    sin()    ( 000011  RRyx                                      (6) 

 

 (1) In transform coordinate system, the first arc node axle by axis and is 

marked as 
1x  axle; Through 

1O  and the vertical direction of 
1x  axle, it is regarded as 

y  axle and is marked as 
1y  axle; With the true origin of 

1O , x1 and y1 axles 

constitute the new coordinate(
1x ,

1y );  

(2) In the coordinate system ( 1x ,
1y ) , end node 1O  is regarded as the starting 

node and new node 
2O  is regarded as the new end node. The same method is used to 
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fit the second arc curve. The position coordinate of node 
2O  in the position of 

(
1x ,

1y ) coordinate system can be obtained; 

(3) In order to acquire the coordinate position of node 
2O  in the basic 

coordinate system ( 0x , 0y ), the position coordinate in (
1x ,

1y ) and coordinate system 

must be translated into the coordinate position of basic coordinate system through the 

geometrical relationship. The coordinate system (
1x ,

1y ) can be regarded as the 

counterclockwise rotation 0  at the origin 0O , and the coordinate origin is moved to 

1O . On the contrary, after (
1x ,

1y ) coordinate system moves the origin from 
1O  to 

2O , coordinate system is rotated in clockwise and changed into ( 0x , 0y ) coordinate 

system with 0 . According to coordinate rotary formulate(6), it is easy to acquire the 

coordinate position in the original coordinate system. 

(4) After acquiring the position coordinate of 
1O  and 

2O  in the fixed 

coordinate system ( 0x , 0y ), it can realize the reconstruction of curve through the way 

of connecting points. 

If the first grating detection point of detection module is regarded as the 

origin 0O . At the moment, the moving coordinate system at the initial point is 

coincided with the absolute coordinate system, namely origin coordinate is acquired, 

so as to utilize transformation matrix to realize the shape of FBG flexible linear 

curvature’s detection unit, further integrate coordinate data of all coordinate system, 

and realize deformation of model framework structure and vibrating morphological 

reconstruction.  
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The implementation methods can be realized through the following steps: 
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Step one: The relative coordinate of the measure point in moving coordinate 

system is calculated. 

Assuming that two orthogonal curvature of the measure point is nzny  ,  . The 

corresponding arc length is ns , and then Formula (7) can be utilized to calculate the 

coordinate ),,( zyxP t

n  of the measure point’s moving coordinate system;  
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Step 2: The absolute coordinate under the fixed coordinate system can be 

calculated:  

Assuming that the moving coordinate system of the point can be acquired 

through the operation of ),,( zyxRn  and ),,(1 zyxPn . ),,( zyxRn  refers to the rotation 

of the coordinate system, ),,(1 zyxPn  refers to the translation of the coordinate 

system, ),,(1 zyxPn  refers to the coordinate value of the former point in the fixed 

coordinate system, and they satisfy the following boundary conditions as shown in 

Formula (9):  
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Through the formula (10), ),,( zyxPn  can be obtained:  
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)( xxA   refers to the matrix that a point rotates θx along z axle. x  and y  are 

acquired from Formula (11) and formula (12):  
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Where, t

nR  is calculated from Formula (13):  
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Step 3: Update rotary operation of the next point, namely ),,( zyxRn  is obtained 

from formula (14):  
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t
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5. FBG Sensor Network Optimization Layout Method 

The modal displacement superposition method adopts the idea of finite 

element method to realize planar structure reconstruction. The sensor optimization 

layout in essence is an optimal combinatorial problem, namely specific measure point 

N should be selected from all finite element node M to enable to obtain the best 

reconstruction effect of planar structure under the combination. 

Main constraint criteria of sensor optimization layout include:  

(1) Demand constraint: Sensor number plays an important influence on the 

reconstruction effects. Theoretically, the more sensors there are, the better the 

reconstruction effect will be. In practical experiment, sensor number is selected as 

N=50 in line with FBG analyzer channel number and the number configuration 

constraint of every channel sensor, namely orthogonal measure point is 25.  

(2) Interval constraint: In order to avoid from repeatability of measured strain 

information, the interval between every two measure points should be certain. In 
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actual experiment, the interval of any two sensors should not be less than 2 finite unit 

intervals, namely 4 cm.  

(3)Reconstruction MSE constraint: )(ta  stands for estimation displacement, 
')(ta  stands for actual displacement, and reconstruction MSE is defined as:  
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When PMSE  is the minimum, it means that the layout scheme is optimal. Thus, 

PMSE  is an important target of layout optimization.  

(4)The same Row/rank constraint: The position of sensor measure point is set 

up as: ),,2,1)(,( niyxX iii  . According to calculation characteristics of algorithm, in 

order to make row/rank layout points convenient for curvature data interpolation, 

sensor measure points should be stipulated in the same row or rank. If a rank sets up 

M measure points, a total of N ranks are arranged, and the same row and rank 

constraint can be expressed as formula (16): 
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When solving optimized problems, a particle is corresponding to the solution 

of a problem. Particle information can be expressed as D-dimensional vector. The 

position is expressed as ),,2,1)(,,,( 2 nixxxX iDiiii   . The velocity is 

),,2,1)(,,,( 2 nivvvV iDiiii   . Historical optimal position of the particle i  is 

),,2,1)(,,,( 2 nipppP iDiiiid   , and historical optimal position of groups is 

),,2,1)(,,,( 2 nipppP gDggigd   . The velocity and position location update is shown as 

follows:  
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                              (18) 

1r  and 
2r  are the random number between [0, 1]; 

1c  and 
2c  is acceleration coefficient( 

is also called as learning factor) and regulate the biggest step towards overall optimal 

particle and individual optimal particle, respectively. If it is too small, the particle 

may be far from the target area; if it is too large, it may fly to the target area suddenly 

and fly over the target area. Generally speaking, 
1c =

2c =1.5; )(tw  is the inertia weight 
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and controls search range of particles. Based on the optimized algorithm of groups, 

initial optimization should encourage particles to move in the entire search range. In 

this way, it is beneficial for algorithm to do overall search. With the increase of 

iterations, particles are gradually restrained as the optimal adaptive value. The inertia 

weight should be reduced to look for the optimal solution accurately, so )(tw  is 

defined as:  

2

minmaxmax ))(()(
MaxDT

t
wwwtw                                      (19) 

 

In the formula (18), wmax is the maximum of inertia weight, and wmin is the 

minimum of inertia weight. MaxDT  is the maximum iterations. Nonlinearity of )(tw  

is gradually reduced and is more beneficial to obtain optimal solution. In order to 

prevent particles from flying out the boundary or fusing at the port, maximum 

velocity of particles can be restrained. Meanwhile, changes of particle position can be 

changed into circular changes, as shown in formula (20) and formula (21).  
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When solving the optimization problem specially, the algorithm is conducted 

in line with the process shown in the Fig. 6.  

 

Particle swarm 

initialization

Calculate the particle 

fitness values

ndividuals and groups to 

find the optimal value

Update velocity and 

position of a particle

Meet most transfer conditions

End

 
Fig. 6 Basic Algorithm Processes of Particle Groups 
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6. Empirical Analysis of Intelligent Structure Morphological Perception 

Sensor Monitoring 

The specific experiment process is shown as follows: Signal generator outputs 

signal stimulus to the vibration exciter. Vibrational excitation makes experimental 

model structure generate deformation or enter into low-frequency vibration state. 

Experimental model structure deformation or vibration response information is 

perceived by FBG unit. Perceptive signal input and collection enter into FBG 

network analyzer, so as to  realize acquisition of strain information at the measure 

point of experimental model structure distribution; Meanwhile, output data signal of 

FBG network analyzer is connected to a computer, which will do algorithm operation 

and graphic processing and display it on the display, so as to realize real-time 

perceptive construction and visualization display of experimental model structure 

deformation state or vibration state.  

Aiming at experimental model structure of stimulated aircraft and based on 

experimental platform and software environment, real-time perception and 

reconstruction experimental verification of low-frequency structure vibration form 

are conducted, so as to verify dynamic characteristics of reconstruction algorithm and 

spot visualization effects. The experimental process is conducted within the 5-50Hz 

range of structure excitation frequency and emphasizes on structural vibration 

morphological structure state under vibration mode. The experimental process is 

shown as follows:  

(1) Launch FBG analyzer and ensure normal hardware and software of 

experimental environment;  

(2) Remote computer operation enables FBG analyzer to collect data; data servicer 

starts to acquire data and algorithm procedure starts to process data and render 

pictures;  

(3) Regulate signal generator, set up output frequency and output amplitude; 

amplitude is generally set up as 2V; launch signal generator signal to generate;  

(4) Regulate power output of power generator and enable vibration generator to 

generate obvious vibration for models;  

(5) Observe visualized reconstruction situation of experimental model 

framework—girder construction, read reconstruction frequency, cut off experimental 

pictures, record data, conduct an experiment in line with experimental steps 

repeatedly under the vibration conditions of 5Hz, 10Hz, 20Hz, 30Hz and 50Hz, and 

the corresponding experimental data are shown in Table 6.3.1. 
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Table 1 

Dynamic Experiment Effect Records of Framework 
Vibrational frequency(Hz) Observation of Reconstruction Effects 

5 Obvious vibrational morphological reconstruction effects 

10 Obvious vibrational morphological reconstruction effects 

20 Obvious vibrational morphological reconstruction effects 

30 Obvious vibrational morphological reconstruction effects 

40 Unobvious vibrational morphological reconstruction effects 

50 Unobvious vibrational morphological reconstruction effects 

 

It can be observed from record data that when the vibration frequency of the 

experimental model structure is lower than 40Hz, the reconstruction algorithm can 

track the vibration response of the frame beam structure in real time, and can reflect 

its vibration form.  

7. Experimental Results Analysis 

By solving the mean square error between the offset of the grating measuring 

point in a certain direction and the calculated theoretical offset in a certain time range, 

the vibration morphological reconstruction of the structural vibration form is obtained. 

as shown in formula (22): 
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w  represents the actual offset measurement of the raster measurement point, 

maxw  represents the maximum amplitude, 
^

w  represents the theoretical calculated 

value, n  represents the number of grating measurement points, 
RMSE  is the maximum 

value of the offset for each measurement point within the measurement time, Table 2 

shows the relative root mean square error of the measurement points at different 

excitation frequencies.  
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Table 2  

The relative mean square error of the measuring point is measured by different excitation 

frequency 

Excitation frequency (Hz) 5 10 20 30 

RMS error (%) 0.82 1.28 1.72 2.75 

 

As can be seen from Table 2, when the excitation frequency of the model 

structure is lower than 30Hz, the RMS error value of vibration morphological 

reconstruction is small. 

Conclusions 

Intelligent surface structure is a multi-disciplinary research field of high 

technology, which has important research significance and good application 

prospects, but also constitutes a hot spot in the field of smart structures at home and 

abroad. This article has carried on the positive exploration and the thorough research 

in this domain. The optimized discrete FBG sensor network is constructed and the 

feasibility of the optimization algorithm and the effectiveness of the optimization 

result are verified by experiment and calculation. Based on the orthogonally discrete 

FBG sensor network, the flexible plate shape morphological perception and 

reconstruction method can realize the real-time perception and reconstruction of 

statistical morphological changes and vibrational morphological changes at 

frequencies below 30Hz vibration frequency. The reconstruction method not only 

enriches the traditional structure monitoring and diagnosis technology, but also has 

wide application prospect in engineering practice, such as damage detection of sailing 

hull, monitoring of deformation, monitoring of tunnel deformation, monitoring of 

road disaster, slope deformation Monitoring, aerospace and other fields. 
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