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Abstract 

Due to the limited resources of wireless sensor networks, several embedded algorithms 

have been proposed to utilize the computational power of wireless sensor nodes. This paper 

presents a methodology for using numerical models embedded into wireless sensor nodes 

for decentralized condition assessment of structures. More specifically, a finite element 

model of the monitored structure corresponding to the “initial” structural state is 

automatically generated on-board the sensor nodes and then used to describe the behavior 

of the structure at the “current” (unknown) state. Validation tests of the methodology are 

performed on a numerical model of a steel staircase.  

1 Introduction 

Structural health monitoring (SHM) has been introduced into the field of civil engineering 

to mitigate the risks associated with adverse damage scenarios in infrastructure caused by 

ageing and structural degradation. While cabled sensors have been the trend in conventional 

SHM systems for several years, wireless sensor networks (WSNs) have recently emerged as 

an attractive alternative. Apart from the significant advantages from the eradication of 

cables in cost and installation time, the combination of processing power with sensing 

modules has rendered wireless sensor nodes a particularly efficient solution for SHM.  

Several embedded computing approaches have been proposed for utilizing the 

computational power of wireless sensor nodes (Dragos and Smarsly, 2015a). Lynch et al. 

(2004) proposed the use of embedded autoregressive analysis with exogenous inputs (AR-

ARX) for damage detection. Embedded algorithms for system identification using output-

only methods were proposed from Zimmerman et al. (2008). Rice et al. (2010) introduced 

the “Illinois structural health monitoring project” tool suite, covering various monitoring 

tasks. Smarsly and Law (2013a) presented an autonomous fault detection algorithm, using 

artificial neural networks and exploiting the inherent redundancy in sensor outputs.  

In this paper, a methodology for decentralized condition assessment of civil engineering 

structures is presented (Dragos and Smarsly, 2015b, 2015c). More specifically, the 

embedment of a finite element (FE) model of the monitored structure into wireless sensor 

nodes is proposed. The condition assessment is conducted in two stages. In the first “model 

updating” stage, the parameters of the initial FE model are derived by employing a 
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technique based on system identification. The second “condition assessment” stage 

encompasses the use of the parameters of the initial model to describe the current structural 

state. Failure to describe the current behavior of the structure could indicate damage. 

In the first part of the paper, the mathematical background of the methodology is presented. 

Second, the implementation of the proposed methodology into a wireless sensor network is 

illuminated in terms of equipment as well as embedded software. Finally, validation tests to 

verify the methodology are shown.  

2 Embedded modeling for the decentralized condition 

assessment of civil engineering structures 

The methodology for decentralized condition assessment, presented in this paper, consists 

of two stages, the model updating stage and the condition assessment stage. In the 

following subsections the two stages of the methodology are described.  

2.1 Model updating 

The objective of the model updating stage is to derive the parameters of the embedded FE 

model of the monitored structure. The condition assessment methodology is decentralized; 

hence, the calculation of the structural parameters is performed directly on-board the sensor 

nodes. To this end, the FE model of the entire structure is divided into coupled “partial” FE 

models (submodels), each corresponding to one substructure of the whole structure. The 

parameter estimation is performed on a substructure level by the wireless sensor node 

installed in the substructure under consideration. 

The parameter estimation procedure employed in this study follows the principles of 

vibration-based system identification. Collecting acceleration response data from the 

structure and using structural dynamics, the mass, stiffness and damping parameters of the 

structure are derived from the governing equations of motion. The monitored structure is 

discretized according to the principles of the finite element method (FEM). The equations 

of motion for a discrete system of N degrees of freedom (DOFs) are obtained from the 

theory of structural dynamics (Eq. 1). 
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                                                      (1) 

where M, C, and K are the mass matrix, the damping matrix and the stiffness matrix, 

respectively, and )(tu , )(tu , u(t) are the acceleration vector, the velocity vector and the 

displacement vector, respectively. F(t) is the external force vector.  

According to the theory of structural dynamics, while the inertial components of Eq. 1 can 

be assumed uncoupled (M is considered diagonal), K and C are generally non-diagonal; 

therefore, stiffness and damping components are coupled. As a result, the exchange of 

velocities and displacements among the sensor nodes, via wireless communication, is 

essential to obtain a feasible solution of the equations of motion. Moreover, since in 

vibration-based system identification the input is in many cases unknown, free vibration is 

assumed in this study, i.e. no external force is considered (Eq. 2).  
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However, considering zero terms on the right hand side of Eq. 1 leads to trivial solutions 

due to the absence of constants. To avoid trivial solutions, assumptions need to be made for 

one of the terms of the equation. In this study, assumptions are made about the mass.  

2.2 Condition assessment 

The condition assessment stage of the methodology covers the assessment of the current, 

i.e. unknown, condition of the structure. The steps followed in the condition assessment 

stage are similar to the steps followed in the model updating stage. Acceleration response 

data corresponding to the current state of the monitored structure is collected. Then, the 

parameters of the initial FE model, computed in the model updating stage, are used in 

combination with the newly collected acceleration response data to apply the equations of 

motion described in Eq. 2. Failure to fulfil the equations indicates changes in the structural 

parameters of the system and, potentially, damage.  

3 Implementation and validation 

The proposed methodology for automated, decentralized condition assessment is 

implemented into a wireless sensor network and validated through tests on a FE model of a 

full scale structure. In the following subsections, the implementation of the methodology is 

presented and the validation tests are described. 

3.1 Implementation 

The implementation of the proposed methodology into a wireless sensor network is 

achieved by designing embedded software that handles the monitoring tasks discussed 

earlier. In this subsection, the specifications of the sensor node platform used in this study 

are outlined and the embedded software is presented. 

Wireless sensor node platform 

The wireless sensor node used in this study is the Oracle “SunSPOT” (Small Programmable 

Object Technology, Oracle Corp., 2007), shown in Figure 1. The reliability of the sensor 

node for rapid prototyping has been proven in several studies (Smarsly et al., 2012; Smarsly 

and Law, 2013b). The sensor nodes have an ARM 920T microcontroller with a 32-bit bus 

size and a speed of 400 MHz. The platform features 1 MB flash memory for storing 

application data and 512 kB RAM. The operating system is the Java Squawk Virtual 

Machine. The sensing board features an 8-bit MMA7455L accelerometer, which can 

sample at a range of ±2g, ±6g, or ±8g and at a maximum sampling rate of 125 Hz. 
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Figure 1. The Oracle SunSPOT. 

Embedded software 

The software designed to handle the monitoring tasks of the proposed methodology is 

written in Java programming language. The software consists of two applications, a “host 

application” and an “on-board” application. The host application handles the tasks of the 

server, while the on-board application executes the tasks of the sensor nodes. Following the 

initialization of the software, reliable peer-to-peer wireless communication links are 

established at the server and on each sensor node. The software gives the user the option to 

select the mode of operation between “model updating” and “condition assessment”. The 

selection of the mode of operation is followed by the transmission of a beacon signal, 

which is forwarded to all the sensor nodes of the network. Subsequently, the sensor nodes, 

verifying the receipt of the beacon signal, send acknowledgement signals to the server.  

In “model updating” mode, the on-board application sets the sensor nodes to standby mode. 

Acceleration sampling starts once a predefined acceleration threshold is exceeded. After the 

acceleration drops below the threshold, sampling stops and the collected acceleration 

response data is integrated to obtain the corresponding velocities and displacements. An 

adequate number of velocities and displacements are exchanged among the sensor nodes to 

set up a system of equations of motion on each sensor node. The system of equations is 

solved, and the stiffness and damping parameters are estimated.  

The “condition assessment” mode encompasses steps similar to the model updating mode. 

However, the collected acceleration response data in the condition assessment mode 

corresponds to the current unknown condition of the structure. The newly collected 

acceleration response data is used in combination with the structural parameters of the 

model, derived in the model updating stage, to apply the equations of motion. Potential 

deviations from equilibrium could be indicative of damage; in that case, a “damage 

detection” signal is sent from the respective sensor node.  

3.1 Validation 

The methodology proposed in this study is validated through tests on a FE model of a 

structure. This subsection covers the description of the tests and the modeled structure.  
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Overview of the structure 

The structure used for the validation tests is a steel staircase located at the Faculty of 

Engineering of Aristotle University of Thessaloniki, Greece (Figure 2), used to access the 

Laboratory of Engineering Geology.  

 

Figure 2. Overview of the staircase. 

The staircase consists of three flights, two intermediate landings and one final landing 

(balcony) at the end of the third flight (Makarios et al., 2015). Each flight has a different 

number of steps and each landing has different dimensions. The external dimensions of the 

entire structure are 7.25×2.60×6.55 m and the thickness of steel sheets is 3 mm. The first 

and third flight rest on pairs of INP100 steel beams, one on each side of the respective 

flight, while the second flight rests on INP140 beams. The landings rest on perimeter 

INP100 beams and T45 beams are used as secondary elements at the interior of the first and 

second landing. The four columns supporting the second landing are of INP140 section, 

while the rest of the columns are of INP100 section.  

Description of the tests 

The structure is simulated, using FE software, with 6-DOF beam and shell elements (Figure 

3a). The network consists of seven sensor nodes placed at the centers of the flights and 

landings, while one of the sensors is placed at the center of the balcony. 

 

(a)     (b) 

Figure 3. (a) FE model and instrumentation of the structure. (b) Damage scenario.  
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Using FE software, time history analysis under free vibration is performed on the simulated 

structure and acceleration response data is collected at the points indicated in Figure 3a. 

The FE model generated at the model updating stage is discretized according to the 

instrumentation; hence, N = 7. Prior to being fed to the sensor nodes, the acceleration 

response data is modified to resemble sensor readings to the best possible extent. The 

modification of the acceleration response data is performed by adding the effect of 

quantization during analog-to-digital conversion (ADC) (Olney and Morgenthal, 2015). In 

this study, a 32-bit ADC is assumed to account for the quantization error. The stiffness 

matrix of the generated model, after assembling all the matrices of the partial models, is 

shown in Eq. 3.  
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21.127-3.586-7.7003.0621.521-9.201-8287.184

calcK     (3) 

Damage is simulated by removing the supports of the balcony (Figure 3b). Time history 

analysis is performed to obtain the acceleration response data of the current condition. 

Similar to the model updating stage, the data is modified to account for the quantization 

effect and fed to the sensor nodes. The sensor nodes use the newly collected data and the 

stiffness parameters of the model updating stage to apply the equations of motion (damaged 

state). For comparison purposes, the equations of motion are also applied using the 

acceleration response data from the model updating stage (undamaged state). Minor 

discrepancies from equilibrium are expected in the undamaged state as well, due to the 

effect of quantization. The results are summarized in Table 1.   

Table 1: Results from the application of the equations of motion 

N Equation Undamaged Damaged 

1 m1∙ẍ1 + k11∙x1 + k12∙x2 + k13∙x4 + k14∙x4 + k15∙x5 + k16∙x6 + k17∙x7 = 0.00077 0.01320 

2 m2∙ẍ2 + k21∙x1 + k22∙x2 + k23∙x4 + k24∙x4 + k25∙x5 + k26∙x6 + k27∙x7 = 0.00005 -0.00016 

3 m3∙ẍ3 + k31∙x1 + k32∙x2 + k33∙x4 + k34∙x4 + k35∙x5 + k36∙x6 + k37∙x7 = 0.00016 0.00307 

4 m4∙ẍ4 + k41∙x1 + k42∙x2 + k43∙x4 + k44∙x4 + k45∙x5 + k46∙x6 + k47∙x7 = 0.00015 -0.00611 

5 m5∙ẍ5 + k51∙x1 + k52∙x2 + k53∙x4 + k54∙x4 + k55∙x5 + k56∙x6 + k57∙x7 = -0.00509 -0.13921 

6 m6∙ẍ6 + k61∙x1 + k62∙x2 + k63∙x4 + k64∙x4 + k65∙x5 + k66∙x6 + k67∙x7 = -0.00265 0.12432 

7 m7∙ẍ7 + k71∙x1 + k72∙x2 + k73∙x4 + k74∙x4 + k75∙x5 + k76∙x6 + k77∙x7 = 0.02775 -2.04087 

The results shown in Table 1 lead to the conclusion that the deviations from equilibirum 

attributed to damage are clearly distinguished from the deviations attributed to random 

effects, such as quantization.  
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4 Summary and conclusions 

Embedded computing is an integral part of most wireless sensor network approaches in 

structural health monitoring. In this study, an embedded computing methodology for 

performing decentralized condition assessment of civil engineering structures has been 

presented. The proposed methodology is based on the embedment of a finite element model 

of the monitored structure into wireless sensor nodes. The FE model of the structure is 

divided into partial models, each embedded into the sensor node responsible for the 

substructure that corresponds to the respective partial model. The methodology consists of 

two stages. In the first “model updating” stage, the parameters of the FE model are 

generated using acceleration response data, numerical integration methods and system 

identification techniques based on the equations of motion. In the second “condition 

assessment” stage, a new set of acceleration response data is collected corresponding to the 

current state of the structure. The newly collected data is used in combination with the 

model parameters of the model updating stage to apply the equations of motion. Deviations 

from equilibrium in the equations of motion could be indicative of damage. 

Validation tests of the proposed methodology have been conducted through simulations of 

a steel staircase. The structure has been simulated using FE software, and time history 

analysis under free vibration has been conducted to obtain the acceleration response data at 

selected points of the structure. The acceleration response data has been modified to 

account for the effect of quantization and, subsequently, fed to the sensor nodes to generate 

the FE model. Damage has been introduced to the structure by removing the supports of the 

upper part of the staircase and new time history analysis has been conducted. The new set 

of acceleration response data has been used in combination with the model parameters of 

the model updating stage to apply the equations of motion. For comparison purposes, the 

acceleration response data of the model updating stage has also been used to apply the 

equations of motion. The results have shown that the deviations from equilibrium attributed 

to damage are clearly distinguishable from the deviations attributed to other effects, such as 

quantization. Overall, the methodology has performed satisfactorily in detecting damage. 

However, due to randomness and approximations, deviations from equilibrium are expected 

even in the undamaged state. Therefore, a threshold needs to be established, above which 

any deviation could be indicative of damage. 
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