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Abstract 

 
Wireless sensing technologies have been drawing increasing interest in the past years in structural health 

monitoring. This trend is particularly attributed to the attractive features of wireless sensor nodes in terms of 

both cost and labor as compared to cable-based systems. When wireless sensing technologies were 

introduced to the field of structural health monitoring, research focused primarily on power efficiency and 

wireless communication reliability. Various types of embedded software are proposed that execute basic 

functions within the nodes in an attempt to reduce the consumption of the inherently limited resources and to 

optimize their functionalities. Most software embedded into wireless sensor nodes is used to perform some 

basic local data processing and data analysis tasks. In previous review papers, the accumulated experience of 

the engineering community gained from the use of wireless sensor nodes in structural health monitoring is 

summarized, while focusing on hardware and technical specifications. This paper, by contrast, is intended to 

serve as a comparative review of state-of-the-art wireless sensor nodes with particular emphasis on the 

embedded computing capabilities and the suitability of nodes to autonomously solve complex monitoring 

problems in a decentralized manner. 

 

1. Introduction 

 

The attractive features of wireless sensor nodes have rendered wireless networks an attractive 

alternative to traditional wired systems. The significant cost reduction resulting from both the 

elimination of the need for long coaxial cables and the reduced installation time have recently led to 

a number of research efforts attempting to resolve the shortcomings and limitations of wireless 

sensor networks. Essentially, most problems in wireless sensor networks originate from the 

inherently limited resources of the sensor nodes in terms of power consumption and transmission 

reliability.  

Sensor nodes are integrated platforms that possess some computational power and autonomy. 

However, these features were not utilized to a satisfactory extent in early attempts to introduce 

wireless sensor networks in structural health monitoring (SHM). Specifically, the traditional 

transmission of long raw time series to a central repository had soon proven to be an energy-

inefficient and time-consuming process (Lei et al., 2010). In this procedure, the sensor nodes are 

assigned to transfer thousands of bytes of data, while the accuracy of the results is not always 

guaranteed due to the vulnerability of the system to data loss and transmission latency. The 

aforementioned issues point out the need for reliable sensor nodes with enhanced local 

computational power and intelligent on-board data processing executed by embedded software 

programs. 

Several approaches towards implementing embedded software into wireless sensor nodes have been 

proposed, covering a broad range of algorithms. In an attempt to reduce the amount of data to be 

wirelessly communicated by the sensor nodes, most proposed software is designed for local data 

interrogation and data processing. The key advantage of local data processing is that (potentially) 

meaningful information from processed data is considerably smaller than the raw data, and the 

reduced size of the processed data, as compared to raw data, has proven to be of significant merit to 

power consumption during transmission. Other approaches, fostered by recent advances in SHM-

related artificial intelligence research (Smarsly et al., 2007, 2011), aim at further enhancing the 



 

 

level of intelligence of “smart” sensor nodes in the design of decentralized wireless SHM networks. 

To this end, various algorithms have been proposed to facilitate network programmability and 

autonomy as well as structural control in active or semi-active systems.  

The scope of this paper is to provide a comparative review of state-of-the-art wireless sensor nodes 

available in the market, with strong emphasis on the embedded computing capabilities – a subject 

of ongoing investigation. In section 2, an overview of a typical wireless sensor node architecture is 

presented, highlighting the modules that are particularly important for embedded computing. In 

section 3, various embedded computing approaches using well-known wireless sensor nodes 

developed either in academia or in industry are presented. These nodes are used as a basis for the 

comparison of embedded computing features, as presented in section 4.  

 

2. Embedded computing modules in wireless sensor nodes 

 

Wireless sensor nodes combine sensing technologies with local computational power and wireless 

transmission functionalities. To this end, a typical wireless sensor node platform consists of three 

basic parts: the sensing unit, the processing unit and the wireless transceiver, while some “smart” 

sensor nodes are also equipped with actuation modules used in structural control applications. The 

basic function of a wireless sensor node includes data collection through the sensing unit using an 

analog-to-digital converter, storage and local processing of the collected data in the processing unit 

and wireless communication of the processed data via the transceiver (Figure 1). 

 

 
 

Figure 1. Overview of a typical wireless sensor node architecture 

It is evident that the processing unit holds a very important part in embedded computing tasks; the 

selection of the processing unit parameters is therefore crucial. In this regard, the effects of the 

operating system (OS), the bus size and the microcontroller speed on the embedded computing 

capabilities of the sensor nodes might be significant in cases of distributed networking. However, 

for algorithms of increasing complexity and computational cost, the most important parameters are 

the storage capacity – expressed by both volatile and non-volatile memory – and the programming 

language. It should also be noted, that the computational cost of some algorithms is often increased 

to the detriment of power consumption, so a suitable trade-off between these two competing factors 

needs to be established and tailored to the individual requirements of the application considered.  

 

3. Embedded computing approaches 

 

A large number of embedded computing approaches are related to the fields of system 

identification, damage detection/structural control, and distributed networking. These fields will 

serve as a basis for comparison of the embedded computing capabilities of the various sensor nodes 

considered. 

 



 

 

3.1 System identification 

A wireless modular monitoring system (WiMMS) was initially developed by Straser and 

Kiremidjian (1998) and further improved, in terms of computational power (Lynch et al., 2001), 

(Wang et al., 2007) (Figure 2). The computational core of the sensor node consists of an 8-bit 

Atmel AVR Microcontroller, reprogrammable flash memory of 128 kB supporting C programming 

language, and integrates 4 kB SRAM. In order to provide more space for data storage, an external 

128 kB memory chip is included. Building on the WiMMS node, a prototype wireless sensor was 

proposed by Wang et al. (2007) introducing multi-threaded software that permits the execution of 

simultaneous tasks within the microcontroller of the sensor node.  

First, a software module is incorporated to enable synchronized data sampling by the sensor node, 

which is ensured by the transmission of a beacon signal by a central server and subsequent 

confirmations of receipt by all sensor nodes. A state machine-based communication protocol is also 

included to enhance the reliability of the system in terms of communication. Another important part 

of the embedded multi-threaded software is the ability to perform real-time data collection and 

transmission. For this purpose, the memory bank corresponding to each sensing channel is 

partitioned into two stacks (Figure 2), only one of which is used for data collection while the other 

is used for data transmission to the central server. Finally, local data processing is also enabled 

through the incorporation of a Cooley-Tukey FFT algorithm which, if the raw time series is not 

required, can enhance both the scalability and the performance of the wireless sensor network. 

Laboratory and field validation tests of all modules of the proposed software proved the good 

performance of the software. 

 
Figure 2. The WiMMS node (left) and the memory stacking module (right) (Source: Wang et al., 2007) 

Modal identification methods have drawn increasing research interest during the last two decades, 

following attempts by the civil engineering community to optimize physical and numerical models 

based on response observations. The large amount of energy usually demanded to excite civil 

engineering structures has led to the adoption of ambient vibration testing and the use of output-

only methods for modal identification. For example, Zimmerman et al. (2008) proposed a suitable 

modification of three output-only methods for implementation in a distributed wireless sensor 

network: the peak picking (PP) method, the frequency domain decomposition (FDD), and the 

random decrement (RD) method. The embedded algorithms were validated through several 

experiments, e.g. performed on a historic theater balcony in Detroit, USA. 

Cho et al. (2008) proposed the embedment of cable force estimation algorithms in smart wireless 

sensor nodes to be deployed on cable-stayed bridges within a wireless tension force estimation 

system (WTFES). The algorithm is based on the vibration-based methodology proposed by Zui et 



 

 

al. (1996) as described by Kim et al. (2007), taking into account both the sag-extensibility and the 

bending stiffness of the cable. Zui et al. proposed seven different expressions for the calculation of 

the tension force corresponding to different sag effects, which are incorporated into the WiMMS 

microcontroller. Since the calculations require knowledge of the modal frequencies, a PP stage is 

also included in order to identify the peaks of the frequency response function (FRF). Experimental 

validation of the WTFES was performed, showing very good agreement between measurements of 

the tension force of a single cable for various sagging conditions and the measurements from a 

strain gauge attached to the lower end of the cable.  

The performance of system identification algorithms was also tested by Lei et al. (2010), in both 

laboratory and field experiments. Using the prototype proposed by Wang et al. (2007), Lei et al. 

tested both the accuracy and the power efficiency of sensor nodes with embedded FFT and PP 

modules. The results from experiments conducted on a laboratory 3-story shear frame and on the 

Wuyuan steel arch bridge in China were compared to results from offline analysis of the raw time 

series. Furthermore, an additional module for the calculation of the steel cable forces based on 

modal characteristics is incorporated, based on the methodology proposed by Russel and Lardner 

(1998). In total, the results from all experimental setups are in very good agreement with results 

from offline analysis, suggesting that the use of embedded data processing algorithms can serve as 

an efficient solution in terms of power consumption.  

Nagayama et al. (2008) introduced three “middleware services” to address issues related to 

communication reliability, synchronization, and data aggregation. Potential loss of data packets as 

well as synchronization errors or slow transmission speed may introduce inaccuracy to the extracted 

model parameters, hence resulting in poor performance of the structural health monitoring system. 

The middleware services are intended to overcome these problems by the establishment of reliable 

unicast as well as multicast communication protocols for both data packets and transfer commands. 

Furthermore, synchronized sensing is achieved by resampling and by obtaining time-domain 

correlation functions between cross spectral density functions using the FFT and inverse FFT 

algorithms. The middleware services were applied by Nagayama et al. to Intel Imote2 sensor nodes 

(Crossbow Technologies, 2007), one of the most powerful platforms comprising an Intel PXA271 

XScale microprocessor, which operates at a scalable frequency from 13 to 416 MHz, includes 256 

kB SRAM, 32 MB SDRAM as well as 32 MB flash memory and is programmable in nesC 

language. The performance of the middleware services was validated through laboratory tests on a 

three dimensional truss structure.  

Finally, representing a further improvement to the WiMMS prototype discussed previously, Zhu et 

al. (2009) presented a mobile wireless sensor node as a cost-effective and practical alternative to 

dense sensor arrays. In addition to the multi-threaded embedded software of the improved WiMMS 

node, a mobility module is included that controls the motion of the sensor node. More specifically, 

the commands for motion control are sent through the wireless transceiver, and the commands are 

executed by the embedded software of the microcontroller. For that purpose, the state machine 

communication protocol is adjusted to accommodate the mobility modules. The proposed mobile 

sensors have both the ability to move to various measurement locations and to sense boundary 

conditions, such as beam-to-column connections. Validation experiments were conducted by Zhu et 

al. in a steel frame using four mobile sensor nodes. Despite the small number of nodes, smooth 

mode shapes were extracted corresponding to a denser discretization of the steel frame. 

 



 

 

3.2 Structural control/damage detection 

Lynch et al. (2004) proposed the incorporation of an auto-regressive mathematical model for 

damage detection in the design of an active wireless sensing unit, using a WiMMS-based prototype 

node. Active sensors are equipped with actuation modules, thus enabling control over the input 

force of the SHM system. The proposed prototype has considerable computational power that 

permits the embedment of powerful algorithms for real-time damage detection. During a laboratory 

validation test on an aluminum plate, Lynch et al. used the auto-regressive model with exogenous 

input (ARX), whose methodology is essentially based on the migration of transfer function poles. 

Test results showed that the use of the proposed algorithm is effective for damage detection in 

wireless networks of active sensors.  

The concept of combining heterogeneous array data for damage detection (Law et al. 2005), is 

implemented into a “restricted input network activation scheme” (RINAS) approach, presented by 

Kijewski-Correa et al. (2006), which make use of an auto-regressive moving average (ARMA) 

model including both acceleration and strain measurements. In this combined approach, the 

residuals from applying the AR model to the measurements and the reference state time histories 

are not treated as exogenous inputs; the total residual errors of an ARMA model, using both 

acceleration and strain measurements as well as reference time histories, are derived. Then, the ratio 

of the residuals is used to calculate a statistical damage index based on predefined threshold levels 

and statistical distribution assumptions. An important feature of the RINAS architecture is the use 

of sub-networks located in the vicinity of the damaged area, in an attempt to enhance the damage 

detection reliability and power efficiency of the network, while reducing the computational load of 

the sensor nodes. In addition, the restricted event-driven activation of the network under specified 

loading conditions allows a vast reduction of the reference pool, which is usually populated by 

random inputs for ambient processes. The proposed software was implemented and validated 

through a series of laboratory and full-scale experiments using the Mica2 and MicaZ sensor nodes 

(Crossbow Technologies, 2003, 2004), both of which are further developments of the initial Mica 

sensor node (Crossbow Technologies, 2002). Both sensor nodes support the nesC programming 

language, feature an 8-bit Atmel ATmega 128L microprocessor with 128 kB flash memory, and 

512 kB data memory.   

Wang et al. (2006), in their study of a prototype “wireless structural sensing and control” 

(WiSSCon) system, proposed the use of an embedded linear quadratic regulation (LQR) algorithm 

for the calculation of the control forces in a semi-active structural control system. The objective was 

to investigate the applicability of a wireless structural sensing and control system for different 

levels of decentralization using real-time feedback control algorithms. The methodology was 

validated through shaking table tests of a down-scaled three-story structure with a 

magnetorheological (MR) damper mounted at the base floor. The goal of using the LQR algorithm 

was to determine the optimal control force of the damper in order to mitigate story response 

velocities and inter-story drifts under various earthquake ground motion records.   

The LQR algorithm was also implemented by Kane et al. (2014), who used the Martlet sensor node 

for structural vibration control. The Martlet sensor node is a further development of the precursor 

“Narada” sensor node and features a dual-core 16-bit microprocessor operating at a speed from 10 

to 80 MHz, integrating 256 kB flash memory with an extension option by adding a 32 GB SD card, 

and 100 kB RAM. A validation test was carried out by Kane et al. on a four-story shear frame with 

two active mass dampers, where the performance of the Martlet sensor nodes was satisfactory in 

real-time feedback control of the inter-story drift. The sensor nodes, making use of the ample 



 

 

computational power, operated at two different rates and demonstrated greater ability to reduce the 

inter-story drift as compared to an “uncontrolled” state with dampers being fixed. 

Zimmerman and Lynch (2007) proposed a “simulated annealing” (SA) algorithm for model 

updating. The SA method is used to stochastically derive the global minimum of an objective 

function, hence resembling the annealing procedure of material physics. In order to overcome the 

need for communication among all the sensor nodes of the network, the SA process is 

“parallelized”, i.e. it is split into smaller sub-processes that can be assigned to any available sensor 

node in the network. The method was implemented into the Narada nodes (Swartz et al., 2005), 

developed at the University of Michigan. The Narada node features an 8-bit microcontroller 

running at a speed of 16 MHz, 128 kB flash memory programmable in C and 128 kB RAM. In the 

validation test, Zimmerman and Lynch used four Narada nodes to perform model updating of a 

flow-rate model of a pipe network. Using sensor readings of the actual flow-rate as well as modeled 

values of the simulated flow-rate, model updating was performed through a parallelized SA process 

pursuing the minimization of an objective function of the differences between numerical and 

experimental results.  
 

3.3 Distributed network software 

Caffrey et al. (2004) presented a wireless network architecture with embedded sensing capabilities 

labeled “wireless structural data extraction network” (WISDEN). Apart from modules that ensure 

reliable communication, data compression, accurate time stamping and damage detection 

algorithms are embedded into the sensor nodes. More specifically, each sensor node is assigned to 

collect response data and to list all identified frequencies locally. Following the transmission of the 

local results to a designated node, a collaborative assessment of the global state of the monitored 

structure is performed in order to detect mode changes. In a prototype laboratory implementation of 

the proposed network, Caffrey et al. used the Mica2 sensor node, suitably modified to permit high 

frequency sampling.  

A comprehensive service-oriented software framework, the “Illinois structural health monitoring 

project” (ISHMP) tool suite, was presented by Rice et al. (2010), implementing various components 

that facilitate data collection, data processing, and reliable communication. The ISHMP provides 

“foundation services” that ensure the accuracy of the collected data in terms of synchronization and 

reliable communication, “application services” covering a broad range of sophisticated data 

processing algorithms including correlation function estimation (CFE), FDD, eigensystem 

realization algorithm (ERA), stochastic subspace identification (SSI), etc. as well as “tools and 

utilities” for network testing. In addition, three supplementary software modules are incorporated 

by Rice et al. to enable full-scale autonomous monitoring; the first software module serves to wake 

sensor nodes in power-saving sleep mode, the second module establishes a response value collected 

by part of the network serving as a threshold to activate the rest of the network, and the third 

module is used for the autonomous coordination of the network by a gateway node. Full 

deployment of the proposed software was performed at Jindo Bridge in South Korea, using a 

network of Imote2 nodes. The results of the experiments demonstrated the suitability of Imote2 for 

the proposed software both in terms of autonomous operation and system identification.  

The development of software to be embedded in a resource-efficient wireless sensor network was 

also proposed by Smarsly and Law (2013a) and materialized in a “migration-based” approach 

(Figure 3). The computational power of the network is essentially divided into two types of 

embedded software programs, namely the “on-board agents” and the “migrating agents”. The term 

“agent” denotes the ability of a software program to operate autonomously, to interact with other 



 

 

software, to perceive its (computational) environment, and to take initiatives towards achieving the 

desired goals. In this sense, the on-board agents are designed to execute simple algorithms related to 

data collection. Migrating software agents, by contrast, are more powerful software programs 

assembled in real time that are used to migrate to the sensor nodes and to analyze potential 

anomalies on demand. Apart from the merit of reduced energy consumption and higher exploitation 

of on-board memory, the migration-based approach enhances the reliability of the monitoring 

system; wireless code migration is used to provide a holistic assessment of the system, overcoming 

the limited localized views of individual sensor nodes. Laboratory validation tests of the proposed 

approach were conducted on an aluminum beam and an aluminum plate using a wireless network of 

Java programmable Oracle SunSPOT sensor nodes equipped with temperature sensors and 

accelerometers. The SunSPOT sensor nodes feature an ARM 920T microcontroller with a 32-bit 

bus size running at 180 MHz with 1 MB flash memory and 512 kB RAM. The results of the 

experiments indicate that the performance of migrating FFT algorithms called on demand in the 

event of abnormal temperature observation by the on-board agents  instead of locally executing 

FFT  leads to a significant reduction in memory and power consumption that could be as high as 

96%.  

 
 

Figure 3. Architecture of the “agent-based” wireless SHM system (Source: Smarsly and Law, 2013a) 

Smarsly and Law (2013b) proposed an analytical redundancy approach based on artificial neural 

networks to autonomously detect sensor faults in a decentralized manner. The basic concept is to 

exploit the inherent analytical redundancy of sensor outputs and the correlation between 

neighboring sensors in order to estimate virtual outputs indicative of normal operating conditions. 

The relationships between inputs, i.e. sensor measurements of correlated sensors, and virtual 

outputs are fed to the neural network during a training phase and used as a basis for comparison 

during runtime. Residuals between virtual and actual outputs serve as reference for decision making 

with regard to sensor faults. The functionality of the fault detection module, which essentially 

consists of a mathematical component that computes the virtual outputs and a logical component 

that compares actual and virtual outputs, was validated through several laboratory tests using Oracle 

SunSPOT wireless nodes. The network comprised wireless sensor nodes mounted on a steel tower 

model representing a typical wind turbine support structure. Following an initial test for the 

calculation of the modal parameters of the model that is used for training the neural network, faults 

were injected into the wireless sensor nodes simulating sensor drifts  one of the most difficult 

faults to detect. The injected faults were successfully detected by the affected sensor nodes which 

then switched to feeding virtual outputs to the SHM system instead of the actual faulty outputs, thus 

preventing the corruption of the monitoring data. 



 

 

4. Overview of the embedded computing capabilities of wireless sensor nodes 

 
In the aforementioned case studies, academic and commercial state-of-the-art wireless sensor nodes 

were used. The selection of the features of the sensor nodes depends on the requirements of the 

project and the complexity of the tasks that are assigned to a node’s microcontroller. A brief 

summary of the case studies provided in the previous sections, relating each approach to the 

features of the wireless sensor node used, is provided in Table 1. 

 
Table 1. Summary of the sensor nodes used in the embedded computing approaches as described in the previous section 

Research 

group 

Embedded 

software 

Wireless 

sensor 

node 

Microcontroller specifications 

Bus size Speed 
Operating 

system 

Progr. 

language 

Flash 

memory 
RAM 

Wang et al. 

(2007) 

Multithreaded 

software 

WiMMS-

based 

prototypes1 

8-bit 8 MHz  C 128 kB 128 kB 

Zimmermann et 

al. (2008) 
FDD, PP, RD 

Cho et al. 

(2008) 
WTFES 

Lei et al. (2010) FFT, PP 

Zhu et al. (2009) 
Sensor node 

mobility 

Lynch et al. 

(2004) 
AR-ARX 

Wang et al. 

(2006) 
WiSSCon 

Nagayama et al. 

(2008) 

Middleware 

services 
Imote2 32-bit 

13-416 

MHz 
TinyOS nesC 32 MB 

256 kB 

(SRAM) 

32 MB 

(SDRAM) 
Rice et al. 

(2010) 
ISHMP 

Kijewski-Correa 

et al. (2006) 
RINAS 

Mica2/ 

MicaZ 
8-bit 

7.38 

MHz 
TinyOS nesC 4 kB 128 kB 

Caffrey et al. 

(2004) 
WISDEN 

Zimmerman & 

Lynch (2007) 

SA-based 

model updating 
Narada 8-bit 8 MHz  C 128 kB 128 kB 

Kane et al. 

(2014) 
LQR Martlet 16-bit 

10-80 

MHz 
 C 

256 kB 

+ 32GB 

SD 

100 kB 

Smarsly & Law 

(2013a) 

Migrating 

“agents” 

SunSPOT 32-bit 
180 

MHz 

Squawk 

JVM 
Java 4 MB 512 kB 

Smarsly & Law 

(2013b) 

Analytical 

redundancy for 

fault detection 
1Narada respectively. 

 

5. Conclusions 

 
The use of wireless sensor nodes in structural health monitoring has gained increased interest over 

the past years. The collocation of sensing modules with computational power is one of the most 

attractive features of wireless sensor nodes, enabling the design of networks that execute 

monitoring tasks in a decentralized manner. To this end, various embedded computing approaches 

have been proposed for wireless sensor nodes, dealing mostly with data interrogation and local data 

processing tasks.  



 

 

The selection of relevant sensor node specifications strongly depends on the complexity of the 

algorithms to be embedded, on the type of monitoring task and, therefore, on the overall monitoring 

objective. When focusing on distributed networking, the importance of the bus size and the speed of 

the microcontroller  in other words the “computational power”  must be taken into consideration, 

whereas in cases of intensive local data processing (e.g. SSI, FDD) the memory size is an important 

parameter. In terms of programming, most sensor nodes support the use of high-level languages, 

some of which make use of the benefits of object-orientation, in terms of clear structure of software, 

modularity, and extensibility. In summary, special attention should be paid to the establishment of a 

sound trade-off between computational capability and power consumption, which poses a 

significant constraint in wireless sensor networks. 
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