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ABSTRACT 
 
Over the past decade, a variety of information technologies have emerged from the 
computer science and electrical engineering fields that are transforming how we 
monitor and manage complex civil infrastructure systems.  The end result are safer 
structures that are easier and more economical to manage over their operational lives.  
Foremost among the emerging new information technologies are wireless sensors.  
Wireless sensors are low-cost data acquisition nodes that integrate communication and 
computing functionality with a sensor.  Low-cost structural monitoring systems 
defined by high nodal densities can be designed using wireless sensors.  To offer a 
scalable approach to management of the large data sets possible in wireless 
monitoring systems, in-network computing by the wireless sensor network is a 
powerful approach to automation of interrogation of structural response data for signs 
of structural distress. This paper will present the authors’ experiences with the 
research and development of wireless sensors designed explicitly for structural health 
monitoring of civil engineering structures.  
 
 
INTRODUCTION 
 
A number of catastrophic bridge failures in the United States have recently called 
public attention to the challenges associated with the management of civil 
infrastructure systems.  For example, the I-35W Bridge in Minneapolis, Minnesota, 
catastrophically failed on August 1, 2007 without warning, resulting in the death of 13 

 



motorists.  Constructed in 1967, the I-35W Bridge was one of the busiest bridges in 
Minnesota carrying 140,000 vehicles daily including 5,700 commercial vehicles [1]. 
The bridge was designed using a steel truss system to carry traffic load over 14 
independent spans; the total bridge length was over 580 m.  In recent years, the bridge 
was rated as “structurally deficient” after annual inspections revealed corrosion, poor 
welding details, fatigue cracking in steel members and dysfunctional bearings [1].  At 
the time of the collapse, the bridge was being inspected to ensure the integrity of the 
bridge’s welded connections.  While no conclusions can yet be drawn as to the cause 
of the bridge’s catastrophic failure, the I-35W Bridge underscores the need for more 
thorough and rational bridge management methods that are more effective in 
preventing similar tragedies in the future.   
 
The I-35W bridge is not the first major bridge failure in the history of the United 
States.  For example, during the period of 1989-2000, over 134 bridges in the United 
States partially or totally collapsed [2].  Perhaps the most important bridge failure in 
the history of the civil engineering profession is the Point Pleasant Bridge spanning 
the Ohio River between Ohio and West Virginia [3].  The Point Pleasant Bridge 
collapsed due to fatigue failure of load-carrying eye-bar sections; the result was the 
death of 46 motorists.  While tragic, the failure of the Point Pleasant Bridge did lead to 
the initiation of the 1971 National Bridge Inspection Program (NBIP) which mandates 
bi-annual inspection of every highway bridge in the United States [4].  Since initiation 
of the rigorous NBIP program, approximately 10-20% of the national bridge 
inventory (which consists of over 583,000 bridges) has consistently been classified as 
“structurally deficient” over the years [5].  Although the NBIP is a good first step 
towards ensuring safer bridges, recent studies by the Federal Highway Administration 
(FHWA) have discovered extreme variability in the condition ratings assigned to 
bridges by a group of highly trained bridge inspectors [4].  Therefore, current bridge 
management programs can be improved through the adoption of structural monitoring 
technologies that inject more objective measures of structural behavior and 
performance into current inspection processes.     
 
Today, wireless sensors represent a viable sensing technology for most structural 
monitoring applications.  Wireless sensors are highly attractive for use in structural 
monitoring because of their low costs.  While traditional sensor systems that employ 
wires can costs thousands of dollars per sensor channel, low-cost wireless sensors can 
substantially reduce this cost by eliminating the laborious installation of wires.  
Additionally, because wireless sensors often utilize analog-to-digital converters 
(ADCs) and low-power microcontrollers, data processing tasks can be distributed and 
performed at each individual sensing node. When combined with the self-organizing 
and self-healing capabilities of an ad-hoc network topology, wireless sensor networks 
gain the ability to autonomously and intelligently collect and analyze sensor data. This 
fact has led to wireless sensing devices being recently labeled as “smart” sensors [6].  
 
This paper presents a review of the authors’ collective experiences in the hardware 
and software design of wireless sensors for structural health monitoring applications.  
Towards this end, the paper is delineated into three major sections.  First, the use of 
wireless sensors as low-cost data acquisition nodes for recording structural behavior 
under loading is described.   Second, utilization of the computing power integrated 



within the design of wireless sensors will be presented including the embedment of 
modal analysis algorithms for automated execution.  To validate the performance of 
the wireless sensors (both hardware functionality and software execution), a series of 
experiments on a full-scale steel structure will be presented in the third part of the 
paper.   
 
 
WIRELESS SENSORS FOR STRUCTURAL HEALTH MONITORING 
 
Wireless sensors were first proposed for use in structural monitoring applications by 
Straser and Kiremidjian [7].  Motivation for the adoption of wireless sensors in 
structural monitoring applications originate from the fact that the installation of 
shielded wires in large civil structures drive system costs high and create long 
installation times.  Therefore, replacing a wired communication channel with a 
wireless one renders wireless monitoring systems cheaper and easier to install.  This 
advantage is amplified by designing wireless sensors using inexpensive, commercial 
off-the-shelf (COTS) technologies that keep development costs down.  However, to 
preserve the economic advantage of adopting wireless sensors in civil structures, the 
sensors must also be low-power and highly reliable in harsh field conditions.  
Specifically, excessively frequent trips to the structure by maintenance crews to 
replace batteries or defective sensors would quickly erode away any up-front costs 
savings realized in the selection of a wireless monitoring system.   
 
Since the seminal study by Straser and Kiremidjian [7], a number of researchers have 
proposed the use of wireless sensors for structural health monitoring [8].  Those 
researchers have either designed their own wireless sensor prototype or have elected 
to adopt a commercial wireless sensor platform (e.g. Crossbow).  In this paper, the 
authors will present their experience in designing wireless sensor prototypes explicitly 
for monitoring large-scale civil structures (Figure 1).  While generic wireless sensors 
are commercially available, they require the engineer to accept performance features 
that might not be ideal for civil structures.  For example, most commercial wireless 
sensor platforms have short communication ranges (< 30 m) and low digitization 
resolutions (10 or 12-bits).  Alternatively, by designing a wireless sensor prototype 
from scratch, the civil engineering community can achieve a low-power device with 
far reaching communication ranges (> 100 m) and high analog-to-digital resolutions 
(16-bits or higher).   
 
The general architecture of a basic wireless sensing node consists of three modules: 
the sensing interface, the computational core, and the communication interface.  
Additionally, “active” wireless sensors can also be designed by including a fourth 
interface, the actuation interface, in their hardware design.  The actuation interface 
would allow the wireless sensor to interact with its environment (for example, 
command actuators).  The general architectural design of most wireless sensors can be 
depicted by the schematic shown in Figure 2.  In this paper, the authors’ most recent 
wireless sensor platform named Narada is described in detail.      



  
Narada -  Low-Power Wireless Sensor Node 
 
The Narada wireless sensing unit is composed of four primary modules located on a 
four-layer printed circuit board (PCB): the computational core, the sensing interface, 
the actuation interface, and the wireless radio [13].  The computational core consists 
of a low-power, 8-bit, Atmel ATmega128 microcontroller and 128 kB of random 
access memory.  The microcontroller is responsible for automating the operation of 
the unit and is capable of processing raw sensor data.  The additional memory 
included in the core is for data storage.  The sensing interface consists of a four-
channel, 16-bit, Texas Instruments ADS8341 analog to digital converter (ADC).  The 
actuation interface is a 2-channel, 12-bit, Texas Instruments DAC7612 digital to 
analog converter (DAC). The wireless radio selected is the Chipcon CC2420 IEEE 
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Figure 1. Six generations of wireless sensor prototypes designed for structural health monitoring of 
civil structures: (a) Straser and Kiremidjian [7]; (b) Lynch [9]; (c) Lynch et al.[10]; (d) Lynch et 
al.[11]; (e) Wang et al. [12]; (f) Swartz et al.[13]. 
 
 
 

 
 

Figure 2. Architectural design of wireless sensors.  The design consists of three major on-board 
components including the sensing interface, computational core and wireless channel.  An optional 
component is the actuation interface. 



802.15.4 Zigbee wireless transceiver.  A functional diagram and picture of a Narada 
unit are presented in Figure 3a and 3b, respectively, with a summary of the unit’s 
capabilities detailed in Table 1. 
 
 
EMBEDDED DATA PROCESSING IN WIRELESS SENSOR NETWORKS 
 
All wireless sensors include microcontrollers in their design; this collocation of 
computing (microcontroller) with the sensor represents a major paradigm shift 
associated with wireless monitoring.  In traditional tethered structural monitoring 
systems, the system architecture centralizes its computing resources to a single 
repository where data is warehoused and processed.  In contrast, the computational 
resources of a wireless monitoring system are spatially distributed across the network 
with a small amount of computing and memory contained with each sensor.  For 
example, the Narada wireless sensor has only a fixed-point 8-bit microcontroller and 
128 kB of data memory in its computational core; these computing resources are 
minute compared to commercial monitoring systems that have powerful computers 
featuring floating-point microprocessors that support high-end data processing tools 
(e.g., MATLAB).   In addition to each wireless sensor having limited computing 
resources, the wireless communication channel connecting sensors is also limited with 
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Figure 3.  Narada wireless sensing unit: (a) functional diagram; (b) unit pictured with battery power 
supply. 
 
 

Table 1.  Narada performance specifications 
Narada WSU Performance Specifications 

Number of Sensing Channels 4 
Sensor Resolution 16 bits 
Analog Input Range 0-5 V 
Maximum Sampling Rate 10,000 Hz 
Number of Actuation Channels 2  
Actuation Interface Resolution 12 bits 
Analog Output Range 0-4.1 V 
Radio Frequency Range 2405-2480 MHz 
Radio Transmission Rate 250 kpbs 
Radio Transmission Range 50 m 
Power Source 6 AA NiMH Batt.
Power Draw: Radio Off (Radio On) 120 (180) mW 
Cost $200 per unit 



a fixed bandwidth defined by a few hundred kilobits per second.  This bandwidth is 
typically smaller than the bandwidth associated with tethered network systems which 
can be in the hundreds of megabits per second.  The last limited resource in the 
wireless sensor network is the power sources used to operate the wireless sensors.  In 
particular, battery powered wireless sensors eventually require battery replacement 
unless the battery source can be recharged from power harvesting devices like solar 
panels or vibration-electrical harvesters.   
 
There are three major reasons for harnessing the computing resources of each wireless 
sensor in a wireless structural monitoring system.  First, locally processing data at 
each wireless sensor node is more energy-efficient than communicating raw sensor 
data to a centralized data repository for processing.  With the wireless transceiver 
consuming the majority of the power from a power source, local processing trades 
energy consuming communication for local data processing.  Second, data processing 
at the node can convert a high bandwidth data stream (i.e., raw data) to a low 
bandwidth stream (i.e., data processing results) which removes undue burden on the 
fixed wireless communication channel.  This results in improved reliability of the 
wireless channel for when communication is actually needed.  Finally, local data 
processing is a functional building block of a scalable architecture supporting 
automated data processing by the monitoring system.  Automated data processing by 
the monitoring system is an envisioned functionality of structural health monitoring 
systems.  Currently, data is warehoused in the repository in most commercial 
monitoring systems; unfortunately, this data is rarely analyzed by the engineer 
because of the overwhelming amount of data available.  
 
The grand challenge for the wireless sensor community is how to take full advantage 
of the computing resources contained within the global wireless sensor network in 
light of the limited resources available at each sensor node (namely, limited 
communication bandwidth, finite battery lives, small amounts of memory, and limited 
computing power).   This paper explores the development of distributed computing 
architectures for wireless sensor networks installed in operational civil structures for 
efficient data interrogation for system identification and health monitoring.  To date, 
an extensive library of embedded data interrogation algorithms (Table 2) have been 
written for the Narada wireless sensor.  Of the available algorithms, this paper will 
describe the embedment of the peak-picking, frequency domain decomposition and 
random decrement algorithms for modal analysis.  These algorithms are implemented 
in a distributed fashion by using parallel data processing schemes in the wireless 
sensor network.  However, they work on the principle of a fixed computational 
architecture.  To take full advantage of the ad-hoc topological formation capabilities 
of wireless sensor networks, the paper also describes an “agent” approach to adaptive 
computing.  Specifically, simulated annealing model updating is proposed for 
potential use in health monitoring applications. 
 
 
MODAL ANALYSIS BY DISTRIBUTED COMPUTING 
 



Many of the embedded algorithms included in the wireless sensor computational core 
can be combined to offer a wireless sensor an ability to conduct modal analysis.  For 
example, each Narada wireless sensor can perform a fast Fourier transform (FFT), 
decompose matrices using singular value decomposition (SVD) and can pick 
spectrum peaks with a peak-picking algorithm (PP).  These functional building blocks 
can be used to execute frequency domain decomposition (FDD) mode shape 
determination in a parallel and distributed fashion.  
 
The frequency domain decomposition (FDD) technique, which was developed by 
Brincker et al. [14], is implemented as shown in Figure 4.  Prior to running the FDD 
method, it is assumed the wireless sensor network has the modal frequencies of the 
structure available.  A PP algorithm has been implemented for this purpose; interested 
readers are referenced to Zimmerman et al. [15] for details on the implementation on 
the PP method.  The FDD method begins by each wireless sensor collecting some 
time history data, y, in a synchronized manner.  Using the embedded FFT algorithm, a 
complex valued Fourier spectra, F(ω), is determined at each wireless sensor.  For each 
defined modal frequency, ωi, each wireless sensor communicates its Fourier spectra, 
Y(ωi), to a neighboring wireless sensor.  Each wireless sensor is paired with another 
for this data exchange step with overlap in the network as shown in Figure 4.  Once 
each wireless sensor has the Fourier spectra value at ωi for another sensor, it calculates 
a 2 by 2 power spectral density (PSD) matrix, Ĝyy(jω).  SVD analysis by each wireless 
sensor of its PSD matrix yields the first singular vector, ui1, which is essentially the 
mode shape of the structure; in effect, each wireless sensor has a 2-point mode shape.  
Next, every wireless sensor broadcasts its 2-point mode shape to all the other wireless 
sensors.  Since there is overlap between wireless sensor pairs, the wireless sensors can 
now assemble the full system mode shape by stitching the 2-point modes together.  In 
addition to FDD, the wireless sensors are able to determine the modal damping ratios 
of an instrumented structure using an embedded version of the random decrement 
(RD) method [15]. 

Table 2.  Library of algorithms embedded in the computational core of the wireless sensor prototypes 
proposed for structural health monitoring.  

  

 Algorithm Application  
 Fast Fourier Transform (FFT) • Modal analysis  
 Peak Picking (PP) • Modal frequency identification  
 Wavelet Transform (WT) • Damage detection 

• Decorrelation prior to data compression 
 

 Autoregressive (AR) Modeling • System identification 
• Damage detection 

 

 AR with Exogenous Input (ARX) Modeling • System identification 
• Modal analysis 

 

 Singular Value Decomposition (SVD) • Modal analysis 
• Principle component analysis 

 

 Kalman Filter (KF) • State estimation 
• System identification 
• Feedback control 

 

 Linear Quadratic Regulation (LQR) • Feedback control  
 Simulated Annealing (SA) • Model updating  

 



AGENT-BASED SENSOR INTERACTION FOR MODEL UPDATING 
 
Many approaches to model updating have been proposed over the years; in this 
study, simulated annealing (SA) is selected to stochastically search a model 
parameter space to find the optimal vector of parameters that minimize the 
difference between the true and model-predicted structural behavior.  SA mimics 
the annealing process of materials in physics; a system is slowly cooled from a 
molten state such that it assumes the global minimum energy state amidst a nearly 
infinite number of possible molecular configurations.  In model updating, the 
energy state to be minimized is the difference between the model and the true 
system output while system configurations are represented model parameters.  The 
parameter space is randomly searched for a set of parameters that offer the 
minimum (i.e. global minimum) energy state.  A set of model parameters are 
accepted if it offers a lower energy state; however, this approach often prematurely 
converges to local minima.  Therefore, to provide the search with a higher 
probability of finding the global minimum, the Metropolis criterion is used which 
occasionally accepts a higher energy state when the annealing temperature is high 
(i.e. at the search outset) [16].   
 
SA model updating is attractive for implementation on a wireless sensing network.  
With limited resources available at any one node, the method must be implemented in 
a distributed fashion.  While parallel SA techniques have been developed for 
distributed computing environments, most of these methods rely on communication 
between processing nodes taking place before and after each generated state in the 
search tree. This creates a constant demand for communication and limits the 

 
 

Figure 4.  Implementation of the FDD mode shape determination method in a wireless sensor 
network [15]. 
 



effectiveness of these methods when implemented within wireless sensor networks. 
By taking advantage of the fact that the annealing process typically rejects more 
energy states than it accepts, (especially as the algorithm converges toward a 
solution), the SA procedure can be parallelized.  Specifically, this is done by breaking 
up the traditionally serial SA search tree (which is continuous across all temperature 
steps) into a set of smaller search trees, each of which corresponds to a given 
temperature step and begins with the global minimum values for the preceding step. 
Each of these smaller trees can be assigned to any available node on the network 
thereby allowing them to run concurrently.  Because wireless sensor networks can 
enjoy ad-hoc topologies, these search trees can be grown in real-time to include any 
available processors in the sensing network. 
 
Within this distributed SA methodology, each node is capable of independently 
beaconing the network, looking for idle computational units. In this way, an ad-hoc 
assignment of tasks can be propagated through the network, with each node making 
itself available for reassignment when its computations are complete. This type of ad-
hoc assignment is useful in large networks where numerous computational tasks 
(stemming from either the same or different computational models) may be assigned 
simultaneously. Since ad-hoc reassignment of tasks allows individual nodes to drop 
from the network mid-task, this type of ad-hoc computation is also valuable in 
systems where sensor or communication reliability may be in question.  Additional 
details on the precise implementation of the ad-hoc simulated annealing update 
method can be found in Zimmerman et al. [17].  
 
 
EXPERIMENAL VALIDATION 
 
In order to validate the ability of a network of wireless sensors to effectively process 
data, a six-story steel structure located at the National Center for Research in 
Earthquake Engineering (NCREE) at National Taiwan University in Taipei, Taiwan is 
chosen as a test-bed (Figure 5). Each of the six bays in this structure is 1.0 m wide by 
1.0 m tall by 1.5 m deep. Each floor, with a mass of approximately 900kg, is 
supported at all four corners by a 150 mm x 25 mm steel column, leading to a floor 
stiffness of approximately 2000 kN/m at each floor.  Each degree of freedom in the 
six-story structure (i.e., each floor) is instrumented with a Crossbow CX02LF1Z 
accelerometer oriented in the direction of lateral excitation (to be provided by 
NCREE’s 5 m by 5 m tri-axial seismic shaking table). An accelerometer is also placed 
on the floor of the shaking table to measure lateral ground acceleration. Each 
accelerometer is connected directly to a Narada wireless sensing prototype. 
 
An earthquake time history record (El Centro 1940) is used to excite the test structure.  
As shown in Figure 5b, the acceleration time history response of the structure is 
recorded by the wireless sensor nodes.  No data loss is encountered and the time 
history collected is compared to that from the laboratory’s tethered data acquisition 
system; perfect agreement is found between the wireless and wired data records.  The 
embedded modal analysis scheme is executed by the network of wireless sensors.  
The PP, FDD and RD algorithms are executed with the modal frequencies (1.17, 3.66, 
6.45, 9.33, 12.16, and 14.36 Hz), mode shapes and damping ratios experimentally 
determined as shown in Figure 6.   



 
A lumped mass shear structure model is used for model updating by the implemented 
SA algorithm.  The objective function used for model updating, E, is based on the 
modal frequency (ωi), modal assurance criteria (MAC), and damping ratio (ςi) 
between the model and experimental data. 
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The mass and stiffness values of each floor of the structure in the lumped mass model 
is stochastically varied by the wireless sensor network until E is minimized.  The final 
time history response of the structural model (updated) is plotted along with the 
acceleration response experimentally measured (Figure 7).  Excellent agreement is 
evident in the time-domain between the experimental and model time histories for the 
El Centro ground excitation.    
 

 

  
(a)          (b) 

Figure 5. (a) 6-DOF steel structure; (b) acceleration time history response measured by wireless 
sensors at each floor of the structure. 

 
 

Figure 6. Experimentally determined modal frequencies, mode shapes, and modal damping ratios by 
wireless structural monitoring system. 



CONCLUSIONS 
 
Wireless sensors, with their on-board computational capacities function as more than 
merely a low-cost alternative to traditional cable-based sensors.  Leveraging the 
computational capacity of each wireless sensor allows the wireless monitoring system 
to perform automatic data interrogation tasks that may otherwise require extensive 
hours by a trained professional.  In particular, this paper presents algorithms for 
embedment in wireless sensors for modal analysis and model updating; the algorithms 
maximize the computational resources of the wireless sensor network by executing in 
a distributed and parallel fashion.  The results of the embedded modal analysis are 
presented for a 6-story steel structure excited using base motion delivered by a 
shaking table.  Using modal properties of the structure, the network of Narada 
wireless sensors installed on the test structure are shown capable of updating an 
accurate lumped mass shear structural model of the test structure.  Future work is 
focused on generalizing the methodology so that other algorithms can be easily 
embedded for in-network execution by the wireless sensor network. 
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Figure 7. Comparison of experimental response (denoted by solid, dark lines) and updated analytical 
model response (denoted by dashed, light lines) to an earthquake excitation in the time domain. 
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