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Abstract: Structural health monitoring has long roédentified as a prominent application of Wireless
Sensor Networks (WSNs), as traditional wired-bas@ldtions present some inherent limitations such as
installation/maintenance cost, scalability and aismpact. Nevertheless, there is a lack of readyse
and off-the-shelf WSN technologies that are abléutfil some most demanding requirements of these
applications, which can span from critical physio#tastructures (e.g. bridges, tunnels, minesygne
grid) to historical buildings or even industrial chénery and vehicles. Low-power and low-cost yet
extremely sensitive and accurate accelerometer sigidal acquisition hardware and stringent time
synchronization of all sensors data are just exampf the requirements imposed by most of these
applications. This paper presents a prototype sy$te health monitoring of civil engineering structs
that has been jointly conceived by a team of ciald electrical and computer engineers. It merjges t
benefits of standard and off-the-shelf (COTS) hamswand communication technologies with a minimum
set of custom-designed signal acquisition hardwlaaeis mandatory to fulfill all application reqements.

Previous work from the same team (collaborationvben
1. INTRODUCTION the CISTER and the ISISE research units) focusea $hlM
system strictly based on commercial off-the-sh&{S)

Structural  Health  Monitoring  (SHM)  and d"’Im"’lgetechnologies. This enabled a preliminarily dematgin of

|den§|f!cat|_on at _the earl-|est possible stage hetuegan the applicabilty of MEMS+WSN-based systems for
receiving increasing attention from the scientd@mmunity operational modal analysis of structures (Aguildr ab
and public authorities. Damage identification ievant to all 2010). Such work allowed identifying three m:ajor
engineering fields as service loads and accidactadns may limitations: (1) the lack of enough sensitivity dhe
cause damage to the structural systems (Riras 1997). acceleration sensors, (2) low resolution of the |8gae-to-

Conventional monitoring systems used for theseieqpns Digital Converter (ADC) embedded in the WSN platfior
in civil engineering studies involve large numbdrvdres and (3) the lack of synchronization algorithms.

(copper or fibber-optic cables) and Centralized. adatrhe SHM system illustrated in this paper solves the

acquisition systems With remote conngctions_. Asms.a limitations from our previous work and blends bdtre
!ocal phenomenop an?] in order tolabchrl]evg high TIW'.“ 'S(‘j advantages of using COTS and customized hardwade an
important to monitor the structural behaviour aergrained g o technologies. Importantly, the proposedtesy
!evel. Thus, a sufficiently large number_of measgrpoints  _ piocture aims not only to respond to the apfibo
IS necessary. The facththat the ?oEventlor}aI _sepism’lormz scenario under consideration — operational modalyais of
use wires increases the cost of the monitoringesystand -, ; Engineering structures— but also to other etypof

creates difficulties in their maintenance and dyslent. applications where mechanical constructions (endustrial
Adding to the fact that the cost of traditional evisased machinery, vehicles) under stress (natural or indjucequire
monitoring systems is driven by the number of sexstie  Structural integrity monitoring and/or analysis.

installation time and installation costs limit ttezale of
deployment of such systems (Lyneh al., 2006). From
experience, the installation time of a structuranitoring
system for bridges and buildings can consume o0%ét of
the total testing time, and the installation lab@osts can
approach well over 25% of the total system costi@hyet
al., 2000). These installation time and device costs lbe

The remainder of this paper is structured as falo8ection
2 presents some related work in this area. Se&tiprovides
a system overview, emphasising the underlying apptin
requirements. Section 4 details the WSN architectamd
related implementation aspects. The hardware phatfaith
particular emphasis on the signal acquisition boasd
. ) ; described in Section 5. In Section 6, a comprekensi
greatly reduced via Micro-Electro-Mechanical Sy§';emexplanation of the application interface with th&MW/and the

(MEMS) based sensors integrated in Wireless Sens%[ﬁplication scenario is presented, together witlisaussion

Nitworksd (W.SN)‘ I_n t.h'ts I|nte_, the retceut year?j haVSn the results of the tests carried out to validlageprototype
witnessed an increasing interest in a new techydiaged on platform. Finally, Section 7 draws some conclusiarsl

WSN platforms as a low-cost alternative for beipglaed in -
civil engineering structures (Lynah al., 2006). outlines future work.



2.STATE OF THE AR”

SHM has beena very active research area amaboth
academics and industrialistespecially in what concer
recent developments in WSN aiicro Electromechanicz
Systems (MEMS) (Lynclat al., 2006).

Nevertheless, existing solutionfor SHM using WSN:

present one or more of the followidgnitations: a) low

sampling resolution (typically &2 bits systen, which

invalidates SHM based aperational modal analyy); b) no

explicit synchronization mechanisms between sernodes;
c) not relying on standard communications protoc

(commonly they use IEEE 802.15%cémpliant devices that
neitherimplement the IEEE 802.15.4 medium access co

(MAC) nor ZigBee protocols); dyot building upo de facto

operating systems (OSdr WSNs platform (e.g. TinyOS,
Contiki); e) not relying on COTS ¢ténologies (more cc-

effective). Examples of relevant work follow,ighlighting

some of their limitations.

The system proposed by Xet al., 20(4, which was re-
evaluated by Paekt al., 2005, despite using a reasone
sampling resolution (16 bits), lacks an expl
synchronization mechanism betwe#ime sensing device
The implementation provides posteriori time correlatio of

the sampleswhich is not satisfactory for some operaal

modal analysis algorithms that require that samfiles all

sensors are acquired simultaneously.

Researchers at WSSLE (e.g. G. Hackmann et. ) proposed
a system based on iMote2 platforms, which may oite
some system lifetime limitations due to ir energy
consumption.  Additionally, no strict sensor d
synchronization is supported (forcing to correlatata a
posteriori) and validation was just based on external stis
(not addressing the natural vibration) or on sirtiole

Whelan et al., 2009 described an innovativesystem
composed ofwenty sensing nodes deployment in a high'
bridge. Nevertheless, thesystem uses a n-standard
communication stack, and the WSN platform micropssot
does not run a known OS. Additionallthey provide no
detail on the synchronization mechanism.

Ceriotti et al.,, 2009 presented a very comple
implementation of a SHM application that allows ntoring
several phenomenon afiterest when monitorincheritage
buildings &ccelerations, deformation anenvironmental
parameters). However, thgarticularities of the system al
its inherent customization level limits application to
narrow type of structures. Moreover, the synchratin
mechanism is based on a custom middleware, ang fake
advantages of theative functionalities of thcommunication
protocol, requiring a constant refreshment andagtrof
temporal information in order to maintain ti-consistency.

3. SYSTEM OVERVIEW
3.1 System Requirements
The aim of the system is to sample inyachronized fashio

multiple accelerometers placed at different locetidn a
structure and forward the data to a cel station for later

processingThe most relevant application requirements v
identified as follows:

— XYZ acceleromete(triaxial)
- Max. measurement range: +
- Minimum sensitivity: : V/g
— Typical resolution: 1 m
— Max. resolution: 50 p
Frequency response, 3 dB- 100 Hz
Max. sampling rate:0 Hz
Max. sampling drift between sensoi10 ms
ADC resolution: 24 bit
— 0% sample lost durinsampling process

Ensuring the correct synchronization of sensing operation
is of major importance for this kind of monitori
applications (Xuet al., 2004; Lynchet al., 2006; Cinquect
al., 2006; Whelaret al., 2009) Thismeans that samples from
all sensors must be acquired in a synchronized iwayder
for the data analysis algorithrto provide consistent results.

3.2 Snapshot of the System Architect

The system architecture wdssignedn order to satisfy the
identified applicatiorrequirement and is illustrated in Fig. 1,
considering a prototypsystemcomposed by four Sensing
Nodes. Each Sensing Node composed by a Telosnode
(Crosshow, 2009) with aignal acquisition boardSAB)
attached to a MEMS acceleration sel (see Section 5).
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TelosB

i

Coordinator
Node

Data
Analysis

Sensing Node 3
Apps

(TelosB)

TelosB

i

Sensing Node 4

TelosB

Fig. 1.Snapshot of the System Architect

All four Sensing Nodesommunicatewith a Coordinator
Node (also a TelosB nodeja a standard communication
protocol (IEEE 802.15.4)The Coordinator Nodsupervises
the network andnodes activities e.g. node configuration,
start/stop samplijgand guarantees a tight synchroniza

between all nodesit also forwards the configuratic

parameters and dispatches the acquired data ©dimmanc

& Configuration Applicatioi (C&C App). The WSN

architecture is described in Sectio

The Command and Configuration appltion (C&C App,
briefly describedin Section 6.) provides the system user
with a humammachine interfac (HMI) to configure the
system and also aapplication programming interface (A

to integrate the WSN system with the data
processing/analysiapplicatiors. The latter enable to infer
about the reaction of thenonitored structure to natural
vibration or impats, as outlined in Sectic6.2.



4. WSN ARCHITECTURE

As previously stated, the proposed SHM system ains
sampling several accelerometers placed at diffdos@ttions
in a structure, in a synchronized fashion. Samplai is to
be stored in each Sensing Node until it is retdeby a
central node for processing. To enable the analgkithe
results, namely the modal shape analysis, it iciaruo
guarantee the temporal correctness of the system.

4.1 Guaranteeing Synchronization

According to Cinquet al., 2006, the maximum drift between
samples should be computed as presented in (1):

C) = C(s)| < Vi=1.N %] (1)

where C(s;) is the clock of the-th sensor,N is the total
number of sensors arfgis the sampling frequency.

The existing timers in the TelosB platform depend @
32.768 Hz Citizen CMR200T quartz crystal (Citiz&006).
This crystal features a drift of +20 ppm in relatito its
nominal frequency. This means that (in the worsegdhere
is a drift of approximately 20 us at every second.

Assuming a sampling frequency of 100 Hz resultsain
sampling period of 10 ms. For keeping the driftIdel

10 ms, according to the application requiremeritsyill be

necessary to synchronize every 500 s at most. fidsalt

imposes the existence of a synchronization mecimairighe

WSN, so that all nodes have the same time reference

There already exist some mechanisms
synchronization in wireless networks. The simpbggbroach
is to use the Global Positioning System (GPS) asstiurce
for a universal clock. GPS can provide extremelguaate
timing, but requires special (typically power huygr
receivers and a clear sky view.

Many of the proposed protocols solve the synchaiin
problem by transmitting in-band
information. Typically, these involve creating sofieem of
hierarchical organization and use it to distributming
information. There are several in-band time synoization

schemes in the literature, where some providingdgoc

accuracy are RBS (Elsaat al., 2002), TPSN (Ganeriwadt
al., 2003) or FTSP (Marotit al., 2004). Notably, the work
from Werner-Allen et al., 2005, is the only practical
synchronization strategy that does not require sotie
construct a hierarchical organization, but it caket an
unbounded number of broadcasts to achieve syndation.
Another approach to this problem is RT-Link (Roeteal.,
2006), a TDMA-like protocol that can use an outbafd
synchronization mechanism, avoiding in-band sohgithat
reduce network performance.

to achie\

synchronization

transmitting a beacon frame announcing the starthef
Superframe (IEEE 802.15 TG4, 2010). Upon beacon
reception, each Sensing Node triggers an exterrlOG
(General Purpose Input/Output) pin on its Signafjdisition
Board (SAB) in order to synchronize it.

4.2 Communication Architecture

The prototype system consists of five TelosB (Eignodes.
These hardware platforms feature a TI MSP430 16-bit
microcontroller, a CC2420 RF transceiver (IEEE 862-
compliant), 48 kB of Program memory (in-system
reprogrammable flash), 10 kB of EEPROM, two UART
communication ports, and 12C. They also includédard
light, temperature and humidity sensors, which migk
useful for some SHM application scenarios.

Four nodes act as Sensing Nodes and control the
corresponding SABs, while one node acts as the dbuator
Node, assuming network management (including nét¢wor
configuration and synchronization), data collectiamd
interfacing with the Command and Configuration aggilon
(C&C App). Implementation of the Sensing and Cooatibr
Nodes software was done in nesC (@asl., 2003) over the
TinyOS operating system (TinyOS, 2010). The open-ZB
implementation of the IEEE 802.15.4 protocol hasrbesed
(MASS, 2007; Open-ZB, 2010).

Fig. 2 presents a message sequence chart of theadiop:
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Fig. 2. Message sequence chart

Done

The WSN application commutes between 6 statesllasvi:

(1) Idle - As soon as the nodes are powered they enter the

The |EEE 802.15.4 protocol provides a standarddasédle state. At this stage, the open-ZB IEEE 802.1%u4lsts

solution for synchronization (beacon-enabled opanat
mode) that fits the application requirements (Sect8.1).

initiated and the nodes try to synchronize and@asowith a
PAN Coordinator. The Channel Scan feature of thleqggol

Thus, it has been selected for the WSN communicatigtack is disabled, since the network topologyxedi

infrastructure. A Coordinator node (officially nath®AN —
Personal Area Network — Coordinator) schedules mélan
access and data transmissions in a messagingusguethe
Superframe. This node is also responsible for peradly

(2) Ready - As soon as every node is synchronized, the user
signals the Coordinator to initiate theady state. This is
done by changing the information in the IEEE 80215
beacon payload. Each Sensing node receives theoreac



parses the payload information and immediately kb@he from the Coordinator, including sampling rate, pdriand
presence of a SAB. The Coordinator is then sigddlieeach time. They also wait for a message to set theimbielr as
node concerning its readiness. Upon the receptiothis active or passive. (3) START — This command triggere
message, the Coordinator informs the C&C App alibat beginning of the signal acquisition from the acomteeters.
state of each node. The SABs are synchronized at each beacon and $eve t
asamples in its internal memory. (4) STOP — Uporepéon

0f this command, Sensing Nodes stop the data atiqnis
procedure (command sent to the SABs) and wait dahér
instructions. (5) GET <address> - The Coordinatilspeach
Sensing node with the GET command, to trigger the
transmission of the sample data stored at the Sgméddes

(4) Sopped - The user sends a command to the Coordinat8ABs memory. Each Sensing Node checks the address
to stop the data acquisition process. Again, ther@inator embedded in the beacon payload. (6) RESET - This
signals the network using its beacon at the beggoif the command signals the end of an acquisition cycleterAf
next Superframe. All the nodes stop the data aitiuis receiving this command, a Sensing Node switcheshéo
process when the beacon embedding this command Ready state.

received. The sampled data is stored in the SABsiong
until the respective node is polled by the Coorttina

(3) Acquiring - When every node is configured, the user ¢
start the signal acquisition process by sendingrancand to
the Coordinator that will signal the Sensing Noésstart
sampling, through a beacon frame. All Sensing Nadgger
the SABs and re-synchronize them at every beacon.

All commands are acknowledged by the Coordinatasnup
reception at the UART (sent by the C&C App).

(5) Transmitting - After signalling theStop state for the .
network, the Coordinator initiates ti@ansmitting state by 4.4 Sensing Nodes
pooling a Sensing Node at a time for data. Evergsage The Sensing Nodes (Fig. 3) control and synchronim
payload embeds 8 samples which are relayed to %€ C acquisition of the SABs, and carry out the acqiaisiof the
App, upon reception by the Coordinator. embedded sensors measurements (temperature, hymidit

(6) Done - All Sensing Nodes signal the Coordinator upoﬁ/oltage, luminosity).

completion of theTransmit state. When the last Sensing|
Node informs the Coordinator that there is no mia&a to
send, the Coordinator enters fbene state.

4.3 Coordinator node

The Coordinator node is responsible for synchroizihe
network and managing the application. It also seas&a sink
to the sampled data sent by the Sensing Nodes. &iehis
immediately forwarded to the C&C App without anyg =
processing, for lateanalysis.

The Coordinator supports two types of commandsB¢Brd
Commands— used to configure the SABs; these command
are transmitted to the corresponding node, and direatly
forwarded to the SAB, using regular IEEE 802.15atad
frames; (2) Network Commands — used to manage the
monitoring application.

There are two kinds of commands within the forme'r:'g' 3. Sensing Node, SAB and accelerometer

category: (a) Node Management commands; (b) Apibica The architecture of a Sensing Node is illustrateHig. 4. All
Management commands. The Node Management commattis application as well as the open-ZB stack wagldped
are sent to the Sensing Nodes using regular IEEE183¢ in nesC, over TinyOS. Communications with the SAR a
data frames during the applicatiBeady state. These include handled using the UART serial interface of the $BloTwo
setting the behaviour of the node (active/passivejpote additional general purpose input/output (GPIO) pafighe
reset, channel selection, and requesting onboargose TelosB are used to enable the synchronization efSAB
reading (temperature and humidity). The Applicatiorand to control the communication flow.

Management commands are sent within the payloatheof
IEEE 802.15.4 beacon frames (Fig. 2) so that alfeso
receive and process the command at the same thms, t
guaranteeing synchronization (there is no contantio
beacon transmission).

At the beginning of the application, the Coordim&deacon
is set to IDLE. Upon application input, the Coomtior
changes payload to READY signalling all boards. Whige
Sensing Node is informed of the beginning of Ready
state, it will immediately check for the presende¢he SAB
The commands are described as follows: (1) IDLEis Thusing its UART interface. If the SAB responds, Bensing
command indicates that the system isdie state, waiting for Node signals the Coordinator that everything isdyea
input from the User; (2) READY - It marks the begjimg of Otherwise it will signal the error using an Erroesséage with
the configuration phase for the nodes. When recgithis the respective error code. Sensing Nodes are tbivated
command, the Sensing Nodes wait for a configurgtiacket and configured by the Coordinator.
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Fig. 4. Architecture of a Sensing Node

Sampling is started byending the START command in t

beacon payload. When the sampling time ex, the

Coordinator changes its beacon payload to sendsf@P

command Upon reception of the GET comm;, the Sensing
Nodes initiate the transmission of the sampled daieedat

the SAB to the Coordinator Nodginally, the Sensing odes
signal the Coordinator that the data transmissiover.

5. SIGNAL ACQUISITION SUBSYSTEM

A customedesigned signal acquisition bos(SAB) had to be
conceived for supporting: a) a high resolut24-bit ADC; b)
enough memory for storing data samples.

MEMS sensors are quite appealing for WSN applicati
due to their lonenergy consumption, low voltage operati
small size and low cosAlthough there are several MEN
sensors in the market capalolesatisfying the requiremen
outlined in Sub-Section 3.lgcomplete reac-to-use COTS
devices are still scarce.

Some of the most suitable devices for these apjaita are
commercialize byAdvanced Sensors Calibration (AS
Germany), Crossbow (USA) agilicon Designs Inc. (USA
Among the referred manufactures’ portfolios, theaxial
accelerometer model ASC 5631-00Advanced Sensol
Calibration, 2009) was identifieds an interesting soluti
(characteristics outlined in Table 1):

Table 1 — ASC 5631002 characteristic:

Range +2 g
Sensitivity 1Vig
Frequency 100 Hz £3 dt

Linearity +1.0 % FSC

Signal output
Zero output

500 mV to 4500 mV (DC
2500 mV £100 m\

Supply voltage 5V 0.1V
Current consumption 7 mA (max.
Cost 250 Eur + VA1

Fig. 5 depicts the overall architectwkthe SAE. A common
energy source (e.g. battery) supplies the COTS \
platform and the SAB hardware. The system voltages

then derived from this energy source. Note that bibie
WSN platform andthe SAB’s digital section voltac
regulator arandependent of the remaining system volta
This arrangement alloweswitching¢ on/off all the onboard
analogue circuitry, which enables a substantialrawement

in the overall energy consumpti
LDO voltage regulator
[+3.3 V]

Energy source

Voltage Converter/Inverter [-7 V] [+7 V]

Low-noise voltage regulators [-5 V] [-2.5 V] [+2.5 V] [5 V]

Triaxial accelerometer

WSN
Platform

GPIO  UART

l| Multiplexer (3:1)

Buffering
H

ll Anti-aliasing filtering
. Conditioning Stage
3]

High resolution ADC

ADC clock

Fig. 5. Sensor Acquisitiondard (SAB architecture

In this particular case, the outputs of the Trih
accelerometer are multiplexed by a 3:1 multipleX€he
selected analogue signal then crosses the initféting and
programmable gain stageTher, an analogue "8 order
Butterworth filter limits the signalmaximum frequency to
100 Hzto avoid undesired aliasing effecThen, the filtered
signal goes through a final conditioning stage antérsinto
a high-resolution 24 bits ADC.

The digital circuitry connections(arrows connected to the
microcontroller - MCU) rpresent its relation towards t
MCU internal architectureas briefly described ne.

The MCU is responsible for controlling all the S,
hardware, which includes the procedures for prodbC
behaviour, handling the samples storage until W&fqym
request and additional samples-formatting.

Note that the voltage converter/inverter (that diegpthe
analogue circuitry) is directly connected to the W
(enabling on/off control). The inputmultiplexer, the
programmable gain amplifier (PGA) and the high hetson
ADC are connected to the MCU by several GPIO li

The data transmissidnom the MCU to the flash memory
achieved through the serial peripheral interfacBlY$us.
The MCU canects with the WSN platform by its interr
UART hardware and a couple of two GPIO |i.



6. TEST AND VALIDATION

This section describes how the proposed SHM sygterd
the underlying architecture) was tested and vailat a rea
application scenario.

6.1 Command and Configuration Applicati

In order to provide the necessary Hithid APIfor the data
analysis applications a Command and Configurati
Application (C&C App) was developed (Fig.

Data
Analysis
Apps

Coordinator
Node
(TelosB)

Serial
Data
Link

Fig. 6. Command & Configuration Applicatic

The available controls of the C&C Apgnable full contro
over the acquisition configuration parametei.e. axis
selection, sampling rate, sampling period, samplihgy
cycle, etc.) and also provides a quick evaluatidnthe
presence of the system ned&everal additional features i
also builtin to assist the user with relevant information
the network and acquisition parameters configure

One additional goal of the C&®@\pp was to provide a
convenient interface between th&/SN and the data
processing/analysepplication. The implemented mechani
allows a transparent interface with the system, in a
similar with the previously used, whidre typically serial
data interfaces.

To completethe data acquisition process, a routine was
developed in Labview (Labview, 2008)r the interpretation
and conversion into standard unitfor receiving the
messages from the serial pag well as theilocal storage in
the central station.

6.2 Experimental Modal Identdation Test

A single degree of freedom structure representedab
inverted pendulum is one of the simplest exampked by
the civil engineers to explain the fundamentals of
dynamics of structures. In this work, this struetwas also
used as a tool to evaluate and understand the ioeinaf the
COTS WSNand the developed prototyffor operational
modal analysis of civil engineerirggructure.

As it is shown in Fig. 7, the studiepecimen consists in i
inverted wooden pendulum with 1.@®heght built specially
for testing purposes in the civil engineering latiory at the
University of Minho. Thependulum was designed in sucl
way that its dynamic properties replicates the prtgs of
the Mogadouro”€lock Tower, an old masonry tower in t
northern part of Portugal, which waseviously stuied and
presented in Ramos (2007).

For comparison purposes, both WSN platforms
evaluated considering as references conventionmabviiase:
systems which consist irhigh sensitivity piezoelectri

accelerometers model PCB 393B(PCB, 2009) as well as
the NI-USB9233 (NI, 20093s data acquisition boa

Fig. 7.Laboratory system idealizati/experimental setups

The initial tests were meatd observe the performancethe
COTS technology on WSN platformsfor dynamic
monitoring studies. With this purpose, taccuracy of the
time series recordings of these platfor(MICA2 solution +
MTS400 board)was evaluated usinoonly one of the
conventional accelerometeaadmote placed at the top of the
PendulumThe results of these tests are presented irBk

Acceleration [mg] Acceleration [mg]
60 400

30 200
0 0
-30 —COTS WSN Platform -200 —Commercial WSN Platform
60 —Conventional Wired Based System 400 —Conventional System
0 1 2 3 5 6 7 8
Time [s] Time [s]
(a) (b)

Fig. 8. Time domain series recorded usiCOTS WSN
platforms: (a) éw amplitude excitatic recordings; and
(b) higher amplitudexcitation recording

The results of the first testdicatedthe good performance of
the commercial WSN platforms for measurinhigh
amplitude vibrations. As itvas expectedfor signals with
amplitudes below 2éng, the WSN platforms recorded o1
noise (it is even feasible to observe the digitatjdines)due
to the low resolution of the mic-accelerometers and the
ADC; embedded. Howevert is important to site that in
SHM studies of civil engineering structures, vibratiomish
amplitudes below Zng are common found. Moderate
differences(less than 5%) were found the frequencies
detected with both systems (wired and COTS W as well
as meaningless resultsrfine mode shape detection tidue
to the lack of the implementation of synchronizai
algorithmsin the commercial WSN platforn

Using the developegrototype of WSN platform, a seco
round of tests were carried cconsidering the same inverted
pendulum as case study.

The first test was aimed to observe the qualitythef time
series recordings of the developed platforms. Wthis
purpose, the effect an impulse forcewas registered using
one conventionahcceleromett and one new sensing node,
both located at the top of the pendul. The tests were
carried out consideringa sampling rate of 1(Hz and
sampling time of 10 s. Thesults are shown in Fig.



Acceleration [mg] Acceleration [mg]
150 0.50

75

0

located at the top of the pendulum using parameine
domain techniques such as the Stochastic Subspace
Identification (SSI) method (Van Overschee; and NDeor,
1991). Fig 11 shows the results of this analysiy ¢or the

case of random excited system.

75 —New Prototype of WSN 025 _New Prototype of WSN
150 —Conventional Wired Based Systems 050 —Conventional Wired Based Systems
0 1 tmer 3 5 8 el 8 Conventional Systems New Prototype of WSN
(a) (b)
Fig. 9. Time domain series recorded using the dpes ©
prototype of WSN platform: (a) High amplitude eation S
recordings; and (b) lower amplitude excitation relaugs 5
As it was shown, even for signals with amplitudekty than 3
0.25 mg, the records from the new developed WSKagrta ‘23
and the conventional wired based accelerometeseptred a @,
remarkable degree of similarity. .
——————— 4 I --
The subsequently stage consisted on the verificatiothe o ! { 5 !
accuracy of the frequency content of the acquirgehads =1 | ! | |
with the developed WSN platforms. Considering thens & ! !
pair of sensors located at the top of the pendwdach30 s of g } ; l |
sampling time, experiments in two excitation scarsawere <§3 I B N | N P
carried out: random impacts tests (vibrations \aitfiplitudes 2 ZE,X ZE X
below 5mg) and ambient noise tests (vibrationshwit
amplitudes below 1.5 mg). The Welch Spectrums (Welc . T Y
1967) of the time series records were calculated are o T Nk T |
presented in Fig. 10. 3 | i \
5) \\ \\‘ \\\ \
Conventional Systems New Prototype of WSN g \ Y 1 \\
o 10 - \ 23
: = A 2 2
w0 i Z[}&,/ Ak
— o Fig. 11. Experimental modal analysis results unebaited
%] 10° ! . .
° % % environment — Tests new WSN Platform
B Yo The first two mode shapes of the structure weretified
S with no uncertainties. However, there was registeadight
W difference in the 8 mode shape which will be further
investigated in future stages of the present rekgamoject.
Table 2 summarizes the results of the experimemtzdal
g identification studies performed in the penduluningsthe
[ . conventional wired based systems and new WSN ptatfo
c L
Q| TR \ Table 2 — Modal Identification Results
<E( s T Conv. Systems | New Prototype Error
. . of WSN
Fig. 10.Frequency domain results — Tests new WSid?Pin
Mode | f(Hz) | (%) | f(Hz) | £(%) | Af(%) | Ag(%)
The results evidenced the high accuracy of the lteggu 1 3.26 2.0 3.34 2.4 2.5 20.0
frequency domain spectrums calculated from therd=cof 2 5.00 2.3 4.94 1.9 1.2 17.4
the new developed system. With this respect, ewvene case 3 16.07 1.2 16.03 2.0 0.3 66.7

of ambient noise tests, outstanding similaritieshie content
of frequencies were detected.

The last stage of the experimental operational madalysis
process consists on the estimation of the dynamtpepties
of the structures by means of their natural fregies
damping coefficients and mode shapes.

For this purpose, a more refined data processirthadevas
used which consisted on the evaluation of the tgeses
recordings with 3 conventional and new developatsees

7. CONCLUSIONS

This paper describes a wireless sensor network (WSN
system for monitoring physical infrastructures. IBing upon
the cons of traditional wired-based solutions, save
solutions based on WSNs have been proposed, lnet wWees

a lack of ready-to-use and off-the-shelf WSN tedbgies
able to fulfil some more demanding requirementshafse



applications (e.g. monitoring bridges, historicailthngs or
vehicles structures).

This paper describes a solution that is mostly dage
standard and off-the-shelf technologies, namelywinat
concerns hardware platforms, operating system al
communication protocol. Only a minimum set of custo
designed signal acquisition hardware was conceivedrder
to serve as an interface between the acceleromaterthe
sensing nodes. Our solution is low-power and lost@nd
guarantees accurate and time synchronized measueme

Future work will focus on extending the WSN arctiitee
proposed in this paper in order to support a highenber of
nodes and a wider region under monitoring, stilrgunteeing
a tight synchronization between all nodes.
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