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ABSTRACT

Structural health monitoring (SHM) and damage daiachave attracted great interest in recent des;adeneeting the
challenges of assessing the safety condition afelacale civil structures. By wiring remote sensdirectly to a
centralized data acquisition system, traditionalatiral health monitoring systems are usuallylgastd the installation
is time-consuming. Recent advances in wirelessisgngechnology have made it feasible for structunaklth
monitoring; furthermore, the computational coraiwireless sensing unit offers onboard data inggtion. In addition
to wireless sensing, the authors have recentlyldpgd a mobile sensing system for providing hightisp resolution
and flexible sensor deployment in structural heaftbnitoring. In this study, transmissibility furmt analysis is
embedded in the mobile sensing node to perform amband in-network structural damage detection. 3ystem
implementation is validated using a laboratory 2Bek portal frame. Simulated damage is appliedht® frame
structure, and the damage is successfully idedtbigtwo mobile sensing nodes that autonomouslygase through the
structure.
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1. INTRODUCTION

Large-scale civil structures, such as bridges, damd high-rise buildings, may be subjected to sewatural disasters
over their operational life spans. To closely monihe behavior of these structures, the conceptro€tural monitoring
was adopted in the 1960s [1]. Data generated byuatsral health monitoring system can provide ghsiinto the

performance of a structure over its service peflodditional structural health monitoring is chaeaized by centralized
systems that employ sensors wired to a centraliiz#d acquisition (DAQ) system. However, the cosinstalling a

wired structural monitoring system in civil strurts can be prohibitive, mostly due to the high €@stsociated with
cable maintenance and installation. For exampleSldM system installed in a low-rise building carstc$5,000 per
sensing channel with typical installations [2].talbng extensive lengths of cables can consume @%&6 of the total

installation time of an SHM system [3].

To significantly reduce the cost of current cabéesdd structural monitoring systems, advanced vgisesensing and
embedded computing technologies can be adoptedcast&ffective and reliable alternative for cutreabled SHM
systems. Straser and Kiremidjian [3] investigatee teliability and cost-effectiveness of wirelesgnmunications in
lieu of extensive cabling for structural monitorind. comprehensive review of wireless sensors aed tadoption in
structural health monitoring has been provided4jy For example, the wireless SHM platform desthhg Wanget al
[5] has been successfully validated on a numbdiridiges, buildings, and wind turbines located ie thnited States,
Taiwan, South Korea, China, and Germany [6-8]. lbyatal [9] further explored the concept of embedding dgen
identification algorithms directly into wirelessnsing units, harnessing the computational resouwtésese devices to
execute data interrogation algorithms. The embeagdfrengineering algorithms within the wirelessseg units serves
as a means of reducing power consuming wirelessmaontations, which largely increases the battefy &if the
wireless units. In addition, this decentralizedadptocessing architecture allows a large numbesenfsing nodes,
without burdening the wireless communication chésine
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As a transformative change to wireless sensor miBythe next revolution in sensor networks hasih@edicted to be
mobile sensor networks that implant mobility intaditional sensor networks [10, 11]. In a mobilasse network, each
mobile sensing node can be an autonomous robopgegliwith one or multiple smart sensors. The neohibde
explores its surroundings and exchanges informatiibh its peers through wireless communication. olw previous
research, Leet al.[12] introduced the development and implementatiba flexure-based mechatronic mobile sensing
node capable of attaching/detaching sensors oot/& structural surface. The mobile sensing nodele potential to
fulfill functions of negotiating in complex steetrgctures with narrow sections and high abrupt enghanges.
Laboratory experiments demonstrated that data ctelleby a reference fixed sensor matched well il data
collected by a mobile sensing node. Gaial. [13] conducted further analysis and numerical $athons regarding the
compliant mechanism of the flexure-based mobilssisgnnode.

In recent years, various damage detection algosithave been developed for identifying the existerfcdamage in
structures [14]. Among these methods, transmiggitfunction analysis attracted considerable iagtrdue to its
effectiveness in damage identification, as wellbasause the analysis does not require input foreasarement.
Different aspects of transmissibility function ayss$, such as the linearity of structures [15], tia¢ure of input force
[16], and the effect of operational and environraéwnariability [17], have been explored. Based aavpus work,
transmissibility function analysis is well undermstiband being adopted in structural damage detedtioaur previous
research, transmissibility function analysis hasrbsuccessfully employed to perform damage deteeti@lysis using
data collected by the mobile sensing nodes [18].

This study investigates the embedded intelligencéhe mobile sensing nodes for autonomous strukctimanage

detection. Transmissibility function analysis msplemented in the computational core of the moddasing node, so
that the mobile node autonomously identifies stradt damage. Section 2 presents an overview ofnéssibility

function analysis. Section 3 introduces the hardvamsign of the mobile sensing nodes, and Sectissdribes various
aspects of the system software design. Embeddeguwting algorithms executed by the mobile sensiadges are
adopted for local data processing within a mobédaser network. Section 5 presents laboratory testsnded to
validate the performance of the autonomous damagection using the mobile sensor network. The $asition

summarizes this paper and discusses the futurarose/ork.

2. OVERVIEW OF TRANSMISSIBILITY FUNCTION ANALYSIS
The equations of motion for andegree-of freedomm(DOF) linear structure can be formulated as
MX(t) + CX(t) + Kx(t) =f (1) 1)

wherex(t) is thenx1 displacement vectok is thenxn mass matrixC is thenxn viscous damping matriX is thenxn
stiffness matrix, andi(t) is thenx1 external force vector. If the external forseapplied to only th&-th DOF, therf(t)
={04, 0,, ..., f(t), ...,0.} " has only one non-zero entry.

Using Fourier transform, Eq. (1) can be represeimtahe frequency domain as
X(w) = H(w)F(@) (2)

whereH (w) is thenxn frequency response function (FRF) matrix. Assugnhe external force is applied to only the
th DOF, the Fourier transform of the input forceteef(t) is determined as

F(w) = {04, Oy, ..., R(®),... ,0n} " (3)
The acceleration vector in frequency domain candmputed from Eq. (2) as
A(w) = —a’H (w)F(w) (4)

The transmissibility functioffj(w) between the output DOFand reference-output DQFs defined as the ratio between
two frequency spectréi(w) andAj(w). Lettinghi(w) be thei-th row ofH(w), the transmissibility functiof;(w) can be
computed as
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Substituting thé=(w) (Eq. (3)) into Eq. (5)Tj is further simplified as
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whereH;(w) andHy(w) are entries of the FRF.

An integral damage indicatob() between DOFs (i.e., locationsandj is defined as
N \'nl [P "
‘In| ‘da)

i

wherew; andw, are the lower and upper boundaries of the intedeBequency span) [denotes the magnitude of a
complex number, superscriptrepresents the undamaged structure, and supémcrgpresents the damaged structure.
Accordingly, TiJ-U represents the transmissibility function of thedaimaged structure, anﬁIijD represents the
transmissibility function of the damaged structufithe damage indicator is defined in the logarithooordinate, so the
difference among small numbers has a larger infleean the integration. In practice, to reduce dfiect of
experimental uncertainties, the vibration experiteecan be repeateN times for both undamaged and damaged
structures, then the averaged transmissibility ions are used for calculating the damage indisator
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where (I',, )k represents the transm|SS|b|I|ty functidp, computed from thé-th repeating test with the undamaged
structure between DORsandj; and {j; D). represents the transmissibility functidy computed from th&-th repeating
test with the damaged structure for DOFsind j. If acceleration data are available from the eixpents, the
transmissibility function from each test is comgltccording to Eq. (5) as the direct division betwehe frequency
spectra of the acceleration at two DORB®d;.

For the repeatability check of the experiments, riygeatability indicatorRI) is defined in parallel to the damage
indicator. For example, for the undamaged stragtilve repeatability indicator is defined as
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whereT; U_odd andTijUfe"e”are the average transmissibility function amorgdtl and even group of data sets from the

undamaged structure, respectively. Similarly, thgeatability indicators among the data sets ofddmaged structure
are also defined as

(10)
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where T;"-° and T;°-*"*"are respectively the average transmissibility fioms among all the odd and even group of
data sets from the damaged structure.



3. HARDWARE DESIGN OF THE MOBILE SENSING NODE

Fig. 1 shows the mobile sensing node developed By The mobile sensing node consists of threetsutisires: two 2-
wheel cars and the compliant connection beam. Raeheel car contains a body frame, motors, batte@ wireless
sensing unit, infrared (IR) sensors, and Hall-aéfnsors with associated hardware circuits. Tinelegs sensing unit
consists of three functional modules: the sensnigriace, the computational core, and the wiret@ssmunication
module [5]. The sensing interface converts ana@nakceleration signal into a digital format arehgmits data to the
computational core, which consists of an 8-bit Atth&megal28 microcontroller and an external stedicdom access
memory (SRAM) chip. Meanwhile, the computationalrec communicates through a MaxStream 9XCite wigeles
transceiver with other wireless sensing units andrdral server. To achieve mobility, the micrdiolter in the mobile
sensing node also commands the motors in real tased upon real-time motion information providedtiee IR and
Hall-effect sensors. The IR sensors detect whdtieemobile sensing node is moving inside the sfirat boundary,
and the Hall-effect sensors monitor the angulaoaiies of the magnet wheels. Detailed descrigtion how to ensure
the mobile sensing node moves safely on the unidgrktructural surface can be found in [12].

The overall weight of the mobile sensing node isuthl kg (2.2 Ibs), most of which is contributed e magnet
wheels, motors, and batteries. Powered by onbbattkries, the mobile sensing node can be complétherless

during operation. Fig. 1(a) and 1(b) show thatdbmpliant connection beam is used to attach/dedtazlaccelerometer
onto/from the structural surface. When measuremeatls to be made, the two cars are driven toweads other to
make the compliant beam buckle downwards to thecttral surface. The accelerometer is then firattpched to the
structural surface, as shown in Fig. 1(a). When dhcelerometer is to be detached, the two cars rowpposite

directions, lifting the accelerometer away from sheface and straightening the compliant beamhasis in Fig. 1(b).

When the accelerometer is attached to the structuréace, the length of the mobile sensing nod@ 191 m (7.5 in).

When the accelerometer is detached, the lengtheohode is 0.229 m (9 in), the width about 0.1526nn), and the

height about 0.091m (3.6 in).

4. EMBEDDED TRANSMISSIBILITY FUNCTION ANALYSIS

For autonomous damage detection by the mobile sgssistem, transmissibility function analysis isbenided into the
computational core of the mobile sensing nodese §ystem includes one central server and two mekibsing nodes,
one of which serves as the master node and the ashthe slave node. The central server is resplentr 1) remotely
commanding the two nodes to move to the measureloeations, 2) transmitting the transmissibilityn@tion of the
undamaged structure to the master node, 3) synidimgnthe internal clocks of the mobile sensing emd4)
commanding the two nodes to perform data collectenmd 5) receiving and storing the damage indisatufr the
structure. The software written for the mobile segsystem has two parts: computer software forcdrdral server and
embedded software for the mobile sensing nodexeSime central server and mobile sensing nodesn(tster and
slave nodes) need to communicate frequently with edher, their software must be designed in tandég 2 shows

@) ()

Fig. 1. Side view of the magnet-wheeled mobile sgnsode: (a) accelerometer attachment; (b) acoeleter detachment.
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Fig. 2. Flow diagram detailing the procedure fomoaunication between the central server and two laaginsing nodes.

the flow diagram of the mobile sensing system fouctural damage detection, including the centeaver and two
mobile sensing nodes. To achieve a robust performastate machine concept [19] is employed for gbfware
architecture of both the mobile sensing nodes had¢ntral server.

At the beginning of a test, the central server lgsly commands the two mobile sensing nodes toentovthe
measurement locations, and then the nodes attacactelerometers to the structure. When the twesade ready to
collect data, an initialization packet is sent he ttwo nodes through wireless communication, whaskigns the
master/slave roles. The central server also semelsransmissibility functions (between these twoat®ns) of the
undamaged structure to the master node. The twesnthetn begin to collect acceleration data upoeivey a beacon
broadcasted by the central server, so that botesiathrt data collection simultaneously. Each neobénsing node
collects data from its associated accelerometex gpecified sampling rate and saves the data terijyointo the
onboard memory. Then embedded fast Fourier trams(BFT) is performed by both mobile sensing no@&&4l results
within the interested frequency range are transihiftom the slave node to the master node anddstorthe onboard
memory. After successful data transmission, emheéddmsmissibility function analysis is performed the master
node. This process repeats until the required nurobéata sets is collected at current locatior,pafiter which the
averaged transmissibility function and the damagkcator for this location pair are computed by thaster node. The



damage indicator is then transmitted back to tharak server. Afterwards, the server commandstiie mobile
sensing nodes to move to the next pair of measureloeations, until all required locations pairs the structure have
been covered.

5. VALIDATION EXPERIMENTS

To test the performance of the mobile sensing sysi@r structural damage detection, laboratory eixpents are
performed on a 2D steel portal frame (Fig. 3a).e $han of the portal frame is 1.524m (5 ft) andhbight 0.914m (3
ft). The beam and two columns have the same rgatansection area of 0.152m (6 %)0.005m (3/16 in). At the base
of the two columns, hinge connections are adopflue structure is assigned with eleven measurefoeations, three
of which are on the left column (Al to A3), three the right (A9 to A11) column, and the other fiegations (A4 to
A8) uniformly assigned on the beam (Fig. 3b). Ae$tmass block of 0.575kg (1.271b) is bonded toléfiecolumn
0.229m (9in) above the hinge joint to simulate reN@e damage. In contrast, the mass of the ldfinap is 4.985kg
(10.9901Ib).

The experiments follow the operating proceduredagmned in the previous section. To take accelenati@asurements,
the two mobile sensing nodes move to every paloadtions (A1-A2, A2-A3, A3-A4, Ad-A5, A5-A6, AG-A7AT-A8,
A8-A9, A9-A10, and A10-All) in sequence. Each nmbsensing node carries a Silicon Designs 2260-010
accelerometer. As shown in Fig. 3(b), a hammeiraichis applied in the middle of two adjacent measnt locations,

so that vibration data are recorded by the moleifesg nodes. Measurements at each location pagadlected for 20
times, for reducing the effects of experimentalartainties. In other words, the numidém Eg. (8) is equal to 20. Then
the averaged transmissibility function is useddalculating the damage indicators, according to(Eg.

During the experiments, the sampling rate of théilrosensing nodes is set at 2,500 Hz. Prior t® A&nalog-to-

digital) sampling, the accelerometer signal is é¢omged by a low-pass fourth-order Bessel filtear Ehe embedded
FFT computing, a 4,096-point Cooley-Turkey algaritis implemented in the computational core of ttabite sensing
node. At 2,500Hz sampling frequency, the 4,096¥pdata collection time is about 1.6s. No zero-jraglés performed

on the time history data. After the FFT computationly the 100~1,000 Hz frequency range is usedotopute the
transmissibility function, i.ew; andw; in Eq. (7) are set to 100 Hz and 1,000Hz, respelgti During the laboratory
experiments, the execution time for each numbeteyulis the flow diagram is illustrated in Fig. Zhe circled numbers
refer to those in the flow diagram in Fig. 2.
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Fig. 3. Laboratory steel portal frame for damaged@n using mobile sensing nodes: (a) picturthefportal frame; (b)
schematic of measurement and impact locations.
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Fig. 4. Execution time for each numbered procedtutke flow diagram (Fig. 2) during the laboratexperiments.

The transmissibility functions computed by the eddsl algorithm in the master node are presentefign5, in
magnitude. It is shown that the additional massclklchanges the magnitude and peak frequencieshef t
transmissibility functions. Furthermore, largeffelience in the transmissibility functions is ohsat between location
pairs close to the simulated damage location, widchetween locations Al and A2 in Fig. 3(b). Tassibility
functions at locations far away from the damageegalty demonstrate very little change between théamaged and
damaged structures.

The damage indicators, which are computed offlipdBATLAB and computed onboard by the master mobéasing
node (MMSN), are presented in Fig. 6. The damaghcators computed by MATLAB and MMSN are in close
agreement, which indicates that computation byntbbile sensing node is accurate. On the other hhedesults show
that the simulated damage between locations Al A&Rds successfully localized. The figure also pras the
repeatability indicators for the undamaged and dgdastructures, computed by MATLAB. Compared with amage
indicators, the repeatability indicators are reki small, suggesting that experimental unceriggrihave limited effects
to damage detection.

200 400 600 800 1000

200 400 600 800 1000

200 400 600 800 1000

200 400 600 800 1000 200 400 600 800 1000

Al

200 400 600 800 1000 200 400 600 800 1000
Frequency (Hz) Frequency (Hz)
Fig. 5. Comparison between the transmissibilitycfions of the undamaged and damaged structuresutechpy the
mobile sensing node.
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Fig. 6. The damage indicators and repeatabiliticatdrs for ten pairs of measurement locations.

6. SUMMARY AND DISCUSSION

This study explores mobile sensing for the autongsrstructural damage detection of a laboratorygbdrame. The
transmissibility function analysis algorithm is esdaled in the mobile sensing nodes for onboard sisal\A laboratory
portal frame is constructed to validate the perfomoe of the mobile sensing nodes in damage detectidsing
acceleration data collected by the mobile sensotgs, location of the damage is accurately detexththrough online
transmissibility function analysis. The advantagfeautonomous damage detection through mobile sgnisi thus
demonstrated as the high spatial resolution meammethat requires limited number of sensors atld human effort.

Future research will be focused on a number ofsarea great amount of efforts will be needed to endétke mobile
sensing nodes capable of maneuvering upon moristieatructures built with ferromagnetic materialin addition,
work is also underway in exploring ambient vibratimeasurement with mobile sensing nodes, as wétl dsveloping
a mobile excitation node that can apply small-mtagid impact forces.
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