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ABSTRACT

In this paper, a new approach using mobile senstwarks is proposed for
structural health monitoring. Compared with stagasors, mobile sensor networks offer
flexible system architectures with adaptive spataiolutions. The paper describes the
design concept of a flexure-based mechatronic ¢fite mobile sensing node and its
application in structural health monitoring. Thexibnic mobile sensing node is capable
of maneuvering on structures built with ferromagnetnaterials, as well as
attaching/detaching an accelerometer onto/from eelststructural surface. The
performance of the prototype mobile sensor netwbds been validated through
laboratory experiments, where two flexonic mobilensng nodes are adopted for
maneuvering on a steel portal frame. Transmisgilfinction analysis is then conducted
to identify structural damage using data colledwwdthe mobile sensing nodes. This
preliminary work is expected to spawn transformatbthanges of using mobile sensors
for future structural health monitoring.

INTRODUCTION

As civil structures are continuously subjected tdvease operational and
environmental conditions, their safety conditiorcdrmes increasingly concerning over
time. For example, more than one fourth of the de&d in the United States were
categorized as structurally deficient or functitpalbsolete, and it was estimated that a
$17 billion annual investment is needed to subwtbytimprove current bridge
conditions, yet currently, only $10.5 billion isaahable annually for the construction and
maintenance of bridges (ASCE 2009).

In order to efficiently utilize available resourcesd prioritize retrofit tasks,
accurate evaluation of bridge conditions is esaéntn recent years, significant research
efforts have been devoted to structural health todng (SHM) systems that are
promising in closely monitoring structural safetynditions. For example, the high cost
of traditional cable-based structural monitoringteyns motivated exploration in wireless
sensing technologies that are free from expensadecinstallation. To date, various
academic and industrial wireless sensing prototyjze® been developed and validated
for structural health monitoring (Lynch and Loh BDOAs a transformative advancement
to wireless sensing, the next revolution in sensetworks is predicted to be mobile
sensing systems that contain individual mobile ipgnsodes (Akyildizet al.2002). Each



mobile sensing node can explore its surroundingexatiange information with its peers
by wireless communication. Compared with static eleiss sensors, mobile sensor
networks offer flexible system architectures witlaptive spatial resolutions.

Many efforts have been made in terms of incorppgatnobility into traditional
sensors. For example, a beam-crawler has beenogedefor wirelessly powering and
interrogating battery-less peak-strain sensorsctaeler moves along the flange of an I-
beam by wheels (Hustomt al. 2001). In order to inspect the inner casing of
ferromagnetic pipes, a compact robot with two méagneheels in a motorbike
arrangement has been developed; the robot cantlgligh off the wheel in order to
negotiate concave edges (Ta@tal.2009). Most recently, Leet al (2009) developed
a flexure-based mechatronic (flexonic) mobile segshode, which is capable of
attaching/detaching an accelerometer onto/fromsthectural surface. Meanwhile, this
flexonic mobile sensing node has the potential ulillf functions of negotiating in
complex steel structures with narrow sections aigh labrupt angle changes. As a
continuing effort, Guoet al (2009) conducted further analysis on the complian
mechanism of the flexonic mobile sensing node.

In recent years, a myriad of vibration-based dandggection methods have been
developed (Doeblinget al. 1998). Among these methods, transmissibility fiomct
analysis has attracted significant interest duetdceffectiveness in damage detection
without requiring excitation force record. For exde) Zhanget al (1999) used
translational and curvature transmissibility funo8 to calculate damage indicators and
successfully located the damage on a cantilevanb&aeir experimental results showed
that the performance of damage localization vangl the frequency range adopted in
the transmissibility function analysis. Other diffiet aspects that may affect
transmissibility function analysis have been exgthrsuch as the linearity of structures
(Johnsoret al.2004), the nature of input forces (Devriendt andll@ime 2008), as well
as the operational and environmental variabilifie&s (Kess and Adams 2007). Based
upon previous work, transmissibility function are$yis well understood, and is being
widely investigated in dynamic experiments.

In another work, Yet al (2010) validate that the flexonic mobile sensnogles are
capable of detecting simulated structural damdgeugh transmissibility function
analysis. A steel mass block is bonded to a gteghl frame to simulate a reversible
damage, which is not a common damage scenario raoguin actual civil structures. In
this paper, a more realistic damage scenario witkdned bolts is adopted to validate the
performance of the flexonic mobile sensing nodEse paper begins with the design and
implementation of the flexonic mobile sensing nod&ke formulation of transmissibility
function analysis is then briefly introduced. Nettte setup of a laboratory validation
experiment is presented and followed by the dangmjection results using the data
collected by the flexonic mobile sensing nodes.aliyn the paper concludes with a
summary and a plan for future work.

IMPLEMENTATION OF A FLEXONIC MOBILE SENSING NODE
Figure 1 and Figure 2 show the flexonic mobile sepsode developed by Lext

al. (2009). This mobile sensing node consists ofettgebstructures: two 2-wheel cars
and a compliant connection beam. Each 2-wheel oatams a body frame, two



motorized wheels, batteries, a wireless sensingdaveloped by Wangt al. (2007), as
well as Hall-effect sensors and infrared (IR) sessd®he wheels of the flexonic mobile
sensing node are surrounded by thin rectangulametagso that they provide enough
attraction force for the mobile sensing node to euaer on ferromagnetic structures. The
compliant connection beam between the two carsaigenof flexible spring steel, with an
accelerometer (manufactured by Silicon Designs,) Inounted at the middle of the
beam. The compliant connection beam assists ichatigé/detaching an accelerometer
onto/from the steel structural surface. When a oreasent is to be made, the two cars
drive towards each other to buckle the compliargntbe&lown to the surface. With the
assistance of some small magnets fixed aroundethieicof the beam, the accelerometer
is attached firmly on the steel surface (Figureal).(After measurement, the two cars
move in opposite directions to straighten the beawh lift the accelerometer away from
the steel surface (Figure 2 (b)). The width of tlegonic mobile sensing node is about
0.152m (6 in), and the height is about 0.091m {{3)6When the sensor is attached to the
structural surface, the length of the mobile semsiade is 0.191m (7.5 in). When the
sensor is detached, the length of the node is 0n2Z9 in). The overall weight of the
mobile sensing node is about 1 kg (2.2 Ibs), mésthoch is contributed by the magnet
wheels, motors, and batteries.

The functions of the wireless sensing unit incle@enpling analog signals from
various sensors, processing sensor data, wiretesmanication, as well as motor control.
A Hall-effect sensor, which is capable of measuthmyflux of a magnetic field, is placed
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Figure 2. Side view of the flexonic magnet-wheeatasbile sensing node: (a) sensor
attachment; (b) sensor detachment



above each magnet wheel. As the wheel rotatesnéigmet flux density measured by the
Hall-effect sensor changes periodically, so thatwélocity of the wheel can be measured
for feedback control. In order to move the molsknsing node (both forward and
backward) safely on the underlying structural stefdR sensors are placed at both sides
of the front 2-wheel car as well as the rear 2-Wltae for surface boundary detection.
When the sensing node tends to move outside tHacsuboundary, changes can be
captured in the reflected IR signal and the movenu@rection will be immediately
corrected. Detailed description about the cordfdhe flexonic mobile sensing node can
be found in Leet al (2009).

OVERVIEW OF TRANSMISSIBILITY FUNCTION ANALYSIS
The equation of motion for amdegree-of-freedonn(DOF) linear structure under
external excitation can be formulated as:
MX(t) + Cx(t) + Kx(t) = (t) (1)

where M, C, K are nxn mass matrix, viscous damping matrix and stiffnessrim
respectively.x(t) is thenx1 displacement vector, amf) is thenx1 external input vector.

Using Fourier transform, the equation of motiom ¢ represented in frequency
domain as:

X(@) = H(w)F(w) (@)

where H(w) = (K-»*M+iwC)™? is the nxn frequency response function matrix. The
acceleration vector in the frequency domain cafobaulated as:

A(w) = ~H(W)F () 3

Assuming the external force is only applied to théh DOF, the Fourier
transform of the input force vectft) is described as:

F(w)={0, 0,, ..., F (@) ... .Q T (4)
Substituting Equation (4) into Equation (3), we get
A(@) = - F(H (@) )

whereHy(w) is thek-th column ofH ().
The transmissibility functiojj(w) between the DOF and reference-DOF is
defined as the ratio between the frequency resgaatstiese two DOF#8;(w) andA(w).

Alw) _ _wzHik (W) F (v - H, (0)

T (w) = =
”( ) AJ(C‘)) _wijk (@) R (@) ij (@) (©)
On the other hand, the transmissibility functiotmien DOHR and DOH can
also be expressed as
A(w H, (W
T (@=P@ _ Hi@ -

AW Hy (@



When the magnitude dfix(w) is close to zero, the transmissibility functidp
calculated by Equation (6) may encounter greatenerical error and therefore, more
susceptible to noise in sensor data. In comparifoe transmissibility functiorj
calculated by Equation (7) may lose accuracy when ftequency response function
Hik(w) has a small magnitude. Amofiig(w) andT;i(w), if one approach of calculating the
transmissibility function is more susceptible tmser noise, the other approach can be
chosen to reduce the noise influence.

Based upon the transmissibility functidg(ew), an integral damage indicatdDl{
between the DOFand DOKH is defined as:

@ i'U =In -IFD
_ g m[=n[7]
ol L ¥

where superscrigt) andD represent the undamaged structure and the dansagetlre,
respectively, and “In” means natural logarithm. éatingly, Ti,-U andTijD represent the
transmissibility function of the undamaged struetuand the damaged structure,
respectively;w; andw, are the lower and upper boundaries of the intedeBequency
span. If the damage indicators between two DOEdaye, it is likely that structural
damage has occurred around these two DOFs.

In order to reduce the effect of experimental utaieties, the measurement at each
configuration is repeated fdd times for both the undamaged and damaged strgcture
The damage indicator is then calculated using tteeaged transmissibility functions as
following:

T =), (92)
TP =S (T) (9b)
k=

i

where the subscriftrepresents thieth repeating test.
LABORATORY EXPERIMENTS
Experimental setup

Figure 3(a) shows a laboratory steel portal fratnectire used for investigating
structural damage detection using the flexonic meobensing nodes. The span of the
portal frame is 1.524m (5 ft), and the height 81@m (3 ft). The beam and two columns
have the same rectangular section area of 0.152m)(8 0.005m (3/16 in). Hinge
connections are adopted at the bases of the twimned. Each column is connected with
the beam through an angle plate, with 4 bolts enbibam and 4 bolts on the column. To
simulate damage, the 4 bolts at the left cornetthef beam are loosened. For the
undamaged structure, the torque of each bolt iatsE8.56Nm (120 Ibs-in); while for the
damaged structure, the torque is reduced to 0.568Nlps-in), as shown in Figure 3(b)
and Figure 4.
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Figure 3. Photographs of the damage detection erpats: (a) picture of the portal frame
with two mobile sensing nodes; (b) picture of tlaendge location with 4 bolts loosened.
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Figure 4. Experimental setup for damage detectsangua steel portal frame

Two mobile sensing nodes are used in the expersné&aich mobile sensing node
carries a Silicon Designs 2260-010 accelerometerb@h the undamaged structure and
damaged structure, the two mobile sensing nodes rtwevery pair of locations to take
acceleration measurements (A1-A2, A2-A3, A3-A4, A3-A5-A6, A6-A7, A7-A8, A8-
A9, A9-A10, and A10-All). When the two mobile segsnodes arrive at one pair of
measurement locations, the accelerometer is atlach® the structural surface; then a
hammer impact is applied at the middle of these adjacent measurement locations, as
illustrated in Figure 4. After the vibration meesment, these two mobile sensing nodes
detach the accelerometers, and move to the nexbpaieasurement locations. In order
to reduce the effect of experimental uncertainties,measurement at each configuration
is repeatedly taken for 20 times, i= 20 in Equation (9). The sampling rate for the
acceleration measurement is set to 2500 Hz.



Transmissibility function analysis and damage detection results

Figure 5 compares the magnitude of the averagedrrizsibility functions of the
undamaged structure and the damaged structuree tNaitthe frequency range 100-1000
Hz is used, i.ew; andw; in Equation (8) are set to 100Hz and 1000 Hz, retspedy.
Figure 5 shows that the transmissibility functidnla@cation A3 and A4 Ts.4) has the
largest difference between the damaged and undahstigestures, which corresponds to
the correct damage location illustrated in Figure 4

Besides comparing the transmissibility functiongween the undamaged and
damaged structures, the repeatability of the erparis is verified using the data sets
from the undamaged structure, as well as from thmagjed structure. Taking the
damaged structure as an example, the 20 accelerddia sets collected at each pair of
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Figure 5. Comparison of averaged transmissililibctions between data sets of the
undamaged and damaged structures.



locations are separated into two groups of 10 data.  One group is constituted by the
data sets with odd sequence numbers and the athgp gicludes the data sets with even
sequence numbers. Figure 6 compares the magrofuttee averaged transmissibility
functions with the odd-sequence data gro‘tﬁp’df') and the even-sequence data group
(T;*®) of the damaged structure. Minor differences ekistween the transmissibility
functions calculated from two groups of data seéis to the inherent randomness of the
laboratory experiments. However, the differencemach less than the difference
between the transmissibility functions of the undged and damaged structures (shown
in Figure 5), and is relatively negligible. Due fmge limit, the comparison of
transmissibility functions among the 20 data sdtthe undamaged structure are not
shown, and can be found in &t al.(2010).

The damage indicator defined in Equation (8) candex to quantify the difference
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Figure 7. The damage indicators and repeatabildicators

between two groups of transmissibility functiongyufe 7 shows the damage indicators
of the damaged structure. The largest damageataticsDlz.4 = 0.56, and the location
pair A3 and A4 is the correct damage location whmmis are loosened. In addition, by
replacingT;"” and T;° with T;°®and T;***"in Equation (8), the repeatability indicatoR)(
can be obtained for the undamaged structure, dsawébr the damaged structure. Note
that a smalleRI means a higher repeatability. As shown in Figurall repeatability
indicators of the experiments for the undamageddardaged structure are close to 0.1.
These small repeatability indicators verify that texperimental uncertainties have
limited effects to damage detection results.

CONCLUSION AND FUTURE WORK

This work explores flexonic mobile sensor network® structural health
monitoring and damage detection. The presentedriie mobile sensing nodes are
capable of maneuvering upon steel structures, amd able to attach/detach an
accelerometer onto/from the structural surface.o Txonic mobile sensing nodes are
used for vibration testing of a laboratory steett@oframe. With the acceleration data
collected by the mobile sensors, transmissibilityction analysis is conducted, and the
damage location is successfully identified.

Future research will be conducted to enable the ilmobensing nodes to
autonomously detect damage by embedding damagetidatealgorithms into the
computational core of the mobile sensing nodesaddition, a significant amount of
efforts will be needed to improve the mobile segsgstem for navigating on real-world
structures built with ferromagnetic materials.
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