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Abstract—This research investigates the field performance of
flexure-based mobile sensing nodes (FMSNs) developed for sys-
tem identification and condition monitoring of civil structures.
Each FMSN consists of a tetherless magnetic wall-climbing robot
capable of navigating on steel structures, measuring structural vi-
brations, processing measurement data, and wirelessly communi-
cating information. The flexible body design of the FMSN allows it
to negotiate with sharp corners on a structure, and attach/detach an
accelerometer onto/from structural surface. Our previous research
investigated the performance of the FMSNs through laboratory ex-
periments. The FMSNs were deployed to identify minor structural
damage, illustrating a high sensitivity in damage detection enabled
by flexible mobile deployment. This paper investigates the field per-
formance of the FMSNs with a pedestrian bridge on the Georgia
Tech campus. Multiple FMSNs navigate to different sections of the
steel bridge and measure structural vibrations at high spatial reso-
lution. Using data collected by a small number of FMSNs, detailed
modal characteristics of the bridge are identified. A finite element
(FE) model for the bridge is constructed. The FE model is updated
based on the modal characteristics extracted from the FMSN data.

Index Terms—Finite element (FE) model updating, mobile sen-
sor network, modal analysis, structural system identification, wire-
less sensing.

I. INTRODUCTION

IN recent years, extensive research has been performed in
the field of system identification and condition monitoring

for civil structures. Among the various efforts, wireless sens-
ing technologies have attracted significant research interests.
By eliminating cables in the monitoring system, wireless sens-
ing greatly reduces installation time and cost. Numerous aca-
demic and industrial prototypes have been developed and their
performance has been studied in laboratory experiments and
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field validations [1]. Nevertheless, low-cost wireless sensing
units usually need to be incorporated with high-precision ac-
celerometers for accurate vibration measurement and system
identification of civil structures. Such an accelerometer typi-
cally costs at least a few hundred dollars each. It is, therefore,
often unaffordable to densely equip a civil structure with a large
number of sensors. On the other hand, a small number of sensors
on a structure can only provide very coarse spatial resolution
that is far from enough for high-accuracy system identification.

Upon wireless sensing, the next revolution in sensor networks
is predicted to be mobile sensing [2]. A mobile sensor network
contains multiple mobile sensing nodes. Each mobile sensing
node can be a miniature mobile robot equipped with smart wire-
less sensors. The mobile sensing node explores its surroundings
and exchanges information with its peers through wireless com-
munication. Compared with static wireless sensor deployment,
mobile sensor networks offer flexible architectures. Adaptive
and high spatial resolutions can be achieved using a relatively
small number of mobile sensor nodes and with little human
effort.

Much research effort has been made in developing small-
scale agile robots with engineering applications. For example,
to inspect the inner casing of ferromagnetic pipes with complex-
shaped structures, a compact robot with two magnetic wheels
in a motorbike arrangement has been developed [3]. In another
example, a mobile out-pipe inspection robot was designed with
an automatic pipe tracking system through machine vision [4].
Wall-climbing robots have also been developed, employing elas-
tomer dry adhesion [5] or claw-gripping [6]. In addition, re-
searchers have incorporated mobility into traditional sensors
for structural health monitoring. For example, a beam-crawler
has been developed for wirelessly powering and interrogating
battery-less peak-strain sensors; the crawler moves along the
flange of an I-beam by wheels [7]. A robot able to crawl on a
2-D surface was developed for visually inspecting aircraft exte-
rior; the robot used ultrasonic motors for mobility and suction
cups for adhesion [8]. As a mobile host, a remotely controlled
model helicopter has been demonstrated for charging and com-
municating with wireless sensors [9].

Nevertheless, researchers have rarely explored a mobile
sensor network with dynamic configurations for civil structure
monitoring. Recently, Lee et al. [10] developed a flexure-based
mobile sensing node (FMSN) capable of attaching/detaching an
accelerometer onto/from a steel structural surface. Meanwhile,
this FMSN has the potential to fulfill functions of negotiating in
complex steel structures with narrow sections and high abrupt
angle changes. Guo et al. [11] further analyzed the compliant
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Fig. 1. Picture of the FMSN.

TABLE I
PHYSICAL PARAMETERS OF THE FMSN

mechanism of the FMSN, and developed strategies to optimize
design parameters for corner negotiation and sensor attachment.
Zhu et al. [12] investigated the damage detection performance
of the FMSNs using a laboratory steel frame structure. In the
laboratory experiments, the mobile sensor network is able to
detect minor structural damage, illustrating a high detection ac-
curacy enabled by the flexible deployment of FMSNs.

This paper investigates the field performance of the FMSNs
with a space frame pedestrian bridge on Georgia Tech cam-
pus. Multiple FMSNs are wirelessly commanded to navigate to
different sections of the steel bridge, for measuring structural
vibrations at high spatial resolution. Using a small number of
FMSNs, detailed modal characteristics of the bridge are identi-
fied. A finite element (FE) model for this bridge is constructed
and successfully updated based on the modal characteristics ex-
tracted from FMSN data. The rest of this paper is organized
as follows. Section II introduces the design of an FMSN. Sec-
tion III describes the space frame bridge and experiment setup
and the experimental modal identification results are given in
Section IV.

II. DESIGN OF THE FLEXURE-BASED MOBILE SENSING NODE

A. General Description of an FMSN

Fig. 1 shows the picture of an FMSN developed for this
study [10]–[12]. The FMSN consists of three substructures: two
2-wheel cars and a compliant connection beam. Each 2-wheel
car contains a body frame, two motorized wheels, batteries, a
wireless sensing unit as described in [13], as well as associated
sensors. The compliant connection beam is made of spring steel,
with an accelerometer mounted in the middle. The dimensions
and the weight of the FMSN are listed in Table I. Operating with
onboard batteries and communicating wirelessly, no external
cable for power or communication is required.

The wireless sensing unit serves as the “brain” of each FMSN,
and performs various tasks such as sampling analog sensor sig-
nals, processing sensor data, motor control, and wireless com-
munication with a central server or its peers. In order to capture
low-amplitude vibrations, e.g., due to ambient excitation, a low-
noise high-gain signal-conditioning module [14] is equipped on
each FMSN. This module (with amplification gain adjustable to
×2, ×20, ×200, or ×2000) consists of a high-pass RC filter and
a low-pass fourth-order Bessel filter with cutoff frequencies of
0.014 and 25 Hz, respectively.

The wheels of the FMSN are enveloped by thin magnets (with
magnetization axes arranged alternately pointing toward and
away from the wheel center) to provide attraction for climbing
on ferromagnetic structures. A Hall-effect sensor is fixed above
each magnet wheel for measuring the periodical change of the
magnetic flux as the wheel rotates, which provides wheel ve-
locity feedback for real-time control. For the FMSN to move
(forward or backward) safely on the underlying structural sur-
face, infrared (IR) sensors are placed at both sides of the front
and rear 2-wheel cars for surface boundary detection. When
an IR sensor moves outside the surface boundary, changes can
be captured from a reduced strength of the reflected IR signal
so that the movement direction can be immediately corrected
through motor control.

B. Flexure-Based Design

One distinctive feature of the FMSN is the flexure-based de-
sign. Compared to a traditional rigid body design, the compli-
ant/flexural connecting beam offers advantages for sharp corner
negotiation and accurate acceleration measurement by firmly
attaching the accelerometer onto the structural surface.

During corner negotiation, when a rigid body design is
adopted, the distance between front and rear axles has to re-
main constant. In order to avoid undesired slippage between
each wheel and the structural surface, a complicated feedback
control scheme will be necessary to precisely control individual
wheel speed. On the other hand, using a flexure-based design,
the axle distance can change passively and naturally, while the
front and rear wheels simply move at a constant speed and do not
suffer any slippage. Fig. 2 shows the FMSN negotiating over the
beam-column corner of a laboratory steel frame, when the front
and rear wheels move at the same constant speed. The traces
of the wheels are captured by image processing techniques and
marked in the figure.

With the flexure-based design, the FMSN can firmly attach
the accelerometer onto the structural surface. The attachment is
achieved by commanding the two cars move toward each other to
bend the center of compliant beam toward the structural surface.
In addition, small magnet pieces are arranged around the center
of the beam to further assist the attachment. After measurement
is finished, the two cars move in opposite directions to straighten
the beam and lift the accelerometer away from the structural
surface. After the accelerometer is lifted, the FMSN resumes
its mobility and moves to next location for other measurement.
As shown in Fig. 3, the accelerometer can be attached along
different directions (e.g., down, up, or horizontally) toward the
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Fig. 2. Corner negotiation on a laboratory structure.

Fig. 3. Sensor attachment: (a) above a horizontal beam; (b) under a horizontal
beam; and (c) on a vertical column.

TABLE II
DIMENSIONS OF THE STEEL BRIDGE

structural surface. Detailed mechanical analysis of the flexure-
based design can be found in [11].

III. BRIDGE TESTBED DESCRIPTION

AND EXPERIMENTAL SETUP

The pedestrian steel bridge testbed (see Fig. 4) is located on
Georgia Tech campus, connecting the Manufacturing Research
Center (MARC) with the Manufacturing Related Disciplines
Complex (MRDC). The bridge consists of 11 chord units. Di-
agonal tension bars are deployed in two vertical side planes and
the top horizontal planes, and each floor unit contains a diagonal
bracing tube. Hinge connections are designed at the supports on
the MRDC side, and roller connections at the MARC side. Key
dimensions of the bridge are listed in Table II.

Fig. 4. Picture of the space frame bridge on the Georgia Tech campus.

Fig. 5. Experimental setup for the bridge testing: (a) 3-D illustration of five
measurement configurations for the FMSNs; (b)laptop as the wireless server;
and (c) FMSN attaches an accelerometer onto the structural surface.

In the field testing, four FMSNs are deployed for navigat-
ing on the top plane of the frame. It is first verified that each
FMSN can travel through the bridge span of 30.2 m (99 ft) in
about 5 min, without stop. Onboard lithium-ion batteries can
sustain the FMSN operation for about 4 hr. A total of five mea-
surement configurations are adopted by the FMSNs. As shown
in Fig. 5(a), each configuration consists of four measurement
locations. Locations at south side of the frame are marked with
letter “S,” and locations at north side are marked with letter “N.”
The measurement configurations for the FMSNs do not contain
locations 4 S and 4 N, where static wireless sensing nodes are
mounted as reference nodes for assembling the mode shapes of
the entire bridge. Wirelessly controlled by a laptop server lo-
cated on the floor level at one side of the bridge [see Fig. 5(b)],
the FMSNs start from the inclined members at one side of the
bridge [see Fig. 6(a)], and then move to the first measurement
configuration [see Fig. 6(b)]. After finishing the measurement
at the first configuration, the FMSNs move to the second con-
figuration, and so on, until they finish measurement at the fifth
configuration.

At every measurement configuration, each FMSN attaches an
accelerometer onto the structural surface, and measures struc-
tural vibrations along the vertical direction [see Fig. 5(c)]. The
accelerometer used in this study is a single-axis accelerome-
ter (Silicon Designs 2260-010) with a frequency bandwidth of
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Fig. 6. Pictures of four FMSNs navigating on the space frame bridge:
(a) FMSNs start from the incline members and (b) FMSNs arrive at the first
measurement configuration.

Fig. 7. Experimental setup for the testing with static wireless sensors.

0–300 Hz. The measurement range is ±2 g, and the sensitivity is
1 V/g, where “g” is the gravitational acceleration. For the wire-
less data transmission from the FMSNs to the server, a simple
star topology network is adopted. Acceleration data are tem-
porarily stored onboard by each FMSN, and then sequentially
collected by the server. Detailed information about the wireless
network operation can be found in [13].

For comparison, another set of instrumentation is conducted
entirely with static wireless sensors. Static sensors are installed
at the measurement locations on the top plane of the bridge
frame (see Fig. 7). Narada wireless sensing units, developed by
researchers at the University of Michigan [15]–[17], are used in
the static sensor instrumentation. The reliable performance of
the Narada system has been validated in a number of previous
studies. Modal analysis results using the static sensor data serve
as a baseline for the FMSN data. The same Silicon Designs
2260-010 accelerometers are used in the static sensor instru-
mentation for measuring vertical vibrations.

Fig. 8. Hammer impact test: (a) hammer impact being applied and (b) example
hammer impact record.

IV. EXPERIMENTAL RESULTS

This section begins with presenting the measurement and
modal identification results from the hammer impact data, fol-
lowed by the modal identification results using ambient vibra-
tion data. Finally, the modal analysis results from FMSN data
and static sensor data are compared.

A. Hammer Impact Test

Hammer impact test with the FMSNs is first conducted. In-
dividual hammer impact is applied at two locations on the floor,
which are directly below locations 4 S and 8 N in Fig. 8(a). After
the four FMSNs arrive at each configuration, hammer impact is
first applied at the floor below 4 S for data collection, and then
another impact is applied below 8 N. Fig. 8(a) shows the picture
of a hammer impact being applied with a 3-lb hammer manufac-
tured by PCB Piezotronics. The impact head allows for different
tips to be affixed to the end, for varying the impact frequency
range. A soft plastic tip is used in this study, for generating flat
impact spectra up to a few hundred Hertz. The impact force is
recorded by a cabled DAQ system (National Instruments 9235)
[see Fig. 8(b)].

During hammer impact test, the amplification gain of the
signal-conditioning module in the FMSNs is set to ×20 for ac-
celeration measurement. The sampling rate is set to 1000 Hz.
Fig. 9 presents example acceleration time histories recorded at
locations 5 S and 9 N, as well as the corresponding frequency re-
sponse function (FRF) plots when the hammer impact is applied
on the floor below location 4 S. Fig. 10 shows some example
acceleration time histories and corresponding FRF plots, when
the impact is applied below location 8 N.

The eigensystem realization algorithm (ERA) [18] is applied
to the impulse FRF function for extracting modal characteristics
at each configuration. In the ERA algorithm, the Hankel matrix
H is formed as

H(k − 1)

=

⎡
⎢⎢⎢⎢⎣

y(k) y(k + 1) · · · y(k + s − 1)

y(k + 1)
. . .

...
...

. . .
y(k + r − 1) · · · y(k + s + r − 2)

⎤
⎥⎥⎥⎥⎦

(1)

where y(k) is the impulse response vector at the kth discrete
time step; r and s are integers that determine the Hankel matrix
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Fig. 9. Example vibration records and corresponding FRF function when the
hammer impact is applied on the floor below location 4 S.

Fig. 10. Example vibration records and corresponding FRF function when the
hammer impact is applied on the floor below location 8 N.

dimension. Singular value decomposition is performed on
matrix H(0)

H(0) = UΣVT (2)

where matrices U and V contain left and right singular vectors of
H(0), respectively; Σ is a diagonal matrix with singular values.
Theoretically, matrix Σ with rank of n can be expressed as

Σ =
[
Σn 0
0 0

]
(3)

where Σn is a diagonal matrix with nonzero singular values. In
practice, using experimental data, other singular values will not
appear as exactly zero, but instead as relatively small numbers
along the diagonal of Σ, which correspond to spurious noise
modes. The rows and columns associated with the noise modes
are then eliminated to form condensed matrices Σn, Un, and
Vn . The estimated state-space matrices for the discrete-time
system model are then calculated as

Ã = Σ−1/2
n UT

n H(1)VnΣ−1/2
n

B̃ = Σ1/2
n VT

n Em

C̃ = ET
n UnΣ1/2

n (4)

Fig. 11. First three mode shapes of the bridge extracted from FMSN data with
hammer impact excitation.

Fig. 12. First three mode shapes of the bridge extracted from static sensor
data with hammer impact excitation.

where ET
n = [I 0] and ET

m = [I 0]. The estimated modes Γ can
be obtained by

Γ = C̃Φ̃ (5)

where Φ̃ contains the eigenvectors of matrix Ã.
In order to obtain reliable modal results and alleviate the noise

effect, for configurations 1–3 in Fig. 5(a), the modal character-
istics are extracted using the FMSN data when hammer impact
is applied below location 4 S. For configurations 4 and 5, the
modal characteristics are extracted using the FMSN data when
hammer impact is applied below location 8 N. The mode shapes
of the entire bridge are assembled through the reference nodes
with two static wireless sensors [see Fig. 5(a)]. Fig. 11 shows the
first three assembled mode shapes. Note that because both the
hammer impact and the accelerometer measurement are along
the vertical direction, the modal testing is only able to capture
mode shapes with relatively strong vertical components.

Similarly, hammer impact test is conducted with static sen-
sors measuring vibrations at all locations. Fig. 12 presents the
first three mode shapes extracted from the static sensor data.
Comparison between Figs. 11 and 12 shows that the natural fre-
quencies and mode shapes extracted from FMSN data and static
sensor data are very close.
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Fig. 13. Example ambient vibration records and corresponding PSD plots.

B. Ambient Vibration Test

During the ambient vibration test, 10 min of continuous accel-
eration data are collected for each mobile measurement configu-
ration. The amplification gain of the signal-conditioning module
is set to ×200 during ambient vibration test, and the sampling
rate is set to 100 Hz. Fig. 13 presents example ambient vibration
time histories recorded at locations 5 S and 9 N, as well as the
corresponding power spectral density (PSD) plots. The natural
excitation technique (NExT) [19], [20] is applied to the FMSN
data to extract modal characteristics at each configuration. In
the NExT method, it is assumed that the excitation and response
are stationary random processes. The dynamics equation for a
multidegree-of-freedom system is written as

Mẍ (t) + Cẋ (t) + Kx (t) = f (t) (6)

where M, C, and K represent mass, damping, and stiffness
matrices of the system, respectively; x(t) is displacement vector
random process; and f(t) is excitation vector random process.
Multiplying (6) by a reference scalar response process xi(s), and
taking the expected value of the equation gives

ME {ẍ (t) xi (s)} + CE {ẋ (t) xi (s)} + KE {x (t) xi (s)}
= E {f (t) xi (s)} (7)

where E{} represents expectation. Assuming that the vector
random processes x(t), ẋ(t) and ẍ(t) are weakly stationary, (7)
can be written as

MRẍxi
(τ) + CRẋxi

(τ) + KRxxi
(τ) = Rfxi

(τ) (8)

where R represents the cross correlation function, and τ =
t − s. With τ > 0, the system response (at time s) are uncor-
related with the excitation (at time t). Equation (8) can then be
simplified as follows [21]:

MR̈xxi
(τ) + CṘxxi

(τ) + KRxxi
(τ) = 0. (9)

Therefore, the cross correlation function satisfies the dynamics
equation describing free vibration, and can be used as input to
the ERA algorithm for modal identification. The procedure is
performed to the FMSN data from ambient vibration. Similar
as the hammer data analysis, the mode shapes for the entire
bridge are assembled through the two reference nodes with static

Fig. 14. First three mode shapes of the bridge extracted from ambient vibration
data collected by the FMSNs.

TABLE III
COMPARISON OF MODAL CHARACTERISTICS EXTRACTED FROM FMSN DATA

AND STATIC SENSOR DATA

wireless sensors. Fig. 14 shows the first three mode shapes of
the bridge extracted from ambient vibration data collected by
the FMSNs.

C. Modal Analysis Comparison

The natural frequencies extracted from hammer impact test
and ambient vibration data are summarized in Table III. The fre-
quency differences extracted from FMSN data and static sensor
data are very small. To evaluate the differences in mode shapes,
the modes extracted from static sensor data are used as the ref-
erence modes, and the modal assurance criterion (MAC) value
is calculated for mode shapes extracted from FMSN data

MACi =

(
ϕT

M,iϕS,i

)2

(
ϕT

M,iϕM,i

) (
ϕT

S,iϕS,i

) (10)

where ϕM,i and ϕS,i denote the ith mode shape extracted from
FMSN data and static sensor data, respectively; MACi repre-
sents the ith MAC value between the ith mode shapes. Note that
if the mode shapes ϕM,i and ϕS,i are close to each other, MACi

should be close to 1. The MAC values shown in Table III are all
greater than 0.95. Therefore, it can be concluded that the mobile
sensing system is capable of providing consistent and reliable
sensor data with high spatial resolution.

V. FINITE ELEMENT MODEL UPDATING

A. Base Model for Finite Element Updating

An FE model of the bridge is built in the OpenSees (Open
System for Earthquake Engineering Simulation [22]) platform.
All steel frame members are modeled as elastic beam-column
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Fig. 15. FE model for the steel bridge: (a) 3-D view of the bridge model;
(b) support condition at MRDC side for model updating; and (c) support condi-
tion at MARC side for model updating.

elements, and steel tension bars on the side and top planes are
modeled as 3-D truss elements. In structural design practice, a
concrete slab is usually considered as dead load with no contri-
bution to structural stiffness. However, the concrete slab in this
structure is connected with the bottom-plane frame members by
sheer studs, through which bending moment can be transferred.
Therefore, for accurate dynamic modeling, the concrete floor
slab is modeled as shell elements that share FE nodes with the
bottom-plane frame members.

B. Model Updating

Important parameters of the bridge model are selected for
FE model updating. The parameters typically include material
properties and support conditions [23], [24]. For support condi-
tions, ideal hinges or rollers are usually used in structural design
and analysis, but do not exist in reality. To describe realistic sup-
port conditions, the hinge support at MRDC side is replaced by a
rigid link in longitudinal direction, and springs in transverse and
vertical directions. Meanwhile, the roller support at MARC side
is replaced by springs in transverse and vertical directions (see
Fig. 15). In this study, ten parameters of the bridge model are
chosen for updating, including density, elastic modulus, spring
stiffness, etc. Table IV summarizes the updating parameters, as
well as their initial values determined from design drawings and
engineering judgment.

Using the MATLAB optimization toolbox [25], an interior-
point optimization procedure is performed for minimizing the
difference between three experimental natural frequencies ex-
tracted from FMSN data and corresponding frequencies pro-
vided by the FE model

minimize
∑

i

(
fFE ,i − fM,i

fM ,i

)2

(11)

where fFE ,i denotes the ith natural frequency provided by the FE
model, and fM,i denotes the frequency extracted from FMSN
data during the hammer impact test (as listed in Table III). The
final updated optimal values are shown in Table IV.

TABLE IV
SELECTED PARAMETERS FOR MODEL UPDATING

Fig. 16. First five mode shapes of the FE model.

C. Comparison Between Simulation and Experiments

Using the updated parameter values, first five natural fre-
quencies and mode shapes from the FE model are shown in
Fig. 16. Plots in the left column are the mode shapes of the
bridge model in 3-D view. Plots in the right column illus-
trate only the vertical components of the mode shapes at the
top-plane nodes, for direct comparison with experimental re-
sults. For each mode shape, the Z/Y ratio equals the maxi-
mum Z-direction magnitude in the mode shape vector divided
by the maximum Y-direction magnitude. Mode shapes with
large and moderate Z/Y ratios have relatively strong vertical
direction components, which make them easily captured by the
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TABLE V
COMPARISON OF MODAL CHARACTERISTICS EXTRACTED FROM FMSN DATA

AND FE SIMULATION

single-axis accelerometer used in the FMSNs (for measuring
vertical vibration). It can be seen that the Vertical-1 mode from
the FE model corresponds to Mode-1 extracted from experi-
mental data (described in Section IV), the Torsional-1 mode
corresponds to Mode-2, and Vertical-2 corresponds to Mode-
3. On the contrary, mode shapes with small Z/Y ratios (i.e.,
Lateral-1 and Lateral-2) have trivial vertical direction compo-
nents. These two mode shapes are not reliably captured by the
FMSN measurements during the modal testing.

Table V compares the modal characteristics extracted from
the FMSN data (during hammer impact test) with those from FE
simulation. The errors for all three natural frequencies are below
5%. The MAC values between the experimental and simulated
mode shapes are very close to 1 for Mode-1 and Mode-2, and
about 0.8 for Mode-3.

VI. CONCLUSION

Exploratory work harnessing mobile sensor network for civil
structure monitoring is presented in this paper. Four FMSN
nodes navigate autonomously to different sections of a steel
bridge, for measuring vibrations under hammer impact and am-
bient excitations. Modal analysis is successfully conducted us-
ing the FMSN data. To validate the mobile sensing performance,
a static wireless sensor network is installed on the bridge for
measuring structural vibrations under hammer impact. The nat-
ural frequencies and corresponding mode shapes extracted from
the FMSN data are compared with those extracted from static
sensor data. It is shown the mobile sensing system is capable of
providing consistent and reliable measurement. In addition, an
FE model for the steel bridge is built in OpenSees and updated
based upon the modal characteristics extracted from FMSN data.
The updated FE model provides similar modal characteristics
as the experimental results.

Future research will improve the FMSN design for navigating
on more complicated real-world structures. For example, work
is in progress developing a mobile sensing node that can make
left or right turns. More agile mobile sensing nodes will con-
veniently provide more vibration measurement locations along
different directions. Besides, current FMSN can only move on
relatively smooth structural surface. The ability of navigating
over difficult obstacles, such as large bolts and rivets, need to
be investigated in future research. In addition, a camera may
be equipped on the FMSN, and localization and mapping al-
gorithms can be embedded in the node. Combining locomo-
tion data with information from structural design drawings, the
FMSN may be able to locate itself on the structure.
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