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Structural Health Monitoring Systems (SHM) have been used to supervise the integrity and health status
of structures. These systems began to be deployed on bridges, having gradually diverted the application
focus to new buildings and to others already existing. Such infrastructures are complex, being the risk
of having catastrophic results following a collapse very high. These systems arise with the purpose of
collecting parameters - such as displacement, etc - in order to infer what the current health state of
a structures is and what possible faults may be identified. Wireless Sensor Networks (WSN) are the
reference technology for this type of monitoring system. The advantage of structural health monitoring
systems that use WSN technologies is their durability, low cost and ease of installation.
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1. Introduction
Much of today’s buildings, e.g. bridges, sta-
diums, modern buildings, already have an original
infrastructure for monitoring purposes. These mo-
nitoring systems in buildings are mainly oriented
to the management of resources such as energy
consumption management, temperature, humidity,
among others. Due to severe weather conditions
like heavy rain and storms, the health of structures
decay as a consequence of material degradation.
Systems capable of monitor structures health have
emerged with the goal of alerting the responsible
for the structure when any anomaly occurs.
As stadiums are an attraction to many supporters,
it is crucial to ensure their safety by preventing
possible disasters that may occur due to structural
collapses. For this, it is necessary to detect flaws
that undermine the stability of the structure. As
an example, a breakdown of the structure occurred
in 2014 at Estádio da Luz [9]. Heavy storms and
adverse weather conditions blow away metal plates
that are part of its coverage.
Real-time monitoring systems for stadium struc-
tures have been developed to detect structural
failures, their location and the type of failure [10].
Sensors are placed at the most critical points to
extract data regarding the status of the structure.
The parameters to be extracted by the sensors
depend on the type of application and the problem
to be solved. These parameters are mostly related
to vibration, displacement, inclination and tempe-
rature. At the end of collections an analysis of the
data is made in order to detect possible anomalies.
The goal of this work is to develop a monitoring

system for several critical parameters to supervise
the health status of the Estádio da Luz structure.
The monitoring strategy employs two types of
sensing: direct and indirect. Direct sensing allows
the extraction of values directly from the structure,
such as, e.g. vibration and displacement. For
this a network of sensors has been developed to
collect vibration, deformation and temperature
values. Indirect sensing, on the other hand, allows
the collection of parameters, such as wind speed,
which may influence the stability of the structure
and the variation of the value of the parameters
directly sensed. To accomplish the monitoring
of indirect parameters a meteorological station
has been developed. The weather station can
extract data on humidity, atmospheric pressure,
temperature and winds. For the characterization of
the winds an ultrasonic anemometer was developed.

2. Structural Heath Monitoring Systems im-
plemented in stadiums

The emergence of low-cost and easy-to-install WSN
solutions unleashed new designs allowing more data
to be collected as more nodes can be installed.
Examples of systems implemented on football com-
pounds are the Bobby Dodd stadium [5], the China
National Stadium [11] and the Parc Des Prince sta-
dium [2].

2.1. Monitoring system for Bobby Dodd Stadium
The network implemented in the Bobby Dodd sta-
dium consists of a set of sensor nodes, arranged in
a star topology that establish communication with
an access point in order to forward sensed data to
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a server. The main goal is analysing the behaviour
of the north stadium stands during the occurrence
of events, games, concerts. Hence, accelerometers
were installed for making measurements of the vi-
brations felt. The communication between the no-
des and the access point is made through the Simpli-
ciTI protocol, which is based on the IEEE 802.15.4
standard. The access point consists of a coordina-
tor (CM) responsible for receiving/sending packets
to the nodes and a Cluster-Head (CH), whose func-
tion is to group the information collected by nodes.
The CM is also responsible for activating the no-
des of the network, since they are most of the time
inactive. This allows better management of energy
consumption, increasing the lifetime of the network.

2.2. Monitoring system for China National Stadium
The monitoring system implemented in China’s
national stadium includes a variety of sensors to
measure displacement, acceleration, winds and
temperature. These measurements not only allow
monitoring parameters that measure the stability
of the structure, but also environmental parameters
that may influence it.
For this purpose, sensor nodes were installed
along the structure to monitor the wind speed
and direction, the vibrations and the temperature
sensed in the stadium. These nodes form groups
(piconets) which communicate to the relay node,
forming a star topology. The relay node has the
function of retransmit the information gathered by
the sensor nodes to a server, where it is stored and
processed.
In order to get to the server, 8 relay nodes nodes
have been needed, forming a chain topology to
establish connectivity to the sink node.

2.3. Monitoring system for Parc Des Prince Sta-
dium

The goal of this system is to capture parameters,
in real time and in a continuous way, allowing the
assessment of the health state of the stadium cover.
The parameters collected are the temperature, the
measurement of cracks in the structure and the vi-
bration. This information is subsequently sent on
packets using the 802.15.4e communication proto-
col, at a 250Kbit/s baud rate. The information
transmitted between the nodes of the network is
intended to be stored in the cloud, so that it can be
viewed and analyzed.
The system implemented by Hikob consists of 30
sensors, 8 routers and 1 gateway. The sensor no-
des (Hikob Wolf) are responsible for collecting sen-
sing data coming from accelerometers, strain gau-
ges, temperature sensors, etc [6]. The router nodes
(Hikob Lion) route information, that Hikob Wolf
collects, to the network gateway. These nodes har-

vest energy from a solar panel, as they consume a
lot of power to cover long distances to reach the
gateway [8]. The last equipment is the network
gateway (Hikob Gateway) having the goal of esta-
blishing communication with the outside world as
well as of synchronizing all the network nodes [7].
Since the network is bi-directional the nodes can be
remotely configured and managed.

3. System Architecture
To be able to design the best architecture for a SHM
system for the Estádio da Luz, it’s necessary to de-
fine very well all the system’s requirements. Then
the best solution that cover those requirements are
assured and design decisions are taken.

3.1. System requirements
Requirement’s types are twofold: functional and
non-functional. The functional requirements relate
to the system behaviour, when in use. The non-
functional requirements define basically the system
capability and its performance.
The Emirates, central stand of the Estádio da Luz
is the main monitoring target and on which the sys-
tem must be installed. This is because it is a repre-
sentative zone of the whole structure, as it is more
exposed to atmospheric agents than all other areas
of the stadium. The monitoring focuses on the me-
asurement of the movements of the stand arch, a
fundamental component in the roof support, move-
ments that are reflected in the vibrations and me-
chanical stresses felt in the cover (Fig. 1). These
measurments allow to assess the balance of the zone
to be monitored and its stability. Another impor-
tant factor to assess is the influence of atmospheric
conditions on the structure. Strong winds can affect
the structure cohesion, due to sudden movements.
The temperature at which the materials are sub-
jected has also a great impact on his durability and
strength. It is intended to understand the influence
of these factors indirectly on the structure health.
Non-functional requirements are related to data

Figura 1: Emirates bench external view.

processing, cost, and power consumption. Proces-
sing consists of defining patterns of collected va-
lues to detect possible failures when thresholds are
violated/exceeded. These must take into account
the state of stadium occupation: when there are no
events occurring in the stadium - found to be unoc-
cupied - and when events occur. When the limit of
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one of the parameters is exceeded, the system must
generate an alarm through short message service
(SMS) and e-mail. The cost of the system is of ut-
most importance, so it’s necessary to have a system
capable of collect relevant data with the minimum
of waste. The greater the number of sensors instal-
led the more information is available for analysis,
but the higher the cost of the system, though. Asso-
ciated with the sensor nodes is the power consump-
tion of each node. It is necessary that the power
consumption is reduced, without jeopardizing com-
pliance with the requirements, since the nodes to
be installed are battery powered. This parameter
allows to extend the life of the system, reducing
maintenance and costs such as replacing batteries.

3.2. Architecture
The architecture was defined based on the require-
ments list and the analysis of the projects discus-
sed in the previous section. The conceptual solu-
tion combines the network sensors, a weather sta-
tion and a controller - Fig. 3. The sensor network,
implemented inside the arc, is composed of a set of
autonomous sensor nodes connected wirelessly to a
sink node. The sink node is responsible for recei-
ving values collected by the network sensing nodes.
It is also responsible for ordering and sending com-
mands to network nodes when necessary. The sen-
sing nodes are responsible for periodically collecting
parameters - vibration, deformation, temperature -
monitoring the environment where they are embed-
ded. The placement of each node was done in a
strategic way, in order to collect representative va-
lues of all the parameters. For this, there are points
with more influence on the measurement of certain
parameters, such as the installation of the accele-
rometers near the rods and in the zones where the
vibration modes are more intense. The placement
of the temperature sensors should be close to the
sensors that collect data from the arc deformation,
because the deformation is directly related to the
temperature of the material, if its influence is not
compensated. So the accelerometers have to be pla-
ced according to the bending model. This model
indicates that the vibration wave node is located in
the middle of the arch, being the node the point
were the arch doesn’t vibrate. Therefore the sensor
nodes that are responsible to collect vibration va-
lues have to be place in the middle of the two half
of the arch (Fig.2). The surface temperature sen-

Figura 2: Emirates arch bending model.

sor have to be placed in four distant point due to
the different periods of the day. With this informa-

tion it is possible to relate the material health with
temperature values. Temperature sensor has to be
placed near the strain gauge sensor because the ma-
terial distortion is affected by high temperatures.
The strain gauges have the goal of measuring the
axial and bending deformation. For that purpose
they have to be placed in the upper and lower sur-
faces of the arch.
A meteorological station aims to collect atmosphe-
ric parameters in order to characterize the weather
conditions and predict the atmospheric evolution,
based on the extracted data. These stations are
usually equipped with a series of temperature, at-
mospheric pressure, precipitation, etc. instruments.
Of the possible sensors that compose a meteorologi-
cal station, it was defined that the most relevant to
install would be the barometer, hygrometer, ther-
mometer and anemometer. For efficient data acqui-
sition a circuit is required to make measurements of
the various sensors that make up the weather sta-
tion. The signal returned by the sensors must then
be processed, based on pre-defined functions that
capture their behaviour, so that the values of the
measurements made can be accurately processed.

4. Implementation
Taking in consideration the requirements and the
decisions made, was developed hardware as well as
control software that orchestrates the different pe-
ripherals and executes the main functionality that
as been designed specifically for this project. The
prototype makes use of some existing platforms and
also some already developed sensors.
This section presents the components used and the
implementation strategy of each in the VibSense
system.

4.1. Block Diagram
Fig. 4 represents through blocks the interconnection
between each of the systems - technologies used,
strategies implemented. The VibSense system is de-
signed around the central component, a Raspberry
Pi, which controls the weather station and serves as
gateway of the WSN.

4.2. Weather Station
The weather station signal acquisition board is con-
nected to a Raspberry Pi (controller), through a
GPIO connector, and links to one anemometer, one
barometer and one hygrometer.
The anemometer consists in four ultrasonic sensors,
which form emitter-receiver pairs, in order to me-
asure wind speed and direction. The transducers,
with transmit and receive capability are placed face-
to-face, at a fixed distance. Two measuring axes are
formed (North-South and East-West), each compo-
sed of 2 transducers. The sensors are configured to
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Figura 3: Overall diagram of the VibSense system.

Figura 4: VibSense system block diagram.

take rotational measurements, i.e. on each axis one
transducer emits ultrasonic pulses and the other re-
ceives the transmitted signal. The technique used
to measuring the wind velocity is the time of flight.
The wind will influence the propagation of the ul-
trasonic wave, presenting a higher or lower time of
flight depending on the direction of the wind. To
detect the received signal was used the voltage th-
reshold [3].

4.3. Wireless sensor Network
Four sensor nodes have been defined to be installed
inside the arc, on top of the Emirates stand, where
three are responsible for making periodic measure-
ments of various parameters: temperature, displa-
cement, vibration. Sensing nodes 2, 3 and 4, shown
in Fig. 5 are at a distance from the sink node of
50m, 90m and 110m respectively.

A mesh topology was adopted, supported by
IEEE 802.15.4, using a mesh routing. The pac-
kets are transmitted from neighbor node to neigh-
bor node (multi-hop communication) until reaching
the sink node. The VibSense system was developed

Figura 5: WSN implementation.

based on existing modules adapted to version 2.6
of the Contiki operating system. Other software
modules specific to the VibSense system were also
developed to support the hardware additions made.
The VibSense sensor node is equipped with two ty-
pes of sensor boards. One of the sensor boards is
the MTS310 [4], featuring a number of sensors, like
accelerometers and thermistors; the second board
was developed specifically for the VibSense project,
to complement the MTS310 sensing capabilities.
The Vibsense board was built with four thermocou-
ples and two strain gauges, with the goal of sense
surface temperature and arc displacement. Ther-
mocouples are handled by a dedicated circuit which
connect to the microprocessor via an SPI commu-
nication interface.
To measure the arc displacement of the central
stand, a resistive strain gauge that varies its re-
sistance proportionally to the arc displacement was
implemented. The difficulty of these type of strain
gauges is caused by the measurement of resistance
variation, in the order of Miliohms (mΩ). For
the measurement of these small variations of re-
sistance the strain gauges are configured in Whe-
atstone bridge. As Fig. 6 shows, the Wheatstone
bridge is linked to an Instrumentation Amplifier
(AI), in order to improve the displacement value
analysis. The Wheatstone bridge is formed with
two strain gauges to avoid the displacement caused
by the temperature. Extracted the amplified vol-
tage value (V0) and knowing that the strain gauge
factor is 2 it is possible to calculate the deformation
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of the arc by the formula 1 and formula 2.

δ = − V0 ∗ 4

K ∗ V
(1)

ε =
δ

GF
(2)

Figura 6: Strain gauge schematic.

4.4. Software
Since the resources of the sensor nodes are limited,
the Contiki OS was used. This Operating System
allows efficient memory management, providing
three different types of network engine: such as
uIP, uIPv6 and Rime; depending on the type of
application and presents low power consumption
based on the radio transmission mechanism Con-
tikiMAC [1]. The network mechanism chosen for
the VibSense project was the Rime due to his low
energy consumption and because there is no need
to connect the sensor nodes to the Internet.
It was built an algorithm that runs periodically
responsible to extract all data collected from
accelerometer, thermistor, strain gauge and ther-
mocouple. This algorithm that runs on MICAz,
developed in C language, extracts sensors data and
send it to the sink node. This node is most of the
time in sleep mode and wakes every time a packet is
received. It was necessary to develop a bit banging
algorithm to collect data from thermocouples, since
the SPI interface of MicaZ was already in use for
another purpose.

4.5. Controller
A Rapberry Pi allows the control of the entire sys-
tem. Firstly, it activates the weather station and
computes all the signals returned; secondly, it col-
lects all the data of the sensors network. After their
collection, the data is processed in order to extract
the exact values of all sensors. The values are sto-
red in a local database so that the values of each
sensor can be analyzed and visualized in real time
by the user.
The Fig. 7 shows the link between the weather sta-
tion and the sensor network to the controller, and

how the user access to the data stored by the con-
troller.

Figura 7: Thermocouple schematic.

The flowchart of Fig. 8 helps understand the lo-
gic of the algorithm that runs in the Rapberry Pi
and allows controlling the entire VibSense system,
developed in Python.

Figura 8: Controller algorithm flowchart.

4.6. Final system implementation
The final implementation of the system is shown in
Fig. 9. The signal acquisition board and the Rasp-
berry Pi are waterproofed in a box to be installed
outside. The sink node is connected to the Rasp-
berry Pi through USB and receives data via wireless
from network sensor nodes.
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Figura 9: Final system implementation.

5. Results
In order to collect coherent and accurate sensor rea-
dings, the sensors must be properly calibrated. This
section presents the methods adopted for the cali-
brations made to the sensors of temperature, de-
formation and wind characterization, as well as the
results achieved.

5.1. Thermocouples
The thermocouples were calibrated using one mul-
timeter. Water was heated to a temperature in the
vicinity of 60◦C in a container where two thermo-
couples were placed. One is connected to the mul-
timeter and one connected to the VibSense sensor
board. It was possible to associate the value, in de-
cimal, of the thermocouple connected to the sensor
board, to the value of the temperature in Celsius,
returned by the multimeter (Fig. 10). Applying a
linear regression to the values collected in the test,
formula 3, was derived which converts the ADC va-
lues returned by VibSense system to temperature,
where x is the decimal value of the temperature col-
lected by the thermocouple.

Figura 10: Temperature calibration graph.

T = x ∗ 0.26 − 3.50 (3)

It is worthwhile to note that some more measure-
ments were made for colder temperatures to check
the accuracy of the temperature estimation. For
30◦C, measured by the multimeter, the VibSense
system measured a temperature of 29.9◦C.

5.2. Strain Gauges
The calibration principle of the strain gauges is ba-
sed on the comparison of the displacement between
two systems installed in a test tube. One of the sys-
tems is suitably calibrated and installed in the tube,
the other is the VibSense system (the one that we
want to calibrate) which are installed in the same
measuring tube. Both systems are configured in a
quarter bridge, with the difference that the Vib-
Sense system Wheatstone bridge has an additional
strain gauge for temperature compensation. For
each force applied to the tube were collected va-
lues of the mechanical stress, Figures 11, 12, 13.
The values were collected at a sampling frequency
of 1Hz by the VibSense system and 10Hz by the re-
ference system during the period of twenty seconds.

Figura 11: Displacement values with 10 000 of ins-
trumentation amplifier gain.

Figura 12: Displacement values with 4 000 of ins-
trumentation amplifier gain.
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Figura 13: Displacement values with 2 400 of ins-
trumentation amplifier gain.

Figura 14: Deformation values of reference system.

The linearity of the deformation measurement
depends on the gain configured in the instrumen-
tation amplifier. Comparing Fig. 11 with a gain of
10 000 with Fig. 13 with gain of 2400, the first one
shows a greater non-linearity with the increase in
the compression force. Another factor is the accu-
racy of the results when the tube is decompressed.
For higher gains the deformation values are less ac-
curate when the tube is decompressed. Comparing
the values obtained by the VibSense system with
the values of the reference system, we can analyze
in the three measurement graphs an abnormal beha-
vior of the strain gauges up to 80KN of compression
force. This can happen due to misplacement of the
tube in the hydraulic press. Comparing the values
of the VibSense system with those of the reference
system, very similar values were obtained in the cal-
culation of the deformation above 80kN force

5.3. Ultrasonic anemometer
The ultrasonic anemometer was subjected to cali-
bration tests in a wind tunnel in order to analyse
the accuracy and precision of the anemometer in
the collection of measurements of wind speed and
direction. Three different angles of anemometer po-
sitioning in the wind tunnel were considered - 0◦,
45◦ and 180◦ - to realize the accuracy and preci-
sion of the anemometer in the direction of the wind
definition. For each of the three angles, ten measu-
rements of wind speed were collected by the ultraso-
nic anemometer, for different wind speeds generated

within the tunnel. By analyzing the table 1 a gre-
ater accuracy of wind speed and direction values is
visible when the anemometer is set at an angle of
45◦ with the wind direction generated by the wind
tunnel. When the anemometer is positioned at 0◦
and 180◦ there is a greater inaccuracy of the re-
sults. This is due to the fact that the anemometer
structure has some aerodynamic design flaws.

6. Conclusions
This work focuses on monitoring the structure of
Estádio da Luz based on the collection of critical
parameters that are associated with the health sta-
tus of the structure. It aims to identify these cri-
tical points and the development of a monitoring
system capable of collecting data such as wind, vi-
bration, temperature and deformation. After a ca-
reful analysis of these data, it should be possible
to foresee possible structural failures that could je-
opardize the safety of the spectators. An architec-
ture was designed for the VibSense system, based
on the solutions of projects already developed and
a list of requirements proposed by those that are
responsible for the Estádio da Luz structure. The
system is composed by a sensor network installed in
the arch of the Emirates stand and by a weather sta-
tion to be installed on the roof of that same stand.
Software and hardware necessary for the creation
of a functional prototype was developed. Although
it was not possible to test the VibSense system at
Estádio da Luz yet, in order to validate the deve-
loped prototype, calibration tests were performed
on the installed sensors. The anemometer was tes-
ted in a wind tunnel for different values of wind
speed and direction. The strain gauges were cali-
brated in a hydraulic press in which they were sub-
jected to various levels of compression and decom-
pression forces. The thermocouples were calibra-
ted in the laboratory using a multimeter, collecting
both systems temperatures of water. The tests pro-
ved to be very positive and conclusive. Regarding
the anemometer, it was possible to conclude from
the tests carried out in the wind tunnel that im-
provements in the design of its aerodynamics are
required. The values of the deformation, due to a
poor test procedure, at an early stage were not as
expected. Deformation values were more conclusive
for higher strength forces presenting good linearity
and accuracy compared to a reference system. The
developed system responds mostly to the proposed
requirements.
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Tabela 1: Comparative table of the wind speed calculated by the ultrasonic anemometer with the wind
speed generated by the wind tunnel.

Wind
tunnel Ultrasonic Anemometer

Velocity
[m/s]

Velocity
[m/s]

Velocity
N-S [m/s]

Velocity
E-O [m/s]

standard deviation
[m/s]

Angle
[ ◦ ] Direction

Position
angle
[ ◦ ]

11,2 14,9 10,53 5,53 4,3 138 S 180
9,8 11,6 9,4 5,35 3,2 140
8,4 9,6 8,4 5,4 5,7 166
7,1 4,1 3,9 1,2 1 177
6,1 3,1 3 0,59 0,5 201
5,2 3 2,8 0,75 0,4 201
4,1 1,9 1,9 0,5 0,4 180
2,9 2,17 2,1 0,1 0,3 180
0 0,6 0,3 0,2 0,2 ——–

11,7 10,3 7,5 6,62 1,7 131 SO 45
9,8 8,7 6,3 5,8 2 135
8 7,9 5 6 0,7 129

7,5 6,8 4,41 4,95 1,39 134
6,3 5,72 3,29 4,65 0,67 124
4,5 4,1 2,9 1,8 0,8 131
3,5 3,5 1,9 1,48 0,9 135
2,6 2,45 1,8 1,46 0,5 129
0 0,9 0,6 0,5 0,2 ——–

10,5 21 21 2,6 6 83 N 0
8,4 17,2 16,8 1 3,9 87

6.1. Future work
In order to understand the improvements, it would
be necessary to perform a test over a period of time
to draw concrete conclusions about the system per-
formance.
For the weather station, a timer must be added to
the anemometer circuit, so that the time marking of
the received signal could be more accurate. Another
improvement to realize is in the design of its struc-
ture, so that it does not affect the direction and
speed of the wind.
Finally, the expansion of the sensor network th-
roughout the Estádio da Luz must be analyzed for
a complete monitoring of the entire structure.
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