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Abstract

This thesis aims to develop a low-cost data acquisition system to record electrical resistance
and deformation data in self-sensing smart cement specimens. Subsequently, the
developed system must be tested with cyclic load tests, a text file must be generated with
the data obtained and said data must be analysed to extract conclusions about the
performance of the system and the piezoresistive "smartness" of the materials.

The most interesting application of this thesis is to implement the system designed in an
intelligent cement for Structural Health Monitoring applications, where a structure can be
continuously monitored to detect deformations and possible failures before they happen.
For this reason, the research on this thesis’s state of the art has focused on the current
applications of smart cement, current SHM systems and research about low-cost solutions.

To achieve the thesis goals, fluent communication has been established between the thesis
director and the author, both by exchanging emails and face-to-face meetings. In addition,
face-to-face sessions have been held in the Resistance of Materials laboratory, such as
preparing the test specimens and testing the data acquisition system at different points in
the thesis.

The results show that the developed system can record electrical resistance and
deformation data and generate text files for its processing. The analysis of the obtained
data also illustrates the linear relationship between the fractional change in the electrical
resistance and the deformation, allowing in this way to characterize the specimens with their
gauge factor and thus determine their "smartness”.

To sum up, it can be established that this thesis manages to develop a low-cost system for
the acquisition of reliable and replicable data and, due to its linear relationship, the cement
can be considered "self-sensing" since the application of a load is translated into a change
into the electrical resistance, eliminating in this way the need for off-the-shelf strain sensors
in SHM systems.

Resum

L'objectiu d’aquesta tesis es elaborar un sistema d’adquisicié de dades de baix cost per a
captar dades de resisténcia eléctrica i deformacié a provetes de ciment intel-ligent.
Posteriorment, el sistema desenvolupat ha de ser testejat amb assajos de carrega ciclica,
s’ha de generar un arxiu de text amb les dades obtingudes i s’han d’analitzar les dades per
extreure conclusions sobre el funcionament del sistema i I’smartness” piezoresistiva dels
materials.

L'aplicacié més interesant d’aquesta tesis es implementar el sistema dissenyat en un
cement intel-ligent per aplicacions de monitoratge de la salut estructural (Structual Health
Monitoring), on l'estat d’'una estructura pugui monitorar-se continuament per detectar
deformacions i possibles fallades abans de que passin. Per aquest motiu, la recerca sobre
els antecedents de la questié d’aquesta tesis s’ha enfocat en les aplicacions actuals que
s’estan donant al cement intel-ligent, als sistemes d’'SHM actuals i a la recerca de solucions
low-cost.

Per tal de aconseguir els objectius proposats, s’ha establert una comunicacié fluent entre
el director de tesis i 'autora, tant intercanviant correus electronics com reunions presencials.
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Addicionalment, s’han dut a terme sessions presencials al laboratori de Resisténcia de
Materials tan com preparar les provetes com per provar el sistema d’adquisicié de dades a
diferents punts de la tesis.

Els resultats mostren que el sistema desenvolupat es capa¢ d’enregistrar dades de
resisténcia eléctrica i deformacié i generar arxius de text per al posterior tractament de les
dades. L'analisi de les dades obtingudes també il-lustra la relacio lineal entre el canvi
fraccional en la resisténcia eléctrica i la deformacié, permitent d’aquesta manera
caracteritzar les provetes amb el seu factor de galga i determinar aixi la seva “smartness”.

A manera de conclusid, es pot establir que aquesta tesis aconsegueix desenvolupar un
sistema low-cost per a I'adquisicié de dades fiable i replicable i concloure que degut a la
seva relacio lineal, el cement pot considerar-se “self-sensing” a 'hora de detectar I'aplicacio
d’'una carrega, eliminant aixi la necessitat de sensors de esforgos en sistemes SHM.
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List of abbreviations / Glossary
ADC: Analog-to-Digital Converter

Arduino: Open hardware board that has an integrated circuit that allows the user to record
instructions, connect input and output peripherals and, to sum up, establish a
communication between the microcontroller and the computer for diverse applications.

CAN: Controller Area Network. Communication protocol for the transmission of messages
in distributed environments. It allows microcontrollers and devices to communicate with
each other's applications without a host computer, offering a solution for the management
of the communication between multiple CPUs

CNF: Carbon nanofibers
CNT: Carbon nanotubes

COz2¢q: Mass of CO; that would warm the earth as much as the mass of that gas. It provides
a common scale for measuring the climate effects of different gases.

DAQ: Data Acquisition

FPGA: Field-Programmable Gate Array. A programmable integrated circuit that can be
configured and reconfigured by the user after manufacturing. It consists of an array of logic
elements and programmable interconnects, allowing for the implementation of custom
digital circuits.

GCCA: Global Cement and Concrete Association

I2C: Inter-Integrated Circuit. I°C is a serial data bus used for communication between
different parts of a circuit, for example, between a controller and integrated peripheral
circuits. I12C is beneficial (due to low cost) for peripheral systems that don't need to be fast.
It is often used for the transmission of control and configuration data, for example for volume
control, analogue-to-digital or digital-to-analogue signal converter with low sample rate,
real-time clocks, or small memory spaces.

IoT: Internet of Things. The Internet of Things describes physical objects (or groups of such
objects) with sensors, processing ability, software and other technologies that connect and
exchange data with other devices and systems over the Internet or other communications
networks.

Learn by doing: Educational approach that emphasizes active, hands-on learning
experiences as a primary means of acquiring knowledge and skills. It is based on the idea
that individuals learn best when they engage in real-world tasks, projects, or activities that
require them to actively participate, experiment, and apply what they are learning.

MEMS: (Micro-Electro-Mechanical Systems)

Piezoresistivity: Property of some conductive and semiconductor materials, whose
electrical resistance changes when they are subjected to mechanical strain or stress
(traction or compression) that deforms them.

Vii
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SDG: Sustainable Development Goals
SHM: Structural Health Monitoring

SPI: Serial Peripheral Interface. SPI bus is a synchronous serial communication protocol
widely used in embedded systems. It enables the exchange of data between a master
device and one or more slave devices using four wires: a serial clock (SCK), a master-out-
slave-in (MOSI) line for data transmission, a master-in-slave-out (MISO) line for data
reception, and a chip select (CS) line for device selection.

SSCC: Self-sensing cementitious composites

True RMS AC voltage: True Root Mean Square AC Voltage. Equivalence of an AC signal
to a constant DC value.

Wheatstone bridge: A Wheatstone bridge is an electrical circuit used to measure an
unknown electrical resistance by balancing two legs of a bridge circuit, one leg of which
includes the unknown component. The primary benefit of the circuit is its ability to provide
extremely accurate measurements.
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1 Introduction

1.1 Object

This thesis has been planned to design, implement, and test a low-cost data acquisition
system based on an Arduino microcontroller board. This microcontroller will be used for the
collection of strain and electrical resistivity data generated from a cementitious specimen
under mechanical stress and, with posteriority, to determine the smartness of said specimen
thanks to its piezoresistive gauge factor. The most interesting application of the
development of said DAQ system is to implement it into smart materials structures based
on piezoresistivity that could act as a sensor by itself to monitor its state in a continuous
way and implement a structural monitoring system.

Arduino is a well-known open hardware microcontroller both for experts and electronics
hobbyists. Due to this, there are already Arduino modules to measure electrical current,
electrical resistance and strain gauge data. The main goal at the end of this project is to
arrange it in an acquisition system, synchronize all data, and connect it with a computer to
produce readable text files with all data. [1]

1.2 Scope
The scope that will be treated in this thesis is composed of the following sections:

¢ Research about the modules and sensors necessary for the development of
the DAQ system: Investigation about which sensors, modules or any other devices
would be necessary for arranging the correct data acquisition system.

e Familiarization with Arduino. Learning to program in Arduino language and
investigating current solutions of the Arduino usuaries on this issue.

o Set up the sensors and modules with the Arduino board. Arrange the sensors
and modules with the microcontroller to create the DAQ system.

e Development of the code for the Arduino microcontroller. Programming the
microcontroller and sensors for capturing the required measurements.

e Implement the DAQ system. Integrate the microcontroller with the necessary
sensors, modules, a computer, and a specimen and be able to generate a text file
with the data acquired by it.

o Test the system designed on the specimens. Test if the system captures the
electrical resistance and mechanical deformation caused by cyclic load tests and
generates a text file.

¢ Document the DAQ system. Once the system is working correctly, document the
process, explain the code, and develop connection diagrams since, in that way,
anybody could replicate it in their installation.

o Data analysis. Process the collected data to generate graphs and extract
conclusions.

e Budget summary. Is it economically feasible? What is the total cost of this thesis?

e Conclusions about the developed solution. Discuss if the developed design is
working correctly and if it's a proper option for the problem this thesis tried to resolve.

To perform the testing, the specimens need to be prepared. The scope of this thesis is just
to design and implement the DAQ system mentioned previously. For this reason, these
specimens will be prepared by a docent from the Department of Resistance of Materials
and Structures (even though the author of the thesis will be present on the elaboration, the
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decisions about the elaboration of said specimens will be taken by the thesis director and
the lab technician).

This thesis is developed with an Arduino microcontroller, which makes impossible the
proposition of commercialization of the system.

1.3 Requirements

To perform the thesis, several requirements are needed. Focusing on software tools, the
following requirements can be identified:

e Atenea. UPC’s virtual classroom. Will be used for the disposal of the different thesis
documents submitted for evaluation.

e Google tools such as Gmail and Google Meet. Used for establishing
communication between the thesis director and the alum and following the state of
the thesis.

e Arduino IDE. For programming the Arduino board.

e Excel 2021. For recording and processing the obtained data.

e Code::Blocks. For compiling the ADC library used.

Technical requirements are the following:

o x2 Electrodes for each specimen. for disposing inside the specimen to connect
the electrical current sensor

x2 Strain gauges for each specimen. For measuring the deformation
x1 Arduino board. For processing the collected data

x1 Breadboard. For connecting the sensors with the Arduino board

x1 Electrical current sensor. For capturing electrical current data

x1 Electrical resistance. For developing a voltage divider.

x2 Strain gauge modules. For capturing deformation data

x1 High-resolution ADC. For amplifying electrical current data

x6 Specimens made of cement. To perform the tests on.

x1 Power supply. For the Arduino board

x1 Bench vice. For applying a mechanical load on the specimens

Once the requirements have been met, the experimental part of this thesis can be done.
The specifications of this part are the following:

Administer a voltage of 5V through the Arduino board to the specimens.
Measure the electrical resistance.

Measurement of strain data

At least 1 mechanical deformation measurement, preferably 2 or more
Synchronize all data and produce data files.

For the testing part of the thesis, only ordinary cement specimens will be tested, which
present a limited, but not negligible, amount of piezoresistive smartness. Additionally,
applying an AC would be ideal, but an AC power supply wasn’'t available (For further
development on why to use an AC power supply see section 5.8 Using AC vs DC.) However,
the tests can be carried out in the same way as if the specimen used was a smart
cementitious material reinforced with micro and nanotubes and the administered current
was AC.
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1.4 Justification

Nowadays, the current commercial data acquisition systems offer high performance and
versatility, but they have a huge inconvenience: a high price.

When we talk about synchronizing the measurements made (either during experimental
testing in the lab or from SHM operations in the field) with a computer, the market offers us
a huge variety of multimeters that can be connected to a PC to generate a file with all the
recorded data.

A few examples for having a big picture of the prices of those multimeters are:
o Keysight 34461A, from Keysight Technologies.

This multimeter can measure numerous parameters such as DC voltage, true RMS AC
voltage, resistance, frequency and period and temperature, among others, in a huge range
of orders of magnitude.

Apart from the multimeter itself, this product also includes its own software tool, BenchVue
Software, that allows the user to visualize multiple measurements simultaneously, export
measurement data in the desired format (Excel, MATLAB, Microsoft Word...) and monitor
and control bench from mobile devices, among other facilities.

To sum up, Keysight 34461A is a high-performance multimeter but, when it comes to its
price, it reaches 1.500€ [2]

Figure 1. Keysight 34461A (Source: Internet [2])
o Keithley DMM6500, from Keithley

This multimeter includes 15 measurement functions such as capacitance, temperature, and
digitizing. Just as Keysight 34461A, it can work on extended ranges, including 10 pAto 10A
and 1 mQ to 100 MQ.

Additionally, this device also includes its software tool, KickStart Instrument PC Control
Software. KickStart allows the user to configure, test, and collect data from multiple
instruments and control up to eight instruments at the same time and retrieve millions of
readings from each instrument. In addition, it allows exporting data in ready-to-use formats
for additional analysis or to share test updates.

Just as the multimeter previously defined, Keithley DMM6500 has a high price, reaching
1.400 € [3]
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Figure 2. Keithley DMM®6500 (Source: Internet [3])

Now, it must be taken into consideration also the data acquisition system for strain gauges
too. Those systems can cost thousands of euros. For example, this is a data acquisition
system from the same fabricant as one of the multimeters above, Keithley:

e DAQ970A/DAQ973A Data Acquisition System, Keithley

This data acquisition system measures and converts 14 different input signals such as
temperature with thermocouple, frequency and period, DC/AC and capacitance, direct
strain and bridge strain among others. It is also able to generate an automatic file copy to a
flash drive. As has been mentioned, its price reaches thousands of euros, having a cost of
around 2500€ [4]

KEVSIGHT DAGITOA Outs Acquicion Svtem

Homs

Figure 3. DAQ970A (Source: Internet [4])

These options, apart from their price, are quite a good solution for lab testing of materials,
but in field measurements terms, the most common solutions are modular systems. Those
DAQ systems can incorporate multimeters and gauge data readers, capable of being
mounted in the field with adequate protection.

Due to the nature of a modular DAQ system, the user has the flexibility to create a solution
adequate for his context, being able to add as many modules as he may need. The decision
of which modules are included in the DAQ system depends on which data needs to be
monitored. The advantage of this system is that you can add/remove modules at any time
needed.

Looking into the actual market, different solutions based on modular DAQ systems can be
found. One example of this is QuantumX Modules from HBM. Thanks to those modules,
the user can connect the module to the PC, scale several hundred channels in a centralized
way or integrate any sensor and transfer its digital value to the CAN or to an analogue
voltage output among others. To perform the use of the modules, they must be distributed
and installed near to the measurement spots and sensor.

One of the modules of the QuantumX group is the MX840B universal amplifier.
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This module is compatible with 17 different sensors, such as a strain gauge (full and half-
bridge), inductive full and half bridge, piezoresistive full bridge, electric voltage, electric
current, ohmic resistance, frequency measurement or rotational speed measurement, that
can be connected directly to the 8 channels available.

The frequency of these modules is high, being able to capture 40.000 samples per second
on every channel. This acquisition frequency is orders of magnitude higher than what is
required for applications in building structures or for the characterization of smart materials.

The price of this module is also a consideration to have in mind. A QuantumX module can
reach 10.000€ [5]

Figure 4. QuantumX MX840B and MX440B (Internet [5])

Another remarkable company in the DAQ systems business is National Instruments. NI
offers PC-based systems with plug-and-play DAQ devices with fixed functionality or
configurable systems that let you mix and match hardware for each different application. Of
all the solutions, the focus will be on CompactDAQ [6]. This DAQ device has been designed
for applications with a wide mix of measurement types, where scalability and flexibility are
important.

CompactDAQ is composed by:

A chassis: Allows the device to be connected to a PC through USB or Ethernet. The price
of the DAQ chassis can go from 530€ to 3451€ depending on slot count, the operating
temperature range, if they have a conformal coating to protect electronics from moisture or
if the product supports hardware-based synchronization over the network among other
features. [7]

One or more conditioned 1/0 modules: NI has more than 60 I/0O modules for nearly any
sensor type that provide signal conditioning and analogue-to-digital. They can be connected
to many sensors and buses and support measurements such as temperature, voltage,
resistance, and audio frequency, among other features. Defining the price of the modules
is a tricky issue since it highly depends on the type of sensors and data that will be recorded.
For example, the C Series Relay Output Module has been designed for recording data from
motors, actuators, and DC devices. This kind of modules can have a price between 319€
to 1004€ [8]. For other measurements more related to SHM applications, the C Series
Universal Analog Input Module could be more adequate. This module includes built-in
support for accelerometer, powered sensor, full-bridge, and voltage measurements as well
as quarter-bridge, half-bridge, 60 V, and current measurements using measurement-
specific adapters. It also can measure signals from sensors such as strain gauges,
resistance temperature detectors, thermocouples, load cells, and other powered sensors.
Its price can go from 1483€ to 2421€ depending on the maximum sample rate, the
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supported sensor type, or the maximum number of differential analogue input channels
among others. [9]

A controller: Performs waveform acquisition and software analysis while logging data to
onboard or removable SD memory. The price of the controller goes from 5583€ to 9301€
[10] depending on the processor core, slot count, hard drive memory size and the operating
temperature range.

Although the recorded data could be analyzed with open-source software such as C# or
Python, NI also offers the licenses of application software to quickly log and view data such
as LabView, with a price of 2802€ [11]

i
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Figure 5. CompactDAQ system (Source: Internet [6])

As can be observed, despite NI claims to offer price-competitive solutions on DAQ systems,
integrating a NI DAQ system can be priced up to 18000€, considering that just one module
will be needed.

Also, it is necessary to add the price of the sensors themselves and the protection system
that will be installed to avoid the module (and the sensors) to suffer damage with the
meteorological conditions and other incidents that may occur (these modules are installed
near to the sensors to monitor operations in the field). These considerations increase even
more the price of a modular system, making it a precise and polyvalent but expensive
solution.

As has been seen, the solutions existing on the market offer high performance at a high
cost, leaving out the small applications that don’t need high frequencies and have a low
budget. In addition, for this application, the only interesting data are the electrical resistance
and mechanical deformation. Since these modules and multimeters can capture other
parameters, this adds an extra cost that wouldn’t be needed if we are not interested in
measuring a large number of parameters.

The main inconvenience of developing this low-cost DAQ system is that it can only be used
for applications that don’t require a high frequency, since the maximum frequency that Excel
offers (even though the data will be captured by the Arduino microcontroller, it will not be
processed by Arduino’s software, Arduino IDE, but by Excel to generate text files), is 100
readings per second (100 Hz). Besides that, this is not a deal-breaker for this project since
it still can have educational or practical purposes on structural applications that don’t need
high-frequency data acquisition for its monitoring.

For these reasons this thesis will be developed, to design and test a low-cost data
acquisition system for electromechanical testing of smart materials that could be used both
at a lab or for SHM operations in the field for applications with data acquisition frequency
requirements under 100Hz.
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2 Background and review of the state of the art

As has been mentioned in the introduction, this thesis has the goal to design and implement
a low-cost data acquisition system for electromechanical testing of smart cementitious
materials based on piezoresistivity.

While all cementitious materials exhibit a limited amount of piezoresistive self-sensing
capability, Drougkas, A. et al, in their paper, Design of a smart lime mortar with conductive
micro and nano fillers for structural health monitoring [12], explain that adding electrically
conductive micro and nanofillers such as graphite, carbon nanotubes and carbon
microfibers provide improved multifunctionality to the matrix material thanks to the
improvement of its piezoresistive characteristics. Moreover, it also has a positive impact on
the mechanical properties of the cementitious material without compromising its mechanical
and chemical compatibility with the original structure.

The necessity of monitoring a structure lies in the implementation of a structural health
monitoring system, to assess the performance of buildings. Thanks to these improved
piezoresistivity properties, the use of invasive sensors that could cause incompatibilities
with the original structure or an impact on the aesthetics of a building (especially on
architectural heritage structures) is not needed.

In this chapter, research about existent solutions and applications of the described issue
that will be covered by this thesis will be performed.

2.1 Structural health monitoring

Structural health monitoring is the process of observation and analysis of structures, such
as bridges, wind energy plants, water, gas and oil pipelines, tunnels, rails, ships, planes, or
trains among others to acquire data on their behavior and performance since they are sub-
jected to various internal and external factors that can cause malfunction. Data is collected
over time and includes the use of several types of sensors attached to the structure to make
this process continuous and automatic.

The main goal of SHM is to detect anomalies in the response of the structure in time to react
before serious damage is caused. This system allows to implement maintenance and repair
actions in a more efficient way and, due to it, reduces operating costs [13].

The SHM system can transfer the extracted data to an electronic device such as a mobile
phone or a computer thanks to 10T technologies and allows to elaborate diagnostics about
the safety, strength, and integrity of a structure thanks to the data collected.

As has been said in chapter 2. Background and review of the state of the art, self-sensing
cement can be used to substitute sensors when it comes to measuring resistivity changes
in cement mortars. Despite this, it is still difficult to find an actual SHM system that involves
smart cement in applications outside academia. In this section, a brief review of the
implementation of the phases of implementation of an SHM system and the systems that
are being implemented nowadays will be performed.
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2.1.1 Phases of SHM
SHM systems can be implemented in a structure with a 4-phase method [14]:
1. Operational evaluation.

In this phase, it's necessary to define and identify the damage(s) that are about to be
monitored and the conditions that the structure is working under.

2. Data acquisition, cleansing and normalization.

In this step, the structure must be fitted with measuring devices. This includes the selection
of sensors, in type, number and location to maximize the probability of detection. Moreover,
the frequency of inspections (periodic or on-demand after extreme events) must be
determined to choose the adequate signal acquisition system and digitalization hardware.
After the data has been acquired, it must be cleaned and normalized to dismiss the
variations caused by ambient and operational conditions and non-relevant data.

3. Feature extraction

Once the data has been treated, damage-related information can be identified. Those
features can be physical magnitudes extracted from the structure or statistical signal
treatment. In this step, the type and severity of the damage are identified, located, and
quantified.

4. Informed decision making

With the extracted damage-sensitive characteristics from step 3, numerical and statistical
models are applied to identify the current state of the system and, with the help of prediction
models, predict the remaining useful life. Based on these predictions, it is possible to
perform maintenance actions, extend the lifetime of the structure or program its dismantling
based on real data of the structure instead of the intervals defined generically by the
fabricator.

2.1.2 DAQ systems for SHM

As has been mentioned previously, one of the most fundamental parts of the implementation
of SHM on a structure is the elaboration of a DAQ system. DAQ systems consist of sensors,
DAQ modules that provide signal conditioning and data conversion and computing

resources including drivers and application software. Those connections can be
summarized in Figure 6.

Sensor DAQ Device Computer

Figure 6. DAQ system scheme (Source: Internet [9])
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DAQ systems have the main purpose of acquiring and storing data. Additionally, they should
provide real-time and post-recording visualization of the data, since the main goal of in-
stalling a DAQ system is to analyze the recorded data. Each system has its necessities but
most of the applications looked for in a DAQ system by the engineers can be summarized
in data recording, data storing, real-time data visualization, post-recording data review, data
analysis using various mathematical and statistical calculations and report generation. [15]

Since this thesis is focused on the design of a low-cost DAQ system for electromechanical
testing, the following subsections, 2.1.2.1 Deformation sensors for SHM and 2.1.2.2 DAQ
Devices, will be focused on the development of a brief review of the existing commercial
solutions for sensors and DAQ modules for recording electromechanical data for SHM.

2.1.2.1 Deformation sensors for SHM

There is a huge variety in which deformation sensors can be found depending on the
application that they will perform. This part of the thesis has the purpose of illustrating some
of the solutions that a company could choose to implement deformation sensors on its SHM
system.

For its simplicity and accuracy, the main products used for measuring deformation values
are strain gauges. A strain gauge is a resistor that, installed on a surface, measures the
strain of a material or structure at the point where it has been located. When a component
is subjected to a force, it causes a deformation that translates into a variation of the nominal
resistance of the gauge. This change can be used to determine the force, weight, pressure,
tension, compression, torsion, and torque. [16]

The measurements of gauges are based on the concept of a Wheatstone bridge, where a
resistance has been replaced for a gauge. In this way, any change in the strain’s resistance

will unbalance the bridge and produce an output voltage different from 0V.

Figure 7. Wheatstone bridge (Source: Internet [12])

Depending on the number of active elements in the Wheatstone bridge, the orientation of
the gauges and the type of strain being measured, the configurations of the gauges receive
the names quarter (one active strain gauge), half (two active strain gauges), or full bridge
(four active strain gauges). [17]

Besides the configuration, it also must be taken into consideration the type of deformation
that wants to be recorded. For example, linear strain gauges are preferable for measuring
strain across a single plane. Nonetheless, for biaxial stress is preferable to use a rosette
foil strain gauge.

The price of the pack of 10 linear gauges changes depending on the supplier, for example,
HBM sells it for 209.95€, and RS for 215.82€

9
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Based on the strain gauge performance, other sensors for more specific applications have
been developed. Some examples of those deformation sensors for SHM are:

Vibrating Wire Strain Gauges [18] [19] [20]

Those sensors can be implemented by arc or spot welding on steel structures and/or be
embedded into concrete structures. Each gauge consists of two blocks with a tensioned
steel wire between them. The deformations applied on the structure manifest on the gauge
as a change in the tension in the wire that will modify the resonant frequency of the wire
because of the relative movement between the blocks. Their frequency output is immune
to electrical noise, can tolerate wet wiring and are capable of signal transmission over
several kilometres. Vibrating wire strain gauges are implanted in several structures such as
concrete dams, bridges, tunnels, or roadways among others. The price of these sensors
depends on the supplier, but most of them are between 80 to 130€/unit.

Strain gauges for measurements in screws and bolts [21] [22]

These sensors are used for measuring the tensile strain of a bolt, being inserted into a pre-
drilled hole in the bolt. They’re useful for measuring tensions in a bolt when an ordinary
strain gauge cannot be installed on the bolt surface.

Typical Applications

Axial Forces Strain Dynamic loads (vibration)

Figure 8. Typical Applications of a strain gauge for measurements in screws and bolts
(Source: Internet [21])

HBM company offers this sensor for a price between 223 and 226€/5 units.
Strain Gauges for Residual Stress Analysis [23] [24]

Residual stress is a type of tension/stress that remains in a material after the cause that
produces it has already stopped. Those sensors are used for determining residual stresses
in processes such as casting, welding, and forming by drilling a small hole in the center of
the strain gauge. This hole will remove material that will release the stress and measure the
relaxed residual stress in the vicinity of the hole. Omega company offers this sensor for a
price of 221€/5 units and HBM offers them for 241€/5 units.

It must be considered that the number of gauges or sensors used for SHM must be
dimensioned according to the structure that will be monitored, meaning that the prices of
the sensors will be multiplied.

10
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2.1.2.2 DAQ Devices

As has been mentioned in subsection 2.1.2 DAQ systems for SHM, a DAQ system does
not only consist of the sensors but also of a hardware system: the DAQ device.

DAQ devices have two main responsibilities: signal conditioning and analogue-to-digital
conversion.

Signal conditioning is the process of taking analogue outputs from the sensors and
preparing them to be sampled digitally. Each sensor has different needs when it comes to
signal conditioning. Most of the signals have the common necessity to linearize the output.
Others may need amplification to a nominal level, isolation from the noise or filtering. Each
signal conditioning circuitry must be designed to perform the elemental normalizing of the
sensor output and prepare it for digitizing having into consideration the particularities of
each measurement. Since every sensor type is different, the signal conditioners must
conform perfectly to them. [15] [25]

l )

\‘ ”11‘ MIH |1‘|

'\ Signal
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Noisy, raw signal Filtered signal
from sensor

Figure 9. Signal Conditioning for Sensor Measurements (Source: Internet: [20])

An ADC takes an analogue signal and converts it into a binary number, and thanks to this,
each binary number can represent a certain voltage level. Once the signal has been
transformed into a digital value, it can be processed and analyzed by a software to extract
conclusions about the element that is being monitored. Depending on the number of binary
levels that an ADC can use to represent a signal, it will have a higher or lower resolution.
Figure 10 shows a comparation between the resolution of a 12-bit, 16-bit and 24-bit ADC.
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Figure 10. 16-Bit versus 24-Bit Resolution (Source: Internet [20])
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The process described before can be summarized in Figure 11:
Signal Sensor Signal An;;)iglto- Driver Application
Source (transducer) J§ Conditioning converter Software Software
00101001
01001011 12.256 Ibf
10001011 43.643 Ibf
10110101 67.873 Ibf

Tﬂ”“l’ 10001011 84.299 Ibf
l ll 01001011 62.916 Ibf
Illll 00101001 33.009 Ibf
01001011
Physical Noisy electrical Conditioned Digitalized and Raw binary Processed
phenomena signal signal sampled data information data

Figure 11. From analogue signal sources to digitalized data ready for processing by
computer and software (Source: Internet: [15])

The selected solution for a DAQ device will depend on many parameters such as the kind
of signals that need to be measured/generated, the frequency of acquiring/generating
samples of the signal or the resolution or the maximum error allowed [26]. Those range of
capabilities and specifications make the prices of DAQ devices fluctuate. Dewesoft [19]
estimated the price per channel (each channel allows to record d different kinds of data from
different sensors using the same DAQ module) as follows:

e Low-end DAQ systems: $200 - 500 per channel
e Mid-range DAQ systems: $500-1000 per channel
e High-end DAQ systems: $1000-2000 per channel

Section 1.4 Justification shows the high prices that DAQ modules can reach. Those high
prices make the implementation of a DAQ system for SHM unaffordable for low-budget
projects or companies. This leads this thesis to subsection 2.1.3: Low-cost solutions.

2.1.3 Low-cost solutions

Due to the high costs that the implementation of an SHM system represents, low-cost SHM
systems have been studied by several researchers. Despite that, there isn’t any commercial
solution to this issue currently. Therefore, this subsection will be focused on a review of the
solutions that some authors have proposed in their respective papers.

In their paper, Design and Validation of a Scalable, Reconfigurable and Low-Cost Structural
Health Monitoring System [27], Villacorta, J. J. et al. designed, developed and tested a low-
cost SHM system based on MEMS (Micro-Electro-Mechanic Systems) triaxial
accelerometers. The control system was based on myRIO, a real-time embedded
evaluation board developed by National Instruments which incorporates an FPGA that can
be programmed using the LabVIEW graphical programing language. The main goal of the
authors was to develop a low-cost SHM system based on the use of wireless networks to
monitor buildings, together with the use of MEMS accelerometers.

The sensors used by the researchers were ADXL355 accelerometers. Those sensors allow
the measurement of vibrations with high resolution and very low noise and can be
configurated to create a wireless sensor network. The low noise performance of the
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ADXL355 series with low power consumption allows its use on low-level vibration
measurement applications, such as SHM, at an affordable cost.

The myRIO units allow to connect of up to 6 sensors each. Those devices are the ones in
charge to carry out the synchronous acquisition of data from the attached ADXL355 sensors
and are governed by a PC that manages the myRIO platforms connected to the system
using a Wi-Fi interface. The PC sends the configuration of the six accelerometer sensors
attached to the myRIO device, controls when the acquisition starts and when it stops, and
receives the acquired data from the accelerometers for further processing.

After developing the SHM system, the investigators validated it by comparing the data
measured by their set-up with a conventional SHM system based on piezoelectric
accelerometers. The tests were performed on a wood beam excited with an
electromechanical shaker.

The tests showed a high correlation in the behavior of both systems, being possible to
conclude that the proposed system was sufficiently accurate and sensitive for operative
purposes, with the added value of being significantly more affordable compared to other
commercial solutions. In Table 1 the difference in prices between the commercial system
and the low-cost system of the authors can be appreciated.

Reference System Proposed System
Element
Model Cost/Unit Total Model Cost/Unit Total
DAQ DS-SIRIUS 6500 6500 myRIO 1900 580 580
6x Accelerometers KS576C.100 350 2100 ADXL355 + Box 50 300
Cables UNF to BNC 75 450 RJ45 to RJ45 8 48
Total cost 9050 928

Table 1. Estimated cost (€) of the reference and proposed systems (Source: Design and
Validation of a Scalable, Reconfigurable and Low-Cost Structural Health Monitoring
System [27])

As can be observed, the low-cost system is 10 times cheaper than the reference one, being
a more affordable option for vibration tests used to measure the structural response and
provide clues about the existence of some type of structural damage.

Other investigators that have tried to offer a low-cost solution for SHM are Komarizadehasl,
S. et al. Their paper, Development of a Low-Cost System for the Accurate Measurement of
Structural Vibrations [28], is focused on the design of a Cost Hyper-Efficient Arduino Product
(CHEAP) since the DAQ systems existing nowadays for recording the vibration of structures
have a high cost, which limits its use to structures with a relatively high structural health
monitoring budget.

The dispositive designed by the researchers, CHEAP, is composed of three elements:

1. Microcontroller: The microcontroller used in this project was an Arduino Due, since
it can provide a reasonable amount of memory to upload complicated codes and
has a faster clock speed (84 MHz) of communication compared with other
alternatives.

2. Accelerometers: Five low-cost accelerometers that are connected to an Arduino
microcontroller as their data acquisition system. The sensors chosen for this project
were the MPU9250 since they have a reasonable price (5.76€), use less energy,
have less noise density, and have a better range of frequency (especially on low-
frequency signals) in comparison with other low-cost solutions.
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3. Multiplexor: The sensors communicate with the Arduino thanks to an 12C protocol
(conformed by multiple slave digital integrated circuits (Sensors) and a master chips
(Arduino)). The Arduino needs a different address for each connected component to
its 12C port to interact and control the sensor. Thanks to a multiplexor, in this case,
the TCA9548A, Arduino can change the address and select different sensors. The
price of this multiplexor was 3.22€

Once recorded by Arduino, the data is saved into a PC using Python.

After designing CHEAP, it was tested and compared with two piezoelectric sensors (393A03,
a uniaxial piezoelectric accelerometer, and 356B18, a triaxial piezoelectric accelerometer)
with low noise densities connected to a DAQ system with 12 channels for reporting
separated readings. The tests, consisting of the application of dynamic movements with
low-range amplitudes and frequencies ranging from 0.5 to 10Hz, had the goal of comparing
the accuracy, resolution, and error of CHEAP with traditional expensive sensors.

The tests shown that all the accelerometers work correctly on frequencies equal to or higher
than 2 Hz and report the input frequencies precisely. Moreover, CHEP was able to capture
low frequencies, while the traditional sensors were unable to read accurately frequencies
lower than 2 Hz with low acceleration amplitudes.

Focusing on the prices, Table 2 summarizes the cost of each system.

Cost of the Cost of the Cost Cost Vibration Dimension of Weight of
Cost of the

System Accelerometer Microcontroller Cable (€) Real-Time Input Module the Sensing the Sensing
(€) (€) Controller (€) (€) Part (mm) Part (gr)
393A03 710 - 75 2010 2050 28 x 28 x 56 210
356818 1300 - 210 2010 2050 20 = 26 = 20 25
CHEAP 36.1 38.017 10 - - 50 = 50 = 10 357

Table 2. Price comparison of the three systems. (Source: Development of a Low-Cost
System for the Accurate Measurement of Structural Vibrations [27])

As can be observed, the price of an acquisition system with a single 393A03 is 57 times
higher than CHEAP. Besides the prices observed in Table 2, to make a fair price comparison
between the control systems and CHEAP, the full capacity of the equipment should be
considered since real-time control provides 12 channels, and the vibration module has four
channels. Working at full capacity, 12 393A03 accelerometers, 12 sets of single channeled
cables and one real-time controller and three vibration input modules are needed, leading
to a price of 17,580 €. In the 356B18 scenario, 4 sensors, 4 sets of three channeled cables,
one real-time controller and three vibration input modules would be needed, and its price
would be up to 14,200€. Using 12 sets of CHEAP, it can be configured to make a triaxial
sensor that can perform as 12 uniaxial accelerometers or 4 triaxial accelerometers with a
proximate price of 1008.84€.

The researchers conclude that its proposal, CHEAP, works better on low frequency and low
amplitude accelerations compared with 393A03 and has a price 17 times lower than the
usual solutions. Komarizadehasl, S. et al. explain that it could be useful for structural health
monitoring of structures with a low budget or with low frequencies.

Both examples, from Villacorta, J. J. et al. and from Komarizadehasl, S. et al., are focused
on piezoelectrical accelerometers. When it comes to low-cost SHM solutions with strain
gauges based on piezoresistivity, the literature reduces significantly. The most relevant
paper about the discussed issue is MADV-DAQ: Multi-channel Arduino-based differential
voltage data acquisition system for remote strain measurement applications [29] from Louw,
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H. et al. While other Arduino forums or papers such as A study of strain and deformation
measurement using the Arduino microcontroller and strain gauges devices [30], from Silva,
A. L. et al., are only focused on the designing of a DAQ system with a strain gauge module
and an Arduino microcontroller for academical purposes, the work from Louw, H. et al. come
up with an actual SHM application of said DAQ system.

In their paper, MADV-DAQ: Multi-channel Arduino-based differential voltage data
acquisition system for remote strain measurement applications, the authors develop, test,
fabricate, install, and validate a low-cost, multi-channel, Arduino-based differential voltage
DAQ of multiple remote and battery-powered Wheatstone bridge-based strain sensors for
wind turbines. Said tests were developed in a wind turbine from an onshore wind farm in
South Africa.

Said DAQ system was designed to implement loT technologies to be able to control the
DAQ remotely over the internet and integrate measurements with existing data platforms.
The proposed system had to perform a continuous and autonomous operation over two
years with a backup power supply for a continuous, 7-day operational period.

The Arduino microcontroller works as the primary DAQ system. Additionally, a secondary
Raspberry Pi relays the information to two independent data platforms for long-term storage
and analysis and, in case of failure, Arduino stores data on an SD card. To provide more
accurate readings, a low-cost, high-resolution analogue-to-digital converter is implemented
in the author’s design.

After developing their DAQ system, it was implemented on the wind turbine mentioned
previously, which was monitored both during foundation construction and turbine installation
and after turbine commissioning. Besides the MADV-DAQ system, the researchers also
installed a commercial DAQ system.

As can be observed in Figure 12, both measurements were generally in sync.

Bending stress (M/Z) (MADV-DAQ) —— Pile strain (commercial DAQ)
150 100
©
e 100} (@ 75
< )
» 50 50 2
2 N £
ﬁ 0 o N 25 g
7]
g 0 o o
a
E -100 |- 25
150 i i i i i i i L i 50
3 Q& O o
P I A A AR P
T @ & 9 @ @ 9 @ o
o & A Y P P
o 150 100
5 7
L 100 ®) A 75
w
o 50 ANERE T Al [qﬁL:, 50 2
o o A JM ] $ - | c
£ o0 p T{" M i ! 25 ®
Ll ®
£ o ; -
5 o
§ -100 -25
-150 . . . . -50

&
%o
el

A A ©
2 55 v e N S
& & & N S N
o g
® o
Date

Figure 12. Measurements comparing MADV-DAQ against the commercial DAQ: (a)
turbine installation and (b) turbine operation. (Source: MADV-DAQ: Multi-channel Arduino-
based differential voltage data acquisition system for remote strain measurement
applications [29])
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Finally, Louw, H. et al. proved that their system provides reliable strain measures related to
a wind tower and can quantify the true magnitude of the loads that are being transferred to
the foundation. Moreover, MADV-DAQ can be used as a universal data acquisition system,
compatible with any Wheatstone bridge-based sensor design, including strain gauges,
tensiometers and similar MEMS-based sensors.

To summarize, low-cost solutions, even if they have been investigated, are still not a reality.
Their performance, as the papers show, can be compared to the performance of traditional,
more expensive, solutions. The commercialization of those low-cost solutions could bring
the opportunity to implement SHM on not just structural elements that will cause both human
and economical considerable losses in case of failures such as bridges or energy plants,
as has been mentioned before, but also in other not-so-crucial structures such as buildings,
improving its lifetime and reducing its carbon footprint (this issue will be discussed in chapter
7. Analysis and assessment of environmental and social implications).

It also must be considered that this thesis is not just focused on the design of a DAQ system
but also on the consideration that the most interesting application of that said DAQ system
will be the implementation onto a smart cementitious material that could act as a sensor by
itself. The following section, 2.2 Applications of self-sensing cement, will be focused on
reviewing the state of the art of implementation of smart materials in SHM.

2.2 Applications of self-sensing cement

As has been previously mentioned, the use of a smart cement mortar based on
piezoresistivity is a field of huge interest since it implies that a structure can be used as a
sensor for monitoring its health and behavior. This kind of cementitious material is known
as self-sensing.

Self-sensing cement and concretes have been investigated by many authors in their
respective papers. In this chapter, a brief review of the added value that the self-sensing
cement represents in front of the regular one will be performed, as well as some examples
of its applications.

2.2.1 Strain and damage sensing

All the applications of the self-sensing cement start from the same premise: Its capacity of
detecting strain and damage thanks to its piezoresistive properties. Those properties imply
that when a mechanical strain is applied, a change in the electrical resistivity is produced.
In the work of Drougkas, A. et al. [12], the authors explain that the gauge factor 1 of a self-
sensing cement is an indicator of said piezoresistive effect during mechanical loading. A
higher gauge factor indicates higher sensitivity of the material’s electrical resistivity to
applied strain.

Many researchers have investigated this propriety coming out with very remarkable results.
In this chapter, the focus will be put on a paper from Dalla, P. et al., Carbon nanotubes and
nanofibers as strain and damage sensors for smart cement [32]. The authors of said paper
reported the strain and damage sensing potential of cement mortar with embedded carbon
nanotubes and carbon nanofibers. The specimens were submitted to various tests to
determine the material’s surface electrical resistivity, its piezoresistive response under cyclic
compressive loading and its ability for damage detection under pure bending.
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On one hand, the researchers prepared the specimens with a CNT concentration of 0.6%
by weight of cement in the mortars. Moreover, in the production phase, metallic grids were
embedded in them to measure the electrical resistivity simultaneously in four points. In
response to the cyclic compression tests, the mortars exhibited remarkable piezoresistive
characteristics with fully recoverable electrical resistances at the end of each cycle. The
electrical resistance varied in an inversely proportional way regarding the applied stress
due to the instant compaction level.
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Figure 13. Fractional change in electrical resistance under compressive cyclic loading
(Source: Carbon nanotubes and nanofibers as strain and damage sensors for smart
cement. [32])

On the other hand, essays with carbon nanofibers were performed, comparing the
performance of a concentration of 0.2% and 0.6% of CNF by weight of cement in the mortars.
The three-point bending tests on the mortar with 0.2% of CNF showed the remarkable
damage-sensing capability of embedded nano-inclusions on cement mortars. This
phenomenon was reflected in dramatic resistivity jumps when the maximum load was
achieved. This sensing capability in early-stage of the three-point bending tests provides
valuable warning signs and considerable time for reaction.
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Figure 14. Change in electrical resistance under crosshead displacement control three-

point bending in a mortar with 0.2 (a) and 0.6% wt. of cement CNF (b). (Source: Carbon
nanotubes and nanofibers as strain and damage sensors for smart cement. [32])
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These properties of smart self-sensing cement can be applied in plenty of fields such as
concrete railway ties on long-line railroads, transit lines, hospital operating room floors and
cathodic protection systems. All these applications are based on the fact that, in smart
cement, the tubes can act as internal self-monitoring sensors for inner defects detection,
eliminating the need for embedded, attached, or remote sensing systems.

In the following subsections, a couple of examples of self-sensing cement applications
developed by several investigators will be developed.

2.2.1.1 Smart high-speed rail infrastructures

In their paper, In-situ synthesizing carbon nanotubes on cement to develop self-sensing
cementitious composites for smart high-speed rail infrastructures [33], the authors Ding, S.
et al., develop a system able to synthesize carbon nanotubes on cement in-situ, to mitigate
the dispersion, since the carbon nanotubes performance, manufacturing and application
are limited by the uniform dispersion of them inside the cement, and improve their efficiency.

The motivation of the authors was to ensure the safety of rail transportation offering a long-
term, wide distribution, and low-cost monitoring system for high-speed rail structures. For
achieving this goal, the researchers developed self-sensing cementitious composites
engineered smart track slabs for axle counting and speed detection.

After developing their own cement with carbon nanotubes, CNT@Cem, the authors applied
it on a real high-speed railway line (Shanghai-Hangzhou High-speed Railway, K005, China),
and set it up as Figure 15 shows:

a Shanghai-Hangzhou High Speed Railway Map

Shanghai
-

SSCC-engineered
~ smart track slab

Concrote

capte.
roadbed

Ground

Data acquisition system

Figure 15. SSCCs-engineered smart track slab for high-speed rail monitoring, a schematic
of the test site and setup. (Source: In-situ synthesizing carbon nanotubes on cement to
develop self-sensing [33])

Thanks to this setup, the DAQ system could detect the train that was circulating at the
moment, since the 8-car generated 8 sharp peaks of voltage change in the trace that was
being recorded and, the 16-car generated 16 peaks. Once the train type has been identified,
and knowing the distances between bogie centers, the instantaneous and average train
speeds can be obtained. Furthermore, comparing the first car’s instantaneous speed and
the last car’s instantaneous speed, the acceleration of the whole train can be calculated.
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Additionally, the investigators found that the peak amplitude corresponding to each bogie
was different due to the different weights of each car. In this way, excessive load that causes
degradation in the trains and the railway infrastructure can be detected and corrected.

Finally, the authors concluded that CNT@Cem demonstrated repeatability, stability,
adaptability to various applied conditions and fast response and recovery, meaning that it
could be applied in long-term and real-time high-speed railway infrastructure monitoring.

2.2.1.2 Traffic detection

This chapter will be based on the paper Application of intrinsic self-sensing cement-based
sensor for traffic detection of human motion and vehicle speed [34], by Dong, W. et al.,
where the authors developed a smart concrete pavement for intelligent infrastructure thanks
to a self-sensing smart pavement with embedded cement-based sensors.

With their work, the authors intended to offer an alternative to current monitoring techniques
such as video surveillance and infrared speed detector for detecting traffic flow, running
speed or truckload. Those solutions can have a high cost, low durability, low efficiency, non-
real-time observation, and low degree of automation.

To create the smart pavement, the researchers embedded the multiple precast cement-
based sensors (the enhanced piezoresistivity of cement-based sensors was achieved by
adopting carbon nanofiber) connected in series into a small-scaled mortar slab to increase
the sensing range. Afterwards, to the performance of the mortar slab, it was tested with
three different loading patterns applied through experimental cyclic compression simulating
human weight in different motions, and the simulated traffic load at multiple speeds.

The results showed that the smart pavement exhibited linear and repeatable fractional
changes of resistivity in response to cyclic compression force and was able to monitor
human motions such as ‘up-down’ feet or jumping movements. This monitoring of human
movements could be useful in security and accident prevention applications since it can be
used for people counting, crowd flow monitoring, housing security, and even body weighing.

When it comes to vehicles, the mortar slab was able to detect the exact vehicle speed with
high accuracy for car speeds up to 40 km/h (the authors explain that, for detect high-speed
vehicles, the advanced data acquisition system with a higher data collection rate should be
applied), being a useful tool for monitoring the traffic flow, speed and even weigh-in-motion.
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Figure 16. Potential application of cement-based sensors for traffic vehicle speed
monitoring and human motion detection on site. (Source: Potential application of cement-
based sensors for traffic vehicle speed monitoring and human motion detection on site.

[34])

It is hard to find a paper where the two concepts, self-sensing cement and low-cost DAQ
system, get linked. Due to this, this thesis will be developed, since those two fields fed one
another. Since the strain will be translated into a change in the electrical resistance (in this
thesis thanks to the electrodes that the cement specimen contains, since they will get closer
one to another when a load is applied, reducing the electrical resistance between them.)
strain sensors will no longer be needed, contributing to making the system cost-effective.
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3 Methodology

To cover the scope of this thesis, it's important to define a methodology. Due to this, in this
chapter, a list of the steps to follow to accomplish the goals of the thesis will be elaborated.

1.

2.

Establish fluent communication between the thesis director and the student.
In this case, the channel chosen has been Gmail.

Definition of the problem and goals. Since this thesis is based on previous
research of the thesis director, the problem and the goals were described since the
beginning of the investigation.

Perform a bibliographic review. This review had to be done not just to
acknowledge which solutions on the field were being implemented nowadays (for
further development on this issue see chapter 2. Background and review of the state
of the art) but also because, as has been mentioned with priority on this thesis, due
to the open-source nature of Arduino, it has a very extensive community that
documents their projects on different platforms such as GitHub or the official Arduino
forum, which can be a good starting point to the development of the thesis solution.
Design the DAQ system. Connect the sensors and modules to the Arduino
microcontroller and develop the code for recording deformation and electrical
resistance data.

Test the DAQ system and fix it if necessary. Check if the DAQ system is working
correctly and perform the necessary corrections.

Implementation of the DAQ system and cyclic load tests. Implement the DAQ
system in the cementitious specimens and perform cyclic load tests while recording
data and generating text files with it.

Analysis and conclusions. Process the data, discuss the results of the tests with
the thesis director and extract conclusions.

Overall, the development of this thesis was based on the learn-by-doing educational
approach, where the acquisition of knowledge about how to program and wire the DAQ
system took place as it was being performed.

The necessary tools to accomplish this methodology can be found in section 1.3
Requirements.
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4 Design of the DAQ system

The main goal of this thesis is to design and implement a low-cost data acquisition system
for electromechanical testing of smart materials based on an Arduino microcontroller. To
record electrical resistance data, two options were considered:

1. Record electrical current data and then, knowing the applied voltage and with Ohm’s
Law, calculate the electrical resistance.

2. With an additional known resistance, set up a voltage divider.

Both options share common components. For that reason, this chapter will be divided into
a review of said components, the particularities of the option selected in the first place, the
development of said option and why it didn’t work out and the particularities of the second
and final option. (For the development of the final solution see chapter 5. Development and
testing of the DAQ system)

4.1 Common components of the DAQ system solution

4.1.1 Arduino

The central device of this project is an Arduino board. As has been mentioned in the object
section of this thesis, Arduino is an open hardware board that has an integrated circuit that
allows the user to record instructions, connect input and output peripherals and establish
communication between the microcontroller and the computer for several diverse applica-
tions.

Arduino offers different models of boards. Some of them are more generalist and others are

designed for specific applications. Most of these boards share the common components
that can be observed in Figure 17:
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Figure 17.Components of an Arduino UNO board (Source: Internet, [35])
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A barre jack, power input pin and a USB connection, to connect the board to a power
source in different ways.

A series of pins for connecting wires to develop the chosen application of the board. Ar-
duino contains the following pins [35]:

e Ground or GND to ground the circuit.

e 5V to provide 5V to the circuits.

e Analog Pins for reading analogue voltage values from sensors and converting them
into digital values.

o Digital Pins for digital inputs and outputs. The 13th pin is linked to Pin 13 LED,
which will light up when the pin is in a high state (when its value is equal to 1)

e PWM Pins, digital pins that can also be used for pulse-width modulation.

e RX - TX used to establish serial communication with other Arduino boards or com-
puters. Those pins have associated RX — TX LEDs that light up whenever the Ar-
duino board is receiving or transmitting data on these pins.

It also contains a reset button for restarting the code and a power indicator LED that
lights up when the board is connected to a power source.

As has been mentioned with anteriority, Arduino offers boards with extra specifications.
Some examples of those boards are [36]:

e ARDUINO UNO WiFi REV2. For loT applications such as building a sensor network
connected to a router or connecting any device to a WiFi network. It has a price of
46,70€

e Arduino MKR Vidor 4000. Able to work with FPGAs, allowing to create of a board
where all pins are PWM signals or capture sound in real-time among other applica-
tions. It allows the connection to the loT Cloud, and it is also adequate for high-
speed computation. Its price is 75,50€

e Portenta H7. This model is an Arduino IoT Cloud-compatible board, it also simulta-
neously runs high-level code along with real-time tasks. The design includes two
processors that can run tasks in parallel. Its price is 99,00€

With these examples can be observed that Arduino also offers specific applications and
high-technology solutions, but this causes an increment in the prices. For the application
that is about to be developed in this thesis, there are no special requirements that couldn’t
be met. The use of a more specific board will only increase the price of the solution.

This leads us to choose Arduino UNO Rev3. The Uno board is the first in a series of USB
Arduino boards, and the reference model for the Arduino platform. This board is the most
used and documented board of the whole Arduino family, which will facilitate the develop-
ment of the solution. Its price is 24,00€, significantly more affordable than the other boards.

4.1.2 Strain gauge module

Deformation will be measured thanks to two strain gauges in a quarter-bridge configuration.
As has been explained in subsection 2.1.2.1 Deformation sensors for SHM of this thesis,
when there is no load acting, the output voltage of the Wheatstone bridge is equal to zero.
When a force is applied and, in consequence, the material is deformed, the strain gauge
varies its resistance, as it deforms with the material, causing a variation in the output volt-
age.
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Strain gauges have a huge capacity of detecting changes in the electrical resistance of their
wires. Any small deformation causes a change in the output voltage. Despite that, the signal
output is very low, and cannot be measured by Arduino properly. Due to this, the utilization
of gauges needs to be complemented with a signal amplifier to determine changes with
accuracy.

Strain gauge modules detect the strain, and thanks to the amplifier and potentiometer that
the board contains, those readings can be passed to a microcontroller to obtain the men-
tioned data. [37] [38]

Nowadays, most of the available gauge modules are compatible with Arduino UNO. In this
chapter, a comparison between three modules, HCSENS0036 [39], SEN77631Y3 [40] and
CTO0070SGS [41] will be performed, and a final model for the DAQ system will be chosen.

Compatible with Arduino? Yes Yes Yes
Working Voltage 5V 5V 5V
Output Voltage 0-3.5V 0-3.5V 0-3.5V
Dimension 32mm X 17mm 32mm X 17mm 32mm X 17mm
Sensor type BF350-3AA BF350-3AA BF350-3AA

Table 3. Comparison between the different selected sensors (source: Own.)

The price depends on the chosen suppliers, but none of the modules above has a higher
price than 12€.

As can be observed, the utilization of strain gauge modules for Arduino is a normalized

application and, due to this, all the modules present predetermined characteristics. This
implies that the selection of one or another module will not influence the project.

The final chosen module will be HCSENSO0036 since it is the module that presents more
information about its assembly with an Arduino board.

Strain Gauge Module HCSENS0036

STRAIN

-

& HOBBYCOMPONENTS.COM

Figure 18. Detail of the chosen strain gauge module (Source: Internet, [39]
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Strain Gauge Module HCSENS0036

© HOBBYCOMPONENTS.COM HOBBY COMPONENTS UNO HCARDUD0SOD
Figure 19.Assembly of the module with an Arduino UNO board (Source, Internet, [39])

4.1.3 Analog to digital converter ADC

When a microcontroller receives an analogue signal, automatically transforms it into a digital
value, since it can't process it otherwise. The component in charge of this operation is the
ADC.

Arduino UNO already contains 6 ADC on the board, with a resolution of 10 bits and, as has
been mentioned previously, it works in a range of 0 to 5V. That means that the representa-
tion of OV in binary values is 0000000000 (0 in decimal notation) and, on the other hand,
5V corresponds to the binary value of 1111111111 (1023 in decimal notation) [47]. If we
divide 5V by 1023, the value 4,8875-102 is obtained. This means that we can represent
analogue values in decimal notation from 0 to 1023 with a resolution of 4,8875mV. Every
time there is an increment or decrement of 4,8875mV, the microcontroller adds 1 in binary.

For some applications, this resolution could be good enough but the data that will be meas-
ured in this application, whether it’s the electrical resistance or current, is expected to have
increments that will not be perceived by the Arduino board by itself.

The chosen option to solve this problem has been a 24-bits ADC. Those converters use 24
bits for representing analogue values, meaning that they can represent 22 (16.777.216)
discrete levels and their resolution can be calculated with the following formula:

5V
= = 0,29802)V (1)

Besides the increment in the resolution, the use of an external ADC liberates the micropro-
cessor from this duty. Thanks to that, the controller, which often has limited processing
power, can focus on other tasks.

The 24-bit ADC acquired for this thesis has been an ADS1256 from Texas Instruments [42],

an ADC specifically designed for applications that require highly accurate and high-resolu-
tion analogue-to-digital conversion.
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The ADC implements a low-noise programmable gain amplifier (PGA) that provides gains
of 1, 2,4, 8, 16, 32, or 64 in binary steps and a data rate from 2.5 to 30k samples per second
(SPS), even though higher gains and data rates generate higher noise, with a maximum
resolution of 23 bits noise-free with a gain of 1 and a data rate of 2.5 SPS.

Communication is done over an SPI serial interface thanks to the pins SCLK, DIN, DOUT,
DRDY and CS. Those pins work all together to establish bidirectional communication. In a
summarized way, the purposes of the pins are:

1. SCLK (Serial Clock): The SCLK pin acts as the clock signal for the serial exchange

of data between the ADC and the Arduino board. During the communication of the
devices, the master device (Arduino) generates clock pulses on the SCLK, to
indicate when the ADS1256 should read or transmit data bits in a serial way, one by
one, on each clock pulse.
DIN (Data Input): The Arduino board sends data to the ADS1256 through this pin
and the ADC.
. DOUT (Data Output): The ADS1256 transmits data to the Arduino board through
this pin.
DRDY (Data Ready): The DRDY pin indicates to the Arduino board that new data
is available to read. When the ADS1256 completes an analogic-to-digital conversion
and the data is ready to read, the DRDY sets a “low” logic level to indicate that the
conversion result is available. This behaviour can be observed in Figure 20,
extracted from the ADS1256 datasheet [42], where the command RData (Read Data)
is executed.

DROY | [

DIN A 0000 0001 )
h
DouUT MSEB X Mid-Byte X LSB >—

e UL-TL UL - JL

Figure 20. RDATA Command Sequence (Source: ADS1256 Datasheet [42])

After the DRDY pin goes low, the ADS1256 start reading the data and after a delay,

ts, said recorded data starts to shift out on the DOUT pin. When this process finishes,

DRDY goes high again.

. CS (Chip Select): This pin is used to initiate and control the communication between
the Arduino board and the ADS1256. By selecting or deselecting the CS pin, the

microcontroller can initiate and manage data transfer and commands between itself

and the ADS1256 while interacting with other peripherals on the same SPI bus.

Additionally, the PDWN (Power Down) pin of the ADS1256 is used to control the power
state, allowing to put the ADC into a low-power mode (consuming minimal power, reducing
its functionality and stopping conversions. It is useful to conserve power or temporarily
pause the ADC's operation.) or wake it up back to its full functionality.
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Figure 21. Very Low Noise, 24-Bit Analog-to-Digital Converter ADS1256 (Source: Internet
[43))

The price of the ADS1256 is around 20€, being a low-cost, high-performance solution for
the thesis.

4.2 Electrical current sensor

With this solution, the electrical resistance will be calculated thanks to recording electrical
current data and applying Ohm’s Law.

When it comes to electrical current sensors compatible with Arduino, the main choices are
ACS758, INA219 and ACS712. In this chapter, a discussion will be performed to determine
the more accurate sensor for the project that is about to be developed.

e ACS758 [44]

This sensor consists of an integrated circuit designed for current measurement with fre-
quencies that can reach up to 120kHz. The sensor generates an output voltage proportional
to the current passing through it.

The ACS758 family offers sensors that can record currents up to 50, 100, 150 or 200A
depending on the chosen device. This sensor can measure bidirectional current flow, which
means that AC can be captured with it. This option would’ve been interesting if an AC supply
could be obtained. For this thesis, it wasn’t possible but for future works, it could be taken
into consideration (See section 5.8 Using of AC vs DC)

The price of this device is around 10€
Despite all the prestation that it offers, this sensor is designed for measuring electrical cur-
rents way higher than expected for this project. This difference in magnitude could cause
less accurate readings.

o INA219 [45]
The INA219 current sensor can detect voltage, current and shunt power at the same time
and send the data via I°C protocol. It has a 12-bit Analog-to-Digital Converter (ADC) that

converts the current recorded by a precision amplifier. It can measure currents up to +3.2A,
meaning that it can perform AC lectures, with a resolution of 0.8 mA.
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Besides its versatility, it is mainly used for measuring the consumption of any Arduino pro-
ject. When it comes to electrical current measurement, it needs an additional configuration
besides the factory settings. Due to that reason, it is difficult to find existing applications of
this sensor as a current one.

Its price, just like the sensor above, is around 10€
e ACS712 [46]

This sensor detects the magnetic field generated by the induction of an electrical current
that is circulating on the component that is being measured, generating an output voltage
proportional to it. It's able to record data from both AC and DC. Due to its easy assembly (it
only has 3 pins, 2 for the power supply and the other one for the analogical output) and its
price, around 8€, it is the most used and documented sensor for measuring electrical current
with an Arduino.

The ACS712 family consists of 3 different models, the ACS712-05A, the ACS712-20A and
the ACS712-30A, for ranges of 5, 20 and 30A respectively. This is a significant difference
compared with the ACS758, where the ranges were oversized for the application that the
sensors will have on this project.

Due to its price, its large well-documented trajectory, and its adequate range of measure-
ment, it's been decided to acquire the ACS712 sensor for a range of 20A, since the price
difference between 5A and 20A was not significant and the 20A sensor provided more res-
olution compared to the 5A one (0.1V/A vs 0.185V/A) [47]

Icspe

Figure 22.Mounting diagram of the electrical current sensor ACS712 on an Arduino UNO
board (Source: Internet, [47])

All the sensors above are intrusive. That means that to measure the current, they must be
placed on the electrical conductor. For the project that is about to be developed, this is not
a deal breaker, since the specimen that is going to be used for measuring its electrical
conductivity has two electrodes inside of it.

If we needed to measure the current in a non-invasive way, there are other options also
compatible with Arduino such as the STC-013 current sensor. This sensor allows the user
to measure the current without having to disassemble the electrical conductor that is about
to be measured. Its price is around 7€. As has been mentioned, for this project it's not
necessary to measure the current in a non-invasive way. Due to this, it has been decided
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not to change the ACS712 for this sensor, since it will only increase the final price of the
DAQ system.

4.2.1 Development of the electrical current sensor solution and why it
couldn’t be implemented.

As has been mentioned in section 4.2 Electrical current sensor solution, the first option
considered for this thesis was to record current data and after that, with Ohm’s Law,
transform said data into electrical resistance since the voltage supplied is known (5V,
supplied by the Arduino board).

This option was considered in the first place since due that the applied voltage would be a
constant value, the electrical current would be stable, and it will be easy to notice its
changes.

For the electrical current solution, the device was wired as can be observed in the Drawings
document, Chapter 1. Current sensor solution.

The sensor provided a voltage value through the ACD. Since the ACS712 reads a value of
2.5 volts for a current of OA and it increases proportionally according to the sensitivity with
a linear relationship between the voltage output and the current, the voltage values obtained
can be translated into current values through the following formula [47]:

_ Vour—2.5 ( )
Sensibility

Where the sensibility provided by the fabricator for the 20A ACS712 is 0.1V/A

The developed code can be found in the Annexes document, chapter 1. Annex I. Code,
section 1.1. Current sensor code and its performance was checked with a lightbulb, a 5V
battery and a multimeter. The DAQ system was able to measure the electrical current of the
lightbulb but, when it came to the cement specimens, the data acquisition system couldn’t
detect the current of them since their electrical resistance was considerably high (around 3
to 4kQ) and, therefore, the current between the electrodes was lower than the DAQ system
could detect.

After this situation, it was decided to measure the electrical resistance with a voltage divider.
4.3 Voltage divider solution

After testing the electrical current solution and realizing that the data wasn’t being recorded,
another solution needed to be considered: a voltage divider.

Despite that a voltage divider is not as accurate as a current sensor for measuring absolute
resistance values, it could still be considered an option since the object of interest was to
record changes in the resistance value, not the value by itself.

Figure 23 illustrates the principle behind this solution.
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Figure 23. Voltage divider schematics (Source: Internet [48])

In the DAQ system that is about to be developed, the voltage provided by the Arduino board
(5V) acts as Vin, a 5600 Q resistor as the known resistor R4, the voltage output registered
by the Arduino board through the ADC as V.. and the cement specimens act as the
unknown resistance Ro.
If Ohm’s Law is applied and developed:
V=I-R(3)
-V
I=2(4)
Substituting (4) into (3) and in the case described in Figure 23:

R
Vour = Vin (R1+1R2) (9)

With some algebra, equation (5) can be transformed into equation (6).

Ry= (2 —1)- Ry (6)

Vout

In that way, thanks to a known resistor connected in series with the cement specimens, the
electrical resistance of said specimen can be calculated thanks to the voltage output
recorded through the 24-bit ADC.
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5 Development and testing of the DAQ system

In this chapter, the development of the final design will be documented, from the wiring and
programming of the microcontroller to the tests performed and their results. Even though
this chapter has been divided into sections, these divisions are just to clarify the process of
development of the data acquisition system and some of the following sections described
have taken place simultaneously.

It can be considered that sections 5.7 Wiring, 5.2 Code and 5.3 Excel set up took place
simultaneously, since changes in the code while it was being developed could be translated
into changes in the wiring and vice-versa and the learning process about coding with
Arduino was hand-in-hand with learning how to create data files with the recorded data.

Additionally, the sections considered above took place in parallel to sections 5.4 Preparation
of the cement specimens and 5.5 Assembly of the strain gauges, which were consecutive
processes.

Finally, when all the sections 5.1 Wiring to 5.5 Assembly of the strain gauges were finished,
section 5.6 Cyclic load tests were performed, and the results were analyzed in section 5.7
Analysis of the recorded data. For defending the use of AC, section 5.8 Using AC vs DC
was performed, closing in this way the experimental part of this thesis.

5.1 Wiring

Thanks to the Fritzing software tool, a wiring diagram of the Arduino board and the sensors
has been performed. This diagram can be found in the document Drawings, Chapter 2.
Voltage divider solution.

The development on how to wire the DAQ device can be found in the Tor of Reference
document, chapter 2. Technical conditions, section 2.4 Wiring requirements.

Even though the developed DAQ system for electromechanical testing performs a very
specific application, the individual wiring and coding (for further development of this issue
see section 5.2 Code) of each component of the data acquisition system are large well
documented on IT sharing platforms such as GitHub and Arduino forums. Those platforms
had a remarkable influence on the development of the thesis, working as starting point at
the time of wiring the ADS 1256 [49][50][51], the resistors [52], and both HCSENS0036 strain
gauge modules [39].

52 Code

The developed code of the DAQ system can be found in the Annexes document, chapter
Annex |. Code, section 1.2. Voltage divider code document. This section has the purpose
of making some remarks on said code.

1. As has been mentioned with priority in this thesis, the code was developed thanks
to the work of other authors [49] [50] [51] [52] [39]

2. The language used to program the Arduino board was C++.

3. The SPl.h library used to develop the code is already installed on the development
environment Arduino IDE. Nevertheless, the ADS1256.h library was developed by
the GitHub user Axel Sepulveda and can be found in his repository [50], which also
contains examples of several codes for different applications of the ADC. His file,

31



o o

10.

Design project of a low-cost data acquisition
system for electromechanical testing of smart
materials

ADS1256_Continuos_Reading _One_Channel, has been used as a starting point to
develop the code of this thesis.

To use the library ADS1256.h, a C++ compiler needs to be installed on the computer.
The compiler used in this thesis was Code::Blocks.

Both clockMHZ and vRef constant values can be found in the datasheet of the ADC.
The object adc contains the attributes float clockspdMhz, float vref, bool
useResetPin

The function .begin() needs the three parameters unsigned char drate, unsigned
char gain and bool buffenable (this last one refers to the ability of the ADC to
temporarily store data from analogue to digital conversions before the
microcontroller retrieves them or before transmitting them to another device).

The MUX register is the register in charge of controlling the input channel selection
for the analogue-to-digital converter.

Since the HCSENSO0036 strain gauge modules cannot be used to determine
absolute measurements and can only provide relative changes, the outputs of the
modules don’t have units and can only take values from 0 to 1023 (the resolution of
the Arduino board). For that reason, the code of the supplier [39] was complemented
with a constant (5.0 / 1023.0), since the reference voltage of Arduino is 5V and the
analogue lectures range is 1023 values. In this way, the unitless digital data provided
by the modules is converted into a value between 0 to 5V.

The value of the unknown resistor (in this thesis, the cement specimen) has been
calculated by applying Ohm’s Law on a voltage divider as has been explained in
section 4.3 Voltage divider solution.

5.3 Excel set up

To facilitate the analysis of the extracted data from the DAQ system developed with Arduino,
it has been decided to transfer said data to an Excel document. Thanks to the latest features
of Excel, importing data from a device can be performed without any further complication.
In this section how to connect and record data from an external device with Excel 2019 will
be explained. (Note: This feature may not be available with older versions of Excel)

1. In anew Excel sheet, go to File — Options.

Autoguardado (@) <

Archivo ﬂ Insertar  Disposicién de pégina Gitentn

éD 4 Calibri v v AT A Comentarios

D‘egar [B "
.o« N K S~ Hiv| & Ay | .

< Opciones
Portapapeles Ty Fuente [
Figure 24. Excel screenshot 1 (Source: Own) Figure 25. Excel screenshot 2

(Source: Own)
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2. Inthe Add-Ins section, select Manage — COM Add-Ins — Go.

General
Férmulas

Datos

Revision Administrar: ‘ Complementos de Excel |v‘

Complementos de Excel

Guardar

Idioma
Acciones  —
Accesibilidad i
Paguetes de expansion XML

Avanzadas Elementos deshabilitados

Personalizar cinta de opciones

Barra de herramientas de acceso rapido

Complementos

Centro de confianza

Figure 27. Excel screenshot

Figure 26. Excel screenshot 3 (Source: Own) 4 (Source: Own)

3. Select the Microsoft Data Streamer for Excel option.

Complementos COM ? x
Complementos disponibles:
:‘ Inquire
bl ] Cancelar

Microsoft Power Map for Excel
:‘ Microsoft Power Pivot for Excel

Agregar...
Quitar

Ubicacion: CA\Program Files\Microsoft Office\root\Office 16\ADDINS\EduWorks Data Streamer Add-In\MicrosoftDataStreamerforExc...

Comportamiento de carga: Cargar al inicio

Figure 28. Excel screenshot 5 (Source: Own)

4. Acess to the new section on the toolbar, Data Streamer, and click on Connect a
Device

Archivo  Inicio Insertar Disposicion de pagina  Férmulas Datos Revisar  Vista Automatizar Ayuda  Transmisor de datos

5 @ 5B Rk B g

Conectar un Importar Capturar Avanzado
dispositivo ¥ archivo de datos pantalla
Origenes de datos Transmision de datos Grabacion de datos Avanzado

Figure 29. Excel screenshot 6 (Source: Own)

5. Select the Arduino board.

Autoguardado (@ )

Archivo  Inicio Insertar Di

& m |5
Conectar un Importar
dispositivo ¥ |archivo de datos

Arduino Uno (COM3) ™

Figure 30. Excel screenshot 7 (Source: Own)
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6. On the Configuration sheet, select the data frequency (between 10 and 1000ms
between each lecture, the number of lectures that will be conserved (between 1 and
1000000), the number of channels for data entrance (a maximum of 1000 channels)
and the orientation of the collected data (newest to last or last to newest). Figure 31
shows the configuration selected to perform the measurements in this thesis.

Intervalo de datos (ms)

Filas de datos 2000
Canales de datos 10
Orientacion de los datos Newest last

ADVERTENCIA: Cambiar |la configuracion puede provocar la pérdida de contenido o de formato
personalizado en |as hojas Datos recibidos y Datos enviados. Guarde siempre antes de cambiar los

valores.

Figure 31. Excel screenshot 9 (Source: Own)

7. Click on Start Data

Archivo Inicio Insertar Disposicidn de pagina Formulas Datos Revisar Vista Automatizar Ayuda Transmisor de datos

) 22g] 1)

v ja= B+ o3

sconedt niciar Capturar | Restablecer Avanzado
datos pantalla datos
e creeopeerd|  @neges R
A1 - fr | Entrada de datos (desde Arduino Uno (COM3))
A B C D E F G H J K

1| Entrada de datos (desde Arduino Uno (COM3))

3 | Datos actuales
4 TIME cHl cH2 CH3 CHe CH5 CHE cHY cHa CH9 CH1D

6 Informacion histarica
7 TIME CH1 CH2 CH3 CH4 CHS CHe CH? CH8 CH9 CH10

Figure 32. Excel screenshot 10 (Source: Own)

8. Click on Record Data and, after performing the necessary tests, click on Stop
Recording

atos  Rewisar  Vista  Automatizar  Ayuda  Transmisor de datos

3 | Datos actuales
4 TIME i cH2 cH3 CHa CHS CHE cHr CH8 CHI CHY
5 | 21:16:19.75 00587 0,0587 5276,7744

6 | Informacion historica

7 TIME CH1 CH2
0,0587

0,0587

0,0587

Figure 33. Excel screenshot 11 (Source: Own)

34



UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH

Escola Superior d’Enginyeries Industrial,
Aercespacial | Audiovisual de Terrassa

9. Excel will create a .csv file, a text file with the recorded data separated by commas.

DataStreamerDataManagerSaveRecordingDialogTitle

X
« v 4 | <« Uni > TFG > PROBETAS > example v | O P Buscarenexample
Organizar *  Nueva carpeta = o (7]
. Nombre Fecha de modificacion  Tipo Tamafo
= Este equipo
¥ Descargas Ningin elemento coincide con el criterio de bisqueda.
|= Documentos
B Esaitorio
= Imagenes
b Msica
¥ Objetos 3D
8 videos
& Diseo local (C)
b Red “h< >
Nombre: | example.csv -

Tipo: |Archivo delimitado por comas (*.csv)

Figure 34. Excel screenshot 12 (Source: Own)

This file can be edited by any text editor, but it also can be opened on Excel following the
next steps:

10. Open the .csv file with Excel and select Next on the emerging window.

Asistente para importar texto - paso 1 de 3

? X
El asistente estima que sus datos son Delimitados.
Si esto es correcto, elija Siguiente, o bien elja el tipo de datos que mejor los describa.
Tipo de los datos criginales
Elija el tipo de archivo que describa los datos con mayor precision:
(® Delimitados, - Caracteres como comas o tabulaciones separan campos.
(O Deancha fijo - Los campos estan alineados en columnas con espacios entre uno y otro.
Comenzar a importar en la fila: |1 Z| Origen del archivo 65001 : Unicode (UTF-8) ~
[ mis datos tienen encabezados.
Vista previa del archiva C:AUsers\|glez\Documents\Uni\TFG\PROBETAS\example\example.csv.
14!, Workbook: ,Custom, Custom ~
sPara reproducir estos datos: abra el archivo original de Excel, haga clic en el botén *Importar archi
{#!, Para cbtener més informaci6n, visite http://aka.ms/hackingstem/
.0587,0.0587,5276.6025
.0587,0.0537,5275. 9751
E .0587,0.0587,5275.9506 w
< >

Figure 35. Excel screenshot 13 (Source: Own)

11. Set “coma” as the separator and click Next.

Asistente para importar texto - paso 2 de 3

Esta pantalla e permite establecer los separadares contenidos en los datos, Se pued ver cimo cambia el texto en 1 vista previa.

Separadores

Tabulacion

[ considerar separadores consecutivos como una salo

Calificador de texto:
[espaco

[ gwre:

yista previa de los datos

Qucir estos datos: abra el azchivo
mas informacién

Figure 36. Excel screenshot 14 (Source: Own)
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12. Click on Advanced and select a dot as a decimal separator and a blank space as a
thousand separator.

Esta pantalla permite seleccionar cada columna y establecer el formato de los datos

Formato de los datos en columnas

@ general
‘General' convierte los valores numéricos en ndmeras, los valores de fechas en fechas y todos los demas
QO Texto valores en testo,

(O Mo importar columna (saltar)

Configuracién avanzada de importacion de text... ? X

Valores predeterminados para reconacer datos numéricos

separador decimal: ~
Vista previa de los datos
Separador de miles: ‘ -
neral . R .
——— Nota: Los nimeros se mostraran usande las opciones de numero ~
F s sepsoducir catos dacos: apra 4  esPeciicadas en el panel de control Configuracion regional. S
Para cbtener més informacién . i Erem/
. Restablecer Signo menos detrds de los nimeros negativos
.0587
0 L0587 v
Aceptar Ccancelar
< >
cancelar < Atrds Siguiente > Finalizar

Figure 37. Excel screenshot 15 (Source: Own)

As can be seen in Figure 38, the .csv file is now separated into columns and the data is
ready to be processed.

1 , o -

Archivo  Inicio  Insertar  Disposicion de pigina  Formulas  Datos  Revisar  Vista  Automatizar Ayuda  Transmisor de datos

0] E)‘ Calibri -1 AN === e 25 Ajustar texto General
“’G"Q NKks-H-0-A- === = o~ | BB~ %
Porapapeles 1 Fuent & Aineacién ] Nuimer 5
1
A B C D E F G H ) K L
1 |# lwm kbook:  Custom Custom
2wl Para reproduc haga clic en el botén *Importar archivo de datos* de la pastafia *Secuencia de datos* de la cinta de opciones y desplécese hasta este archivo.
3w Para obtener visite http://aka.ms/hackingstem/
4 0,0587 0,0587 52766025
5 0,0587 00587 52759731
3 0,0587 0,0587 5275,9506
7 0,0635 0,0587 52783833
a 0,0587 00587 52804072
9 0,0587 0,0587 52783457
0 0,0587 0,0635  5278,3657
mn 10,0587 0,0587 5277 6201
12 0,0587 00587  5277,0107
13 0,0587 0,0587 52775776
14 10,0587 0,0587 5280,374
15 0,0587 00587 52810322
16 0,0587 0,0635 52783105
17 10,0587 0,0587 5277 6879

Figure 38. Excel screenshot 16 (Source: Own)

Note that, although Figure 31 shows the configuration used to record data on the cyclic load
tests, the rest of the screenshots are just an example used to explain how to configure Excel
for the application of this thesis. In no case, the data showed in these screenshots has to
be considered as data recorded during the experimental part of this thesis.

5.4 Preparation of the cement specimens

Since the scope of this thesis is to design and implement a DAQ system for
electromechanical testing, the preparation of the cement specimens was performed by the
lab technician from the Department of Resistance of Materials and Structures. The
preparation was documented, and it will be explained in his section.

For the preparation of the specimens, 3 kg of cement without aggregates was mixed with
1.3L of water. Since aggregates don’'t conduct electricity, by eliminating them, the
conductive surface increases.
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A

Figure 39. Cement weighing (Source: Own)  Figure 40. Cement and water mixing
(Source: Own)

The mix was transposed into two wooden molds (previously covered by a mineral oil to
facilitate the demolding of the specimens), with 3 holes of 5x5x5cm?® each one marked with
a line 2cm from each end, to place the electrodes in the center of the specimens. The molds
were half filled with the cement, then, with a bolt, they were compacted and finally, they
were filled with the rest of the mix and compacted again to uniform the specimens.

Figure 41. Molds with marks for the Figure 42.Compaction of the cement
electrodes (Source: Own) (Source: Own)

After removing the excess cement, the electrodes, (conformed by a mesh of stainless steel
made of wires one millimeter thick separated 5 mm from each one, conforming in this way
apertures of 5x5mm?. Figure 43 illustrates this configuration.) were left to dry for 3 days
under a plastic cover to avoid the evaporation of water, which could cause fissures.

a) b)

40
F— | | -«

-« »

20

-

50 20

Figure 43. Schematic of electromechanical measurement setup for cubic specimens: a)
arrangement of embedded mesh electrodes with respect to loading force F. b) Cross
section of specimen showing embedded mesh electrode. Dimensions in mm. (Source:
Design of a smart lime mortar with conductive micro and nano fillers for structural health
monitoring [12])
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Figure 44. Electrodes placed on the Figure 45. Specimens left to dry with a
specimens (Source: Own) plastic cover (Source: Own)

Since cement is a porous material, the excess water of the mix fills said pores, being
responsible for the conduction of electricity of the material. As the mixture dries and loses
water, the electrical resistance increases.

5.5 Assembly of the strain gauges

Once the specimens were dry and demolded, they were marked with a number from 1 to 6
to identify them and the strain gauges were installed thanks to the help of the lab technician
from the Department of Resistance of Materials and Structures. The material requirements
were:

Isopropyl alcohol
Loctite super glue
Adhesive tape
Strain gauges
Multimeter

Teflon sheet
Cement specimens

In Figure 46, the materials listed above can be observed.

Figure 46. Strain gauges installation set up (Source: Own)
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As can be observed in Figure 46, just 10 strain gauges arrived and, since the specimens
needed 2 gauges each, the strain gauges could just be installed in 5 out of 6 specimens.

Firstly, the specimens were cleaned with the isopropyl alcohol, and marked with a pencil so
the gauges will be centred between the two electrodes.

Figure 47. Cleaning of the specimens (Source: Own)

Afterwards, the gauge was taped into the adhesive tape. In that way, the possibility of
touching the superglue with the hands was reduced. A drop of Loctite was placed where the
strain gauge was going to be installed and, with the help of the tape, the stain gauge was
placed on top of it, along the loading direction of the posteriors cyclic load tests. Next, with
the Teflon sheet, the possible bubbles that could reside between the specimen and the
gauge were eliminated.

Figure 48. Installation of a gauge (Source:  Figure 49. Elimination of bubbles (Source:
Own) Own)

Finally, to check that the strain gauges haven'’t suffered any damage during the installation,
their electrical resistance was checked with a multimeter and compared with the electrical
resistance provided by the supplier when the gauge wasn’t experimenting any load.
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Figure 50. Gauges datasheet (Source:  Figure 51. Electrical resistance lecture of
Fabricator) the installed gauge (Source: Own)

As can be observed in both Figures 50 and 51, the resistance of the gauge is 350Q, the
same that the fabricator provided. In this way, the installation of the gauge can be
considered successful.

The procediment described above was repeated for the 10 gauges available.

On a different day, and still thanks to the help of the lab technician from the Department of
Resistance of Materials and Structures, two cables were welded to each strain gauge.

This part of the procedure implied more complications than the installation of the gauges on
the specimens by itself. Since the welding process implied the use of heat to melt the tin,
the glue used to install the gauges was dissolved as the welding process took place. This
made some of the gauges detach from the specimens. Also, the weld of each gauge couldn’t
be in touch with each other and, since the space between the ends of the gauge is
considerably limited, this implied that some welding process had to be repeated several
times, implying an overheating of the gauges that led to the breakage of some of them.

At the end of this procedure and, with the complications mentioned above, out of the 5
specimens that had gauges installed, just one could be wired in both gauges, and the other
two could be wired in just one gauge.

Table 5 summarizes the state of the specimens at this point of the thesis and Figure 52
shows a close-up of the specimen with both strain gauges wired, from now on Specimen 3.

2 gauges 1 gauge wired
wired

Table 4. State of the cement specimens (Source: Own)
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Figure 52. Close-up of Specimen 3 (Source: Own)
5.6 Cyclic load tests

With the DAQ system already developed and the specimens ready to be used, cyclic load
tests could be performed on 3 out of the 6 initial specimens. The tests were performed
on Specimen 3 and two specimens with just 1 gauge wired, and from now on Specimen 1
and Specimen 4.

The bench vice has a force limit, ensuring that the same peak force was applied to all
specimens.

Two wooden pieces were placed between the specimens and the vice, to avoid the
interaction between the electrical voltage that was being applied to the specimens and the
metal surfaces of the vice that could alter the lectures. This setup can be observed in Figure
53.

Figure 53. Placement of two wooden pieces between the vice and the specimens (Source:
Own)

The gauges were connected to the two strain gauge modules and, thanks to the two
crocodile cables connected to the electrodes, the voltage divider configuration was
completed (Figure 54). For a cleaner explanation of the wiring see section 5.1 Wiring
diagram.
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Figure 54. DAQ system set up (Source: Own)

The tests were performed on the three specimens mentioned before and strain and
resistance data were collected. Now, in section 5.7 Analysis of the recorded data, the
experimental results are going to be exposed.

5.7 Analysis of the recorded data

The procedure followed to process the data can be listed as:

1.

2.

Calculate the increment of voltage output for the first strain gauge (subtracting the
value of the first lecture from every other value).

Calculate the increment of voltage output for the second strain gauge. This step was
justimplemented in Specimen 3 since is the only one with two strain gauges installed.
Calculate the average between the increments of both gauges and divide the
obtained value by 1000, the value of gain of the strain gauge module [53], to obtain
the actual value of the voltage output. When there is just one gauge, instead of on
an average, this division will be performed just on the increment values of said gauge.
The lectures of the gauges can be transformed into deformation measurements
thanks to the quarter bridge formula [54]:

4-AV
VRer A

£=-

(7)

Where AV has been calculated with priority, Vg is the voltage of reference from the
Arduino board, 5V, and the gauge factor 1 is provided by the gauge fabricator (See
Figure 50).

Note that the formula described above contains a negative symbol. This is due that,
while resistance and strain data should be synchronous, one particularity of the
strain gauge modules used is that when they detect a compression effort, its output
voltage value increases. By adding a negative symbol to the deformation formula,
this particularity can be sorted out and the deformation values can be calculated.

Calculate the increment of resistance for the specimen and divide said value by the

value of the first lecture to obtain the fractional increment of resistance of each
lecture.
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With the transformations explained above, three kinds of graphs were performed for each
specimen:

1. V1, V2 and R time history. Represents the evolution of voltage of the first and
second strain gauge and resistance data as it was being recorded.

2. AR/R and ¢ time history. To show the evolution and the relation between resistance
and deformation.

3. ARI/R vs &. The gauge factor is the relation between the fractional change in the
resistance values and the deformation [55]. By correlating both data and determining
the slope of the obtained trend line, the gauge factor of each specimen can be
calculated.

While in this report document, only the graphs of the last tests will be displayed, the graphs
of all the essays can be found in the Annexes document, chapter 2. Annex Il. Graphs.

5.7.1 Specimen 1

Three tests were performed on Specimen 1 while recording electrical resistance and strain
data from its only strain gauge. The evolution of the graphs show that the resistance value
increased with time until they got stable on the third test. As can be observed, the application
of a load was translated into a change in resistance. When a compression effort was being
applied the value of resistance decreased, since the electrodes of the specimen were closer
to each other, while the output values of the strain gauges modules increased, due to the
peculiarity explained in section 5.7 Analysis of the recorded data.

V1, V2 and R time history

2,5 3790
3785
D at B'aa Ba B2 0 Y2 B
st A\ / \ / ~ ' U \ 3770
N 3765 o
3760
0,5 3755
3750
0 3745
e e e e e v e e e e e e e e
SANMSTOONMNOODOOTNMSTOLOMN~NOO O N
A A A A A A A AA"ANNN

N° of measurements

—V1 V2 R

Figure 55. V1 vs V2 vs R graph for the third test on Specimen 1 (Source: Own)

After performing the transformations mentioned in section 5.7 Analysis of the recorded data,
the relationship between deformation and fractional change on the resistance can be
observed in a more clarifying way. The AR/RO and ¢ time history graph in Figure 56 shows
how the application of a load, and therefore the deformation of the specimen, was translated
into a change in the fractional value of the resistance regarding its original value.
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AR/RO and ¢ time history
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Figure 56. AR/RO vs ¢ graph for the third test on Specimen 1 (Source: Own)

With the dispersion graph, the correlation between both data can be observed. As the
cyclical tests were performed, it can be observed that the transitory state was left behind,
and the recorded data stated to acquire stability and the values of AR/RO and ¢ started to
be placed closer to the trendline, with notorious emphasis on the extremes of it. The R?
coefficient for this test was above 0,9. In this way, a linear relationship between the
deformation and fractional change of the electrical resistance can be assumed.
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Figure 57. Dispersion graph AR/RQ vs ¢ for the third test on Specimen 1 (Source: Own)

After looking at the slope of the trendline of Specimen 1, its gauge factor can be determined
as:

A, = 20,444 (8)
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5.7.2 Specimen 3

As has been mentioned in section 5.5 Assembly of the strain gauges, Specimen 3 is the
only cement specimen with two strain gauges attached.

Four consecutive cyclic load tests were conducted in this specimen. It can be observed that,
just as in Specimen 1, as the tests took place, the value of the resistance increased and got
stabilized.

V1, V2 and R time history
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Figure 58. V1 vs V2 vs R graph for the fourth test on Specimen 3 (Source: Own)

Equation (7) was applied to the recorded data the results exhibited the same behaviour as
Specimen 1.
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Figure 59. AR/RO vs € graph for the fourth test on Specimen 3 (Source: Own)
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Finally, with the dispersion graph, an R? coefficient above 0,9 is obtained again. Therefore,
the same made with Specimen 3 can be applied in this scenario: the deformation and the
fractional change of the electrical resistance are linearly related.
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Figure 60. Dispersion graph AR/RO vs ¢ for the fourth test on Specimen 3 (Source: Own)
The slope of the graph in Figure 60 sets the gauge factor for Specimen 3 as:
A3 = 10,267 (9)
5.7.3 Specimen 4

When the first test was being performed on Specimen 4, its only gauge fell off. This was
caused by the complications of the installation mentioned in section 5.5 Assembly of the
strain gauges. The gauge couldn’t be re-installed, and the graphs in the Annexes document,
chapter 2. Annex Il. Graphs, section 2.3. Specimen 4 show the irregularities caused by the
disconnection.

Due to this, no conclusion could be extracted since the cyclic load tests couldn’t be
performed and Specimen 4 couldn’t be characterized.

5.7.4 Obtained results summary and interpretation

This section aims to summarize the results extracted data from subsections 5.7.7 Specimen
1, 5.7.2 Specimen 3 and 5.7.3 Specimen 4

Firstly, an overview of the obtained gauge factors will be presented in Table 6.
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1 20,444
3 10,267
4 Couldn’t be determined

Table 5. Overview of the obtained gauge factors (Source: Own)

As has been explained in subsection 2.2.1 Strain and damage sensing, the gauge factor is
an indicator of the piezoresistive effect during mechanical loading. A higher gauge factor
indicates higher sensitivity of the material’s electrical resistivity to applied axial strain.

This can be observed on the AR/RO and ¢ history time graphs for both specimens (Figure
56 and Figure 59), where the deformation changes were translated into higher changes in
the fractional value of resistance for Specimen 1 than Specimen 3. In this way, it can be
concluded that Specimen 1 is “smarter” than Specimen 3 since it has more sensibility at the
time of translating deformation changes into electrical resistance changes.

Table 6 illustrates how the mean between the gauge factor of Specimens 1 and 3, 15,356,
is approximately 7,5 times bigger than the gauge factor of the strain gauge, 2,03, meaning
that both specimens were more sensible to detect damage than the strain gauges.

It can be concluded that the low-cost DAQ system was able to monitor the specimens and
that deformations could be detected by the decreasing the resistance values.

Having characterised the gauge factor of these specimens using the DAQ system, these
specimens can be used as smart sensors embedded in a concrete structure. The monitoring
of the structure with these sensors can be subsequently performed using the same DAQ
system.

5.8 Using AC vs DC

As has been said previously in this thesis, the development of this thesis was limited by the
lack of availability of an AC power supply.

Cement is a dielectric insulator material. When a dielectric material is placed in an electric
field, the electric charges don’t flow through the material since they don’t have free electrons.
Instead, they are slightly shifted from their equilibrium positions, causing dielectric
polarization. Due to that, positive charges move in the direction of the field and negative
charges move in the opposite direction of the field. This polarization creates a strong internal
field that reduces the overall electric field within the material. [56]

In their work Elimination of polarization effect in DC measurement of resistivity of CNT-
cement composites [57], Tamov et al explain that, during the application of a DC on cement-
based materials, the polarization-induced electric field generated in the material as a
response to the applied electric field of the DC has an opposite direction regarding the
applied electric field. This polarization results in the growth of measured resistivity with time
during resistivity measurement.

This effect causes difficulties in associating the changes in resistivity with the application of
a load since it makes it trickier to determine if the changes in resistivity are due to the
appearance of deformation or caused by polarization.
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The authors also mention that applying voltage signals with alternating current signals with
equal magnitudes of positive and negative peaks can reduce or eliminate the polarization,
even though it's a more complicated process since it's necessary to establish the
appropriate current frequency to avoid the polarization effect and AC measurements are
made with more sophisticated equipment as compared to DC measurements.

Note that even in the paper mentioned above the authors offered a solution for the
polarization effect in DC measurements, it cannot be applied to this thesis, since the solution
purposed is for static loads. (Set the frequency of the measurements up to 5 minutes).

The day after performing the tests, Specimen 6 was left for approximately a day to record
its resistance values.

Value of the specimen's resistance over the time
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Figure 61. Specimen's 6 resistance over the time (Source: Own)

As can be observed in Figure 61, the value of the resistance increases as time goes by.
Since the cement specimens had been demolded 3 days after their preparation and the
tests were performed approximately one month after the demolding, it can be considered
that the specimens still experiencing hydration and carbonation. The hydration process
produces ions that remain trapped in the hardened parts of the cement. Additionally, the
carbonation process (consisting of the reaction between the calcium hydroxide and the
carbon dioxide of the atmosphere) generates calcium carbonate and water molecules, that,
under the application of a DC, can be ionized as well. Overall, during this process, several
ions such as OH", Ca?* and CI- are created. These ions are affected by the DC, and due to
that reason, the chin into the resistance is considerately pronounced. To avoid this
phenomenon, it would be an interesting topic for future works to acquire an AC power supply
and compare the obtained results with the DC ones.
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6 Budget summary
This section aims to summarize the budget dedicated to this thesis.

The budget has been divided into two different cost categories. The first one includes the
human resources costs, referring to the time invested into the development of the thesis
and the fees of the people involved in it. The second one is about the costs of the materials
(including hardware and software) involved in the development of the DAQ system.

Table 8 shows the costs of said sections and the total cost of the thesis. For further details,
see the Budget document.

Human resources 5.622,50

Material costs 231,03

Table 6. Budget summary (Source: Budget document)
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7 Analysis and assessment of environmental and social
implications

7.1 Carbon footprint of cement

This thesis is focused on the development of a low-cost data acquisition system for electro-
mechanical testing of smart materials. In this chapter, a study about the carbon footprint of
said materials will be performed.

Cement is obtained by breaking down limestone and other calcareous materials, a reaction
that occurs at more than 1400°C, generating clinker: a granular material and the main com-
ponent of common cement. When this temperature is reached, the clinker releases the car-
bon trapped inside and, in contact with air, it turns into CO2, which rises into the atmosphere
and contributes to the greenhouse gas effect. [58]

Nowadays, the fabrication of cement represents 8% of global CO, emissions according to
the International Energy Agency, being one of the sectors that contributes the most to these
emissions. Its carbon footprint can be estimated as 0,913 tons of COy4 for each ton of
cement where 0,47 tons of COz2 come from the chemical reaction that produces the clinker
and the rest come from the necessary energy to produce the reaction since, as has been
said, the ovens in which it occurs must reach 1400°C and the use of fossil fuels is needed.
[59]

Despite these emissions, production doesn’t stop. Every year, 4.100 million tons of cement
are generated. With this amount of generation, plus the carbon footprint mentioned above,
the emissions of the cement industry can be compared to the emission of a country. If this
industry were a country, it would be the third largest emitter in the world behind China and
the US. [60]

In today’s society, the use of concrete seems indispensable for the construction industry.
The explanation to this can be found in the words of Felix Preston, deputy director of re-
search at Chatham House's Department of Energy, Environment and Resources:

“It is affordable, can be produced almost anywhere, and has all the right structural qualities
to construct a durable building or infrastructure [...] Building without it, while possible, is
challenging” [61]

To mitigate these effects, in 2021, the Global Cement and Concrete Association (GCCA),
which represents 35% of the world's cement production capacity, launched the 2050 Ce-
ment and Concrete Industry Roadmap for Net Zero Concrete. The GCCA compromised to
cut CO; emissions by a further 25% by 2030 and reach 0 emissions by 2050.

The pathway that GCCA will follow can be summarized in Figure 62:
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ACTIONS TO A NET ZERO FUTURE Carbon capture and

utilisation/storage

PERCENTAGE CONTRIBUTION TO NET ZERO
AND CO:z EMISSION SAVINGS IN 2050

Savings in clinker
production 1%

410Mt CO2

1%

1370Mt CO2 840Mt CO2

Efficiency in CO2 sink: Efficiency in design
concrete production recarbonation and construction

Figure 62. Actions to a Net Zero future (Source: Internet [62])

As can be observed, the road to a Net Zero future has 7 main areas of action: saving in
clinker production, efficiency in concrete production, decarbonization, CO, sink:
recarbonation, saving in cement and blinders, carbon capture and utilization/storage and
efficiency in design and construction.

Taking into consideration the field that this thesis is involved in, the area that has more
interest is the second one which will imply bigger savings on CO: and efficiency in design
and construction. This area, according to GCCA, consists of 4 different sub-areas of
actuation [62]:

client brief to designers to enable optimization.
design optimization.

construction site efficiencies.

re-use and lifetime extension.

Focusing now on lifetime extension, the next chapter of this thesis will illustrate how moni-
toring a structure can extend its lifetime through preventive maintenance.

7.2 Preventive maintenance

Preventive maintenance is a form of maintenance that implies periodicity. It is performed
regularly and routinely on any kind of component that may require it and, thanks to it, the
chances of equipment failure or unplanned downtime. Those failures can be very expensive
to solve, and thanks to preventive maintenance, they can be avoided.

To illustrate how preventive maintenance can be helpful when it comes to extending the
lifetime of a structure, it is of interest for this thesis to mention a paper from Li, J. et al.:
Automated decision-making in highway pavement preventive maintenance based on deep
learning [63]. Despite being about highway pavement, the conclusions reached in it apply
to any kind of structure or structural component.

In their paper, among other research, the authors compared the behavior of pavement when
preventive maintenance is applied versus when corrective maintenance (maintenance that
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only occurs when, in this case, the pavement, has suffered serious damage) and the lifetime
of the pavement with both methods.

Li, J. et al. elaborated a diagram that illustrates the benefits of preventive maintenance
Versus corrective maintenance:

Expressway
performance

Do-nothing
performance curve

Pre-curing
threshold < :
Preventive maintenance
maintenance

threshold Superior

treatment
method

B
-

LA)

The lowest |
limit (& S
Time to use Tp Tf Time(year)

Figure 63. Influence of preventive maintenance and corrective maintenance on pavement
performance (Source: Automated decision making in highway pavement preventive
maintenance based on deep learning [63])

Where the elements that can be observed are the following:

- Black curve: Decay curve. The component, in this case, the pavement, will continue
to deteriorate over time.

- Area A: Benefit of corrective maintenance.

- Area B: Additional benefit of preventive maintenance

- Area C: Benefit if appropriate maintenance methods are taken to reduce the deteri-
oration ratio of the performance decay curve.

As can be observed, preventive maintenance of a component (in the case of this thesis, a
structural component) can significantly extend its lifetime, implying economic and material
savings.

Preventive maintenance can be performed in more than one way. It can be time-based,
usage-based, or condition-based.

Time-based preventive maintenance, as its name indicates, consists of scheduling preven-
tive maintenance tasks using a set time interval, such as every 10 days, the first day of
every month or with any time frequency that the company deems necessary.

Usage-based preventive maintenance is performed when a certain benchmark of usage is
reached. This could be a certain number of kilometres, production cycles or whatever pa-
rameter that needs to be controlled.

Finally, condition-based preventive maintenance is a maintenance strategy that monitors
the condition of the component that would be subjected to preventive maintenance and
determines what maintenance task needs to be done when certain indicators show signs of
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decreasing performance or upcoming failure. This type of preventive maintenance is also
known as predictive maintenance and is the one of most interest for this thesis. [64]

Predictive maintenance, as has been mentioned above, implies the use of a monitoring
system that is used during regular operations. Thanks to this monitoring, the chances of a
breakdown can be markedly reduced. The main goal of predictive maintenance is to predict
equipment failures and take corrective measures, increasing the useful life of a product or
component.

The main components of predictive maintenance are [65]:
Condition-Monitoring Sensors

The sensors are responsible for monitoring the component and providing real-time data and
tracking maintenance needs from inside the equipment without disrupting operations.

The Internet of Things (loT)

The data collected by the sensors can be shared through the Internet of Things. Predictive
maintenance is composed of a network of sensors all working in tune with each other. To
be able to analyze all the data from the different sensors that conform to the condition-
monitoring system, it is necessary to store this information in a centralized storage system,
whether in a local area network or using cloud technology.

Predictive Formulas

Predictive algorithms analyze the collected data and identify trends to compare the current
behaviour with its expected one and report when the component that is being monitored will
need to be repaired or replaced. Thanks to this detection on early-stage, technicians can
intervene and prevent massive breakdowns.

But what makes predictive maintenance stand out above the other kinds of preventive
maintenance?

With preventive maintenance, the data that is available for the technicians is just general
information available for the model of the component that will be submitted to maintenance.
With this, just approximately predictions of when to realize the maintenance can be per-
formed.

On the other hand, predictive maintenance is considerably more accurate and due to this,
it requires more data. Information about the expected lifecycle of the component that is
submitted to maintenance is combined with historical data about the performance of that
unit and, thanks to the loT technology mentioned above, constant updates about the activ-
ities of the monitoring system are generated. This additional information allows generating
of predictive models with strong accuracy that allow the technicians to know with certainty
when system failures will occur. [66]

Because with predictive maintenance repairs are being scheduled exactly when needed
and not according to a general timetable, this implies that no unnecessary repairs are made.
In this way a significant amount of time, waste in material and money can be saved [67].
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In conclusion, preventive maintenance can help to significantly increase the lifetime of a
component and, in the production of cement to reduce its carbon footprint, it can be a way
to help to reduce the emissions associated with it. With the added value of predictive mainte-
nance, not only the lifetime will be extended but it will imply a saving of time and money and
a reduction of waste of materials and, with it, extra help in reducing the carbon footprint and
reaching the goal of the GCCA for 2050 of a Net Zero concrete.

7.3 Sustainable Development Goals

The Sustainable Development Goals are a list of 17 Goals adopted by all members of the
United Nations in 2015 as part of the 2030 Agenda for Sustainable Development, a 15-year
plan to achieve these goals, to end poverty, protect the planet and improve the lives and
prospects of everyone, everywhere. Those goals include poor, rich and middle-income
countries collaborating to promote prosperity while protecting the environment. They
recognize that ending poverty must go hand-in-hand with strategies that build economic
growth and address a range of social needs including education, health, social protection,
and job opportunities while tackling climate change and environmental protection [68].

As can be observed in Figure 64, the 17 Sustainable Development Goals are the following:
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Figure 64. Sustainable development goals (Source: Internet [68])

Each one of these goals is also divided into different sub-goals defined by more specific
duties to achieve it.

In this chapter, a relationship between this thesis and Sustainable Development Goals will

be performed to analyze which goals this thesis has an influence on and how it can have a
positive impact on its achievement.
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Goals

Description | N

Description

Influence on the thesis

Clean water

and sanitation 6.4

By 2030, substantially in-
crease water-use effi-
ciency across all sectors
and ensure sustainable
withdrawals and supply
of freshwater to address
water scarcity and sub-
stantially reduce the
number of people suffer-
ing from water scarcity

The production of cement con-
sumes almost a tenth of the in-
dustry's water [69]. By monitor-
ing the state of the structures
and performing maintenance
exactly when needed the gen-
eration of unnecessary new ce-
ment and, due to that, the use
of water can be reduced.

Economic
growth

Achieve higher levels of
economic productivity
through  diversification,
technological upgrading,
and innovation, including
through a focus on high-
value-added and labor-
intensive sectors

Although it is not necessary, the
implementation of a monitoring
system is a value-added tech-
nological element that makes
the structures more efficient.

9.1

Develop quality, reliable,
sustainable, and resilient
infrastructure, including
regional and transborder
infrastructure, to support
economic development
and human well-being,
with a focus on affordable
and equitable access for
all

A structure that has a DAQ sys-
tem incorporated is monitored
constantly, making it more reli-
able (failures can be predicted
and prevented) and sustainable
(maintenance will only be de-
veloped when needed, saving
resources, and improving its
lifetime). Additionally, in this
thesis the DAQ system devel-
oped is a low-cost device, mak-
ing it more affordable.

Industry, in-
9 novation, and
infrastructure

9.4

By 2030, upgrade infra-
structure and retrofit in-
dustries to make them
sustainable, with in-
creased resource-use ef-
ficency and greater
adoption of clean and en-
vironmentally sound
technologies and indus-
trial processes, with all
countries taking action
following their respective
capabilities

Due to the maintenance of the
structures will only be per-
formed when needed, the use
of resources will be more re-
sponsible.

9.5

Enhance scientific re-
search, upgrade the tech-
nological capabilities of
industrial sectors in all
countries, in particular

The DAQ systems that exist
nowadays, as has been said,
are expensive. This thesis is fo-
cused on developing a low-cost
DAQ. This solution implies an
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developing countries, in-
cluding, by 2030, encour-
aging innovation and
substantially increasing
the number of research
and development work-
ers per 1 million people
and public and private re-
search and development
spending

innovation regards the existing
DAQ systems.

By 2030, significantly re-
duce the number of
deaths and the number of
people affected and sub-
stantially decrease the di-

Applying a DAQ system to a
structure is the first step to im-
plementing predictive mainte-
nance which will significantly

12.5

11 | s and | 115 | atve to the global gross | '60UCe the chances of a build-
" ) q tic product caused ing coIIapsmg an_d damaging
communities bome_s p . X someone since it would be
y disasters, |_nc|ud|ng monitored, and the failures can
w_ater-related dlsaste_rs, be predicted and prevented.
with a focus on protecting
the poor and people in
vulnerable situations
. By performing the maintenance
By 2.030’ achieve the W)(;r?(sonlngen needed, a sig-
12.2 Zﬁztagf?i?éitngagfraiﬂt nificant number of resources
Responsible ral resources can be saved
12 consumption .
andtproduc- By 2030, substantially re- By extending the lifetime of a
lon duce waste generation

through prevention, re-
duction, recycling, and
reuse

structure, the generation of
waste is reduced.

Table 7. SDG covered by the thesis (Source: Own)

As can be observed, the development of a DAQ system for electromechanical testing and
its applications have a significant impact on the pathway to a greener future, reducing the
consumption of natural resources, the production of waste and extending the lifetime of any
kind of structures, making them more reliable and safer.
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8 Conclusions

This thesis had the aim of designing a low-cost DAQ system for electromechanical testing
of smart materials. A set-up with an Arduino board as the main component and several
peripherals to capture resistance and strain data was performed. It was installed in cement
specimens and tested under cyclical loads. The extracted data was processed, and several
conclusions could be extracted:

a)
b)
c)

d)

Electrical resistance and deformation are linearly related.

A higher gauge factor leads to a higher sensitivity to load detection.

Cement can be used as a strain sensor by itself, eliminating the need for strain
gauges to detect the application of a load.

Discounting the human resources costs for development and testing, the replication
of the designed DAQ system would be a low-cost solution for SHM, at least an order
of magnitude more affordable than existing commercial solutions.

For future works, several options could be considered:

1.

2.

5.

6.

Test the functionality of the DAQ system on a cement reinforced with electrically
conductive micro and nanofillers for improved piezoresistivity.

As has been said during the thesis, the strain gauge modules can only perform
relative measures by themselves. For future work, it will be interesting to calibrate
the modules with another sensor that could make absolute measurements.

Try to adapt the gain and data rate of the ADS1256 (since a higher gain and data
speed also imply a higher noise) for being able to record data from the electrical
current sensor.

Re-design the DAQ system for an AC power supply, potentially using the Arduino as
a wave generator, and repeat the tests to obtain more accurate resistance values.
Expand the features of the designed DAQ system by notifying the user every time
that a limit value of resistance is surpassed.

Improve the circuitry through soldered connections.

Overall, it can be considered that the DAQ system designed offers a low-price, full-
functioning solution for monitoring the state of a self-sensing cement.
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