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ABSTRACT:

Starting from a context in which sustainable construction and the efficient use of natural
resources are being promoted more every day, the COMPOP project appears where it
is intended to develop new composite materials for construction combining laminated
poplar wood (Glulam) and reinforcing it with carbon fiber.

The COMPOP project has been active for a few years and has reached a stage in which
they want to demonstrate the effectiveness of these new materials in real constructions.
With this, the need arises to monitor the stresses supported by these structures that are
still in the prototype phase.

This Final Degree Project aims to develop a device that meets this need, that is, it
measures the stresses that each beam of a structure supports and analyzes these data,
checking that the deformations suffered are within the operating margin at all times.

The development and implementation of this project is performed following
methodologies of Systems Engineering, giving realism and getting the student closer
to professional techniques, widely recognized in the job market. Furthermore, the
complexity and multidisciplinary scope of this Bachelor’s Thesis allows covering not
only the different specialties of the Bachelor in Telecommunication Engineering but
also acquiring knowledge and transversal abilities from other fields of the Engineering,
such as Mechanical or Building Engineering. Besides specific software of each of the
mentioned areas, advanced techniques of machining, manufacturing or
characterization of different devices, among others, have been analyzed and applied.
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RESUMEN:

Partiendo de un contexto en el que cada dia se fomenta maés la construccién sostenible
y el uso eficiente de los recursos naturales, aparece el proyecto COMPOP donde se
pretende desarrollar nuevos materiales compuestos para construcciéon combinando
madera laminada de chopo (Glulam) y reforzandolo con fibra de carbono.

El proyecto COMPOP lleva activo unos cuantos afios y ha llegado a una fase en la
que se quiere demostrar la eficacia de estos nuevos materiales en construcciones reales.
Con ello surge la necesidad de monitorizar los esfuerzos que soportan estas estructuras
que estan atin en fase de prototipo.

Este Trabajo Final de Grado pretende desarrollar un dispositivo que cubra esta
necesidad, es decir que mida los esfuerzos que soportan cada viga de una estructura y
analice esos datos comprobando que en todo momento las deformaciones sufridas
estan dentro del margen de operacion.

El desarrollo e implementaciéon de este proyecto se lleva a cabo siguiendo
metodologias de Ingenieria de Sistemas, dotdndolo de realismo y acercando al alumno
a técnicas profesionales de amplio reconocimiento en el mercado de trabajo. Asimismo,
la complejidad y dmbito multidisciplinar de este Trabajo Fin de Grado le permite cubrir,
no soélo las diferentes especialidades del Grado de Ingenieria de Telecomunicacién,
sino también adquirir conocimientos y habilidades transversales o especificos de otros
campos de la Ingenieria, como la Mecanica o la Edificacién. Asi, ademads de software
especialista de cada uno de los campos mencionados, se han analizado y aplicado
técnicas avanzadas de mecanizado, fabricacién (soldadura utilizando técnicas de
reflow) o caracterizacién de diferentes dispositivos, entre otros.
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Glossary

ADIME Is a consolidated group of the College of Building Engineering of the University
of Granada, whose research focuses on the diagnosis of materials and structures
through mechanical tests and non-destructive methods (NDT)..

Altium Designer® 21 EDA software used to design PCB from schematics. It allows 3D
Design, as well as electronics simulation.

CircuitCAM CAM program for PCB and other related technologies from China. It is
supporting technologies for both prototyping and line production..

clone I-214 Type of poplar that comes from Populus x Euramericana, a hybrid of
Populus deltoides and Populus Nigra..

COMPOP Composite & Poplar, a project of building engineering school, consisting of
the development of engineering products made from poplar boards and sheets
with composite material inserts for use in construction.

CubeSat Miniaturized satellite normally for space research, with dimensions of 1dm?3
and mass lower than 1.33 kg per unit.

GranaSAT GranaSAT is an academic project from the University of Granada originally
consisting in designing and developing a picosatellite (CubeSat). Coordinated by
the Professor Andrés Maria Rolddn Aranda, GranaSAT is a multidisciplinary
project with students from different degrees, where they can acquire and enlarge
the knowledge necessary to face an actual aerospace project.

SolidWorks® CAD Software from Dessault Systemes for 3D Mechanical Design.
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Acronyms

ADC Analog to Digital Converter.

ADIME Actstica y Diagnéstico de Materiales y Estructuras.

CAD Computer Aided Design.
CAM Computer Aided Manufacturing.
CNC Computer Numeric Control.

CSA Construccion Sostenible de Andalucia.
EDA Electronic Design Automation.

FDM Fused Deposition Modeling.
FR4 Flame Retardant 4 (4 means fiber glass epoxy).

FRP Fiver Reinforced Polymer.

Glulam Glued Laminated Timber.

GUI Graphical User Inteface.
HP-GL Hewlett and Packard Graphics Language.

I2C Inter-Integrated Circuit.
IC Integrated Circuit.

IDIE Research and Development in Building Engineering, of its acronym in Spanish
(Investigacién y Desarrollo en Ingenieria de Edificacion).

IFAPA Investigacion y Formacion Agraria y Pesquera de la Junta de Andalucia.
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LVL Laminated Veneer Lumber.
MCU Micro-Controller Unit.
NDT Non-Destructive Test.

PC Personal Computer.

PCB Printed Circuit Board.

PGA Programmable Gain Amplifier.
PLA Polylactic Acid.

PROPOPULUS PROmovere POPULUS (from Latin).

SCH Schematic.
SoC System-on-Chip.
SOP-16 Small Outline Package, 16 pins.
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Chapter 1

Introduction

This Bachelor’s Thesis is presented as a compilation of the knowledge acquired
throughout the years of the bachelor’s degree and specially, during this project period.
It aims to reflect the engineering process behind the design, development, prototyping
and verifying stage of a product. The overall goal of the project is developing an
embedded system for monitoring wood made infrastructures, to be used in future
projects related with monitoring constructions, specially wood made constructions.

This Bachelor’s Thesis is carried out in collaboration with GranaSAT and ADIME
groups, both belonging to the University of Granada. Moreover, this project fits within
COMPOP research field, this will be explained in detail in Subsection 1.1.1.

GranaSAT is a group dedicated to different multidisciplinary projects which gathers
people from a variety of fields who are committed to acquiring new knowledge related
to Electronics and Aerospace Engineering. Since its origins, one of its main purposes has
been getting a CubeSat in orbit, however, today its goals goes far beyond, and a wide
range of devices and projects are developed in collaboration with different students and
enterprises, such as the subject of this project.

Figure 1.1 — GranaSat Logo

Embedded system for monitoring wood made infrastructures 1



2 Chapter 1. Introduction

ADIME is a consolidated group for Research and Development in Building
Engineering (IDIE) from the University of Granada, whose research focuses on the
diagnosis of materials and structures through mechanical tests and non-destructive
methods (NDT) with vibro-acoustic techniques (acoustic emission, ultrasound and
vibrations). The group conducts research and multidisciplinary knowledge transfer on
the border between Materials and Structures, Physics, Electronics and Signal
Processing. It has 4 active doctors, 2 researchers in training and solid collaborations
with different departments and companies. Currently, the group has a Testing
Laboratory for Structural Diagnosis and a Wood Workshop.

Invest ‘]O( on y Desarrollo en
INGENIERIA DE EDIFICACION
Universidad de Granada

Maberale 18y Eslruciuras

Figure 1.2 — IDIE-ADIME Logo

1.1 Prior art. Problem Statement

1.1.1  COMPOP Project

COMPOP is a project whose acronyms refer to Composite & Poplar. The project
aims to develop and mechanically evaluate new engineering products derived from the
combination of poplar wood and fiber-reinforced composite materials (FRP). COMPOP
is developed by the University of Granada (Building Engineering College) and the
Granada headquarters of the Instituto de Investigacion y Formacién Agraria y Pesquera de la
Junta de Andalucia (IFAPA), and has the support of the companies MAPEI SPAIN SA,
BASALTEX, the Bonsai Arquitectos studio and the Cluster of Construccién Sostenible de
Andalucia (CSA), moreover it is supported by The European Poplar Initiative,
PROPOPULUES.

For decades, construction in Granada has turned its back on a local resource highly
valued in other countries and that already it have demonstrated its validity for
structural use, poplar wood. Structural technical wood, represented in its clearest
expression by glued laminated wood (Glulam), nevertheless offers an enormous
opportunity for the development of a proximity industry at the service of a
construction aimed at: o waste, almost zero energy consumption, use of proximity
products and maximum carbon sequestration. Las Vegas of Granada and its avenues, as

Sharif Al-Husein Raie



a sign of cultural identity of our territory for more than a century, are the ideal raw
material for this.

In the past and to a large extent even today, lumber from tree trunks has been used
as beams and pillars for floors and roofs. However, the beams and pillars of sawn wood
contain numerous defects of wood as a biological material (knots, cracks, ridges, etc.)
and involve less efficiency forest use. Nowadays, however, wood construction in Europe
and Spain has clearly opted for industrial technical wood products made by joining small
boards or veneers joined together by toothed joints and structural glues. Thanks to that,
a product with better mechanical properties is achieved by eliminating large defects,
and it favors a greater efficient use of the trunk, then fast-growing species, like poplar,
produce trunks with smaller diameter take more relevance. Using this technology, there
is currently a construction boom with laminated wood (Glulam) and Laminated Veneer
Lumber (LVL) in Spain and Europe.

Non-reinforced Reinforced Non-reinforced Reinforced
LVL lumber LVL lumber Laminated Laminated

Figure 1.3 — Laminated Beams [15]

The goal of this project is to investigate, by means of experiments and analytical
calculations, the mechanical properties of new products made with poplar wood and
integrated composite material of carbon or basalt and analyze their viability for use in
the construction sector. For new products it is expected to have this properties:

Reduced weight.

Allowing the use of wood with less mechanical performance, compensating with
the performance of the other materials.

Better resistance, rigidity and ductility than non-reinforced materials.
* Less mechanical variability, reducing the influence of defects.

* Well resistance to fire, as the reinforcing element is embedded.

Following this goals they have develop different two meter long prototypes of glued

Embedded system for monitoring wood made infrastructures




4 Chapter 1. Introduction

ECO CONSTRUCTIOM g :
(Proof of Concept) - I 1 INDUSTRY

Wiood industry of
structural products
(24)

External skin Sty O
Strwctural (Therrmal and Is and plywood
. )l 3 pamnels a OO
Products [24) acoustic products) EZ;E. 20, 20)
{28)

External cladding

ro NJ

A GuSTi
conditioning
(209

Alriady existing Patential areas for
peoplar cultivation poplar cultivation

Figure 1.4 — Sustainable poplar construction [15]

laminated poplar wood beams with carbon fiber fabrics embedded between the wooden
boards

The first strategy that has been followed has been to include in its manufacture
carbon fiber fabrics typically used in the aeronautical industry, which give it a relevant
reinforcement of its mechanical properties. Researchers at IDIE have shown that it is
possible to improve the stiffness of rolled poplar beams by between 5% and 44%,
depending on the amount, type and location of the carbon fiber.

The sawn wood from this plantation provided an average modulus of elasticity of
7000 MPa (low value to be used as structural wood), the Glulam wood without carbon
tiber contributed an average modulus of 8500 MPa, which is a resistance class GL20h ,
whose structural use is totally viable. In addition, if carbon fiber fabric is introduced
into the poplar beam, it has been shown that the modulus of elasticity is 9300 MPa if it
is placed only in the lower zone of the beam and 10500 MPa if it is placed in the upper
and lower zone. In addition, the carbon fabrics provide an improvement in the ductility
of the structural element of up to 115%, thus being much safer against seismic events.

(@) Glulam single side reinforced ~ (b) Glulam double side reinforced

Figure 1.5 — Poplar laminated beams [13]
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The project has used as raw material poplar wood from clone I-214 extracted from a
g-year-old plantation located in Vega de Granada, in an experimental farm managed by
IFAPA, and whose plantation, growth and production of wood have been scientifically
analyzed during its years of life.

It is clear that by combining different materials it is possible to achieve better results
taking advantage of the particular properties of each material separately, but why use
poplar wood in particular instead of another one?

1.1.1.1 Poplar wood

The species of the genus Populus have a series of botanical traits of great importance,
which, together with the development of appropriate cultural techniques and industrial
technology, are the key to the generalization of poplar cultivation worldwide, known
generically as populiculture.

Poplar is one of the most efficient trees in terms of sustainability. It is one of the
fastest growing species in Europe and one hectare of poplar captures 11 tons of CO2
every year. Poplar also can be planted on otherwise useless land, thus optimizing land
use and increasing timber supply with a renewable source of raw material. It's speed of
growth also makes it an economically sound investment as revenue comes in relatively
short cycles. On the other hand, carbon emissions are reduced as the transport footprint
diminishes. [15]

S

Figure 1.6 — P-oplar Cultivation [16]

Poplar’s big advantage is its fast growth cycle when compared to other trees. It is
also a “local” species, as it blends optimally with agro-forestry and poplar plantations
positively impact local economies, benefitting rural development and employment.

As the substitution of non-renewable or unsustainable materials, like fossil fuels or
concrete, with renewable ones, such as wood, is a must in the journey to a more
sustainable economy and society, it is foreseeable that the industry will demand more
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and more timber in the future, and the high rotation of poplar makes it an extremely
efficient source of raw material.

Furthermore, the fact that poplar can be planted in plantations guarantees the
supply of locally produced wood, thus avoiding the need for the industries to import
material from third countries, keeping resources in our rural areas and so, improving
local economies while helping mitigation of climate change, as the logistics carbon
footprint diminishes.

For local economies, as poplar cultivation makes a profitable business, it pulls on
employment and development requiring both skilled and unskilled labour to grow it
and to transform it into products. Although this could stand true for any species of tree,
poplar plantations stand out in this issue as the poplar cycle is 12 to 15 years, a very short
span of time if we compare it with the 100+ cycle of oak! Actually, poplar cultivation
gets quite close to agriculture due to its speed of rotation. Lastly, the environmental
benefits of poplar plantations are most important since these green filters can hold up
to 70% to 90% of nitrates and 75% of the sediments. This provides an improvement of
infiltration in river areas due to the roots of the poplar trees which help avoid erosion
during floods.
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'Pnp{mx o teel against dimate change

Advantages of poplar wood

Wood is a sustainable, renewable, highly energy-efficient material with great potential to remove CO2 from the atmosphere and reduce carbon emissions.

®

WATER RECICLING FIGHT AGAINST CLIMATE CHANGE
Poplar groves allow water purification and Poplar have a high capacity to fix CO2 from the
Stabilization of river channels atmosphere and transform it into carbon that is

stored in its wood. One hectare recycles 20 tons of
CO2 per year, approximately

SUSTAINABLE ECOSYSTEMS

Poplar groves are an effective element in the fight
against greenhouse effect and are ecological

FAST GROWTH

corridors The poplar is a species of fast growth and short
cycle, adaptable to agroforestry systems
RURAL DEVELOPMENT

L - LOW WEIGHT
The exploitation of the poplar groves contributes

to the maintenance of the population in rural areas Poplar wood is very light and has a very
appreciated light color

Figure 1.7 — Poplar Wood Benefits [13]
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1.2 Project Goals and Objectives

In relation to the COMPOP project and having reached a phase where it is intended
to verify the viability of the materials developed in real constructions, there is a need to
monitor in real time the efforts supported by each element of the structure. Until now,
professional laboratory equipment has been used to characterize the stresses supported
by a beam, but in case of wanting to carry out measurements on a beam belonging to a
construction, this equipment is impractical due to its size and cost.

Therefore, ADIME researchers ask us for an electronic product capable of monitoring
an infrastructure by accurately measuring the supported forces through the use of strain
gauges. Moreover, the device must has reduced dimensions and weight.

Therefore, objectives listed in Table 1.1 must be understood as the author’s expected
results in academic and professional terms of the execution of this project.

Ref. Objective

Obi.1 Become familiar with the whole process of designing and manufacturing an
) engineered product according to customer. specifications

Obj.2 To familiarize with professional Requirements Refinement techniques by

applying the Engineering Model Process.

To generate enough and clear documentation of the whole process, which may
Obj.3 be required during the same project or just useful for future references or
designs.

To dynamically acquire multidisciplinary knowledge of different specialties as
Obj.4 needed during the execution of the project, featuring Mechanical and Building
Engineering concepts and techniques.

To demonstrate the knowledge acquired during Bachelor’s degree in
Obj.5 Telecommunication Engineering, as well as multidisciplinary abilities gathered
during the execution of this Bachelor’s Thesis.

Obj.6  To successfully overcome the subject Bachelor’s Thesis’.

Table 1.1 — Top-level objectives of the project
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1.3 Project Requirements

Let us consider a certain structure, a bridge, a building or something similar, made
with wood or some other material. This structure could be supporting different loads
at each moment due to different factors (people passing over it, a gust of wind, etc.)
In this case it would be interesting to know how much load the entire structure or a
single beam is holding at each instant and how much deformation each element of the
structure supports. Knowing these data in real time makes innumerable tasks easier,
such as the maintenance of the structure, its repair if necessary or even in the event
of an accident where the internal structure of the building ends damaged, it could be
evacuated immediately, reducing the losses as much as possible.

To address this problem and solve it by the most efficient way, we should satisfy this
requirements:

* Embedded system.

¢ Low power consumption.

* Reduced size and weight.

* Possibility of feeding it through different sources, such as solar panels o directly
from the mains.

e Wireless data transmission
* Real time data processing.

e GUI (Graphic User Interface), to make easier the user interaction with the device.

Embedded system for monitoring wood made infrastructures
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1.4

Project Structure

This project, divided into six chapters and an addendum, progressively analyzes the
system under development from different points of view, addresses the design tasks and
finalizes with the successful completion of the product.

These chapters are:

Introduction. This chapter, which is intended to be an introduction and show the
general objectives and the reasons which motivate this project. The prior art is also
included in this chapter.

System Analysis. This section addresses some proposals to meet the requirements
discussed in previous section and analyzes each element to be included in the final
solution, in addition to the project schedule.

System Design. It translates the technological solutions analyzed in the previous
chapter to actual systems able to execute the tasks required. The blocks structure
of the project introduced in the previous chapter is followed again, and each of
them is extensively treated, including details at all levels of the design task.
System Manufacture. The fourth chapter deals with system design. It translates
the technological solutions analyzed in the previous chapter to actual systems able
to execute the tasks required. The blocks structure of the project introduced in
the previous chapter is followed again, and each of them is extensively treated,
including details at all levels of the design task.

Validation. Once the device is designed and manufactured, chapter five addresses
a series of validation tests, in order to check that the system meets the
Formal Requirements defined and, consequently, the Functional Requirements.
Conclusions and Future Lines. Finally, chapter six includes the main conclusions
extracted from this Bachelor’s Thesis, as well as some future lines of work which
have naturally emerged during the design process.

Appendix A, in which the budget and associated cost of this project are detailed.
Appendix B, with Altium Designer® 21 detailed schematics and PCB views.
Appendix C, that contains the FW and SW code in C++ and python respectively.
Appendix D, where is inserted 3D views of the PCB and the last version of the full
device.
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Chapter 2

System Analysis

This second chapter tackles another phase related to analysis and requirements
definition. We will address some proposals to meet the requirements discussed in
previous section and analyzes each element to be included in the final solution, in
addition it will include the project schedule.

We start with a first proposal with which it is intended to meet the client’s
requirements, Figure 2.1 shows a general schematic of this possible proposal. There we
can identify three main blocks. First, there is the power block, it include all the
necessary for feeding the rest of the device, in this case there is a solar panel which
charge a simple battery. Also we need some electronics to protect the battery from over
discharge or overload, in addition to a voltage regulator to provide the needed voltage
to power the device. This block should give an electrical tension as clear and
continuous as possible to avoid dirtying the analog signal measurements. Another
solution is using a switching power supply plugged directly into AC power.

The next block is the PCB, the main board, where all the needed electronics is housed.
The transducer also should be connected to this board, the one most used for measuring
deformations is the strain gauge for more details see Section 2.2. Moreover, on this PCB
we can find the signal conditioner circuit whose main function is filtering the noise from
the signal and amplify it to adapt this signal to the next block input range, in this case
is an ADC, analog to digital converter. After that we can read the digital signal using a
MCU, package it and send it to the server using the transmitter module. If the device is
located in a place with mobile phone coverage, we can send the data by GPRS.

The last block is the receiver that gets the sent data and give it to the server. The
server is the responsible of analyze this data and show the results to the end user.

Embedded system for monitoring wood made infrastructures 11
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Figure 2.1 — Schematic First Proposal
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However, in this thesis due to the short time available, only the electronics block could
be developed in addition to a simple server that shows the data collected in real time
using a GUL The rest of the blocks (power and wireless transmission) will be left for
future projects.

In following sections, each element will be analyzed separately and explained the
reason for choosing a specific element instead of a different one that performs the same
function.

2.1 Micro-Controler Unit

The MCU is a fundamental element in the system and is in charge of monitoring all
the processes, therefore, among all the different options that we can find in the market,
we must choose one that has enough performance to process the amount of data required
in the process, however we should not take one with much higher performance because
it would increase the cost of the product without being sense.

2.1.1  PIC-18F4550 micro-controller

The first option we will discuss is using a PIC-18F4550 micro-controller with all the
external electronics needed and integrate all this in a PCB. This allow us to make a more
flexible and compact design with cheaper cost. However it will take more time in the
design and manufacture.

Figure 2.2 — PIC-18F4550 [26]

2.1.2 Arduino

This open hardware/software development board with abundant documentation on
internet, it is another good option to test the different components of the system easily
and quickly in this first prototyping phase. It allow us reducing the designing and
developing time, although prototype will be less compact and larger than other
solutions.
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Figure 2.3 — Arduino UNO [24]
2.1.3 ESP-32

Is a low-cost, low-power SoC micro-controllers with integrated Wi-Fi and dual-mode
Bluetooth. The ESP32 series employs either a Tensilica Xtensa LX6 microprocessor,
Xtensa LX7 dual-core microprocessor or a single-core RISC-V microprocessor and
includes built-in antenna switches, RF balun, power amplifier, low-noise receive
amplifier, filters, and power-management modules. [10]

This board is very versatile and it can allow us wireless communication using the
Wi-Fi.

Figure 2.4 - ESP-32 [55]

In this first version of the prototype, we are going to give more priority to the correct
operation of the transducer, as well as the signal conditioning circuit and the sampling
and retention circuit.

Once these components been correctly characterized and studied the noise and
interference levels, we can proceed with a second version where we integrate a
micro-controller in a PCB like the PIC-18F4550, but this will be the object of study of
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MCU PIC18F4550 Arduino UNO ESP32
RAM (KB) 2 2 520
Flash (KB) 32 32 448

EEPROM (B) 256 1240 - -
GPIO 35 20 34
CLK (MHz) 48 16 30
Price (€) 1.76 22.50 2.15

Table 2.1 — MCU comparative

another project.

In this case and looking at the Table 2.1, the ESP-32 provides better performance in
addition to the possibility of transmitting data by Wi-Fi. However, as I mentioned, we
will prioritize design and manufacturing speed in order to have the device operational
and be able to make all the required tests. That is why we decided to use an Arduino
UNO, in addition to the abundant documentation that we can find on Internet makes
the process much easier.

2.2 Strain Gauge Analisys

The experimental stress analysis is carried out by measuring the deformation of the
part under load, in order to infer the local forces from there. The knowledge of the
mechanical stresses supported by a structure is essential for appreciating the safety of
its operation. The tension generates deformations of the material to which they are
subjected and the relation between the magnitudes: strength and deformation, can be
explicated by the theory of Strength of materials or the Structure Calculation. The most
used transducer for measuring material deformation is the strain gauge, it sticks to the
structure, being subjected to the same deformation as that. The most used kind of strain
gauges are the resistive one.

The strain gauges have many applications, not only for measuring the stress, but also
in the measure of other physical quantities, in particular mechanical, in which the action
on a test body causes deformation that can be measured by strain, such as pressure,
force, acceleration, torque, etc. However, for this project we will focus only on stress
measure which is the most simple way for monitoring a structure. [1]

Figure 2.5 shows an linear strain gauge which can measure the strain in one direction.
This is one of the most used type of strain gauge.
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Figure 2.5 — Linear Strain Gauge

2.2.1  Physical Fundamentals

Consider the bar shown in Figure 3.1, which is applied an axial load, T. Without the
load, it has a length L1, its diameter is D1, and the cross-sectional area is A. If a load is
applied without exceeding the elastic limit of the material, the axial strain is given by:

-+ - _ - . L:Ll ; AL:L2—L1 (2.2.1)

pmTT T T oo m———m-——-- - -t T
D1 0 Q Ioz: e

L1 ioL2-L11

L2

Figure 2.6 — Axial load aplied to a bar

This represents the strain per unit length and it is related to the modulus of elasticity
or Young's, E, of the material, to the strength, T and the area A by the equation:

&g =——=— (2.2.2)

Equation 2.2.2 is known as Hooke law, it indicates that the strain is proportional to
stress and inversely proportional to the area.

As it is shown in Figure 2.6, when an axial deformation appears, a transverse
deformation also occurs in the bar. It is evident that there are an area variation due to
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the diameter variation. The ratio of the strain in the transverse direction between the
strain in the axial direction is shown Equation 2.2.3 and it is known as Poisson’s ratio.

v = e (2.2.3)
Knowing;:
D,—D AD
g = — 2D1 L D D1=D (2.2.4)

The minus sign in Equation 2.2.3 indicates that ¢; and ¢, have opposite signs. The
value of Poisson ratio should be experimentally determined and it is typically 0.3 for
many materials.

As we said, the most used kind of strain gauges are the resistive one. We are able
to know its deformation by measuring its resistance variation. Considering a conductor
with L length, A section and p resistivity, then its resistance according to ohm’s law is:

L
R = pZ (2.2.5)

Considering a wire with circular section and diameter D, the area A will be mD? with
m = 7t/4, whereas if the section is squared, m = 1. Then Equation 2.2.5 converts to:

L
R = p—sz (2.2.6)
If we derive the Equation 2.2.6:
mD? (L do + p dL) —2m pLD dD
dR = (mD2)2 (2.2.7)
1 dD

It corresponds with a unitary variation:

—_— =—-2—+4 — (2.2.9)

According with ¢, and ¢; definitions in Equation 2.2.3, it results:
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g, =— ; &§=— ; V= (2.2.10)

— =—42v —+ F (2.2.11)

The resistivity variation, dp, due to volume variation dV of the material, is known as
piezoresistive effect, which have the following expression:

dp av

? =C+ (2.2.12)
Where C is the Bridgman constant. Knowing that V = AL = mD?L, then:
dV = (2mDL)dD + (mD2> dL (2.2.13)
From Equation 2.2.10 the unitary volume variation will be:
dv. dD dL dL
v=SptT = (1—2v) T (2.2.14)
Keeping in mind Equation 2.2.12 and Equation 2.2.14, then the Equation 2.2.11 will
be :
dR  dL dL dL
f—f—i—%f—i—C(l—Zv)f (2.2.15)

The ratio 2R4R s known as gauge factor, K, its value is:
dL/L gaug

_dR/R

= JL/L 1+2v+C(1—-2v) (2.2.16)

In case of metallic materials, in elastic domain the Poisson’s ratio is 0.3 more or less
while Bridgman constant is practically equal to one, that’s why the gauge factor is about
2. Table 2.2 shows the characteristics of the principal materials used in resistive gauges.
The most used one is the constantan.
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MATERIAL COMPOSITION K FACTOR | RESISTIVITY (()/cm)
Nichrome V 80% Ni; 20% Cr 2.0 108
Constantan 45% Ni; 55% Cu 2.0 49
Karma | 74% Ni; 20% Cr; 3% Al; 3% Fe 2.4 130
Platinum 100% Pt 4.8 10
Nickel 100% Ni -12 7.8

Table 2.2 — Materials for Strain Gauge

For measuring the deformation of a structure the gauge will be glued to it surface,
then measuring the resistance variation and using Equation 2.2.16, it will be possible to
calculate the strain:

g = 1 AR (2.2.17)
"“K R =7
The value of K and R is provided by the manufacturer, then we only need to measure

AR for knowing the strain ¢, and also structure deformation.

It is possible to measure deformations with a single wire, however, it will be
necessary a lot of current for feeding it. That’s why we need 100 () resistance at least
and usually it is folded into a grid for measuring only in one place. In addition, the
gauges are manufactured with printed circuit methods reducing the thickness of the
mesh to eliminate the dependence on transverse deformations.

2.2.2 Temperature effects

In some cases during the measurement process we have to deal with temperature
variations and their effect on the circuit and therefore on the measurements taken. This
is an issue to take into account because our device will be located outdoors for long
periods of time. There is four effects of temperature changes on our circuit:

* Variation on gauge factor, K.
* The metallic grid lengthens or contracts.

* The support material of the metallic grid lengthens or contracts with a different
coefficient than the grid.

* Change the resistivity of the grid wire, then also the resistance of the gauge.

One way for eliminate this effects is using self-compensated strain gauges, they are
special gauges designed with appropriate materials for the grid and the support, that
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can reduce the effect. Another way to get it is with the electrical measurement system,
making use of passive gauges, called dummy, this method is analyzed in Subsection 2.2.3.

The Figure 2.7 shows a graph taken from the datasheet which represents the apparent
strain perceived in the gauge as a function of temperature, from —10°C to 120°C. We
can see that this gauges are calibrated at 20 °C where the apparent strain is 0 and it can
arrive to —130um /m.

-10- e .
B P "
o [
0] |
-509 |
-607
-707
-807
-907
-100;
| e
5=
i

=2

&s [pm/m] — k:

-10 0 10 20 30 40 50 60 70 80 90 100 110 120
T[°C]

Figure 2.7 — Apparent Strain in a gauge

To characterize this curve, the manufacturer provide us with a third-order
interpolated function. Equation 2.2.18 belongs to the curve in Figure 2.7.

s (T) = —21.44+1.99-T —515-10"2-T?> +228-10~* - T? [um/m] (2.2.18)

Taking into account this apparent elongation, the Equation 2.2.17 becomes:

AR

— =K (e+es) (2.2.19)

2.2.3 Measuring circuits

According with Equation 2.2.17, if K = 2, R = 120 () and we want to measure a strain
of 10~* = 100ue then the resistance will be:

AR = KRe = 0.024
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That supposes resistance variations about 0.02%. Then we need a very sensitive
circuits to measure such small variations. The most used one is the Wheatstone Bridge
which is represented in Figure 2.8, it is formed by two voltage dividers getting a
differential output, V,,; = V4 — Vp, that reduces the output noise in case of fluctuates
the source. The expression of the output voltage is in Equation 2.2.20

R1 R3
Vs

O ‘o

R2 R4

Figure 2.8 — Wheatstone Bridge

R R
Vout:VAB:VA_VB:Vs< 2 2 ):

Ri;+Ry Ri+R,

Ry (Rl + Rz) — R (R3 + R4) _

=V (2.2.20)
* (Ri+Ry) (R +Ry)
R1R4 — RyR3
=V,
(R1+ Rp) (R3+ Ry)
From Equation 2.2.20 we can say the bridge is balanced if RiRy = RyR3 or
equivalently % = ﬁ—i For simplifying we will use the same value for all resistance,

Ry = R = R3 = R4 = Rp. Assuming a general case in which the four arms of the
bridge have some transducer and therefore can present variations around the value of
Rp, considering the resistance of each gauge is R; = Ro + AR;, then Equation 2.2.20
could be simplified as:

Vs AR1 — AR, — AR AR
Vour = —>—— 2 310N (2.2.21)
4 Rq
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Generally there is no fixed rule for designating the components of the Wheatstone
bridge, in theory there are all kind of designations, this affects the measurements and it
all depends on the required application. With the different configurations of the bridge
it is possible to compensate the effects of temperature, obtain measurements of higher
resolution or measure deformations due only to bending or only to tension or
compression. The Table 2.3 collects some interesting examples.

Table 2.3 — Wheatstone Bridge Configurations

\ Configuration Expression | Description

Simple quarter bridge
ARy = ARz = AR, = 0 circuit with only one

AR; active gauge.

o R = K (e+es) ‘ .
80 0 It is not possible to
= measure the strain
= Voo Vs ARy due to Dbending or
5 T4 Ry tension/compression
2 V. separately (superimposed
a — 3

4 Kz + &) bending).

Vour 4

7 K €s Measurement depends on

the temperature.

Bridge with two strain
gauges, one actively
measures strain, the other
is mounted on a passive
component made of the
Ro+AR1 same material but not
strained (dummy gauge).

Temperature effect is well
compensated.

Normal and Dbending
strain cannot be separated
(superimposed bending)

Quarter Bridge with dummy strain gauge
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AR, Two strain gauges are
Ry K(e1+¢€s) |installed on opposite
AR, sides of the structure.
—— =K (g2 +¢5)
Ro Temperature effect is well
@ AR3 = ARy = compensated.
E g1 =& =¢
@ Separation of normal
= V. AR« — AR and bending strain, only
T — S0 772 | the bending effect is
4 Ro measured.
= E2K£ .
4 More resolution than
_ Vour2 quarter bridge.
Vs K
AR;
Ry =Ko +&) Two strain gauges are
ARy installed on opposite
. Ry K(es + &) sides of the structure.
7§J ARz = ARy = It is only sensitive
- F1=8 =& to normal strain
g independently of
&0 Vo Vs AR1 + ARy | bending.
5 out — 4 —RO =
Vs Temperature effect is not
= 2K (e +&s) compensated.
o Vout E e
=V R &
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o AR
%D R_Ol = K(e+es)
°>13 AR, Two active gauges are
g Ry K(e+es) installed on opposite
g AR, sides of the structure and
'g R Kes two passive gauges for
= A 133 compensate temperature
i 2 = Keg effects.
.-%D 0
= Sensitive only to normal
— V. train.
g Vout = ZS 2Ke strain
.%D Vout %
A Vs K
AR4
Ry K(e+es) Four active gauges, two in
AR, each side of the structure.
R_ =K (—S —+ SS)
A Ig Only bending effect is
) R (—e+¢s)
50 s measured.
g Ro
b=
~ % = K (e +¢) It have a higher output
— O .
2 signal.
V. Temperature effects are
V. “4K
out = ERE well compensated.
_ Vout l
Vs K

Table 2.3 — Wheatstone Bridge Configurations
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2.3 Schedule and Gantt Chart
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Chapter 3

System Design

In this section we will address the entire design process of the embedded system,
starting with the design of the PCB, for that we used Altium Designer® 21 program,
that is one of the most used tools for designing printed circuit boards. Then we will
continue with the design of the case that will protect the device, for this we will use
the SolidWorks® program. The whole manufacture process of the PCB and the case
according to the design criteria will be explain in Chapter 4.

3.1 Hardware design

The main Hardware elements will be included inside a PCB to deal with them and
test them in an easy way. Inside this PCB we should include all the required electronics
for measure the resistance variation of the strain gauge and thereby calculate the
deformation. Therefore, we should be careful with this tiny analog signal and avoid
interference from different noise sources, such as the power supply or the wireless
communication, to get measurements as clear as possible.

This first version of the PCB aims to check the operation of the signal conditioner
circuit together with the module HX711 which is formed by a PGA (Programmable Gain
Amplifier) and an ADC (Analog to Digital Converter). Moreover, the noise level in the
Wheatstone bridge will be tested when the circuit is fed by different sources. Therefore,
its professional finish will not be cared for and that is why we will use a simple Arduino
UNO. This will allow us to have the PCB working in the shortest possible time. After
testing this board, it is intended to design another version with a more professional
finish, correcting the errors that the first one may have and using a microcontroller
soldered on the PCB instead of the Arduino.

Starting with the general diagram shown in Figure 3.1, the board will consist of an
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Arduino UNO (a) in charge of reading the analog signals through the ADC and sending
them to the PC (b) for analyze them in real time. The module HX711 (c) is formed by
a PGA that allows us to select different value of gain, an 24 bit ADC and also it has
got on-chip power supply regulator for feeding the Wheatstone bridge reducing electric
noise as much as possible, in addition it has got two channels to measure simultaneously
different signals, all that in a single 16 pin SOP-16 package, that make it a very versatile
device.

The board will also have the Wheatstone bridge resistors embedded, Figure 3.1 (d)
and connected with the strain gauges though a connector (g). Finally we will include a
small display (f), controlled by I2C for debugging purposes. Every single block will be
explained with more details in the following sections.

|

|

|

[ ] |

. |

Display |

5v % |

|

sv PC |

usB -

GND |
ARDUINO %\

=] |

|

|

Figure 3.1 — PCB Diagram

3.1.1 HX711 Module

This module is designed for weigh scales and industrial control applications to
interface directly with a bridge sensor. Figure 3.2 represents the block diagram of the
module, we can differentiate the following main blocks:
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* A input multiplexer to select a differential input from Channel A or B and carries
the signal to the (PGA)

e The PGA is a low noise programmable gain amplifier. It can be programmed with
a gain of 128 or 64 for Channel A, then when the AVDD pin (analog power) is
connected to 5 V, the full-scale differential input voltage will correspond to +20
mV or +40 mV respectively. Whereas channel B has a fixed gain of 32 and the
input full-scale will be +80 mV, when the analog power is 5 V.

e 24 bit ADC

* On-chip Power Supply Regulator. It eliminates the need for an external supply
regulator to provide analog power for the ADC and the Wheatstone Bridge.

* A flexible input clock, it can be from an external clock source, a crystal, or the
on-chip oscillator that does not require any external component.

* Selectable frequency of sampling between 10 SPS or 8o SPS.

$8550 Vsup

. 2.7~5.5V
i R2  Ri1
10uF
Load cell g VFB BASE 7 VSUP DVvDD
=== AVDD
; i - ! T 4
. ! +
! ! — Analog Supply Regulator
! ] INAI-_ DOUT
! i — - To/From
; ! I Digital PD_SCK MCU
- Input 24-bit TA Interface [&—_J}——
INB+ MUX ADC
> PGA
INB- Gain = 32, 64, 128 —RATE
O
VBG Internal
| ] Bandgap Reference Oscillator HX711
O.lqu T *

éAGND

ém L xo

Figure 3.2 — HX711 Block Diagram [20]

Using this module allow us to simplify the signal conditioner circuit, the hold and
sampling circuit and the voltage regulator for feeding the bridge with a only device
with SOP-16 package. This fact simplify the entire design process and reduce the costs.
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However later we should test the device performance and validate if the level of noise
are under the project requirements.

Figure 3.3 - HX711 SOP-16 Package

In this first PCB version we will use the HXy11 integrate soldered in a shield as
Figure 3.4 shows. That will simplify the design process and will allow us to have the
PCB ready to test earlier. For use this shield we only need a 5 V power supply and
connect it to the MCU by two digital pins, CLK and DT.

g |

Figure 3.4 — Shield with HX711

In Figure 3.5 it is shown the connection of the HX711 shield to the resistor bridge
from one side and to the MCU from the other side. In addition there are a couple of
bypass capacitors, a ceramic one with 100 nF and the other is electrolytic with 100 uF.
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Wheaston Bridge ADC - HX711
AD1
1 1 +5
o > E+ 10 -T .
2 R1 3] 5 Vee = SCK - Pin4
< | ——— SCK [
Al 1206 A o1 Dout - Pin
B B- GND
1 6| g e
l:::IJ3 o e
o1 - & = 0603
o2 HOOuF  JL0ONF
3
A il
7 e
s lre
3120 3120
1206 1206

(&
Jumper 1 to connect/disconnect R3.
If 1 and 2 shorted, J1-3 and J2-1
must be empty,without any gauge
connected.

Figure 3.5 — HX711 module connections

3.1.2 Wheatstone Bridge Configuration

Firstly, for our application, where the device will be located outside under frequent
temperature changes, we need a circuit that allows us compensate this temperature
effects. The simplest one of all those exposed in Table 2.3 is the Quarter Bridge with a
dummy gauge. For this configuration we need two strain gauges connected to the
Wheatstone Bridge and as can be seen in Table 2.3, this circuit is quite similar to the
Half-Bridge circuit, with the only difference that one have a dummy gauge while in the
second both gauges support tension. Then we can change from one configuration to
another only changing the position of the second gauge. That will allow us to test both
configurations, but we should remember that the output signal of the Half-Bridge circuit
has twice the amplitude of the Quarter Bridge one, that could saturate the input of the

next stage, the amplifier.

Furthermore, this purpose of this board is to test the different elements of the circuit.
Then it would be interesting to compare this bridges configuration with the simple

Quarter Bridge

Then to combine all these configurations according to our needs we will implement a
circuit like the one shown in the Figure 3.6, where the element “J1” is a jumper. When
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the jumper is close we can measure from a Quarter Bridge and when it is open from a
Half Bridge or a Quarter Bridge with dummy gauge. Also we will use some connectors to
connect one or two gauges depending on each case.

Iz R
Hpe

Figure 3.6 — Multi-Configuration Wheatstone Bridge

The output of the Bridge in Figure 3.6 goes to the channel 1 of the module HXy11,
which has another channel. For this second one we need another Bridge so we will
implement another simple Quarter Bridge with its connector for the gauge as we can see
in Figure 3.7 and then we can also compare the differences between both channels.

Vcc

R» R4

Figure 3.7 — Quarter Bridge for HX711 second channel

3.1.3 Strain Gauge Connectors

Depending on the circuit configuration used, we can have one, two or even three
strain gauges connected at the same time. In this case we will use the connectors that
are shown in Figure 3.8 which have three terminals, several of them can be joined to
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form a more solid set thanks to the tabs on their sides. In this case, each strain gauge
will be connected throw two wires, then we will need two connectors like this.

Figure 3.8 — Strain Gauge Connector [19]

3.1.4 Display OLED

In this version we will include a small Display for different purposes such as showing
different debugging messages or display the data measured. The display used is a 0.96”
OLED controlled by I2C interface, the Figure 3.9 shows the display.

Figure 3.9 — Display OLED [>3
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3.1.4.1 I2C communication

[2C communication standard is the mostly widely used inter-chip communication
standard in today’s electronic systems. It is an open-drain/open-collector
communication standard which implies integrated circuits (IC) with possibility to
connect different voltage supply rails for communication.

Pullup resistors need to be connected from the 12C lines to the supply to enable
communication. The pull up resistors pull the line high when it is not driven low by
the open-drain interface. For enabling I2C communication without troubles we should
design properly the values of this resistor, a wrong value of pullup resistors can lead to
signal loss.

The minimum value of the pullup resistor is determined by the maximum voltage
level that can be read as a valid logical low by the input buffers of an IC. While the
maximum value for this resistors is limited by the capacitance of the bus (C,) and the
standard rise time specifications. Keeping in mind that the rise time of an RC circuit is
characterized by the constant RC, then if the value of R is too high, the I2C line may not
rise to a logical high before it is pulled low.

Figure 3.10 is taken from the Arduino UNO micro-controller data-sheet
(ATmega328P) where the 12C requirements are specified and the limit value for pullup
resistor is:

Ve — 04V
Riin = —CC3 A (3.1.1)
300 ns
Rmax — C (3.1.2)
b
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Symbol | Parameter Condition Min Max Units
Vi Input Low-voltage -0.5 0.3V¢e
Vin Input High-voltage 0.7Vee Ve + 0.5 v
Vi Hysteresis of Schmitt Trigger Inputs 0.05Vc? -
Vo ! Output Low-voltage 3mA sink Current 0 0.4
t M Rise Time for both SDA and SCL 20 +0.1C,0@ 300
to ! Output Fall Time from Vjpmin 10 Vi max 10pF < C,, < 400pF® 20 +0.1C,¥0@ 250 ns
tgp! Spikes Suppressed by Input Filter 0 50
l; Input Current each I/0 Pin 0.1V < V< 0.9V¢ -10 10 vA
c” Capacitance for each I/O Pin - 10 pF
fscL SCL Clock Frequency fox® > max(16fgg, , 250kHz)®) 0 400 kHz
fgoL < 100kHz Vec—0.4V 1000ns
3mA C,
Rp Value of Pull-up resistor Q
fscL > 100kHz Vee—0.4V 300ns
3mA C,
fsoL < 100kHz 4.0 -
tho.sTA Hold Time (repeated) START Condition
’ fsoL > 100kHz 0.6 -
fscL < 100kHZ® 47 -
tow Low Period of the SCL Clock
fscL > 100kHZ™ 1.3 -
fscL < 100kHz 4.0 —
thigH High period of the SCL clock ps
fsoL > 100kHz 0.6 -
fsoL < 100kHz 47 -
tsu.sTA Set-up time for a repeated START condition
’ fsoL > 100kHzZ 0.6 -
fsoL < 100kHz 0 3.45
tppar Data hold time
fscL > 100kHz 0 0.9
o fscL < 100kHz 250 -
tsus ata setup time ns
SupAT fooL > 100kHz 100 -
fsoL < 100kHz 4.0 -
tsu.sto Setup time for STOP condition
’ fsoL > 100kHz 0.6 -
I us
t Bus free time between a STOP and START fscL < 100kHz 4.7 -
BUF condition fscL > 100kHz 13 —

Figure 3.10 — [2C Requirements for ATmega328P [>1]

Then we need to estimate the capacitance of the tracks to calculate the maximum
value for pullup resistor. For that we will use a program called Saturn PCB, which is
a very useful tool for make microstrip calculations. In Figure 3.11 we can see the main
parameters of a microstrip line with 0.8 mm conductor width, 1.6 mm insulate height
and 400 KHz frequency. In this conditions, the capacitance of the track will be C, =
0.6362 pF/cm and if our track length is about 7 cm, then C;, = 4.45 pF.
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Conductor Impedance Options

Conductor Width (W) Base Copper Weight units

o e Sr
Qi ® Metric
O 35um

Conductor Height (H) O 52um
O 8gum

quency (MHz) i, FR-4 STD
Plating Thickness 230
2 O are PCB

rote: O 18um Temp Rise (°C)

This calculator uses a complex formula, not the simplified ® 35um

formula. Results track the Sonnet 3D solver. O 53um 20
O 70um
Q 8sum
O 106um

Er Effective = 3.0929 o

2.2280 Oh Passive Circuits HREENE TENE Y
m ® wicrostrp TR -
O Microstrip Embed —
5 4117 nH/cm O stripline
& O stripline Asym

6362 pF/cm O pual Stripline
Print Solve!

O Coplanar Wave

Tpd
58.6772 ps/cm Information
Total Copper Thickness Via Thermal Resistance

53 um 179.3 °C/W
Via Count: 10

N Follow Us Conductor Temperature 17.9 °C/W per via
Via Voltage Drop

Temp in (°C) = N/A
:- PCE.?E%:'EN'NC f[v]in]o sSng v

Figure 3.11 — Track characteristics with Saturn PCB [27

Therefore, from Equation 3.1.1 and Equation 3.1.2 the limit values for pullup resistors
are:

* Ryin = 1.53 KO

* Ry = 67.42 KQO)

In our case we will use 4.7 KQ) pullup resistors. In Figure 3.12 is represented the
schematic of the display with I2C buses pulled up with a couple of resistors and a 100
nF bypass capacitor.

Displ
+5 +5
= R4 IRS
82 4d g 47K 347K
+5 >0 n 0603 0603

L
1
3
4 |
%)
o
>

——C3
[ 100 nF
= 0603

GND

Figure 3.12 — Display connection schematic
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3.1.5 Micro-Controller Unity

The Figure 3.13 shows the connection of the PCB MCU, in this case an Arduino
UNO, with the different components of the PCB. We have included three LEDs and
three switches, one switch is for reset the Arduino while the other LEDs and switches
can be used for different purposes.

A d = AArduinoispowereddirectlybyUSB,a\t
r Uan the same time that it sends the data to the
computer.
ARDL
[

[2 Sll 4] 3| peo/reser PC5/SCL/ADC-5/PIN-19 (28— SCL_
J—: —2¢c] PDO/RXD/PIN-0 PC4/SDA/ADC-4/PIN-18 iél SDA
GND —3&] PD1/TXD/PIN-1 PC3/ADC-3/PIN-17 (25—

) —34c! PD2 /PIN-2 PC2/ADC-2/PIN-16 (i
DoLtEIng 5c1 PD3 /PIN-3/PWM PC1/ADC-1/PIN-15 (24—
6 23
S PD4 /PIN-4 PCO/ADC-0/PIN-14 [x&—
+5
—1 VN GND 22
21
& oo ARDUINO UNO AREF —=—
9 20 =
" 5v IOREF 20— =
— 3V3 19
PB5/SCK /PIN-13 kit~
8 PINI2
e | o e PB4/ MISO/PIN-12 qm
= 12,0 pp6/PWM/PIN-6 PB3/PWM/MOSI /PIN-11 ———=
GND L 16 PIN10
i PB2/PWM/PIN-10 jartl T8
—3¢! pD7/PIN-T 90 @ o oING
a9 PBL1/PWM/PIN-9 o> PINI
3 2
UWgsgg¢e PBO/PIN-g [idPING
"EEF PP
GND
o
g g 2 2 2
e z = = =
& o
of<| o« R6 R7 RS
100 100 100
E‘ o E‘ 3 0805 0805 0805
< < <
y‘ JLEDL SLED2 \/WLED3
|~ |y
i
_L_
GND

Figure 3.13 — Arduino schematic connection
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3.2 Firmware design

This section will explain the main program of the Arduino Uno, whose basic
function is read from the ADC and send measurement by serial port to the PC.
Figure 3.17 represents the flowchart of the Firmware.

It begins when the Arduino is switched on, firstly the different used pins are assigned
as input/output as required. Then, the micro-controller starts serial communication,
initiates the HX711 module and keeps waiting until receiving the measure configuration
selected by the user from the PC.

When the Arduino receives all the parameters needed from the computer and receives
the start command, it begins measuring data with a rate of 10 SPS and send them by
serial port.

Before sending data to the PC we should package them to avoid losses. In Figure 3.14
is shown the package format. Every data packet has 13 Bytes length, the first 4 Bytes
represent the header, the following 9 Bytes are the body of the packet, the first Byte in
the body bellongs to the gain then 4 Bytes for measured data and another 4 contain the
time when the data was acquired.

Moreover we need another package format to contain other type of messages and
commands. This messages are shorter, 5 Bytes only, Figure 3.15 shows more details.

13 Bytes
A
+ + o 00 + o 0o 0
Gain v Y
1 Byte Measurement Data Time Data
4 Bytes 4 Bytes

~— \_ _/
4 ytes v

Body 9 Bytes

Figure 3.14 — Data Package
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5 Bytes

T

+

~—

Header Message
4 Bytes 1 Byte

Figure 3.15 — Message Package

4 Bytes
Header

F_/\

+ +

¥ N Y

1 Byte N pack 1 Byte

2 Bytes

Figure 3.16 — Packages Header

Figure 3.16 identify the different components of each packet header. The first Byte is
for the Id it can take some diferent values that are recopiled in Table 3.1.

Id Utility
0x00 Info
0x01 Channel A data
0x02 Channel B data
0x03 | Setting parameters
0x0 4 Command

Table 3.1 — Id combinations

Info Mess Utility
0x00 Received pack (ACK)
0x01 All OK and ready
0x02 OLED disconnected
0x03 OLED connected

Table 3.2 — Body info message
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Commands Utility
0x00 Stop measuring
0x01 Start measuring
0x02 Restart data
0x03 Tare

Table 3.3 — Command messages

Set Parameter Utility
0x00 Single channel mode
0x01 Dual channel mode
0x02 Auto-Gain selection ON
0x03 Auto-Gain selection OFF

Table 3.4 — Set parameter messages
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Figure 3.17 — Firmware Flowchart
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3.3 Software design

In order to improve user interaction with the device, we will implement a graphical
interface (GUI). For that purpose we will use Qt designer which is a very useful tool for
make graphic interfaces using python as programming language. Figure 3.19 shows the
Qt development interface with the elements used for the GUL

Figure 3.18 — Qt designer logo [10]

I Qt Designer = x
Archivo  Editar  Formularic Vista  Configuracion  Ventana  Ayuda

DB O HERE NEHEEE BE
s

Caja de widgets | Inspector de objetos & x

[Fitro || eretport | v Ftter

= T =11k I i S i : S i = S =
ayouts A" paudRate| 4 b S : b - i b Objeto Clase

=

[=3 Vertical Layout - ~ MainWindow QMainWindow

[I] Horizontal Layout Ee v H centralwidget QWidget

B8 Grid Layout oGl v B vetticallayout 5 = QuBoxLayout |,

= Single Chanel O Dual Channel

3 Form Layout Editor de propiedades & x

[ Automatic Gain Adjust

v Spacers
Horizontal Spacer

[Fire | = s

MainiWindow : QMainWindow

i

E vertical Spacer
Conrect Disconmect Propiedsd
| i e I Y ] = 2% E ¥ : E e i s i
T [ B | swp - £ > : £ > = £ T
[ oot Button Clear ot Tare dg
@ FRadio Button T wm:lo:rMndshty nModaI
[ enable
Check Box
5 5 geometry 10,01, 1133x 725]
CommandLink Button ] P > sizePolicy [Preferred, Preferred, 0, 0]
Dialog Button Box ! & =2 - = * : = . - = > minimumsize 0x0
v ftern Views (Model-Based) L et 2id P menumSee 16777215 x 16777215
E List View > sizelnerement 0x0
R Teeview 5 baseSize 0x0
= [ = e * : e * = e Fakts esctado
Table View font A__IMS Shell Din 2 81 *
Column View MNavegador de recursos & x
Eover e L e
2 Item Widgets (Item-Based)
| e tidgets (tem-Sased). <resource root>
[5] vList widget
] Tree Widget ¥ = E
5] Table Widget o
s Container b K3 > Exitor de sefiales| Editor de acd Navegader de rec

Figure 3.19 — Qt designer development interface

Finally, we can import this interface into a python program, then we can compile it
an get something like Figure 3.20.
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5 MainWindow - m] x

Serial Port -

Baud Rate (9500

Channel Config.
@ single Channel () Dual Channel
Automatic Gain Adjust

Connect Disconnect
Start Stop
Clear Plots Tare
Save Data
Chanel A Saturation . 24%
Chanel B Saturation . 24%

Select Serial parameters then dlick on
Connect

Figure 3.20 — GUI developed with Qt
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Chapter 4

System Manufacture

In this chapter we are going to explain the whole manufacturing process of the
different elements of the project, starting with the PCB and then the case to protect it
from any damage. For that purpose we have used some CAM and CAD programs and
some CNC machines, such as a milling machine or a 3D Printer.

4.1 PCB Manufacture Process

All our PCBs are manufactured in the lab using the mechanical etching technology,
for that purpose we have available a PCB milling machine, we can see it in Figure 4.2.
One of the advantages of using this technology is that you do not need toxic chemicals.
However, we cannot make plated drills on the PCB and we do not have the needed tools
to make the solder surface mask. These facts are not really a problem if we consider
some parameters at design time.

etch bit milled

\ /cha\nnel

coppércliad

Figure 4.1 — Mechanical Etching [25]
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Figure 4.2 — Milling Machine

4.1.1 PCB Design

Using Altium Designer® 21 we should export the schematics, explained in Section 3.1,
to a PCB design. After placing the components and routing the tracks, we obtain the

layers shown in Figure 4.3. As it is shown the PCB has dimensions of 66 x 92 mm.

In Figure 4.4 we can see each layer separately, the Top Layer on the right, Bottom Layer
in the middle and the Mechanical Layers at the left, this mechanical layers

132, 00

Figure 4.3 — PCB Multi-Layer View
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However using this milling technology we should not retire the ground plane because
it would take a long time for that. Then our PCB will look like these in Figure 4.5. Having
a ground plane provides us with some advantages, such as dissipating heat from the
components or reducing the electromagnetic radiation that the device could generate.

4

&8

®
®
®
®
®
O]
®
®
®
®
®
®
®
©®

Figure 4.5 — Top and Bottom Layers with ground plane

Figure 4.6 shows all the drilling on the PCB and its diameters. The two holes that are
seen outside the board, one above and one below, with a diameter of 2.5 mm, they are
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used as fiducial holes at manufacture time taking them as reference when turning the

copper board.
v
v v
U g
oood
O
7
DD%
O
0 9 H
U 0
| 0
H | 0
0 O
0 g
O O %
.- 53,0
%D O ] %
i ™" o :
O o 000 O
Drill Table O 0 O O
Symbol | Count | Hole Size | Plated | Hole Tolerance OO0 0000 DDEDDD
O 82 0.90mm | Plated v
O 6 1.20mm | Plated
v 6 2.50mm | Plated
94 Total

Figure 4.6 — Drill Drawing View

The copper boards used for manufacture the PCBs has a thickness of 1.6 mm, with
70 uym of copper on each side and a 1.46 mm of dielectric (FR4) between them. Figure 4.7
shows more details about PCB Layer Stack.
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Material Layer Thickness Dielectric Material Type Gerber
Top ay Legend GTO
Surface Material Top Solder 0.01mm  Solder Resist Solder Mask GTS
Copper Top Layer 0.07mm Signal GTL
1.46mm FR-4 Dielectric

Copper Bottom Layer 0.07mm
Surface Material Bottom Solder 0.01mm  Solder Resist
~ Bottom Ov

Total thickness: 1.62mm

Figure 4.7 — Layer Stack Legend

Finally, Figure 4.8 and Figure 4.9 show some realistic views of the final PCB design.
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Figure 4.8 — Top and Bottom realistic view
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Figure 4.9 — 3D Realistic View
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4.1.2 Generating Manufacture Files

From the PCB design in Altium Designer® 21, the firs thing to do is export the Gerber
tiles, we need to export the top and bottom layers in addition to a couple of mechanical
layers used to include some text on the PCB.

For the next step we need to import and process Gerber data into useful assembly
data, for that we use CircuitCAM program which is a CAM software for PCB and other
related technologies from China. It is supporting technologies for both prototyping and
line production.

In CircuitCAM program we can import Gerber files generated previously getting
something similar to what is shown in Figure 4.10. After that we should calculate the
track insulate, which are the paths where the cutter will pass. Then we can export in
HP-GL which is the only format permitted by the machine program, Route Pro 2000, in
Figure 4.11 we can see the main window of the program.

£ Placa_V00.cam - CircuitCAM Laser = X
File Edit View Inset Select Toolpath Modify Display Settings Help
DralEd = RIS s 2 P E Audlia & s
B 00 - ® Y 2o GO [ARNRAN ik [E] ] a  mm - e B 1w

Layers o

EEIEET
V..| Name

& Auxiliar_comen...
& Fiducial

© TopLayer

| Bottomlayer

@ DrillPlated

~ |@ Drillunplated

@ BoardOutline

@ TectTop

@ TextBottom
"M@ cuttingOutside

Bo abessay [

Commn

-k

Properties

=] Document information
User
Organization
Location
Serial Mumber
Underlying CATfile C

Time stamp

A TN M

Comment

2 Properties /- Set Cursor
For Help, press F1 0 0/0mm CAP NUM SCRL

Figure 4.10 — PCB layer in CCAM
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RoutePro 2000

BUNGARD ?
e s B e |

\SEL/

¥225.040906

i Drill Parameters
Scale Offset

X |1 |160 |0 <X <o
Y. |1 |0 o % 2D

Board Base Dffset ] View ] _
i+ Drillin
p: 15 50 3 |11 q
Config " Routing
Update Data Tools I Panelize ] .

Drill file x|
Route file 5]‘
Config file ]D:\SW\Houlter_ZI]I]I]\rp2I]I]I]_Iaser\mutepm_lpc

B3

&

B
| ] Quit

Figure 4.11 — Route Pro 2000 Main Window

4.1.3 Using Milling Machine
The whole fabrication process is explained in this video (Click here).

In the following figures there are some photos of the manufacture process. In
Figure 4.12 there is a board with the drills done for the via and through hole
component pads, while in Figure 4.13 PCB tracks are being milled.

—

i?igure 4.12 — Drilled Copper Board

Sharif Al-Husein Raie


https://granasat.ugr.es/2021/05/aprende-a-convertir-tus-disenos-de-pcb-en-realidad-en-el-laboratorio/

55

Figure 4.13 — Track Milling

Finally, in Figure 4.14 we can see the result of the PCB manufacturing process, from
top and bottom side while in Figure 4.15, the PCB with all components soldered.

4

Figure 4.14 — PCB manufactured, TOP and BOTTOM sides
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Soldered components on PCB

15 —

Figure 4
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4.2 PCB Protection Case

For design this case we have used SolidWorks® program. Figure 4.16 shows different
views of the first version designed housing for the PCB. This first version is made up
of two pieces, the board is inserted inside them and they fit together. In addition, on
the top side, there are three buttons that allows us to push the switches on the PCB.
Nevertheless, it does not have a window to view the display because at first time we
thought it would be unnecessary. But, later we decided to use it for display some data
and debug some errors in the firmware, then a second version was designed.

Figure 4.16 — PCB Housing Vo1

The second version is very similar to the first one with the only difference of having
a window to see the display. Figure 4.17 shows the second version of the housing.

To manufacture all this parts we have used a FDM (Fused Deposition Modeling) 3D
printer that we can see in Figure 4.18. While in Figure 4.19 and Figure 4.20 there are
both version of the housing assembled with the PCB inside.
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Figure 4.17 — PCB Housing Vo2

Figure 4.18 — FDM 3D Printer
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(b) Other side

Figure 4.19 — Assembled housing Vo1

Figure 4.20 — Assembled housing Vo2
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4.3 Beautifying sticker

In order to cover some imperfections of the 3D printing in addition to showing text
to identify the buttons and connectors, we will design and print a sticker.

For that purpose we need some additional tools, for cutting the sticker we need a
cutting plotter, the Silhouette Cameo 4 which has his own program, Silhouette Studio
for designing and control the machine at the same time, this will make the process easier.

silhouette

Figure 4.21 — Silhouette Studio Logo

4 In figure Figure 4.22 we can see the Silhouette Studio interface with our sticker design.

4 oisero

>e@Ii & B[]

N =N 0N U

N

NP

Figure 4.22 — Silhouette Studio Interface

After the design is done we should print it with a normal printer over an adhesive
paper. Then we can cut it using the cutting plotter, Figure 4.25. It is true that it can be
cut using normal scissors but with this plotter the finish is cleaner, especially in the area
of the buttons where it is difficult to access with simple scissors.
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\
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Figure 4.23 — Cutting Plotter

Finally, in Figure 4.24 we can see the sticker resulted and in Figure 4.25 the sticker
glued over the device.

Embedded System for Monitoring |
Wood made Infrastructures

V-01

igner:
Sharif AlHusein Raie

Supervisor:
Andrés Roldan Aranda

Figure 4.24 — Sticker
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Embedded System for Monitoring
Wood made Infrastructures

B

Figure 4.25 — Sticker glued on the device

4.4 HW/SW Manufacturing Tools

In this section, as a summary, the different tools used throughout the manufacturing
process will be shown, both the design programs and the machines that intervened in
the process.

In the Figure 4.26 there are some of the useful tools used in the manufacture process,
like a vertical drill, a solder station, a saw or an electric sandpaper.
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Figure 4.26 — Some used tools
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Chapter 5

Validation

This fifth chapter is used to validate the solutions proposed in this Bachelor’s Thesis
and check the accomplishment of the goals of the project.

To test the complete product, we will use poplar wood beams with glued strain
gauges, then we will subject them to destructive or non-destructive forces. For that we
will use a press and then we will compare the results with a professional equipment
measurements. All this will be done in the materials laboratory of the Building College.

5.1 Manufacture of Wooden Beams

Before doing any test we should prepare the needed wood beams. For this we will
use Glulam technology, shown in Figure 5.1, that is a product formed by gluing some
planks, with thicknesses between 6 and 45 mm. This product can eliminate defects such
as knots, allow efficient use of forest and have more homogeneous characteristics.

In Figure 5.2 there are some beams glued and they are keep to dry.

Figure 5.1 — Glued Laminated Timber [13]
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Figﬁre 5.2 — Glulam Beams manufacture

If we want longer beams, we can join two wooden planks to get a longer one but, any
joint that butts end grain to end grain will be weak because we are gluing wood fibers
at their porous ends instead of along their sides. Then a solution for that is use finger
joints. In Figure 5.3 we can see the machine used for make the finger joint cuts. While
in Figure 5.4 there are some wooden boards ready to join.

Figure 5.3 — Finger joints timber Machine
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Figure 5.4 — Finger joints timber

5.1.1 Strain Gauges Preparation

After the beams dry we can place the strain gauges in the center of each beam and to
ensure that all the tension subjected to the beam will be transmitted to the strain gauge,
we must attach them with a special glue, like the one shown in the Figure 5.5.

Figure 5.5 — Special Glue for Gauges
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To stick the gauge, a little glue is applied to the surface, the gauge is placed on top
then we apply pressure on it letting it to dry for a few minutes. All this process is
summarized with the Figure 5.6.

5.2 First Test

In this first test we place two gauges, one next to the other and measure at the same
time from our device and from a professional device from the manufacturer HBM. Our
device was measuring from channel A with a gain of 128.

This first test was non-destructive one, its purpose is apply strength to the beam
making it flex but without reaching the breaking point. After that we retired the strength
applied previously. To apply strength to the structure in a controlled way we used a
special press which we can see it in Figure 5.7.
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Figure 58 — HBM and our device

Figure 5.9 shows the data acquired in this first test. We can see that the curve of the
graphs of our device follow quite well those of the HBM equipment. However, it may
need calibration, although with this test this fact cannot be assured because it was done
on an anisotropic material like the wood, this means that the performance of the material
will change from one area to another.
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Figure 5.9 — Test 1 Non-Destructive
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5.3 Second Test

The purpose of this test is compare the performance of both channel of the ADC.
Kipping in mind that each channel have different gain, channel A have a selectable gain
of 128 or 64, while channel B is fixed to 32. Therefore each channel will have a different
offset and then each one should be calibrated separately.

Figure 5.10 shows the measurements result, as we said previously the gap between
both channel graphics is clearly appreciated.

Strain measured with our device

— Canal A {G=128)
1500 1 Canal B (G=32)
1250 1
= 1000 -
E
= _
e
I
in 500
250 A
D 4
0 50 100 150 200 250 300 350
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Figure 5.10 — Test 2, both channels measurement
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5.4 Third Test, break test

In this test we get the poplar beam to the limit exceeding its breaking limits and
compare results with HBM device.

We can see in Figure 5.11 the press displacement reached to 35 mm to be able to reach
the breaking limit, in previous tests the displacement barely exceeded 15 mm and the
process toke 250 s, around 4 min.

In this case, as in the previous ones, there is a small gap between the different graphs.
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Figure 5.11 — Test 3, break test
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5.5 Fourth Test, break test

This one is similar to the previous, Section 5.4 and we make it to get more data
measurements to characterize the device properly.

However, in this test, something different happened, the ADC of our device get
saturated before the beam broke. The channel was configured with gain 128, therefore
if we configure it with gain 64 we will be safe from saturation, in return we would be
losing signal sensitivity.

Then the optimal solution will be select the maximum gain and change it when the
ADC gets close to saturation.
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Figure 5.12 — Test 4, break test
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5.6 Fifth Test

After doing all previous tests with wood beams we conclude that the device should
be calibrated, however, for that purpose we should not use anisotropic materials, such as
wood. We need a beam made with different material to ensure that the measurements
taken at two different points are identical. So we decided to use a steel plate, Figure 5.13.

Firstly we decided begin with channel A and calibrate measurements with both gains.
In Figure 5.14 the first section of the curve is performed with the maximum allowed gain
and when it is close to saturation the gain is reduced, then we can see the step produced
around 200 s.

Figure 5.13 — Steel plate with strain gauge glued

After this last test we can proceed with the calibration of the device, however due
to time constraints it has not been possible to perform other measurements to check its
behavior after calibration.
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Beam Strain with automatic Gain adjustment
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Figure 5.14 — Test 5, with steel plate
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Chapter 6

Conclusions and Future Lines
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Appendix A

Project Budget

A.1 Materials and hardware

In this section, project cost regarding materials and hardware sections will be detailed.
Each one of the different hardware subsections is differentiated. Human resources area
also included.

A.1.1 Device Housing

According to the System Manufacture, Chapter 4, the material related with the
housing is mainly PLA for 3D printing. The amount necessary of PLA costs 4.50 €.
While the sticker to cover the housing top surface costs o0.75 €. That makes 5.25 €
without manufacturing costs, detailed in Section A.2.

A.1.2 PCB Costs

The cost of the PCB is breakdown into the electronic components, the copper board
and the manufacturing, detailed in Table A.1, as well as design and manufacture costs,
explained in Section A.2.
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A.1.2.0.1 Bill of Materials

Item Units Cost/u. (€) Cost (€)
HXy11 ADC 1 0.73 0.73
Electrolitic cap. 2 0.10 0.20
Ceramic cap. 3 0.012 0.036
Precision Res. 6 0.05 0.30
Resistors SMD 2 0.01 0.02
LED SMD 3 0.09 0.27
OLED display 1 2.00 2.00
Connectors 2 1.91 3.82
Switch 3 0.20 0.60
Male pins 3 0.70 2.10
Female pins 2 0.73 1.46
Arduino UNO 1 22.50 22.50
Copper Board 1 5.75 22.50
Subtotal (before VAT): 39.79
Total (VAT included): 48.15

Table A.1 — PCB components

A.2 Human Resources Cost

In the first place, the testing procedures required the collaboration of the Material
Department at Building College of the University of Granada. The cost for an hour of
machinery and technical assistance was 25 €.

Additionally, the development of this Master’s Thesis has required hiring two people.
The first one is a junior engineer (10 €/h), hired as a full-time worker during twelve
months. Secondly, as Project Supervisor a senior engineer is hired (50 €/h), computing
5 hours per week. Then, Human Resources amounts to 31200 €, as detailed in table A.2.

Post Time (Hours)  Cost (£)
Junior Engineer 1830 18300.00
Senior Engineer 300 15000.00

TOTAL 33300.00 €
Table A.2 — Human Resources Cost
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Altium Files
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B.2 Manufacture Views
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Appendix C

Code

C.1  GUI code with Python

1

206

3| # / ____| / ____ | /NI __|

al# 0 - __ _ N

si# LI 0 '/ N/ NN/ /NN

6f# | I__1 1 1 L (b 1 bbb (o ) / ____\I'I

7l # N_____ {1 N U B G Y 4 \_\_I

8| #

9| #

10| # Python Version: Python 3

11| #

12| # = Version: oo - 24/07/2021

13| #

14| # Programa que implementa una interfaz grafica (GUI) para facilitar la interaccién del usuario con
15| # el sistema embebido para monitorizar infraestructuras fabricadas con madera.

16| # En la interfaz se muestran diferentes opciones para mostrar los datos recopilados por el sensor y plotearlos
17| #

18| #

19| # » Versién: oo

20| # » Autor : Sharif Alhusein Raie - shalhusein@gmail.com - 24/07/2021

21| # El diseno de la interfaz se realiza con Qt designer y se importa en este programa usando
22| # uic.loadUi ("MainWindow . ui", self)

23| #

24

25

26

27

28| import sys

]
©

from PyQts5 import QtWidgets, uic, QtCore

30| import os

31| import sys

32| import time

33| import serial

34| import serial.tools.list_ports

35

36

37| # //##+x+x Define DATA PACKET STRUCTURE %%+
38| #

39| # // Structure of the header

40| #

41| # // Id Value_
42| # // | |
43| # // Info | oxoo |
44| # // Channel A data | oxo1 |
45| # // Channel B data | oxoz |
46| # // Setting parameters | oxo3 |
47| # // Command | oxoq4 |
48| # // | |
49| #

sol# //|_____ Info message_______ | _Value_|
si|# //| | |
52| # //| Recived (ACK) | oxo |
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125
126
127
128
129
130
131
132
133
134
135
136
137

# //1 All OK and ready | oxo1 |
#//1 OLED connected | oxoz |

# //1 OLED disconnected | oxo3 |

# //1 | oxo4 |

# //1 | |

#

# //|_Command message_____ | _Value_|
#//1 | |

# //1 Stop measuring | oxo |

# //1 Start measuring | oxor |

# //1 Restart data | oxoz |

# //1 Tare | oxo3 |

# //1 | oxo4 |

# //1 | |

#

# //|____Setting parameters____|_Value_|
#//1 | |
# //1 Single Channel | oxoo |
# //1 Dual Channel | oxo1 |
# //1 Auto Gain selection OFF | oxoz2 |
# //1 Auto Gain selection ON | oxo3 |
# //1 | oxoq4 |
#//1 | |

class messagePack:

def

def

__init__(self):
super (). __init__ ()

self.id = o
self .num = o
self.len = o
self .message = o

__init__(self , packet):
super().__init__ ()

self.id = packet[o]

self .num = packet[2]+256+packet[1]
self.len = packet[3]

self .message = packet[4]

class dataPack:

def

def

__init__(self):
super (). __init__ ()

self.id = o
self .num = o
self .len o
self.gain = o
self . time = o
self . measure = o

__init__(self , packet):
super().__init__ ()

self.id = packet[o]

self .num = packet[2]+256+packet[1]

self.len = packet[3]

self.gain = packet[4]

self.time = packet[8]+65536+packet[7]*4096+ packet[6]+256+ packet[5]

self .measure = packet[12]+65536+packet[11]+4096+packet[10]*256+packet[9]

default_BaudRate = 9600

class MainWindow (QtWidgets . QMainWindow ) :

def

__init__(self, xargs, =+kwargs):
super (MainWindow, self).__init__(xargs, =xkwargs)

#Load the Ul Page
uic.loadUi('MainWindow.ui', self)

# Search available serial porsts and add them to comboBox
self.list_SerialPorts ()

# Write default Baud Rate in Qline box
self.lineEdit_BRate.setText(str(default_BaudRate))

# Select single channel option
self .radioButton_Sgl_CH.setChecked (True)
self .channel_conf = 1 # 1 —> Single channel

104
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138 # 2 —> Dual Channel

139 # Select automatic gain adjustment

140 self .checkBox_GainAdjust.setChecked (True)

141

142

143 # En caso de evento pulsar connect_button se llama a la funcién connect() lo mismo con todos los botones
144 self.connect_button.clicked .connect(lambda: self.connect())

145 self.disconnect_button.clicked.connect(lambda: self.disconnect())
146 self .start_button.clicked.connect(lambda: self.startSampling())
147 self.stop_button. clicked .connect(lambda: self . stopSampling () )

148 self.clear_button.clicked.connect(lambda: self.clearPlot())

149 self.tare_button.clicked.connect(lambda: self.tareDevice())

150 self.save_button.clicked.connect(lambda: self.saveData())

151

152 # Set graphics bacground white

153 self.graph_1.setBackground ('w')

154 self.graph_2.setBackground ('w')

155

156 # Set QPlainTextEdit to read only mode, user can't modify the text
157 self . plainTextEdit.setReadOnly (True)

158 self . plainTextEdit.setPlainText("Select Serial parameters then click on Connect\n")
159

160 def list_SerialPorts(self):

161 # Add in comboBox an item for each COM port detected to allow user to select one
162

163 # print('Searching serial ports...")

164 # Available ports

165 ports = serial.tools.list_ports.comports(include_links=False)
166 if len(ports)>o:

167 self .serialPort = ports[o].device

168 else:

169 self .serialPort = ""

170

171 for port in ports

172 print('Find port '+ port.device)

173 # Add items, comboBox is the name given to the item in our Qt desig
174 self .comboBox.addItem (port.device)

175

176

177 def connect(self):

178

179 # Get selected GOM Port

180 serialPort = self.comboBox.currentText ()

181 # Read selected baud rate

182 baud = self.lineEdit_BRate.text ()

183

184 # Serial Port

185 self.ser = serial.Serial(serialPort, baud, timeout=10)

186

18y # Select channel configuration. Reading from single chanel or dual channel
188 if (self.radioButton_Sgl_CH .isChecked ()):

189 self.channel_conf = 1 # 1 —> Single channel

190 else:

191 self.channel_conf = 2 # 2 —> Dual Channel

192

193 # Automatic Gain adjustment

194 self.auto_Gain_Adj = self.checkBox_GainAdjust.isChecked ()

195

196 while (not self.ser.inWaiting()):

197 # Wait for input data

198 continue

199

200 pack = self.ser.read(5)

201 msg = messagePack (pack)

202

203 if (msg.message == 2):

204 #OLED ON

205 self .plainTextEdit.setPlainText("Device Connected\n")

206 self . plainTextEdit.setPlainText("OLED is ON\n")

207 elif (msg.message == 3):

208 #OLED OFF

209 self .plainTextEdit.setPlainText("Device Connected\n")

210 self . plainTextEdit.setPlainText("OLED is OFF\n")

211

212 # Enviar paquete con los pardmetros de configuracién, un paquete por pardmetro, en total dos paquetes
213 # Desactivar el boton de connect y las casillas de eleccion de pardmetros
214

215

216

217

218

219 def disconnect(self):

220 self.ser.close ()

221 # Activar botones deconnect y los de elecciéon de parametros

222
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223

224

225 def startSampling(self):

226

227

228

229 # Sampling at 10 Hz

230 # ... init continued

231 # Set a timer, every 8o ms calls update_plot_data function to update the plot

232 self . timer = QtCore.QTimer ()

233 self.timer.setInterval (80)

234 self.timer.timeout.connect(self.update_plot_data)

235 self.timer.start ()

236

237 self . grafics_config ()

238

239

240 def grafics_config(self):

241 if (self.GainA == 128):

242 color = (255, o, o)

243 else:

244 color = (o, o, 255)

245

246 penA = pg.mkPen(color=color)

247 penB = pg.mkPen(color=(o, o, 255))

248 self.data_line = self.graphicsView_1.plot(self.x2, self.y2, pen=penA)

249 self .data_line_2 = self.graphicsView_2.plot(self.x2, self.y2, pen=penB, symbol='o")

250

251

252 def update_plot_data(self):

253 header = self.ser.readline ()

254 #print (header)

255

256

257 if (header==header_channelA):

258 if (self.xi[-1] >= tmax1): #

259 self.x1 = self.x1[1:] # Remove the first element.

260 self.y1 = self.y1[1:]

261

262 t = self.ser.readline ()

263 dt = self.ser.readline ()

264 self .x1.append(int(t)/1000) # Add a new time value in seconds

265 self .y1.append ((int(dt) — self.offsetA) / 2+x23 / self.GainA / K_factor * 4 * 10%%6) # Add new
data in um/m

266

267 self .data_chanelA .append(int(dt))

268 self .time_chanelA .append(self.x1[-1])

269

270 self.data_line.setData(self.x1, self.y1) # Update the data.

271

272 print("time " + str(self.xz[-1]) + "\t; Chl " + str(self.y1[-1]) )

273

274

275

276 if (self.x2[-1] >= tmax2): #

277 self.x2 = self.x2[1:] # Remove the first element.

278 self .y2 = self.y2[1:]

279

280 self .x2.append(self.x1[-1]) # Add a new time value in seconds

281 self .y2.append(self.y1[-1]) # Add new data in um/m

282

283 self .data_line_2.setData(self.x2, self.y2) # Update the data.

284

285

286 elif (header==header_channelB) :

287 if (self.x2[-1] >= tmax2): #

288 self.x2 = self.x2[1:] # Remove the first element.

289 self.y2 = self.y2[1:]

290

291 t = self.ser.readline ()

292 dt = self.ser.readline ()

293 self .x2.append(int(t)/1000) # Add a new time value in seconds

294 self .y2.append ((int(dt) — self.offsetB) / 2xx23 / self.GainB / K_factor * 4 x 10%x6) # Add new
data in um/m

295

296 self.data_chanelB.append(int(dt))

297 self .time_chanelB.append(self.x2[-1])

298

299 self.data_line_2.setData(self.x2, self.y2) # Update the data.

300

301

302 if (self.change G == 1):

303 print("Cambio ganancia")

304 #self . offsetA = self.offsetA/self.GainA

305 self .GainA = self.nextGainA
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306 #self .offsetA = self.offsetA+self.GainA

307 self . printText ()

308 self .change_G = o

309 #self . grafics_conf ()

310 self .GainChange.append ([len(self.data_chanelA),self.GainA])
311

312 if (header == gain_header):

313 self .change_G = int(self.ser.readline())
314 if (self.change _G==0):

315 self.change G = 1

316 self .nextGainA = int(self.ser.readline())
317 else:

318 print("Cambio ganancia")

319 #self .offsetA = self.offsetA/self.GainA
320 self .GainA = int(self.ser.readline())
321 #self .offsetA = self.offsetAx+self.GainA
322 self . printText ()

323 self.change_ G = o

324 #self . grafics_conf ()

325 self . GainChange.append ([ len (self .data_chanelA) ,self.GainA])
326

327

328 def stopSampling(self):

329 1

330

331 def clearPlot(self):

332 1

333 # self.graphWidget. clear ()

334

335 def tareDevice(self):

336 1

337

338 def saveData(self):

339 1

340

341

342

343

344| def main() :

345 app = QtWidgets. QApplication(sys.argv)

346 main = MainWindow ()

347 main . show ()

348 sys.exit (app.exec_())

349

350| if __name__ == '__main__':

351 main ()

Code C.1 — GUI code
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C.2 FW code for Arduino UNO

1

2| /#

3

4l # / ____| / ____1 /NI __|

s|# | I __ _ __ __ _ _ __ __ _IL(__ / N 11

6[# | I I_ 1 '__/ | \/ INC__ N/ /NN L

4 15 2 (G G DS I A N B

8| # N_____ I N TIN L, // N\

9| #

10| #

11| #

12| # Version: 0.0

13| # Autor : Sharif Alhusein Raie - shalhusein@gmail.com - 03/08/2021

14| # Advisor: Prof. Andrés Rolddn Aranda - Xxx/xXx/xXxX

15| #

16| +/

DI T T T T T
18 xxx This program is for programe the Embeded System for Monitoring Wood Made Infraestructures

19 *k It is based on the implementation of Small_PCB_test_Vo6 programme

20 * k%

21 *k ok Voo (03/08/2021):

22 * In this version the Arduino recive parameters and commands from the PC and actuate acording to them
23 Ak it reads data from ADC, encapsulate it and send by serial port

24 *k % This version use a diferent method to encapsulate the data (explained below)

25 o

26 B V4
27

28| // #define _debugging 1

29

30| #include <Arduino.h>

31| #include <HXy11.h>

32| #include "../lib/GranasatLogo/GranasatLogo.h"

33| #include <SPI.h>

34| #include <Wire.h>

35| #include "../1lib/Adafruit_SSD1306/Adafruit_SSD1306.h"
36| #include "../lib/Adafruit_GFX/Adafruit_GFX.h"

38| #define HX711_mean_delay o // Este pardmetro estd copiado en la libreria HXyi1.cpp
39| #define HXy11_mean_times 2 // Not used in this version

40

41| //Pines E/S

42| #define pinLED_1 10 // Sin funcionalidad
43| #define pinLED_2 9 // Indica cambio de ganancia
44| #define pinLED_3 8 // Sin funcionalidad
45| #define PinSwitch_2 12 // Para medir tara
46| #define PinSwitch_3 11 // Sin funcionalidad
47| #define gain_A_128 128

48| #define gain_A_64 64

49| #define gain_B_32 32

50

51| //***+xx Define data packet structure xxxxx*x

52

53| // Structure of the header

54

55| // Id Value_

56| // | |

57| // Info | oxoo |

58| // Channel A data | oxo1 |

59| // Channel B data | oxoz2 |

6o| // Setting parameters | oxo3 |

61| // Command | oxoq4 |

62| // | |

63

64| typedef struct {

65 uint8_t id; // Identifier

66 uinti16_t num; // Packet number
67 uint8_t len; // length of the packet
68| } pack_Header;

70| // Structure of the data packet
71| typedef struct {
72 pack_Header header; // Header

73 uint8_t gain; // gain

74 long time; // data time

75 long measure; // data measurement
76| } dataPack;

77

78| // Structure of the command packet
79| typedef struct {
8o pack_Header header; // Header

81 uint8_t message; // Command
82| } messagePack;
83
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159
160
161
162
163
164
165
166
167
168

V74— Info message_______ | _Value_|
//1 | |
/71 Recived (ACK) | oxo |
//1 All OK and ready | oxo1 |
/71 OLED connected | oxoz2 |
//1 OLED disconnected | oxo3 |
i | oxo4 |
i | |
//|_Command message_____ | _Value_|
//1 | |
/7| Stop measuring | oxo |
//1 Start measuring | oxor |
/7 Restart data | oxoz |
//| Tare | oxo3 |
/7| | oxoq4 |
//1 | |
//|____Setting parameters____|_Value_l
//1 | |
//1 Single Channel | oxoo |
//! Dual Channel | oxo1 |
//| Auto Gain selection OFF | oxoz2 |
//1 Auto Gain selection ON | oxo3 |
//1 | oxoq |
//1 | |

dataPack data;

messagePack message, received_msg;

// Pointers to send data

const char sdata_ptr = (charx) &data;

const char smessage_ptr = (charx) &message;

char +received_ptr = (char+) &received_msg;

#define rec_pack_len 5 // lenth of recived pack in bytes

//double data;

// long data;
byte nextGain;
long t_inicial;
// long t_muestra;

int gain_A = gain_A_128; // initial gain for channel A

uint16_t n_pack=o; // number of packets sent

bool dual_Channel Measure = o; // single/dual channel configuration
bool autoGainSelect = 1; // Automatic gain adjust configure

bool continue_meas = o0; // To control start and stop measurement

// HX711 circuit wiring
const int LOADCELL_DOUT PIN = 3;
const int LOADCELL SCK_PIN = 4;

//Strain Gauge parameters
//const int K = 2;

// OLED Parameters definition

#define screenWidth 128 // ancho pantalla OLED
#define screenHeight 64 // alto pantalla OLED
#define I2C_address ox3C // 12C device address

bool OLED.ON = o; // Global variable to indicate the display conection/disconection

// Adafruit_SSD1306 class object
Adafruit_SSD1306 display (screenWidth, screenHeight, &Wire, -1);

// HX711 class object
HXy11 scale;

// Function definition
// It decodes the recived packet, the implementation is at the end
void packDecoder (messagePack msg) ;

void setup () {

// Pin Mode declarations

pinMode (PinSwitch_2 , INPUT_PULLUP) ;
pinMode (PinSwitch_3, INPUT_PULLUP) ;
pinMode (pinLED_1, OUTPUT) ;

pinMode (pinLED_2, OUTPUT) ;

pinMode (pinLED_3, OUTPUT) ;

Serial .begin(9600) ;

#ifdef _debugging_
Serial . println ("Iniciando dispositivo");
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169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197

225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253

#endif
// Initialize OLED screen at ox3C address
if (display.begin (SSD1306_SWITCHCAPVCC, [2C_address)) {
// OLED display is connected
OLEDON = 1;
#ifdef _debugging_

Serial.println ("OLED ON");
#endif

// Info message —> OLED ON
message . header.id = oxoo;
message . header .num = 26543;
message . message = 0X02;
message . header.len = sizeof (message);

// Send message byte to byte by serial port

for (int i=o0; i<message.header.len; i++){
Serial . print(message_ptr[i]);

}

// Serial.print("\n");

// Clear the buffer.
display . clearDisplay () ;

// Draw bitmap on the screen
// display .drawBitmap (Xo, Yo, Image-Data—Array, Image Width, Image_Height, Color);
display .drawBitmap (o, o, Image.data, Image.width, Image.height, SSD1306_WHITE) ;

// Show image in display
display . display () ;
delay (500) ;

}

else {
// OLED display is disconnected
OLED ON = o;

#ifdef _debugging_
Serial . println ("OLED OFF");
#endif

// Info message

message . header.id = oxoo;
message . header .num = o;
message . message = oxo3; // OLED OFF
message . header.len = sizeof (message);

// Send message byte to byte by serial port

for (int i=o0; i<message.header.len; i++){
Serial . print(message_ptr[i]);

}

// Serial.print("\n");

// Initialize ADC library with data output pin, clock input pin and gain factor.
// Channel selection is made by passing the appropriate gain:

// — With a gain factor of 64 or 128, channel A is selected

// — With a gain factor of 32, channel B is selected

// By omitting the gain factor parameter, the library

// default "128" (Channel A) is used here.

scale . begin (LOADCELL_DOUT PIN, LOADCELL_SCK PIN, gain_A_128);

#ifdef _debugging_
Serial.println("Scale ON");
#endif

// Wait until recive comands from GUI
while (!Serial.available());

// Read parameters from serial port
while (Serial . available ()){
for (int i=o; i<rec_pack_len; i++){
received_ptr[i] = Serial.read();
}
packDecoder (received_msg) ;

}

if (OLED_ON) {
// Clear the buffer.
display . clearDisplay () ;

// Set color and size for display text
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254 display .setTextColor (SSD1306_WHITE) ;

255 display .setTextSize (1) ;

256 }

257

258 // Select first measure gain and channel
259 if (dual_Channel Measure) {

260 nextGain = gain_B_32;

261 }

262 else {

263 nextGain = gain_A;

264 }

265

266 // First sample is invalid —> discard it. Set channel A or B for next sample
267 scale.read_setting_next_gain (nextGain) ;
268

269| #ifdef _debugging_

270 Serial . println ("First read discarted");
271| #endif

272 // Initilize time auxiliar variable

273 t_inicial = millis();

274| }

275

276

277| void loop () {

278

279 if (continue_meas) {

280 // Se envian los datos sin pasarlos a V con un rango de +-2723. Se pasan a voltios en el programa python
281

282 if (OLED.ON) {

283 // Mostrar datos del canal B

284 display . clearDisplay () ;

285 display .setCursor (o, 56);

286 display .print("-CH B -> ");

287 }

288

289 if (dual_Channel Measure) {

290 data.gain = nextGain;

291 nextGain = gain_A;

292

293 // Read from channel B and set channel A for next sample
204 data.measure = scale.read_setting_next_gain (nextGain);
295 data.time = millis () - t_inicial;

296 data.header.id = oxoz;

297 data.header .num = n_pack;

298

299 n_pack++;

300

301 // Send data byte by byte over serial interface
302 for (int i=o; i<data.header.len; i++){
303 Serial . print(data_ptr[i]);

304 }

305 // Serial.print("\n");

306

307

308 if (OLED_ON) {

309 display . println (data.measure) ;

310

311 }

312 else if (OLED_ON)

313 [

314 // if single mode is on display ——
315 display . println(" ---");

316 }

317

318

319 data.gain = nextGain;

320

321 // Gain/Channel selection

322 if (dual_Channel Measure) {

323 nextGain = gain_B_32;

324 }

325 else {

326 nextGain = gain_A;

327 }

328

329

330 // Read data from channel A and set next sample channel
331 data.measure = scale.read_setting_next_gain (nextGain);
332 data.time = millis () — t_inicial;

333 data.header.id = oxo1r; // Channel A id
334 data.header .num = n_pack;

335 data.header.len = sizeof(data); // Number of bytes ocupped by data variable
336

337 n_pack++;

338
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339 for (int i=o0; i<data.header.len; i++){

340 Serial . print(data_ptr[i]);

341 }

342 // Serial.print("\n");

343

344 if (OLED_ON) ({

345 display .setCursor (o, o);

346 display . print("-Time(s) -> ");

347 display . print(data.time/1000);

348 display .setCursor (o, 28);

349 display.print("-CH A -> ");

350 display . println (data.measure) ;

351 display . print("G = ");

352 display . print(data.gain);

353 display . display () ;

354

355 }

356

357

358 // if automatic gain selection for channel A is active

359 if (autoGainSelect){

360 // For aboid the saturation of the device, when data from chanel A arrives to 95% of the maximum the gain is

changed to 64

361 if (gain_A==128 && (data.measure>=8000000 || data.measure<=-8000000)) {

362 digitalWrite (pinLED_2 ,HIGH) ;

363

364 gain_A = gain_A_64;

365

366 delay (50) ;

367 digitalWrite (pinLED_2 ,IOW) ;

368 }

369

370 // When data drops to 20% of the maximum range, the gain is changed to 128

371 else if(gain_A==64 && data.measure<=3500000 && data.measure>=-2000000) {

372 digitalWrite (pinLED_2 ,HIGH) ;

373

374 gain_A = gain_A_128;

375

376 delay (60) ;

377 digitalWrite (pinLED_2 ,IOW) ;

378 }

379 }

38| 1}

381

382 // Read parameters from serial port

383 while (Serial.available () ) {

384 for (int i=o; i<rec_pack_len; i++){

385 received_ptr[i] = Serial.read();

386 }

387 packDecoder (received_msg) ;

388 )

389

390

391 // //Si se pulsa el PinSwitch_2 se realiza una TARA con el valor medido en ese momento —> cambiar a
interrupcion

392 // if (digitalRead (PinSwitch_2)==false)

393 // {

394| // scale . tare(50);

395| // //Serial . print (" Offset = ");

396| // Serial . println (scale.get_offset());

397| // }

398

399 }

400

401

402| // | Setting parameters | _Value_|

403| //| | |

404| //! Single Channel | oxoo |

405( //| Dual Channel | oxor |

406| //1 Auto Gain selection OFF | oxo2 |

407| //1  Auto Gain selection ON | oxo3 |

408 / /| | oxoq4 |

409| //| | |

410

411| //1_Command message_____ | _Value_|

412| //| | |

413 / /| Stop measuring | oxoo |

414 / /| Start measuring | oxo1 |

415 / /| Restart data | oxoz2 |

416| // | Tare | oxo3 |

417 / /| | oxoq4 |

418| //| | |

419

420| void packDecoder (messagePack msg) {

421
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424
425
426
427
428
429
430
431
432
433

450

458
459
460
461
462
463
464
465
466
467
468
469

471
472
473
474

// 1f setting parameters message
if (msg.header.id == oxo03){

switch (msg.message)

{

case 0X00:
dual_Channel_Measure = o;
break;

case 0XO01:
dual_Channel_Measure = 1;
break;

case 0X02:
autoGainSelect = o;
break;

case 0X03:
autoGainSelect = 1;
break;

default:
break;
}
}
else if (msg.header.id == oxo4)
(
// Comand
switch (msg.message)
{
case 0X00:
continue_meas = 0;
break;

case 0XO1:
continue_meas = 1;
break;

case 0X02:
continue_meas = o0;
n_pack = o;
break;

case 0X03:
// Tare
break;

default:
break;
}
}

Code C.2 — FW code for Arduino
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Appendix D

Device 3D models

D.1 PCB 3D model
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D.2 Full device 3D model
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