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ABSTRACT:

This doctoral thesis lies within the field of electronic engineering applied to the characterization and monitoring of
structural materials, combining methods and principles from civil and forest engineering. Its main goal is to develop
a complete technological architecture for non destructive testing (END) and Structural Health Monitoring (SHM)
of structural timber, with a focus on wood as a renewable and strategic resource. The work integrates electronic
instrumentation, digital signal processing, and mechanical testing techniques to provide accurate, traceable, and
cost-efficient measurement tools covering the entire life cycle of wood (from standing trees to laminated beams).

The research was carried out within the LIFE Wood for Future (LWFF) and SmartTimber projects, which
promote the sustainable use of poplar and the digital transformation of its structural evaluation through embedded
systems. Three complementary devices were designed and validated: (i) the Tree Inspection Kit (TIK) Tree module,
which estimates the dynamic modulus of elasticity (Eqy,) in standing trees through time of flight (ToF) acoustic
measurements; (ii) the Tree Inspection Kit (TIK) Timber module, which also targets the estimation of the dynamic
modulus of elasticity (Eqyn), in this case by means of longitudinal resonance methods; and (iii) the SmartTimber
system, dedicated to embedded strain monitoring using bonded strain-gauge sensors.

Unlike the other modules, the TIK Tree device was implemented as an experimental prototype without embedded
electronics, relying on spike-type contact sensors and direct acquisition through a portable oscilloscope unit, with
all processing performed offline. The TIK Timber module integrates dedicated hardware (HW), firmware (FW), and
software (SW) developed around the ESP32 microcontroller (MCU), including low-noise analogue conditioning,
task scheduling under FreeRTOS [4], Wi-Fi communication, and a graphical user interface (GUI) implemented with
LVGL [5] and SquareLine Studio [6]. The SmartTimber system is conceived as an embedded strain-monitoring
solution, integrating internal strain gauges within laminated timber elements to enable direct measurement of the
internal deformation field during bending. Its design prioritises long-term stability, differential measurement and
compatibility with structural-scale specimens, ensuring that the embedded sensors reproduce the internal strain
state with high fidelity under real loading conditions.

Together, these configurations enable accurate acoustic evaluation, embedded strain monitoring, on-board data
processing, and automated database synchronisation, ensuring reliability and repeatability across the different
stages of the timber production chain.

Experimental validation was performed on poplar and pine specimens under different moisture conditions,
combining impact and resonance acoustic tests with static bending tests in accordance with
UNE-EN 408:2010+A1:2012 [7] and UNE-EN 14080:2022 [8] standards. Moisture content (MC) was measured
during specimen preparation to ensure adequate conditioning; however, these values are not explicitly reported,
since the analysis focuses on stiffness, strain behaviour, and the performance of the embedded sensing system
rather than on moisture-driven variability.

Results consistently demonstrated strong agreement between the different measurement methods and acquisition
systems, confirming the stability of the electronic architecture and the robustness of the implemented signal-
processing algorithms.Taken together, these findings confirm that the developed measurement architecture provides
stable, accurate and cross-compatible strain information, consolidating its applicability both for laboratory testing
and for long-term monitoring of engineered timber elements.

This work strengthens the interdisciplinary link between electronic engineering, materials science, and
structural engineering. The TIK-SmartTimber architecture represents a practical and scalable contribution to the
digitalization of the wood construction sector, providing reliable, portable and low-cost tools for non-destructive
testing (END) and long-term monitoring of timber structures. Its development supports the transition towards
more efficient, data-driven, and sustainable engineering practices.
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EXTENDED ABSTRACT

Contexto de la investigacion y motivacion

El uso creciente de la madera como material estructural en la construccién contempordnea estd impulsado por
su cardcter renovable, su comportamiento mecdnico favorable y su reducido impacto ambiental en comparacién
con los materiales convencionales. En el marco del desarrollo sostenible y de la transicion hacia una bioeconomia
circular, la madera ha recuperado una relevancia estratégica en la ingenieria civil y en el &mbito de la construccién.
No obstante, su heterogeneidad intrinseca, anisotropia y sensibilidad a condiciones ambientales como el contenido
de humedad plantean importantes retos para una caracterizacion estructural fiable y una evaluacién adecuada de su
comportamiento a largo plazo.

Los métodos tradicionales de caracterizacién mecédnica basados en ensayos destructivos son incompatibles con
la evaluacién en servicio y la monitorizacién continua, mientras que muchos dispositivos comerciales existentes
para ensayos no destructivos (END) presentan costes elevados, estdn limitados a etapas concretas de la cadena
de produccidén o carecen de integracion digital y trazabilidad. Estas limitaciones restringen su aplicabilidad en
operaciones forestales, procesos de clasificacion industrial y tareas de monitorizacién de la salud estructural (SHM)
de elementos de madera.

En este contexto, la ingenieria electrénica desempefia un papel clave en el desarrollo de sistemas inteligentes,
embebidos y de bajo coste capaces de adquirir, procesar y gestionar informacién estructural en tiempo real. La
integracion de instrumentacion electrénica, procesado digital de sefial y técnicas de ensayo mecédnico permite el
despliegue de soluciones avanzadas de END y SHM que pueden operar a lo largo de todo el ciclo de vida de la
madera, desde el drbol en pie hasta los elementos estructurales laminados. Esta tesis doctoral aborda estos retos
mediante la propuesta de una arquitectura tecnoldgica integrada, especificamente orientada a la evaluacién no
destructiva y la monitorizacién de madera estructural.

Objetivos y alcance de la tesis

El objetivo principal de esta investigacién doctoral es el desarrollo y validacién de una arquitectura tecnolégica
completa para la realizacién de ensayos no destructivos y la monitorizacién de la salud estructural de madera
estructural, con especial énfasis en la portabilidad, el bajo coste y la trazabilidad digital. La arquitectura propuesta
pretende apoyar la toma de decisiones en distintas etapas de la cadena de valor de la madera, incluyendo el dmbito
forestal, los procesos de transformacién primaria y secundaria, y la monitorizacién estructural en servicio.

Los objetivos especificos de la tesis incluyen: (i) el disefio y validacién de herramientas de inspeccién actstica
para la estimacién del médulo de elasticidad dindmico en drboles en pie y madera procesada; (ii) el desarrollo de
sistemas electrénicos embebidos basados en microcontroladores de bajo coste (MCUSs) para la adquisicién y el



procesado de sefial en tiempo real; (iii) la implementacién de algoritmos robustos para el andlisis actstico mediante
tiempo de vuelo y resonancia; (iv) la integracién de sensorizacién mediante galgas extensiométricas embebidas
para la monitorizacidn continua de elementos de madera laminada; y (v) la validacion experimental de los sistemas
propuestos frente a equipamiento comercial y sistemas de referencia de laboratorio.

La investigacion se centra principalmente en el chopo (Populus spp.) como especie de crecimiento rapido y
relevancia estratégica en el contexto europeo, complementdndose con ensayos de validacion sobre probetas de pino.
El alcance de la tesis se limita a pardmetros relacionados con la rigidez, en particular el médulo de elasticidad,
considerado un indicador clave del comportamiento estructural.

Sistemas desarrollados y arquitectura tecnologica

La investigacion se desarroll6 en el marco del proyecto LIFE Wood for Future y del proyecto SmartTimber,
ambos orientados al uso sostenible del chopo y a la digitalizacién de los procesos de evaluacion estructural de la
madera. Como resultado de este trabajo, se disefiaron y validaron tres sistemas complementarios.

El primer sistema, el modulo Tree Inspection Kit (TIK) Tree, estd dedicado a la caracterizacidn actstica de
arboles en pie mediante técnicas de tiempo de vuelo. Este médulo estima la velocidad de propagacion de ondas
longitudinales a lo largo del tronco, a partir de la cual se deriva el médulo de elasticidad dindmico. El sistema
TIK Tree se implementé como un prototipo experimental basado en sensores de contacto tipo espiga y adquisicién
directa mediante un osciloscopio portatil, realizindose todo el procesado de sefial de forma offline. Se desarroll6
ademads una aplicacion de escritorio especifica para la gestion de la adquisicion, la visualizacién y la deteccion
automadtica del tiempo de vuelo (ToF).

El segundo sistema, el médulo Tree Inspection Kit (TIK) Timber, extiende la metodologia actstica a madera
aserrada y elementos estructurales. Implementa el método de resonancia longitudinal para la estimacién de Egy, a
partir de la frecuencia fundamental de la probeta. A diferencia del médulo TIK Tree, TIK Timber se concibe como
un dispositivo embebido completamente auténomo que integra hardware, firmware y software especificos basados
en el microcontrolador ESP32. El sistema incluye etapas de acondicionamiento analdgico de bajo ruido, control
de ganancia programable, excitacion electromecdnica controlada y procesado digital de sefal en tiempo real.

El tercer sistema, SmartTimber, es una solucién de monitorizacién de deformaciones embebida, disefiada para
elementos de madera laminada. Integra galgas extensiométricas adheridas en el interior del elemento estructural,
permitiendo la medicién directa de la deformacién interna durante ensayos de flexiéon. El sistema estd
especificamente disefado para garantizar estabilidad a largo plazo, capacidad de medida diferencial y
compatibilidad con probetas estructurales a escala real, posibilitando la monitorizacién continua bajo condiciones
de carga reales.

En conjunto, estos tres sistemas conforman un ecosistema tecnolégico coherente que permite la inspeccién
acustica, la monitorizacién de deformaciones embebidas, el procesado de datos en el propio dispositivo, la
comunicacion inaldmbrica y la gestién automatizada de la informacidn, asegurando la trazabilidad de las medidas
y la consistencia metodoldgica a lo largo de toda la cadena de valor de la madera.

Disefio electrénico e implementacion software

Las arquitecturas electrénicas embebidas desarrolladas en esta tesis se basan en plataformas de microcontrolador
de bajo coste, seleccionadas en funcién de los requisitos funcionales y del nivel de madurez de cada sistema. En
particular, el médulo Tree Inspection Kit (TIK) Timber fue implementado integramente en torno al microcontrolador
ESP32, seleccionado por sus capacidades de procesado, conectividad Wi-Fi integrada y adecuacion a aplicaciones
en tiempo real con arquitectura multitarea.

En contraste, el médulo TIK Tree fue concebido como un sistema experimental de inspeccién y validado
mediante una etapa dedicada de acondicionamiento de sefal y adquisicién externa de datos, sin la implementacion
de una arquitectura completamente embebida basada en microcontrolador. No obstante, su disefio electrénico
y algoritmico se desarroll6 con vistas a una futura integracién en una plataforma embebida compatible con el



ecosistema digital TIK.

El sistema SmartTimber se implement6 utilizando una arquitectura basada en Arduino, priorizando la estabilidad
a largo plazo, la simplicidad y la robustez para la monitorizacién embebida de deformaciones en elementos de
madera laminada. Aunque laimplementacion actual se apoya en esta plataforma, la arquitectura del sistema y el flujo
de procesado de sefial han sido disefiados para ser directamente extrapolables a plataformas de microcontrolador
mas avanzadas, como el ESP32, en desarrollos futuros.

El desarrollo del firmware del médulo TIK Timber se basa en una arquitectura multitarea implementada bajo
FreeRTOS [4], que permite la adquisicién sincronizada, el preprocesado de sefial, la comunicacién inaldmbrica y
la visualizacién local.  Se implementé una interfaz grifica de usuario (GUI) utilizando LVGL [5] y
SquareLine [6], proporcionando una configuracién intuitiva, realimentaciéon en tiempo real y funcionamiento
auténomo sin necesidad de recursos de computacién externos.

A nivel de sistema, una plataforma digital comin soporta el almacenamiento de datos, la trazabilidad y la
interoperabilidad entre los distintos médulos, facilitando la comparacién de medidas realizadas en diferentes etapas
del procesado de la madera y bajo distintas condiciones ambientales.

Metodologia experimental y validacion

La validacién experimental se llevé a cabo sobre probetas de chopo y pino bajo diferentes condiciones de
humedad. Los ensayos acusticos de impacto y resonancia se combinaron con ensayos de flexién estdtica realizados
de acuerdo con las normas UNE-EN 408:2010+A1:2012 [7] y UNE-EN 14080:2022 [8]. El contenido de humedad
se monitoriz6 durante la preparacion de las probetas para asegurar un acondicionamiento adecuado.

El sistema TIK Timber fue validado mediante campafias comparativas frente a dispositivos comerciales como
el MTG (Brookhuis) [9] y el BING (CIRAD) [10], asi como mediante campaifias industriales a gran escala que
involucraron varios cientos de probetas. El sistema SmartTimber se validé mediante ensayos de flexién a cuatro
puntos a escala real, compardndose las medidas de deformacién con un sistema de referencia de laboratorio HBM
QuantumX.

Resultados y discusion

Los resultados experimentales mostraron una elevada concordancia entre las medidas dindmicas y estdticas del
mddulo de elasticidad. Los andlisis de correlacion entre Eqy, y Eg, arrojaron de forma consistente coeficientes
de determinacion elevados, con errores absolutos medios inferiores al 5 % en los sistemas acusticos. El sistema
SmartTimber presenté medidas de deformacién estables, repetibles y proporcionales, alcanzando equivalencia
metroldégica con el sistema de adquisicién de referencia.

Estos resultados confirman tanto la estabilidad electrénica del hardware desarrollado como la robustez de los
algoritmos de procesado de sefial implementados, validando la idoneidad de los sistemas propuestos para ensayos
de laboratorio, clasificacién industrial y monitorizacién estructural a largo plazo.

Contribuciones cientificas y tecnoldgicas

Esta tesis doctoral refuerza el vinculo interdisciplinar entre la ingenieria electrdnica, la ciencia de materiales
y la ingenieria estructural. La arquitectura TIK-SmartTimber propuesta constituye una contribucién prictica y
escalable a la digitalizacion del sector de la construccion en madera, proporcionando herramientas fiables, portatiles
y de bajo coste para ensayos no destructivos (END) y monitorizacién de la salud estructural (SHM).

Al cubrir el ciclo de vida completo de la madera, desde el drbol en pie hasta las vigas laminadas, los sistemas
desarrollados permiten una toma de decisiones basada en datos y contribuyen a practicas de ingenieria mas eficientes,
trazables y sostenibles. Los resultados de este trabajo sientan las bases para futuros esfuerzos de normalizacion y
para la adopcién mds amplia de tecnologias de sensorizacién embebida en la ingenieria de la madera.



CONTENTS

Abstract 23
Extended Abstract 30
Contents 33
List of Figures 39
List of Tables 51
List of 3D Models 58
Glossary 59
Acronyms 64
Prologue 67
General and Specific Objectives 69
Structure of the Thesis 72
2 Tree Inspection Kit (TIK). Tools for the Non-Destructive Characterisation of Timber. 75
2.1 General Introduction and Technological Context of the TIK System . . . . . ... ... ... ... 75

2.2 State of the Art in Non-Destructive Evaluation Techniques and Devices for Timber . . . . . . .. 77
2.2.1  Physical Principles and Classification of Non-Destructive Techniques . . . . ... .. .. 77

2.2.2  Time of Flight (ToF) Method . . . . . . . . . . . .. ... . 78

Irene Gil Martin 33



34 Contents

2.23 Resonance Method . . . . . . . . . . 78
2.2.4 Synthesis and Integration for Traceability . . . . .. .. .. ... ... .. ... ... 79
2.3 TIK Tree Module for Acoustic Characterisation of Standing Timber . . . . ... ... ... ... 81
23.1 Introduction . . . . . . . . ... e 81
23.1.1 NeedfortheModule . . . . . .. ... ... .. L 81
2.3.1.2  Specific Objectives . . . . . . . . o o e 81
2.3.1.3 Integration with the TIK Digital Platform . . . . . . .. ... ... ... .... 83
2.3.2 Materials and Methods of the TIK Tree Module . . . . . . .. .. ... ... .. ..... 83
2.3.2.1 Physical Principle and Experimental Configurationon Trees . . . . . . . .. .. 83
2.3.2.2  Functional Analysis of Commercial Reference Systems . . . . ... ... ... 86
2.3.2.3  Acoustic Wave Detection Algorithms . . . . . . .. ... ... ... ...... 88
2.3.2.4  Calibration Procedures and Selection of Calibration Bars . . . . . .. ... .. 92
2.3.2.5 PCB Design and Adaptation for Piezoelectric Sensors . . . . . . ... ... .. 96
2.3.2.6  Desktop Application: TIK Tree Tab. . . . . . . .. ... ... ... .. .... 100
2.3.2.7  Experimental Validation Tests Prior to Prototype Integration. . . . . . . .. .. 105
2.3.3 Experimental Results and Discussion . . . . . ... .. .. ... ... ... 114
2.3.3.1  Tests for the Selection of the CalibrationBar . . . . . . ... ... ... .... 114
2.3.3.2  Verification of the algorithm under field conditions . . . . . . . ... ... ... 124
2.3.3.3  Assessment of signal fidelity in the PCB conditioning stages . . . . . . . . . .. 131
2.4 TIK Timber module for the evaluation of structural and processed timber . . . . . . .. ... ... 134
24.1 Introduction . . . . . . . .. . . e 134
24.1.1 Needforthemodule . . . . . .. ... ... .. . . 134
24.1.2  Specificobjectives . . . . . . ... e e 134
2.4.1.3 Relationship with the TIK digital platform . . . . . ... .. ... ... .... 136
2.4.2  Materials and Methods of the TIK Timber module . . . . .. .. ... ... ....... 136

2.4.2.1 Physical basis and experimental configuration in sawn timber and structural
elements . . . . ... L e e e 136
2.4.2.2  Functional analysis of the reference system . . . . . . ... ... ... ..... 138
2.4.2.3  Algorithm for detecting longitudinal resonance . . . . . . ... ... ...... 141
2.4.2.4  Description of the TIK Timber system . . . . . .. ... ... ... ...... 143
2.4.2.5 Firmware and task management . . . . . . ... ... ..o 162
2.4.2.6  Desktop application: the TIK Timber environment . . . . . . . ... ... ... 163
2.4.277 Experimental tests and validation . . . . . ... .. ... ... 0oL 167

Irene Gil Martin



Contents 35
2.4.3 Experimental results and validation . . . . . . .. ... ... oL 176
2.4.3.1 Electronic verification of the system . . . . . ... ... ... ... ...... 176

2.4.3.2  Validation on structural timber . . . . . .. ... oL 182

3 Embedded smart sensing and development of a device for the structural monitoring of timber 188
3.1 Introduction and technological context . . . . . . . . ... ... ... 188
32 Stateoftheart. . . . . . . . ... 190
3.2.1 Fundamentals of strain measurement . . . . . . . . . .. .. ... ... 190

3.2.2  Surface-mounted sensing in structural timber . . . . . . ... ... oL 190

3.2.3 Embedded sensing in glued-laminated timber . . . . . . .. ... ... 0oL 191

3.2.4 Reference equipment and data acquisition . . . . . . ... ... Lo 192

325 Synthesisofthestateoftheart . . . . . . ... ... .. o oo 193

3.3 Materialsand methods . . . . . . ... 193
3.3.1 Physical basis and experimental configuration . . . . . . ... ... 0oL 194

3.3.2 Design and integration of the embedded sensor . . . . . ... ... ... ... ... .. 196

3.3.3  Acquisition system architecture and operation . . . . . . ... ... L. 200

3.3.4 Experimental tests and validation . . . . ... ... ... ... . 201
3.3.4.1 Electronic verification of the acquisition system . . . . . ... .. ... .... 204

3342 Sheartests . . . . . . . .. e 206

3343 Bendin@tests . . . . ... e e 209

3.4  Experimental results and discussion . . . . . . . ... oL e e e e 216
3.4.1 Results of the electronic verification of the acquisition system . . . . . . ... .. .. .. 216
34.1.1 Measurement of the effective sampling frequency . . ... ... ... .. ... 217

3.4.1.2  Verification of the Wheatstone bridge . . . . . . . ... ... ... ... .... 218

34.1.3 Thermal stability and drifttests. . . . . . . . . .. ... .. ... .. 219

342 Sheartests . . . . . . e e e 221
3421 Preliminary test . . . . . . . ..o e e e e e 221

3422 Statistical tests . . . . . ... L 223

343 Bendin@tests . . . . . . ... e e e e e e e e 225
3.4.3.1 First campaign: preliminary validation of the embedded system . . . . . .. .. 225

3.4.3.2 Second campaign: cross-species reproducibility of the embedded system . . . . 227

3.4.3.3  Third campaign: metrological validation between acquisition systems . . . . . . 231

Development of intelligent wood inspection and monitoring systems: from tree to laminated beam.



36 Contents

Conclusions and Future Work 234
3.5 Summary of Key Findings . . . . . . . . . 234
351 TIKTree . . . . o v i e e e e e e e e e 234

352 TIKTImber . . . . . . o o e e e e 235

3.6 General Conclusions on the SmartTimber System . . . . . . .. ... ... ... ... ...... 235

3.7 Thesis Contributions . . . . . . . . . L. e e e e e e 235
3.7.1 Scientific Contributions . . . . . . . . . L. e 235

3.7.2  Technological and Laboratory Know-How . . . . . ... ... ... ... ......... 236

3.7.3  Functional Prototypes and Technology Transfer . . . . . . ... .. ... ... ...... 236

3.8 Study Limitations . . . . . . . . .. e e e e e e 236
3.9 Recommendations for Future Research . . . . . .. ... ... ... L. . 237
3.10 Final Reflections . . . . . . . . . . . . . . e 237
Publications 238
3.11 Publications in Scientific Journals . . . . . . . . ... L. 238
3.11.1 Submitted Articles . . . . . . . . e 238

3.11.2 Published Articles . . . . . . . . . . e 238
Conferences 239
3.12 Conference Contributions . . . . . . . . . . . . L oL e e e 239
Bibliografia 247
A Publications 248

A.l1 Paper I Calibration strategy for a nondestructive wood characterization tool using optimized
time-of-flight determination and material propagation analysis . . . . . . . .. . ... ... ... 248

A.2 Paper II: Development and validation of a novel low-cost portable device for non-destructive

evaluation of structural timber . . . . . . . .. e e e e e e e e e 252
B Conferences 256
B.1 Conferece I: Enhancing Poplar Wood Valorization through Innovative Non-Destructive Tools for
Wood Quality Assessment: The Tree Inspection Kit (TIK) . . . . . . . ... .. ... ....... 256
B.2 Conference II: Development and validation of a novel low-cost portable device for non-destructive
evaluation of structural timber . . . . . . . . . e e e e e e e e 258
C Gantt Charts of the Research Project 259
C.1 Technical Development Planning . . . . . . . . . .. . ... 259

Irene Gil Martin









2.1

2.2

23

24

2.5

2.6

2.7

2.8

Schematic representation of the transformation process of structural timber, from the standing tree
to the final construction element. The four main phases are shown: forest phase (evaluation of the
standing tree), primary transformation (log extraction), secondary transformation (production of
sawn boards), and construction phase (manufacture of structural beams). The diagram illustrates
the complete material traceability. Developed and implemented by the author. . . . . . . . .. ..

Examples of commercial devices used for acoustic ToF measurement in structural timber. These
systems serve as reference tools for comparative evaluation and validation of the TIK Tree module.

Representative commercial devices used for longitudinal resonance-based acoustic measurement
in the dynamic characterisation of structural timber. These solutions serve as functional reference
points for the development and validation of the TIK Timber module. . . . . ... ... ... ..

Functional architecture of the TIK system, integrating the TIK Tree and TIK Timber modules
together with desktop and web applications, connected via a cloud database. The diagram illustrates
the information flow and data traceability from the standing tree to the structural beam. Developed
and implemented by the author. . . . . . . . . . ... o oL

Functional position of the TIK Tree module within the timber value chain. The diagram shows
its application during the forest phase for the non-destructive characterisation of standing trees
through acoustic ToF measurement and estimation of the dynamic modulus of elasticity (Eayy).
The acquired data are integrated into the central database to support traceability and sustainable
forest management. Developed and implemented by the author. . . . . . . . ... ... ... ...

SD-02 piezoelectric sensors used in the TIK Tree module for the non-destructive evaluation of timber
through acoustic techniques. The images show the sensor details and their practical application
during field testing. Developed and implemented by the author. . . . . . . . ... ... ... ...

Schematic representation of the experimental ToF measurement procedure used in the TIK Tree
module. The diagram shows the arrangement of the piezoelectric sensors inserted into the trunk,
their separation distance, measurement height, and the impact location. The letters E and R indicate,
respectively, the emitter and receiver sensors. Developed and implemented by the author. . . . . .

Internal view of the Microsecond Timer (MST) device by Fakopp [23] after disassembly. The
main electronic components of the system are identified, including the microcontroller, analogue
conditioning stage, counter, and input/output connections. This observation enabled the internal
architecture to be analysed as a reference for the development of the TIK Tree module. Developed
and implemented by the author. . . . . . . . . ...

LIST OF FIGURES

79

Irene Gil Martin

39































































60 Glossary

DMG1012T N-channel enhancement-mode MOSFET transistor; Vps=20V, Ip=0.63 A, typical Rpg(on)=0.4 Q at
Vgs=4.5V; SOT-523 package [14].

Dynamic Modulus of Elasticity (Eqyn): Modulus of elasticity measured using non-destructive techniques that
analyze the propagation of elastic waves or the natural vibration of the material.

Electromechanical solenoid Device that converts electrical energy into linear motion through a magnetic field.
In the TIK Timber module, it is used to generate reproducible impacts that induce longitudinal vibration in
wood specimens.

Enable signal Control line that allows electronic activation or deactivation of a regulator or power converter.

ESP32 Low-power microcontroller (MCU) with integrated Wi-Fi and Bluetooth connectivity, used for signal
acquisition and processing in embedded systems [15].

Fast Fourier Transform (FFT) Efficient computational algorithm that allows the calculation of the Discrete
Fourier Transform (DFT) of a signal. The FFT decomposes a time-domain signal into its frequency
components, showing how its spectral energy is distributed. It is a fundamental tool for vibration analysis
and acoustic signal characterization, since it enables the identification of natural or resonance frequencies of
a physical system from time-domain measurements.

Figma Collaborative cloud-based platform for interface design and prototyping, aimed at developing interactive
and coherent graphical environments. It was used in the visual design phase of the TIK Timber system
interface, in combination with SquareLine Studio [16].

Finger joint Type of glued joint used to assemble shorter wooden pieces into longer ones through interlocking
complementary teeth. This method allows obtaining longer elements with uniform stress distribution and
suitable structural continuity, commonly used in laminated timber and structural components.

Firmware (FW) Set of low-level programs and routines stored in an electronic device’s memory, directly
responsible for its operation. In embedded systems, firmware acts as the interface layer between hardware
and user-level software, managing acquisition, communication, and control tasks.

FR-4 Composite material made of fiberglass and epoxy resin with flame-retardant properties, commonly used as
a substrate in printed circuit board (PCB) manufacturing.

FreeRTOS Open-source Real-Time Operating System widely used in embedded systems. It allows concurrent
execution of multiple tasks and precise control of processing time [4].

Fundamental resonance frequency First natural frequency at which a specimen or system vibrates stably after
excitation. In vibroacoustic testing, particularly in longitudinal resonance analysis, it corresponds to the
fundamental vibration mode, determined by the elastic properties, density, and length of the material. It is
identified as the first peak in the amplitude spectrum obtained from the FFT of the signal.

Glued Laminated Timber Beams (MLE, glulam) Structural product composed of wooden lamellae with parallel
fibers bonded with structural adhesives, allowing for long-span elements and curved components.

Glulam Glued Laminated Timber. Engineered wood product made by bonding together multiple layers of timber
lamellae with structural adhesive to form large structural elements with enhanced mechanical properties.

Graphical User Interface (GUI) Visual environment that enables direct interaction with the system through
graphics, buttons, and real-time visualizations.

Hardware (HW) Physical set of electronic and mechanical components that constitute a system or device.

HX711 24-bit analog-to-digital converter (ADC) with an integrated programmable gain amplifier, specifically
designed for reading strain gauge bridges. It is widely used in weighing systems and low-amplitude signal
acquisition due to its low cost, high resolution, and ease of integration with microcontrollers such as
Arduino [17].
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I2S Inter-IC Sound. Serial communication protocol used for the transmission of digital audio data between
integrated circuits, employed in the acoustic acquisition system of the ESP32.

IDLE Acronym for Inactive or Idle State, referring to the condition of a system or device when it is powered
on and operational but not performing any active task. Commonly used in measurement systems to denote
standby or waiting mode.

INA219 Integrated circuit by Texas Instruments combining a current and voltage sensor with an I>’C digital
interface, used for monitoring power consumption and charge status in electronic systems.

Jitter Undesired temporal variation in the position of a periodic signal’s edges relative to their ideal timing. In
digital acquisition systems, jitter represents the instability of the clock or sampling process and can cause
synchronization errors or distortions in the temporal reconstruction of the signal.

JLCPCB Printed circuit board manufacturer based in Shenzhen (China). It was used for the production of the
PCBs designed within the framework of this thesis [18].

LIFE Wood for Future (LWFF): European Union LIFE Programme project aimed at mitigating climate change
through the restoration of poplar groves in the Vega of Granada using sustainable silvicultural practices and the
valorization of timber in structural products. Its main objectives include strengthening the forest value chain,
increasing long-term carbon sequestration, and demonstrating innovative construction solutions using poplar.
Coordinated by the University of Granada in collaboration with COSE, the Provincial Council of Granada,
PEMADE (USC), and 3edata, it has a budget of approximately €2.99 million (55% co-funded by CINEA).
Key actions include riverbank restoration, the promotion of carbon farming schemes, the development and
validation of structural systems made from poplar wood, and the construction of a demonstrative building [1].

LVGL Light and Versatile Graphics Library. Open-source library for developing graphical interfaces in embedded
systems, used in the TIK Timber system [5].

MCP6S21 Amplificador de ganancia programable (PGA) de canal tinico, con entrada/salida rail-to-rail y control
por SPI, configurable en ganancias de +1 a +32 V/V; empleado como etapa de acondicionamiento de sefial
y controlador de entrada para ADCs [19].

Microcontroller Programmable electronic device integrating a processor, memory, and input/output peripherals
on a single chip, used for real-time signal acquisition and processing in embedded systems.

Modulus of Elasticity (E): Mechanical property that measures a material’s stiffness. It is defined as the ratio
between stress (force per unit area) and strain (relative change in length) within the elastic region of the
material.

Noise Disturbance or random component superimposed on a useful signal, altering its shape or amplitude. It can
have an electronic origin (thermal noise, interference) or a mechanical one (undesired vibrations, couplings).
In acoustic signal analysis, the noise level affects the accurate detection of the arrival time and the estimation
of the dynamic modulus of elasticity.

Nyquist-Shannon theorem Fundamental principle in signal theory stating that an analog signal can be fully
reconstructed from its discrete samples if the sampling frequency is at least twice the highest frequency
present in the original signal.

Power decoupling Electronic technique consisting of placing capacitors between power and ground lines of
a circuit to filter disturbances and reduce high-frequency noise, improving voltage stability for sensitive
components such as ADCs or HX711 modules.

Printed Circuit Board (PCB) Printed circuit board used for mounting electronic components. In this thesis,
several custom PCBs were designed for acoustic acquisition, signal conditioning, and strain gauge
measurement.
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Programmable gain Configurable amplification level of an analog signal that allows adjusting its amplitude to
the effective range of the analog-to-digital converter (ADC), optimizing the signal-to-noise ratio (SNR) and
preventing system saturation.

Python High-level, interpreted, multiparadigm programming language known for its clear syntax and readability,
widely used in web development, data analysis, artificial intelligence, automation, and scientific
applications [20].

Resonance Method Vibroacoustic testing technique based on exciting a specimen to identify its natural resonance
frequencies. These frequencies are used to estimate dynamic material properties, including the elastic
modulus, shear modulus and damping coeflicients, by modelling the vibration behaviour of the specimen.

Reverse engineering Process of analysing an existing device, system or component to understand its internal
structure, operating principles and functional behaviour, typically by disassembling, testing or replicating its
elements.

Shear Type of mechanical stress that tends to cause adjacent layers of a material to slide relative to each other,
parallel to the contact plane. In laminated timber, it is used to evaluate the strength of the adhesive bond
between lamellae.

Signal-to-noise ratio (SNR) Quantity that quantifies the ratio between the useful power of a signal and the noise
power present in the measurement. It is usually expressed in decibels (dB) and calculated as
201og;(Asignal/ Anoise)- A high SNR value indicates a cleaner signal and better acquisition quality. In tests
with the TIK Tree module, it is used to assess the influence of adapters and impact conditions on acoustic
wave clarity.

SmartTimber R&D project by the University of Granada focused on developing “intelligent multiespecies
structural timber products”” for low-impact industrialized construction. It comprehensively addresses
timber characterization, the design and validation of multiespecies glued laminated beams (MLEM), the
development of intelligent monitoring systems, and the implementation of hybrid wood—concrete slab
solutions.  Funded by the Spanish Ministry of Science and Innovation (PID2020-114386RB-100,
co-financed by FEDER funds), it combines numerical simulation and experimental testing to reduce
environmental footprint and promote industrialization and digitalization of the sector, leveraging local
materials and species [3].

Software (SW) Set of programs, applications, and algorithms that process, visualize, or manage the information
acquired by the system. In the case of SmartTimber, the software includes tools for recording, analysis, and
calibration used in timber structural monitoring.

SolidWorks 3D CAD modeling software used for the design of enclosures, mechanical assemblies, and exploded
views of the developed devices [21].

Spectral leakage Spread of a frequency component’s energy into adjacent frequencies in the spectrum, caused by
temporal truncation of the signal or the use of a non-periodic window function.

SquareLine Studio Graphical interface design environment based on LVGL that allows creating and exporting
interactive screens for embedded systems. Used in the development of the TIK Timber system interface [6].

Static Modulus of Elasticity (Ega): Modulus of elasticity measured through static bending tests, where a gradual
load is applied and the resulting deformation is recorded.

Time of Flight (ToF) Time interval taken by an acoustic wave to travel from the emitter to the receiver through
a material medium. It is used to calculate the propagation velocity and, from it, to estimate the dynamic
modulus of elasticity.

TLV2771 Precision operational amplifier manufactured by Texas Instruments, featuring low power consumption,
rail-to-rail input and output, and a 5 MHz bandwidth. It offers high input impedance, low noise (8 nV/VHz),
and a typical quiescent current of 550 A per channel. Commonly used in signal conditioning circuits for
piezoelectric sensors and analog acquisition systems in microcontrollers [22].
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ADC Analog-to-Digital Converter.

AIC Akaike Information Criterion.

BING Beam Identification by Non-Destructive Grading [10].

Bluetooth Short-range wireless communication protocol.

CAD Computer-Aided Design.
CF Crest Factor.

CV Coefficient of Variation.

DAQ Data Acquisition System.
DC-DC Direct current to direct current converter.

DMA Direct Memory Access.

Edyn Dynamic Modulus of Elasticity.
Ega Static Modulus of Elasticity.

EA Acoustic Emission.

END Non-Destructive Testing.

ESD Electrostatic Discharge.

FDM Fused Deposition Modeling.
FFT Fast Fourier Transform.
FTC First Threshold Cross.

FW Firmware.

GPR Ground Penetrating Radar.
GUI Graphical User Interface.
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HW Hardware.

I’S Digital Interface for Synchronous Audio Transmission.
ICT Information and Communication Technologies.
IoT Internet of Things.

IR Infrared Thermography.
Li-Po Lithium Polymer Battery.

MC Moisture Content.

MCU Microcontroller Unit.

MST Microsecond Timer [23].
MTG Mechanical Timber Grader [9].

PCB Printed Circuit Board.

PGA Programmable Gain Amplifier.
PLA Polylactic Acid.

PLB Pencil Lead Break.

PLG Portable Lumber Grader [24].
PNE European Black Pine.

PPL Poplar.

PWM Pulse Width Modulation.

RAM Random-Access Memory.
RMS Root Mean Square.
RMSE Root Mean Square Error.

SHM Structural Health Monitoring.
SLA Stereolithography.

SMD Surface-Mount Device.

SNR Signal-to-Noise Ratio.

SPI Serial Peripheral Interface.

SPL Sound Pressure Level, expressed in decibels (dB), defined as the logarithmic level of the effective sound
pressure relative to a reference of 20 pPa.

SW Software.

TIK Tree Inspection Kit.
ToA Time of Arrival.
ToF Time of Flight.
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