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Resumen 

Motivación y objetivos 

Un microprocesador es un circuito integrado que actúa como la unidad central de 

procesamiento (CPU) de una computadora. Este componente es fundamental para 

ejecutar las instrucciones de los programas informáticos, gestionando las operaciones 

básicas de aritmética, lógica, control y entrada/salida. Los microcontroladores trabajan 

junto a otros tipos de componentes y circuitos electrónicos, normalmente conectados a 

través de una placa de circuito impreso (PCB). Esta combinación de microcontrolador, 

conexiones y periféricos o sensores desempeña un papel clave en el control, la 

supervisión y el funcionamiento de diversos tipos de sistemas.  

Cabe destacar que el estudio objeto de esta tesis doctoral profundizará en tres campos 

aparentemente distintos: la investigación sobre dispositivos semiconductores como 

sensores dosimétricos en radioterapia, del uso de sensores inerciales aplicados a la 

monitorización deportiva y las plataformas microfluídicas para la monitorización de 

flujos en sustratos celulósicos. A pesar de que estas áreas puedan parecer a priori 

inconexas, la motivación subyacente a esta investigación surge de un hilo conductor 

común: la búsqueda de soluciones innovadoras para la detección de diversos 

parámetros mediante plataformas microcontroladas en el ámbito de la atención 

sanitaria. Los objetivos de esta tesis pueden dividirse entre los tres temas antes 

mencionados, aunque comparten muchas similitudes. En general, se han diseñado, 

desarrollado, fabricado y validado plataformas sensoras de bajo coste, portátiles y 

basadas en microcontroladores.  

El primer objetivo de la tesis consiste en el desarrollo de un nuevo sistema de 

dosimetría basado en el trabajo previo realizado en el seno de nuestro grupo de 

investigación. Esto implica la adaptación del sistema desarrollado para su uso con 

otros dispositivos sensores (como fotodiodos), así como la implementación de los 

correspondientes algoritmos de compensación térmica necesarios para un 

funcionamiento preciso durante los procesos de dosimetría en vivo.  

La motivación tras el desarrollo de esta plataforma sensora es clara: La radioterapia es 

una de las técnicas actuales más eficientes para tratar tumores sólidos, por lo que 

resulta esencial garantizar que la energía absorbida sea suficiente para eliminar las 

células tumorales, pero sin que supere un determinado nivel umbral para evitar el 

riesgo de provocar daños en los tejidos sanos. Por lo tanto, en los tratamientos de 

radioterapia es obligatorio controlar con gran precisión la dosis administrada (energía 

absorbida por unidad de masa). Para realizar esta medición, los sensores dosimétricos 

más comunes (cámaras de ionización y diodos PN y PIN de silicio fabricados 

específicamente para la detección de radiación ionizante) producen una corriente de 

salida proporcional a la tasa de dosis absorbida, que se monitoriza mediante 
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electrómetros especializados. Como medida dosimétrica se suele proporcionar la carga 

total generada por la radiación obtenida mediante la integración de la corriente 

inducida por la radiación. También se utilizan en este campo los transistores MOSFET 

(Metal-Oxide-Semiconductor Fiel Effect Transistor) fabricados con ciertos procesos 

específicos que les confieren una sensibilidad especial y una mayor resistencia a la 

radiación; son los llamados RADFET (RADiation Field Effect Transistor).  

El segundo de los objetivos es el desarrollo de un sistema sensor microcontrolado 

basado en el uso de unidades de medida inerciales (IMU) para la monitorización de la 

actividad física y deportiva. Estos dispositivos permitirán el estudio de la técnica, 

ayudando así a mejorar el rendimiento y previniendo posibles lesiones. A lo largo de 

los años, se han propuesto diferentes sistemas y metodologías para supervisar el 

rendimiento de los deportistas, así como su ejecución técnica. Entre las más utilizadas 

se encuentra el análisis de vídeo y el uso de sistemas globales de navegación por 

satélite (GNSS). Las IMU, en cambio, presentan varias ventajas con respecto a sus 

predecesoras. Su bajo coste, pequeño tamaño y versatilidad han causado un aumento 

significativo en la utilización de estos dispositivos para la monitorización de diferentes 

deportes, así como en estudios del movimiento y posturales. 

El último objetivo consiste en desarrollar una plataforma analítica completa basada en 

tecnología microfluídica capilar sobre sustratos celulósicos y textiles. La microfluídica 

y la evolución observada en las tecnologías asociadas a su desarrollo han sido 

determinantes en el progreso en el campo de los sistemas de análisis total (μTAS), 

también conocidos como Lab-on-a-chip (LOC). Este sistema debe incorporar materiales 

actuadores que respondan a diferentes estímulos, incluyendo los de tipo fotosensible, 

electrosensible y quimiosensible. Como resultado, operaciones como la mezcla, 

interrupción o ralentización del flujo para facilitar reacciones químicas o separaciones, 

la disolución y transporte de reactivos encapsulados, la inmovilización de reactivos y 

las inyecciones o diluciones secuenciales, podrán llevarse a cabo. Esto permitirá 

realizar análisis más complejos, hasta ahora inalcanzables. 

Resultados y conclusiones 

Expuestos los objetivos y la motivación de los diferentes estudios realizados, a 

continuación se resumen los resultados obtenidos en esta tesis por compendio 

organizados de forma similar a los objetivos.  

El sistema dosimétrico desarrollado se basó en un microcontrolador de la familia PIC 

del fabricante Microchip, en concreto el PIC18F46K42. Este dispositivo destaca por su 

potente núcleo de procesamiento, capaz de ejecutar instrucciones complejas con alta 

precisión y eficiencia, lo que lo hace ideal para aplicaciones que requieren respuestas 

en tiempo real. Incluye numerosos periféricos integrados, como interfaces UART, SPI e 

I2C, facilitando la conectividad con dispositivos externos y sensores. Además, el 
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PIC18F46K42 ofrece un ecosistema robusto de herramientas de desarrollo y software, 

lo que permite simplificar el desarrollo y prototipado de aplicaciones.  

En dosimetría con diodos y fotodiodos, el parámetro de interés es la corriente inducida 

por la radiación. Para medirla, es necesario realizar una conversión intensidad-voltaje 

mediante un amplificador operacional con una resistencia de realimentación. Esta señal 

se filtra (con un filtro RC) y digitaliza mediante un conversor analógico-digital externo. 

Teniendo en cuenta los componentes empleados y la incertidumbre experimental, se 

obtuvo una resolución de 200 pA. Además del amplificador de transimpedancia, se 

incluyó una fuente de corriente a la unidad lectora para polarizar los diodos y 

fotodiodos, permitiendo medir la tensión en directa (Vγ). Esta modificación se realizó 

para poder medir la temperatura de los sensores gracias a la relación de Vγ con la 

temperatura. El efecto de la temperatura en las mediciones dosimétricas es una 

limitación importante de los dosímetros de estado sólido, lo cual tiene especial 

relevancia en el caso de los dosímetros basados en fotodiodos PIN, en los que la 

corriente de oscuridad depende exponencialmente de la temperatura.  

Esta plataforma se empleó en la primera publicación incluida en el compendio para 

caracterizar diferentes fotodiodos y fototransistores como sensores dosimétricos [¿ref?]. 

Para ello, se aplicó un ciclo de irradiación escalonado que incluía valores de tasa de 

dosis de 0.81 a 4.87 cGy/s, alcanzando una dosis absorbida total de 21.4 Gy. Los 

resultados experimentales del fotodiodo PIN de Si BPW34S mostraron una sensibilidad 

de (13.9 ± 0.5) nC/cGy, una reducida dependencia de la sensibilidad con la tasa de 

dosis, y una alta linealidad de la corriente con la tasa de dosis media e instantánea. 

Como conclusión de esta primera publicación, el fotodiodo PIN de silicio BPW34S 

resulta ser un candidato fiable para la determinación de la tasa de dosis y la dosis 

absorbida en la piel en irradiaciones típicas de tratamientos de radioterapia, para el 

cual se ha medido una pérdida de sensibilidad por debajo del 2% hasta 21.4 Gy. 

En la segunda publicación que se incluye como resultado de la tesis por compendio, se 

presenta un método de compensación térmica basado en la propia estructura del 

diodo, sin necesidad de un sensor o dispositivo externo. Durante la irradiación, el 

fotodiodo se conmuta periódicamente de polarización inversa a polarización directa 

para determinar la temperatura del dispositivo. Esta medición se basa en la 

dependencia lineal entre la temperatura y la tensión directa del diodo. El 

procedimiento propuesto redujo la incertidumbre debida a la deriva térmica en un 

factor de 7.5.  

Además de la caracterización descrita anteriormente, para completar el estudio del 

sensor elegido como dosímetro de haces de fotones, se llevó a cabo una caracterización 

de la dependencia angular del fotodiodo BPW34S, donde se encontró una dependencia 

máxima de la sensibilidad del 35.3%. Para solventar este problema se propuso una 

solución basada en una estructura sensora tridimensional: Un cubo de seis caras con un 
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fotodiodo en cada cara, donde todos los fotodiodos se conectaron en paralelo, 

consiguiendo así reducir al 10.6%. la dependencia angular. 

Siguiendo con la caracterización del fotodiodo BPW34S como sensor dosimétrico, se 

estudió su respuesta ante haces de protones de 5.36, 70, 150 y 230 MeV. Los resultados 

obtenidos para la energía más baja no fueron satisfactorios. Sin embargo, para las otras 

tres energías estudiadas se obtuvo una sensibilidad calculada como la relación entre la 

carga generada por la radiación ionizante y la dosis suministrada de (0.32x + 3.81), 

(0.31x + 2.68) y (0.36x + 5.78) µC/Gy, respectivamente.  

Posteriormente, se estudió la respuesta de cuatro modelos de diodo frente a rayos 

gamma de alta tasa (365.17 Gy/min). En este caso, la sensibilidad obtenida para los 

diferentes modelos testeados osciló entre 101.0 y 66.9 µC/kGy con una degradación 

máxima del 1.4%. 

Para terminar con la caracterización de sensores dosimétricos, se caracterizó y estudió 

el RADFET VT06 de Varadis (Cork, Ireland) como sensor para haces de protones. Aquí 

se usó la unidad lectora desarrollada previamente en nuestro grupo de investigación, y 

se realizaron caracterizaciones ante diferentes energías: 1, 2, 3, 151.23 y 230 MeV.  Los 

resultados mostraron una dependencia de la sensibilidad con la energía, obteniendo 

sensibilidades de 0.68, 0.79, 0.92, 1.10 y 1.14 mV/Gy, respectivamente. 

Continuando con el segundo objetivo, se desarrolló una plataforma microcontrolada 

basada en el uso de unidades de medida inerciales. Los principales componentes de la 

placa electrónica son el microcontrolador SAMD21G18 de arquitectura ARM Cortex-

M0+, que sirve de columna vertebral para multitud de tareas que requieren 

capacidades de procesamiento fiables y de alta velocidad, junto con la unidad de 

medida inercial MPU-9250, que integra magnetómetro, giróscopo y acelerómetro de 3 

ejes cada uno. Todo ello, alimentado por batería y a una frecuencia de muestreo de 112 

Hz, ofrece una autonomía superior a 10 horas.  

En la tercera publicación presentada como resultado de la tesis, se emplea este sistema 

para analizar la técnica durante la práctica de esquí alpino. En el esquí es importante 

conocer cómo acelera e inclina los esquís el esquiador durante el giro para evitar 

lesiones y mejorar la técnica. El objetivo de este trabajo fue validar el sistema para 

detectar la inclinación y aceleración de los esquís. Para ello se colocó la plataforma 

desarrollada en cada esquí, detrás de la bota del esquiador, y se obtuvieron los datos 

de orientación y actitud de los esquís (balanceo, cabeceo y guiñada). Esta información 

se comparó con los datos recogidos por un sistema de referencia 3D-cinemático basado 

en vídeo para validar su funcionamiento, obteniéndose el coeficiente de correlación 

entre 0,9959 y 0,922. Además, los resultados demuestran que el sistema basado en IMU 

propuesto puede proporcionar datos fiables con baja deriva. 
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Finalmente, dentro del campo de la microfluídica, se ha desarrollado y evaluado una 

plataforma sensora que consiste en un par de electrodos metálicos paralelos colocados 

debajo de la tira de papel que transporta el líquido por capilaridad. A medida que la 

tira de papel se humedece, la capacidad eléctrica entre estos electrodos se modifica, lo 

que permite una medición precisa y en tiempo real del flujo capilar sin necesidad de 

cámaras de vídeo ni sensores de flujo externos. Para ello se empleó el sensor capacitivo 

AD7746, que mide el cambio de capacidad controlado por un Arduino Nano, el cual 

posee el microcontrolador ATmega 328. El sensor capacitivo tiene un rango de 8 pF con 

una precisión de 4fF. Este rango puede ajustarse mediante un desplazamiento (offset) 

para situarse en torno a los valores de capacidad deseados. En este caso se empleó el 

ATmega 328 debido a la cantidad de información, librerías y recursos disponibles.  

Este sistema dio como resultado la cuarta publicación del compendio, en la que se 

presenta el desarrollo del mismo. La monitorización precisa y en tiempo real del 

proceso de absorción de líquidos es esencial para permitir un control preciso del flujo 

en dispositivos microfluídicos, mejorando así su rendimiento y utilidad. Sin embargo, 

la mayoría de las estrategias existentes de monitorización del flujo requieren 

instrumentación externa que suele ser voluminosa e inadecuada para sistemas 

portátiles. 

El rendimiento de la plataforma de monitorización capacitiva se evaluó para diferentes 

soluciones acuosas (agua purificada y solución de NaCl 1 M), varias geometrías de 

tiras de papel y varias válvulas químicas a medida para la retención del flujo (barreras 

a base de quitosano, cera y sacarosa). La validación experimental arrojó un error 

relativo a escala real del 0.25%, lo que se tradujo en un error de capacidad absoluta de ± 

10 fF. En cuanto a la reproducibilidad, la incertidumbre máxima fue inferior a 10 nl/s 

para la determinación del caudal. Además, los datos experimentales se compararon y 

validaron con análisis numéricos mediante simulaciones eléctricas y de dinámica de 

flujo en medios porosos. 
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1 Introduction 
 

Microprocessors have demonstrated their utility across a large variety of contexts. 

These compact integrated devices have revolutionized numerous industries and fields 

of study thanks to their capacity to execute programmable commands stored within 

their memory. Comprised of various functional blocks, microprocessors—also known 

as microcontroller units or simply microcontrollers (µC, UC, or mCU)—provide 

tailored solutions to a broad spectrum of problems [1-3]. 

Now, focusing on the present thesis, it is important to highlight that the following 

study will delve into three seemingly disparate fields: inertial sensor technology 

applied to sports monitoring, microfluidic platforms for flow monitoring in cellulosic 

substrates, and the investigation of semiconductors devices as dosimetric sensors in 

radiotherapy. While these areas may initially appear unrelated, the underlying 

motivation for this research stems from a common thread: the pursuit of innovative 

sensing solutions using microcontroller platforms in healthcare. The combination of 

microcontrollers with other peripherals on the same platform provides a wide range of 

specific solutions to a variety of challenges, thereby establishing a common ground for 

the development of pioneering and innovative applications in diverse areas such as 

sports, biotechnology, and medicine. 

1.1 Motivation 

In recent times, there has been an increasing demand for monitoring activities in sport 

practice, reflecting a growing emphasis on tracking performance metrics. In this 

context, there has been a surge in the utilization of inertial units to measure 

accelerations and angles in sports, due to the potential of analysing specific parameters 

to prevent injuries or improve technique [4,5]. In particular, skiing and other winter 

sports have witnessed a growing demand for technology aimed at improving 

performance and ensuring the safety of athletes [6,7]. The inclusion of inertial sensors 

in sports equipment enables detailed and meticulous analysis of movement and 

posture, which can lead to significant improvements in technique and injury 

prevention. Therefore, the motivation behind the first sensing platform, which 

constitutes a part of this research, is driven by the need to leverage technology for the 

benefit of athletes. 

Similar to the trend in sports monitoring, there has also been a parallel trend in health 

and medical monitoring. In this context, the second sensing platform resulting from 

this thesis focuses on the field of radiotherapy. Radiotherapy stands as an essential 

technique in cancer treatment, where precise delivery of radiation doses is of vital 

importance [8-11]. It is essential to ensure that the absorbed energy is enough to 

eradicate tumour cells but does not exceed the threshold level to induce new damage 

in healthy tissues. Therefore, accurate monitoring of the delivered dose becomes 

mandatory in radiotherapy treatments. The most common dosimetric sensors, such as 
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ionization chambers or the specific silicon PN and PIN diodes, provide an output 

current under radiation fields. Other semiconductor devices used as radiation sensors 

are the MOSFET-based (metal-oxide semiconductor field-effect transistor) dosimeters 

[12-14], in which radiation produces a measurable threshold voltage shift. The 

exploration of commercial general-purpose devices, not explicitly designed for ionizing 

radiation detection, as dosimetry sensors for radiotherapy aims to reduce the cost of 

treatment monitoring. The motivation behind this research lies in optimizing 

radiotherapy treatments and reducing the treatment expenses by leveraging readily 

available commercial devices not specifically developed for radiation measurement. 

Finally, the common ground of precision instrumentation and the need for accurate 

monitoring highlight the development of microcontrolled systems in the field of 

microfluidic analysis, underscoring a broader trend towards the creation of precise yet 

portable sophisticated sensing platforms. Understanding the phenomenon of liquid 

wicking in porous media is crucial for various applications, including the 

transportation of fluids in soils, the absorption of liquids in textiles and paper, and the 

development of new and efficient microfluidic paper-based analytical devices (μPADs) 

[15-17]. Overall, microfluidics holds great promise in revolutionizing healthcare and 

medicine by enabling precise control over fluid behaviour on a small scale, leading to 

advancements the development of rapid diagnostic devices, precise drug delivery 

systems, or point-of-care testing [18-20]. Hence, accurate and real-time monitoring of 

the liquid wicking process is essential to enable precise flow transport and control in 

microfluidic devices, thus enhancing their performance and usefulness. However, most 

existing flow monitoring strategies require external instrumentation, are generally 

bulky and unsuitable for portable systems. In this field, a portable, compact, and cost-

effective electronic platform for real-time and wireless flow monitoring of liquid 

wicking in paper strips would be very useful. Despite the diversity of the topics 

addressed in this thesis, the underlying connection is the pursuit of technological 

solutions with significant implications for healthcare and societal benefit. Whether 

enhancing athletic performance, promoting environmental sustainability, or advancing 

medical treatment, each of these topics intersects with the broader goal of improving 

public health outcomes. Therefore, this thesis aims to contribute to the ongoing 

advancement of science and technology in these critical areas through the development 

of low-cost, compact, and portable microcontrolled sensing platforms. 

1.2 Objectives 
The objectives of this thesis can be divided among the three topics addressed, although 

they share many similarities. Low-cost, portable, and microcontroller-based sensing 

platforms have been designed, developed, manufactured, and tested. The main 

objectives, divided into the three research lines, are as follows: 

• To enhance the previous dosimetry system based on MOSFETs developed by 

our research group. This involves the adaptation of the developed system for 

use with other sensor devices (such as photodiodes) and the implementation of 
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the corresponding thermal compensation algorithms necessary for its accurate 

operation in in-vivo dosimetry. 

• To develop a sensor system based on the use of inertial units for the study of 

sports and physical activity. These devices will enable the study of the 

technique, thereby helping to improve performance and preventing potential 

injuries. The primary objectives include designing these systems for cross-

country skiing and monitoring jumps. 

• To develop a complete analytical platform based on capillary microfluidics on 

cellulosic and textile substrates. This system should incorporate actuating 

materials that respond to different stimuli, including photosensitive, 

electrosensitive and chemo sensitive type, enabling intelligent control of flow to 

expand the range and complexity of possible analytical operations. This will 

allow for more complex analyses so far unattainable.  

Among the three objectives outlined, there is a need for communication between the 

user and the system, so the development of various software interfaces will be also 

necessary. Considering the requirements and applications of the systems to be 

developed, user interfaces will be created for PC or smartphone platforms based on 

Python or Android, respectively. 

1.3 Outline of the thesis 
It should be emphasized that this is a thesis comprises a compendium of publications 

resulting from the research work conducted during the pre-doctoral period. 

Chapter two provides a review of the previous work conducted along the three main 

lines of this thesis and the methodology employed, encompassing descriptions of the 

equipment employed for the different characterizations, the software used for design, 

simulation, and parameter measurements, and the specific methods and technologies 

occupied. In addition, this chapter includes a brief introduction to dosimetry and its 

principles, an overview of different sensors available for this purpose, an updated 

discussion on inertial sensors used in the specific sports focused on in this study, and 

finally, a general exploration of liquid wicking in porous media and its applications. 

The results and discussion are reported in chapter three. This chapter also shows the 

results not yet published or included in the compendium, along with the four 

publications that constitute the thesis by compendium of publications. 

Finally, chapter four summarizes the conclusions drawn from the research and outlines 

future work. 
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2 Background and Methodology 
 

A microcontroller is a compact computer that is entirely self-contained on a single chip. 

It can be described as a simplified computer designed to repeatedly execute a single 

basic program. Typically, a microcontroller is intended to perform a specific automated 

task pre-programmed by the user. These devices are designed to execute a single task 

repeatedly, often in a timed loop. This type of application is referred to as embedded, 

as opposed to the more flexible general-purpose applications managed entirely by a 

Central Processing Unit (CPU). The programming languages used to code the 

microcontrollers vary depending on the manufacturer and the type of microcontroller. 

Some of the commonly used programming languages include C, C++, and assembly 

language. In comparison, other programmable devices such as Field-Programmable 

Gate Arrays (FPGAs) offer a different approach: While microcontrollers are fixed-

function devices programmed to perform specific tasks, FPGAs provide reconfigurable 

hardware that allows users to define and modify the functionality of digital circuits 

through programming. This flexibility makes FPGAs well-suited for applications 

requiring rapid prototyping, complex algorithm implementation, or tasks demanding 

high levels of parallel processing. Despite their differences, both microcontrollers and 

FPGAs serve vital roles in embedded systems, each offering unique advantages 

depending on the application's requirements. In our case, we have chosen to 

implement the sensor systems using microcontrollers because FPGAs have higher 

power consumption, more complex communication with, and less widespread usage.  

The fundamentals of microcontrollers dictate that they work in conjunction with other 

types of components and electronic circuits, typically connected via a printed circuit 

board (PCB). This combination of microcontroller, connections, and peripherals or 

sensors plays a key role in the control, monitoring and operation of various types of 

systems. When properly programmed to react to certain inputs or signal detections, an 

MCU processor can be used to perform tasks in a wide range of functions and 

applications. These behaviours can range from simple input-output (I/O) triggers and 

sensor control to additional component control tasks in much more complex fully 

integrated systems. 

Among the microcontroller options available, three families are popular: Advanced 

Virtual RISC (Reduced Instruction Set Computer) (AVR), Advanced RISC Machine 

(ARM) and Peripheral Interface Controller (PIC). The different architectures makes 

each type more suitable depending on the final application. In addition, the existence 

of libraries for communication or control of the different sensors created by the 

community behind each microcontroller was another of the main reasons for selecting 

the processor to be used in each application. Three microcontrolled sensing platforms 

were developed in this research with three different purposes, each of them using a 

different architecture. The characteristics are detailed below: 

1. AVR 



26  Isidoro Ruiz García 

 

 

 

 

 

• Architecture: AVR microcontrollers utilize a RISC architecture, focusing on 

efficiency through a simplified instruction set. 

• Manufacturer: Manufactured by Microchip Technology, AVR 

microcontrollers were originally developed by Atmel Corporation, which 

was acquired by Microchip in 2016. 

• Size and Power Consumption: Renowned for their compact size and low 

power consumption, AVR microcontrollers are favoured for applications 

requiring minimal power usage, such as portable devices and battery-

powered systems. 

• Ease of Use: Programming for AVR microcontrollers typically involves 

assembly language or C, with development environments like AVR Studio 

or Atmel's integrated development environment (IDE) providing 

comprehensive tools for development and debugging. 

2. ARM 

• Architecture: ARM microcontrollers also employ a RISC architecture but are 

distinguished by their advanced and powerful designs compared to AVR. 

• Manufacturer: ARM Holdings licenses its technology to various 

manufacturers such as STMicroelectronics, NXP, and Texas Instruments, 

resulting in a wide range of ARM-based microcontrollers available in the 

market. 

• Scalability and Power: Offering high scalability, ARM microcontrollers come 

in various configurations, from low-power devices to high-performance 

microcontrollers suitable for complex embedded systems. 

• Development Environment: ARM microcontrollers are typically 

programmed in high-level languages like C or C++, using development 

environments such as Keil or Eclipse-based IDEs. 

3. PIC 

• Architecture: PIC microcontrollers feature a RISC or a CISC architecture, 

with a more extensive instruction set capable of executing complex 

operations in a single instruction. Depending on the model and family, it 

will use one or the other architecture. 

• Manufacturer: Manufactured by Microchip Technology, PIC 

microcontrollers are renowned for their popularity in consumer electronics 

and education, owing to their simplicity and availability of learning 

resources. 

• Popularity: Widely used in hobbyist projects, educational settings, and 

consumer products, PIC microcontrollers offer simplicity and abundant 

learning materials. 

• Development Environment: Programming for PIC microcontrollers is 

typically done using the MPLAB IDE provided by Microchip, offering a 

comprehensive suite of tools for development and debugging. 

Therefore, to address the different challenges posed in this thesis, microcontrollers will 

be used as the core of the different sensor systems. For each application the sensors will 
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be selected as well as the conditioning and power supply electronics required in each 

case. Subsequently, the introduction to the fields in which sensor systems will be 

developed will be provided. 
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2.1 Dosimetry 
Radiotherapy is one of the most common techniques to treat solid tumours. It is 

essential to ensure that the energy absorbed is enough to eliminate the tumour cells but 

does not exceed the threshold level to induce damage in healthy tissues. Therefore, an 

accurate monitoring of delivered dose (energy absorbed per unit mass) is mandatory in 

radiotherapy treatments. This task is performed by in vivo dosimetry. Dosimetry is not 

only capable of detecting errors in the administered dose, but also allows corrective 

measures to be taken to improve treatment. This has been recognized as an effective 

method to reduce the potential risk to patients and increase their safety, as 

recommended by the International Commission on Radiological Protection [11]. 

In economic terms, radiotherapy is responsible for about 5 % of the total cost of cancer 

care [21], and the estimated proportion of patients in Spain with an evidence-based 

indication for radiotherapy ranges from 49.7 to 51.1 %, which is between 107018 and 

110159 people for the year 2012 [22]. These data support the need for further research in 

the field of dosimetry, trying to find new sensors to reduce treatment costs.  

The most common dosimetric sensors (ionization chambers and dedicated silicon PN 

and PIN diodes) produce an output current proportional to the absorbed dose, which 

is monitored by specialized electrometers. Also used in this field are MOSFET 

transistors (Metal-Oxide-Semiconductor Fiel Effect Transistor) manufactured with 

certain specific processes that give them special sensitivity and higher resistance to 

radiation; these are called RADFETs (RADiation Field Effect Transistor). These 

detectors and electrometers are expensive and use high voltages to obtain enough 

sensitivity.  

2.1.1 Radiation types 

Radiation is divided into two main categories: ionizing radiation and non-ionizing 

radiation: Non-ionizing radiation is radiation that does not have enough energy to 

ionize atoms and molecules upon interacting with matter. This form of radiation 

generally lacks the energy to break chemical bonds or release electrons from atoms. 

Examples of non-ionizing radiation include ultraviolet (UV) radiation, microwaves, 

radio waves, television waves, mobile phone waves, and infrared waves. Non-ionizing 

radiation has numerous applications in communications technology, heating, lighting, 

electronics, and medical applications such as laser therapy and light therapy.  

In contrast, ionizing radiation is radiation that has enough energy to ionize atoms and 

molecules upon interacting with matter. This ability to ionize atoms and molecules 

means that ionizing radiation can release electrons from atoms, creating positively or 

negatively charged ions and causing changes in the chemical structure of molecules. It 

can be divided into two categories:  

• Directly ionizing radiation: It is radiation that directly transfers energy to 

charged particles (such as electrons or protons) as it passes through matter. This 

type of radiation interacts directly with atoms or molecules, causing the ejection 
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of electrons from atoms and leading to the formation of ions. Examples of 

directly ionizing radiation include alpha particles, beta particles, electrons, 

positrons, and protons. 

• Indirectly ionizing radiation: It is radiation that does not directly transfer 

energy to charged particles but instead interacts with matter to produce 

charged particles indirectly. This type of radiation typically interacts with atoms 

or molecules to produce secondary particles, such as free radicals or excited 

atoms, which then ionize other atoms upon further interactions. Examples of 

indirectly ionizing radiation include X-rays, gamma rays, and neutrons, which 

primarily interact with matter through electromagnetic or nuclear interactions 

to produce ionization indirectly. 

2.1.2  Radiation sources 

The three most commonly used sources of radiation for external radiotherapy are 

(Figure 1): Lineal accelerator, cobalt-60 source or cyclotron. 

• Linear accelerator: The linear accelerator (LINAC) is now the basic equipment 

in most radiotherapy centres. They provide high-energy electron and X-ray 

beams; the clinical range is from a few MeV (mega electron volts) to about 

twenty MeV. Electron beams have a range of a few centimetres inside the 

patient and are only used in the treatment of superficial tumours and 

intraoperative techniques. 

• Cobalt-60 source: Cobalt-60 (Co-60) sources have historically been used in 

radiotherapy applications because of their ability to emit high-energy gamma 

radiation, which is effective in damaging and destroying cancerous tissue. 

Cobalt-60 emits high-energy gamma radiation with a characteristic energy of 

approximately 1.17 and 1.33 mega electron volts (MeV). This gamma radiation 

can penetrate deep into tissue and is effective in damaging and destroying 

cancer cells. Co-60 sources are in the form of sealed sources, which contain 

small amounts of Cobalt-60 encapsulated in a shielding material to prevent 

radiation scattering. 

• Cyclotron: Cyclotrons can indeed serve as sources for proton and neutron 

beams used in radiotherapy are commonly employed to accelerate protons to 

Figure 1. Radiation sources in radiotherapy: (a) LINAC, (b) Cobalt-60 irradiator, and (c) Cyclotron. 
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high energies suitable for therapeutic purposes in proton therapy. In proton 

therapy, the cyclotron accelerates protons to the desired energy level, typically 

in the range of tens to hundreds of mega-electron volts (MeV). These high-

energy protons are then directed toward the patient's tumour, delivering 

radiation precisely to the targeted area while minimizing damage to 

surrounding healthy tissues. Proton therapy is particularly advantageous for 

treating tumours located near critical organs or in paediatric patients due to its 

ability to spare healthy tissues from radiation exposure. While less common 

than proton therapy, cyclotrons can also be used to produce neutron beams for 

therapeutic purposes in neutron therapy. 

2.1.3 Electronic equilibrium 

Electronic equilibrium in dosimetry refers to the state of balance between the 

generation and loss of electrons in an irradiated material. In the context of 

radiotherapy, when a radiation beam interacts with a material, it results in the release 

of electrons and other types of secondary particles. These generated secondary 

electrons can interact with the irradiated material, depositing their energy and causing 

biological or physical effects [23]. 

Electronic equilibrium is an important concept because it influences the radiation dose 

distribution in an irradiated material. When electronic equilibrium is reached, the rate 

of secondary electron generation is equal to the rate of electron loss due to energy 

absorption or scattering. In this state, the dose distribution stabilises and becomes more 

predictable. 

In clinical dosimetry, electron balance is crucial to ensure accurate delivery of radiation 

dose to the target tissue during radiotherapy treatment. Treatment planners use 

planning algorithms that take electronic balance into account to calculate the dose 

distribution in the irradiated tissue and optimise treatment accuracy and efficacy. 

2.1.4 Ionizing detectors 

Although there are different radiation detectors, this work study mainly PIN 

photodiodes as radiation dosimeters. Therefore, the main ionizing detectors will be 

introduced.   

Figure 2. Ionization chamber scheme [23]. 
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• Ionization chambers 

Currently, the free-air, or standard, ionization chambers are one of the most widely 

used dosimetric systems in radiotherapy due to their simplicity and reliability. The 

detector material is a volume of air enclosed in a cavity. The sensitive volume of air is 

defined by three electrodes: the bias electrode, which is directly connected to one of the 

poles of the bias voltage source; the collection electrode, which is connected to ground 

through a low-impedance circuit and is responsible for collecting the charge or current 

generated in the air cavity; and the guard electrode, which is also directly connected to 

ground and is intended to delimit the sensitive volume of the chamber and prevent the 

collection electrode from collecting undesirable currents generated outside the 

chamber cavity. The chamber cavity is filled with air and the collected charge is a 

consequence of the ionization of the air molecules by the high energy electrons 

generated by photoelectric, Compton or pair production on the chamber wall or on the 

phantom. The electric field applied between the electrodes causes the electric charges 

generated by the interaction of the radiation to move towards the electrodes of 

opposite sign. This produces an electric current in the detection circuit that can be 

measured with an electrometer [13]. 

However, as ionization chambers are usually manufactured open to the air, the mass of 

the air inside the cavity depends on pressure, temperature, and humidity. Therefore, 

corrections are necessary considering the atmospheric conditions under which the 

measurement was carried out. On the other hand, they have very low dependence on 

energy and absorbed dose rate. For a better understanding, the schematic of an 

ionization chamber can be seen in Figure 2. 

• Silicon diodes 

Silicon diodes are widely used as dosimetric sensors [24-26]. Ionizing radiation creates 

electron-hole pairs in their detection volume, which are separated by an electric field. 

The schematic diagram of a Si (PIN and PN) diode is depicted in Figure 3. As 

previously explained, in the case of an ionization chamber, electron-hole pairs are 

created in the volume of air contained in the chamber and these pairs are separated by 

a high external electric field between the two metal electrodes. Silicon diodes work 

Figure 3. (a) Silicon PIN photodiode cross-section [24] and (b) schematic diagram of a Si (p, n) diode [26]. 
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similarly, but the main sensing volume is the depletion region of the device. Now, the 

electric field for charge separation can be applied internally (photoconductive mode) or 

externally (photoconductive mode). The induced current is collected and usually 

measured with an electrometer. This current is proportional to the radiation dose rate, 

and integrating the current over exposure time will give a cumulative charge value 

proportional to the absorbed dose [27-29]. 

However, semiconductor-based systems generally present an important limitation due 

to their temperature dependence, hindering an accurate dose measurement. Moreover, 

even in darkness, the photodiode can present a small current, named dark current, 

which is also affected by the shunt resistance, a parasitic parallel resistance. In contrast, 

photodiodes are low cost, small volume, and lightweight detectors.  

• MOSFET (metal-oxide semiconductor field-effect transistor) 

For in vivo dosimetry, other sensors used are MOSFETs. MOS transistors have several 

advantages for dosimetry applications, such as low power consumption, good 

sensitivity and reproducibility, and immediate readouts [30,31]. Although these sensors 

have some advantages, they have low sensitivity in unbiased mode (without external 

polarization), and at high dose rates, the linearity of their response is reduced. In 

consequence, MOSFETs manufactured with a special technological process to increase 

the thickness of gate oxide have been produced, obtaining an increase in sensitivity. 

The resulting devices are known as RADFETs (Radiation Field Effect Transistor) [32-34]. 

A comprehensive schematic is shown in Figure 4. 

In short, the MOSFET sensitivity (S), defined as the shift of |VT| per dose unit, depends 

on the radiation energy, the electric field in the oxide, the encapsulation of the 

transistor, and the incidence direction of the radiation beam during irradiation. Indeed, 

a transistor in biased mode (a positive voltage is applied between the gate and the 

source) presents greater sensitivity and a wider linear range than the same transistor in 

unbiased mode (terminals short-circuited altogether, without external polarization) 

due to a more efficient charge transport and storage in the oxide [35]. Just after 

irradiation, the reordering of charges in the MOSFET can change the threshold voltage, 

which could falsify the dose reading [36]. This is known as the fading effect, and it 

Figure 4. RADFET cross-section illustrating the radiation-induced charge deposition in the oxide [34]. 
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avoids using MOSFET dosimeters as dose accumulator sensors over long periods of 

time. 

2.1.5 Facilities and equipment  

This section presents the specific materials and methods used for the dosimetry 

research line. In this aspect, the different facilities used, all the devices studied, and the 

reader unit developed to study the response of the dosimetric devices will be 

explained. 

2.1.5.1 Facilities 

The irradiation sessions for dosimetry characterizations were conducted in four 

facilities of different characteristics, depending on the radiation types and the studies 

to be conducted: 

• “Hospital Universitario Clínico San Cecilio” (Granada, Spain) 

In recent years, a productive collaboration with the ‘Hospital Universitario Clinico 

San Cecilio’ has allowed the access to their facilities for the research conducted by 

our research group. This collaboration has enabled us to perform the 

characterisation of the devices using a linear accelerator (LINAC) Siemens Artiste 

(Siemens Healthcare GmbH, Erlangen, Germany) on numerous occasions, where 

the photon beam was produced with an electric potential of 6 MV. Typically, 

devices under test (DUTs) were located in the radiation isocenter (at 100 cm) and 

were irradiated with a 10x10 cm2 field. To reach the electronic equilibrium, two 

solid water phantoms of 1 cm each were placed over the DUT. In addition, five 

solid water phantoms were placed under the DUT. With these irradiation 

conditions, regarding delivered dose, one monitor unit (MU) corresponds to 0.973 

cGy (calibrated at 300 MU/min with a pulse duration of 3 μs and a pulse repetition 

frequency of 222 Hz). The constancy checks performed on the LINAC ensure that 

the absorbed dose per monitor unit varies less than 0.5% during the complete tests. 

• “Centro Nacional de Aceleradores (CNA)” (Sevilla, Spain) 

Figure 5. CNA Tamdem Accelerator. 
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At the CNA, irradiations were carried out using the Tandem Accelerator for 

generating a low-energy proton beam. It has several beamlines, but only the 

implantation-irradiation line was used for this test campaign, with protons up to 

energy 5.36 MeV. Since low-energy protons have a very short range in matter, all 

the irradiation tests were performed in a vacuum chamber (~10−6 mbar) placed at 

the end of the beamline. In addition, a Gammabeam™ X200 Cobalt-60 irradiator 

from Best Theratronics was also available at the CNA for irradiation. 

The irradiations carried out at the CNA were held at the Tamdem Accelerator for 

generating a low-energy proton beam (see Figure 5). It has several beamlines, but 

only the implantation-irradiation line was used for this test campaign. Since low-

energy protons have a very short range in matter, all the irradiation tests were 

performed in a vacuum chamber (~10−6 mbar) placed at the end of the beamline. 

Firstly, the proton beam was focused on a scintillator that was placed in the same 

sample holder as the device under test (DUT), to check the position, shape, and size 

of the beam to work with around 1 cm2 spot size; this area completely covered the 

sensitive area of the DUT. Second, we measured the proton beam flux by using a 

Brookhaven 1000c current integrator connected to the sample holder, which was 

electrically insulated from the rest of the line. Then, we used the 2D beam-rastering 

system to cover a larger surface with the same conditions, so that flux was reduced 

to the required value. Finally, we moved the sample holder to align the DUT with 

the beam, and we started the irradiation of the DUT with the fixed conditions. The 

flux was also measured while the beam was sweeping thanks to the Faraday cup 

configuration of the sample holder. The fluence associated with each irradiation 

step was calculated by multiplying the averaged measured flux by the irradiation 

time. 

• “Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas” 

(Madrid, Spain) 

A Cobalt-60 source, known as NAYADE, is located in a pool of 1.2 m sides and 

under 4.5 m water, which provides biological shielding. The main characteristic of 

this facility is that very high dose rates can be provided. As a special feature, since 

the cobalt-60 sources are submerged in water, the devices should be submerged to 

be irradiated. Therefore, the devices under test (DUT) were mounted on a sample 

holder that was placed into a waterproof chamber. The connection with the reader 

unit was carried out with an ad-hoc shielded wire of 16 vias inserted into a 

waterproof tube. Finally, the chamber with the DUTs was positioned close to the 

Co-60 sources in the pool bottom. With this configuration dose rate up to 21.9 

kGy/h was achieved with a dose non-uniformity of 8.74%. To achieve this dose rate, 

12 Cobalt-60 sources were arranged in a circle at the bottom of the pool. The dose 

rate was read at the centre of the circle, inside the sample holder.  This capsule 

could be opened to place the devices under test inside it. The wiring of the sensors 

was passed through a watertight tube to avoid contact of the electronics with water. 

In our case, a 10-meter-long shielded cable was used to reduce measurement noise. 
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In addition, the reader unit that works as an interface between the sensors and the 

computer was placed in the control room. 

• Paul Scherrer Institute (PSI) (Villigen, Switzerland) 

During the period from November 27 to December 1, 2023, a short research stay 

was carried out at the Paul Scherrer Institute in Switzerland. Irradiation sessions at 

PSI were performed in the Proton Irradiation Facility (PIF), where a high energy 

proton beam between 70 and 230 MeV was available. It enables generating of 

realistic proton spectra encountered at any potential orbit in space. In this case, 

tests were performed at three different energies: 69.78, 151.23, and 230 MeV, 

adjusting the flux to the maximum possible with a beam current of 5 nA. The 

complete PIF test area is located in air. On the one hand, it provides enough space 

for users apparatus facilitating easier and faster preparations. On the other hand, 

the energy losses of high energy protons in air are minimal and can be calculated. 

The control room is located at the entrance to the Nucleon Area (NA) of the PSI, 

requiring long unshielded cables of approximately 50 m. Numerous coaxial and 

high voltage connections, RS232 interfaces, and extended PC cables are available 

between the test area and the control room.  

The basic beam optics components in the NA included beam stops, slits, centering 

magnets, and focusing quadrupoles that can be operated from the PIF control 

room, thus enabling fast setting and tuning of the beam. In the preparation phase, 

the beam was centred on the PIF target and required parameters like profiles and 

intensities were adjusted. 

The irradiation sessions were planned in runs of 2 minutes that provide a dose of 

about 10 Gy, with rests periods of around 5 minutes of pre- and post-irradiation 

measurements. Due to the limited time available to perform the tests, experiments 

had different durations, with a total of 60 Gy per device for RADFET (with a final 

Figure 6. Complete setup for irradiations at PSI. 
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shot of 100 Gy for two energies), and between 130 and 100 Gy per device for 

photodiodes. 

DUTs were located within a circular region of 5 cm diameter, which was the beam 

shape provided for this campaign. The boards were positioned centred in this area, 

so all the devices were tested under the same radiation conditions, i.e., at 8 cm from 

the beam output. Device encapsulation had been removed for the RADFETs but not 

for other devices, since for such high energies the penetration depth in matter of 

the protons was expected to be sufficient to pass through them and reach the active 

volume. 

Two boards were placed in the sample holder at the same time in front of the beam 

output. This frame was attached to a mechanical system that could be remotely 

controlled to position the boards in the desired position. During the tests, only one 

of the boards was irradiated per time, considering the width of the beam and the 

possible scattering of the incident radiation. Each irradiation was programmed 

from the control room, indicating the desired energy and the total dose to be 

delivered, while the flux was always maintained at the maximum value. The reader 

unit was placed in the control room, connected to a laptop via USB. The DUTs were 

located inside a bunker that was not accessible during the irradiations, separated 

from the control room. Two separate cables were used for each of the boards. The 

complete setup is shown in Figure 6. 

 

2.1.5.2 Devices under test 

Although this research is focused on PIN photodiodes, irradiation tests with diodes, 

phototransistors, Light Depend Resistors (LDR), MOSFETs, and photodiodes were 

performed. 

Photodiodes 

Table 1. Main characteristic of the photodiodes used. 

 Manufacturer 

Reverse 

Voltage 

(V) 

Active 

area 

(mm2) 

Central 

wavelength 

(nm) 

Package 

VTB8440BH 
PerkinElmer 

Optoelectronics 
40 5.16 525 Ceramic 

BPW34S 
Vishay 

Semiconductors 
60 7.5 900 Top view 

BPW24R 
Vishay 

Semiconductors 
60 0.78 900 TO-18 

BPW21R 
PN Vishay 

Semiconductors 
10 7.5 565 TO-5 
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Phototransistors 

Table 2. Main characteristic of the phototransistors used. 

 Manufacturer Type 
Viewing 

Angle 

Central 

wavelength 

(nm) 

Package 

BPW85B 
Vishay 

Semiconductors 
NPN 25° 860 T-1 

OP505A TT Electronics NPN 20° 850 T-1 

Diodes 

Table 3. Main characteristic of the diodes used. 

 

 
Manufacturer Type 

Reverse Voltage 

(V) 
Package 

1N4007 
Vishay 

Semiconductors 
Rectifier 1000 DO-41 

UF4007 
Vishay 

Semiconductors 

Ultrafast 

Rectifier 
1000 DO-41 

BY203-20S 
Vishay 

Semiconductors 
Avalanche 2000 SOD-57 

GP02-40 
Vishay 

Semiconductors 

High Voltage 

Rectifier 
4000 DO-41 

LDR 

Table 4. Main characteristic of the LDRs used. 

 Manufacturer 
Dark resistance 

(Ω) 

NORPS-12 Silonex Inc 1 M 

NSL-19M51 Luna Optoelectronics 20 M 

VT43N2 Excelitas Technologies 300 K 

RADFETs 

Table 5. Main characteristic of the RADFET used. 

 Manufacturer Gate oxide Package 

VT06 Varadis 100 nm Eight-lead Ceramic Side Braze 

2.1.5.3 Reader units 

Once the devices to be studied and the facilities where the tests were performed have 

been presented, the readout units used to measure the response of the DUTs under the 

different types of radiation will be explained. Mainly, two different readers were used 

during the studies: the first one, previously developed by our research group for the 

study of the use of MOSFETs as dosimeters [37], was employed to analyse the response 

of RADFETs under different radiation beams. It is based on the PIC16F877A to control 

all the components. Its main features are a resolution of 60 nA to bias the transistors 

(drain current) and a maximum bias voltage (gate voltage) of 22 V. Moreover, two 
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channels are available to measure the threshold voltage, the amplifier one with an 

instrumentation amplifier (INA129 from Texas Instruments, Dallas, USA) and the non-

amplifier. On the other hand, to study the behaviour of diodes, photodiodes and 

phototransistors, a new version of the reader unit, adapted for these devices, was 

developed. It will be studied in detail in section 4.1.1 This system has two functions 

essentially: i) To bias the DUT with a buffered voltage divider and ii) to convert to 

voltage the device´s output current with a transimpedance amplifier. 
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2.2 Sport monitoring 
Over the years, different systems and methodologies have been proposed to monitor 

the performance of athletes, as well as their technical execution. In particular, skiing 

presents unique challenges in performance monitoring due to its dynamic nature and 

the intricacies of snow and terrain interaction. Among the proposed monitoring 

techniques, those based on video analysis can be highlighted [38]. For this particular 

sport, a 3D video-based method was implemented to examine kinematic, kinetic, and 

energetic variables related to skier technique during slalom race simulations [39]. In 

alpine skiing, some authors used the smartphone Inertial Measurement Units (IMUs) 

to recognize activity [40]. In addition, a high kinematic accuracy global navigation 

satellite system (GNSS) was evaluated to detect classical cross-country skiing technique 

[41]. Other sports involve more specific equipment for performance monitoring, such as 

jumping monitoring [42]. All the mentioned equipment and techniques require an 

underlying understanding of their use as well as the interpretation of the results. 

IMUs have several advantages over their predecessors. Their low cost, small size, and 

versatility have led to a significant increase in the utilization of these devices in 

different sports  [43,44], as well as in movement and postural studies [45,46].  Unlike 

using accelerometer units or gyroscopes, with an IMU, basic measurements 

(acceleration, rotational speed, or orientation) can be obtained alongside pattern 

recognition through data processing [47].  

More and more elite athletes and coaches are demanding the use of new technologies 

to monitor and improve their performance, as the correct execution of technique can 

greatly influence their sporting success. In certain sports, victory can be determined by 

minute differences, so it is important to obtain as much information as possible from 

training sessions to identify areas for improvement. IMUs have been applied to 

monitor performance in a variety of sports. Some examples include skiing, where the 

angle of the ski entering a turn can be monitored [48]; jumping, where the time of flight 

and height of the jump can be recognised [49]; basketball, where information about a 

player’s dribbling ability can be discerned from the player’s dribbling frequency, 

captured through acceleration information [50]; or o evaluate the anaerobic power of 

elite volleyball players [51]. 

Figure 7. Representation of the reference system used in navigation (Yaw, Pitch and Roll). 
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2.2.1 IMUs: Working principle 

An IMU is an electronic device used to measure and report the velocity, orientation, 

and acceleration of a moving object. It consists of three different sensors: a gyroscope, 

an accelerometer, and a magnetometer. These sensors work together to provide 

accurate information about the motion and orientation of an object in three-

dimensional space. Gyroscopes measure angular velocity or the rate of rotation around 

a specific axis, while accelerometers measure linear acceleration in a particular 

direction. By combining readings from these sensors, an IMU can calculate the 

orientation, position, and changes in velocity of a moving object. These inertial sensors 

are used in a wide range of applications, including inertial navigation in aerial, 

terrestrial, and maritime vehicles, stabilization of cameras and platforms, virtual and 

augmented reality, robotics, wearable devices such as activity trackers, and gaming 

devices, among others [52,53]. 

Typically, there are two types of IMUs: six degrees of freedom (6DoF) or nine degrees 

of freedom (9DoF). The difference between the first and second is that the six-degree-

of-freedom IMU uses only a three-axis accelerometer and a three-axis gyroscope to 

obtain the orientation. On the other hand, in the nine-degree-of-freedom IMUs, 

information is obtained from the magnetometer to correct the estimates made with the 

other sensors. Although all the information needed to obtain the position and 

orientation of a body is available only with the use of accelerometer, magnetometer, 

and gyroscope, the integration of data is crucial for obtaining accurate estimates of the 

position and orientation of a body. The role of each sensor is the following: 

• Accelerometer 

Accelerometers measure acceleration forces along multiple axes. They are 

commonly used to estimate the orientation of the IMU with respect to the gravity 

vector. By analyzing the acceleration measurements, especially when the IMU is at 

rest or in a known orientation, the tilt angles can be determined, providing 

information about pitch and roll. 

• Gyroscope 

Gyroscopes measure angular velocity or the rate of rotation around multiple axes. 

They are used to track changes in orientation over time. By integrating the angular 

velocity measurements over time, the orientation of the IMU can be estimated 

relative to its initial orientation. 

• Magnetometer 

Magnetometers measure the strength and direction of the magnetic field along 

multiple axes. They provide information about the Earth's magnetic field, which 

can be used to determine the orientation of the IMU relative to the Earth's magnetic 

field. Magnetometers are particularly useful for correcting drift in the orientation 

estimates obtained from accelerometers and gyroscopes, especially over long 

periods of time. 
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The integration of data from these sensors typically involves using algorithms such as 

Kalman filters (including the extended Kalman filter), complementary filters, or sensor 

fusion algorithms. These algorithms combine data from multiple sensors, taking into 

account their individual strengths and weaknesses, to provide more accurate estimates 

of position and orientation [54]. 

In the case of 6DoF IMUs, only accelerometers and gyroscopes are used for orientation 

estimation. While this can provide reasonably accurate estimates, it may suffer from 

drift over time due to the inherent integration of angular velocity measurements. On 

the other hand, 9DoF IMUs incorporate magnetometer data to correct for drift and 

provide more stable long-term orientation estimates, especially in environments where 

magnetic disturbances are present. Overall, the choice between six and nine DoF 

depends on the specific application requirements, including accuracy, stability, and the 

presence of magnetic interference in the environment, as well as the computational 

capacity of the microcontroller. 

2.2.2 Data Fusion Algorithms 

Data fusion algorithms for IMUs aim to integrate data from accelerometers, 

gyroscopes, and sometimes magnetometers to provide accurate estimates of 

orientation, position, and motion [55]. Here are some common data fusion algorithms 

used for IMUs: 

• Kalman Filter (KF) and Extended Kalman Filter (EKF) 

 

The Kalman filter is an estimation algorithm used to filter and predict the state 

of a dynamic system from incomplete and noisy measurements. It employs a 

probabilistic model of the system and combines past and present measurements 

to produce an accurate estimate of the current state [56]. 

The Extended Kalman Filter is an extension of the Kalman filter that allows for 

modelling of nonlinear systems. It utilizes a local linear approximation around 

the current estimated point to update the system state and covariance [57]. 

 

• Complementary Filter 

 

The Complementary Filter is a method used for data fusion from multiple 

sources, such as sensors, to obtain an accurate estimation of a system's state. It 

combines two or more signals, typically a high-frequency signal and a low-

frequency signal, in a way that each one complements the deficiencies of the 

other. The high-frequency signal is often utilized to provide a quick response to 

rapid changes, while the low-frequency signal offers a smooth and accurate 

response to slow or gradual changes [58]. 

 

• Madgwick Filter 
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The Madgwick Filter, also known as the Madgwick AHRS (Attitude and 

Heading Reference System) algorithm, is a sensor fusion algorithm used 

primarily for estimating the orientation (attitude) of an IMU based on data from 

gyroscopes, accelerometers, and magnetometers. It was developed by Sebastian 

Madgwick and is widely used in applications such as motion tracking, virtual 

reality, and robotics [59]. 

 

The Madgwick Filter employs a quaternion-based approach to represent the 

orientation of the IMU. It combines measurements from the gyroscope to 

estimate the rate of change of orientation (angular velocity) with measurements 

from the accelerometer and magnetometer to correct for drift and biases. The 

algorithm is computationally efficient and robust, making it suitable for real-

time applications. 

 

• Mahony Filter 

 

The Mahony Filter [60], is another sensor fusion algorithm used for estimating 

the orientation (attitude) of an IMU based on data from gyroscopes, 

accelerometers, and magnetometers, and it reports results similar than the 

Madgwick Filter. It was developed by Robert Mahony and is widely used in 

applications such as motion tracking, drone navigation, and robotics. 

 

The Mahony Filter also utilizes a quaternion-based approach to represent the 

orientation of the IMU. Similar to the Madgwick Filter, it combines 

measurements from the gyroscope to estimate the rate of change of orientation 

(angular velocity) with measurements from the accelerometer and 

magnetometer to correct for drift and biases. One notable difference from the 

Madgwick Filter is the inclusion of a proportional-integral-derivative (PID) 

control scheme to address some of the limitations of the original 

complementary filter. 

 

• Particle Filters 

 

Particle Filters, also known as Sequential Monte Carlo methods, are a class of 

sequential state estimation algorithms used in situations where the system state 

and/or measurement models are nonlinear, non-Gaussian, or both. They are 

particularly useful for tracking systems with highly non-linear dynamics or in 

scenarios where the system is subject to non-Gaussian noise [61]. 

 

The basic idea behind Particle Filters is to represent the posterior probability 

density function (PDF) of the system state using a set of weighted particles, 

where each particle represents a hypothesis of the state. These particles are 

propagated forward in time according to the system dynamics, and their 

weights are updated based on how well they match the measurements received. 
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As the process continues, particles representing less likely hypotheses are 

gradually discarded, and particles representing more likely hypotheses are 

replicated, resulting in a set of particles that approximates the true posterior 

distribution. 

 

Particle Filters have found applications in various fields, including robotics, 

target tracking, computer vision and finance, where traditional Kalman filters 

may not be applicable due to their linear and Gaussian assumptions. 

In particular, the Madgwick AHRS algorithm was used for the development of the 

inertial measurement unit used to monitor several sports. It was chosen because it is 

computationally efficient and robust, making it ideal for real-time applications. These 

features also make it compatible for implementation on low-power microcontrollers. In 

fact, several open-source libraries can be found to implement this algorithm in a simple 

way. 

2.2.3 Sport monitoring equipment 

• Ski simulator: MaxxTracks ISB2000 ski simulator (©MaxxTracks Indoor 

Skislopes, Beverwijk, The Netherland) designed for training, research, and 

teaching purposes, the dimensions of which are 12.50 × 6.55 m (48 m2) (see 

Figure 8a). The speed of this treadmill can be varied between 1 and 21 km/h, 

and the slope ranges from 10° to 19°. Surface wetting is required for 

achieving suitable skier sliding. 

Figure 8. Equipment used as gold standard for the inertial sensor studies. (a) Ski simulator and infrared 

cameras and (b) force platform. (image (b) is extracted from the equipment data sheet). 
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• 3D photogrammetric system: (© 2021 NaturalPoint, Inc. DBA OptiTrack, 

Beaverton, OR, USA) was used. It is composed of a ring of 12 Flex 3 

(resolution: 640 × 480, frame rate: 100 FPS) infrared (IR). 

• Force platform: Kistler 9260AA6 (Kistler, Barcelona, Spain), a portable 

triaxial platform for footprint and balance analysis (see Figure 8b). Its 

dimensions are 600 × 500 × 50 mm, and it is capable of measuring forces up 

to 5 kN. The system exhibits a low linearity error (<±0.5% FSO, Full Scale 

Output) and hysteresis (<0.5% FSO), as well as high sensitivity (0.9–19 

mV/N on the z-axis). The sampling frequency on the z-axis is 250 Hz. The 

platform is connected to the computer via USB through the Bioware 

software (© 2022 Kistler Group, Barcelona, Spain) to initiate and stop 

recording the jump sessions, edit the measurements, and download the data 

for further processing.  

2.2.4 Setup for jumping tests 

Seven subjects without walking difficulties, comprising one woman and six men aged 

18 to 46 (average age 28 ± 9), took part in this research. Their average weight was 72 ± 9 

kilograms. All participants were in good health and physically active, engaging in over 

three exercise sessions per week. However, none of them were competing at an elite 

level. The selected system used as the gold standard in this study was the Kistler 

9260AA6 (Kistler, Barcelona, Spain), a portable triaxial platform for footprint and 

balance analysis. Participants executed the countermovement jump (CMJ) technique, 

starting with a knee angle of 180° and hands on hips. They performed a 

countermovement until the knee angle reached about 90°, followed by an immediate 

vertical jump to achieve maximum height. Upon landing, knees remained extended at 

a 180° angle. Each of the seven subjects completed three jumps, totalling 21 

measurements. Only the acceleration components were monitored in this study. This 

method enabled a sampling frequency of 200 Hz, which is similar to the sampling 

frequency of the reference system. 

Figure 9. Schematic of the inertial sensor custom electronic board. 
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2.2.5 Inertial sensor and microcontroller 

The system used to perform the tests was developed and will be explained in the 

section 4.1.2. It is mainly composed of a microcontroller (SAMD21G18U) and an 

inertial unit (MPU-9250) with 9 axes of freedom. With this combination a sample rate 

of up to 200 Hz with a configurable acceleration from ±2 g to ±16 g, a configurable 

gyroscope range from ±250 to ±2000 degrees per second and a magnetometer with a 

range of 4800 µT. Figure 9 shows a simple diagram of the developed system.  
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2.3 Microfluidics 
The growing demand for real-time information to monitor and control different 

chemical parameters of environmental, industrial, and biomedical interest has 

promoted significant advances in the field of analytical chemistry. Microfluidics and 

the evolution observed in the technologies associated with its development have been 

instrumental in the exponential progress observed in the area of micro-total analysis 

systems (µTAS), also known as Lab-on-a-chip (LOC). These systems consist of silica, 

glass, or polymer chips with channels for transporting fluids using different 

propulsion systems, which can implement various analytical operations and may 

include electronic signal processing stages to communicate the results to the user. 

As part of the platforms where fluid movement is achieved by capillary action, there 

are three types of substrates: paper, thread, and textile. These devices are known as 

Paper-based Analytical Devices (µPAD) [62], Thread-based Analytical Devices (µTAD) 

[63,64] and Cloth-based Analytical Devices (µCAD) [65,66], respectively, presenting 

some advantages over other microfluidic systems based on silica, glass, or polymers 

that incorporate fluidic channels prepared by different fabrication procedures. An 

overview of various applications on the different substrates is shown in Figure 10. 

The first works on µPAD appeared in 2008 [67,68] and since then, the number of articles 

has continuously grown. The paper support allows the design of microfluidic 

structures capable of integrating different stages of the analytical process, structures 

that do not require instrumental support, that are disposable and single use, with very 

low-cost measurements and compatible with signal processing using tools such as 

smartphones, therefore, presenting an enormous potential for application in chemical 

analysis. On the other hand, paper is abundant, cheap, sustainable, easy to use, 

biodegradable, has high compatibility with many chemicals, is biocompatible, easy to 

modify chemically and, of interest in this application, allows the movement of liquids 

through it by capillary, passive transport without the need to apply external forces 

[69,70]. 
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The main problem it presents is that it is necessary to define the path from the 

sampling zone to the detection zone, passing through areas where analytical 

operations take place. This is solved by the fabrication of channels through which the 

sample can flow  [71,72]. 

For the design of capillary-type microfluidic devices, it is necessary, first of all, to 

understand the fluidic characteristics of the material used for their manufacture. 

Additionally, another essential aspect to implement the necessary analytical strategy in 

the device is flow control. This allows operations such as flow mixing, flow 

interruption, or slowing down to facilitate chemical reactions or separations, 

dissolution and transport of encapsulated reagents, immobilisation of reagents, and 

sequential injections or dilutions, among others. 

Considerable effort has been invested in comprehending the dynamics of liquid 

imbibition through porous media, owing to the three-phase complex formation of 

Figure 10. (a) Paper-based Analytical Device (µPAD) for reliable cortisol detection in sweat [62], (b) 

cloth-based Analytical Device (µCAD) for colorimetric detection of glucose [65], and (c) thread-based 

Analytical Devices (µTAD) for the development of a sensitive and selective immunoassay [64]. 
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solid–liquid and liquid–gas interfaces. In 1856, Darcy conducted the first experimental 

investigation of liquid flow in porous media [73]. His model assumes that flow within a 

porous medium is driven solely by capillary pressure gradient. In 1921, two 

researchers established a relationship between the capillary height and the rising time 

of a liquid in porous media, popularly known as the Lucas–Washburn (LW) equation 

[74,75].  

According to the most recent µPAD flow model that includes a term for evaporation, 

the distance 𝑙(𝑡) travelled by a liquid flowing under capillary pressure in a channel is 

given by: 

𝑙(𝑡) =  √
𝛾𝑟𝜑ℎ cos 𝜗

4𝜇𝑞0
(1 − 𝑒

2𝑞0
𝜑ℎ

𝑡
) 

To control the flow, the paper porosity 𝜑 can be influenced from a chemical point of 

view, apart from geometrical issues. The other parameters are the surface tension 𝛾, the 

effective paper pore radius 𝑟, the microfluidic channel thickness ℎ, the contact angle 𝜗, 

the dynamic viscosity of the liquid 𝜇, the evaporation rate 𝑞0, and the time 𝑡. When 𝑞0  

tends to zero, the classical Lucas-Washburn equation is recovered: 

𝑙(𝑡) =  √
𝛾𝑟 cos 𝜗

2𝜇
𝑡 

As recent reviews indicate [72,76,77], paper porosity, and consequently flow control, has 

been modulated by both geometrical or mechanical methods and chemical methods, 

where the most commonly employed are geometrical or mechanical. The first reported 

designs for flow control in paper devices were achieved by modifying the length and 

width of the µPAD channels [78]. Subsequently, mechanical designs were used, for 

example, by using tabs on the paper itself that act as on/off valves operated by the user 

[79], or by including a magnetised paper valve operated by an electromagnet [80]. 

Another alternative is the mechanical modification of the porous material; 

polyethylene sheets pressurised in certain areas have been used, which reduce the 

porosity and allow both flow and flow mixing to be controlled [81]. Lamination of 

paper between films of different wetting angles also allows flow control [82]. The 

inclusion of adsorbent pads in the fluidic channel has also been reported to allow 

reproducible flow slowdowns [83]. 

Chemical procedures are based on the inclusion of additives in the µPAD that modify 

the fluidic characteristics of the device. Such is the use of soluble barriers of different 

materials whose dissolution modulates the flow, such as sucrose [84], pululan [84], or 

trehalose [85]. Other alternatives are the use of hydrophobic materials such as paraffin, 

which slow down the movement [86], or wax, whose melting allows the passage of 

fluid [87]. Other materials used are ionogels, which modify the flow and allow its 

modulation [88,89]. 
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Materials with interesting properties are Stimuli-Responsive Materials (SRMs), also 

known as ‘smart polymers’. These are polymers that respond to their environment by 

changing their physical or chemical properties. These SRMs have found application in 

different fields such as controlled release of substances, pharmaceuticals, sensitive 

coatings, shape memory materials, or sensors and biosensors. Most of these materials 

respond to stimulations such as temperature, light, and pH, although others respond to 

less common stimuli such as magnetic fields, mechanical forces, or small molecules. 

Many of their properties stem from a transition in solubility or conformation of a 

macromolecule in the presence of a solvent under the effect of a stimulus. In this way, 

transitions at the molecular level can be amplified as a consequence of a change in the 

nanostructure or properties of the materials  [90]. 

These types of materials are promoting an incipient inclusion of electronic elements to 

produce the necessary stimulation for flow control: i) light by LEDs, aligned by micro-

masks; ii) heat through the inclusion of deposited heaters, based on the Joule effect of 

metallic materials conducting current [91,92]. Therefore, as electronics have started to 

be included together with such analytical devices for signal conditioning, the way is 

open to use it also for stimulus control and thus to develop mixed systems that allow 

analysis on textile fibres including more complex analytical operations by means of 

intelligent flow control. This trend will provide systems with low cost and 

environmental impact, yet capable of increasingly complex in-situ analysis. 

2.3.1 Microfluidic monitoring platform 

For real-time and wireless flow monitoring of liquid wicking in paper strips a portable, 

compact, and cost-effective electronic platform was designed (Figure 11). The 

developed microcontroller-based system enables flow and flow rate monitoring based 

on the capacitance measurement of a pair of electrodes patterned beneath the paper 

strip along the liquid path, with an accuracy of 4 fF and a full-scale range of 8 pF. 

Additionally to the wired transmission of the monitored data to a computer via USB, 

the liquid wicking process can be followed in real-time via Bluetooth using a custom-

developed smartphone application. A more detailed description of this platform can be 

found in Section 4.1.3. 

Figure 11.  Overview of the capacitive platform for liquid wicking monitoring [97]. 
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In addition, filter paper Whatman grade 1 (Merck KGaA, Sant Louis, USA) was 

selected for all experiments of this. Different paper strip shapes were obtained using a 

laser cutting machine (Rayjet 50 Laser Engraver, Austria). Hydrophobic double-sided 

adhesive tape Tesa 64621 (Tesa, Hamburg, Germany) was used to affix the paper strip 

to the capacitive electrodes. Purified water was produced by a TKA Microlab type II 

(TKA Wasseraufbereitungssysteme GmbH, Niederelbert, Germany) for the 

experiments to evaluate the sensing platform's performance. High molecular weight 

chitosan, NaCl, and sucrose were provided by Sigma-Aldrich Merck (Madrid, Spain) 

for the chemical experiments. All the dilutions used in the tests were prepared at the 

Department of Analytical Chemistry of the University of Granada.  
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2.4 Common Software 
Considering the nature of the microcontrolled sensing solutions developed in this 

work, the software section encompasses the description of the programs used for PCB 

design, microcontroller programming, and the development of applications for both 

PCs and smartphones. 

• Electronic simulation software 

In the electronic design process, the initial step involves the simulation of the 

designed circuit to verify its functionality before implementation. For this purpose, 

LTSpice® software (Analog Devices, Inc.) has been used. LTspice® is a robust, 

powerful, fast, and freely available SPICE simulator software with schematic 

capture and waveform viewer capabilities. It offers enhancements and models to 

improve the simulation of analog circuits. Its graphical schematic capture interface 

enables users to analyse schematics and generate simulation results. 

• Engineering & Computer Aided Design (ECAD) software 

Following simulations, ECAD software enables electronics designers to develop a 

printed circuit board (PCB) layout based on the schematic of their circuit design, as 

well as generate a virtual representation of the designed PCB displaying 

component placement with 3D models and generate/display 2D circuit board 

manufacturing documentation. There is a great variety of software in this area; in 

our case, the chosen platform was KICAD® due to its availability as free software 

distribution. 

• 3D modelling 

Occasionally, custom parts need to be included in the creations that will be 

designed and printed in 3D. Blender, an open-source, multi-platform software 

primarily used for creating 3D graphics, modelling, animation, simulation, 

rendering, compositing, and video editing, was utilized for this purpose. It is 

developed by the Blender Foundation. 

• Microcontroller programming 

As discussed in this chapter, given the microcontrollers chosen for each application, 

two software packages were used for programming the sensing platforms: 

MPLAB® X Integrated Development Environment (IDE) and Arduino IDE. 

MPLAB X IDE, developed by Microchip Technology, is used for programming and 

debugging microcontrollers and microcontroller-based devices from the PIC family. 

It is a powerful tool to write, compile, debug, and emulate code for a wide range of 

Microchip devices. On the other hand, Arduino IDE is employed to program 

microcontroller-based boards such as Arduino.  

• User interface development 
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Additionally, considering that the developed platforms are intended for end-user 

usage, it is necessary to implement the different user interfaces. In this case, two 

platforms through which users can interact with the sensors are smartphones and 

computers. 

AndroidTM applications for the different smartphone-based sensor systems have 

been developed using the Android Studio IDE, while the graphical user interfaces 

(GUI) for PCs have been developed using Python. 

2.5 Characterization and manufacturing equipment 

• Thermal and humidity measurements 

For temperature and humidity-controlled tests, the climate chamber VCL4006 

(Vötsch Industrietechnik, Balingen-Frommern, Germany) was used (Figure 12). 

This equipment allows a temperature range from -40 °C to 180 °C in steps of 0.1 °C. 

Relative humidity can be set from 10% to 98%. The rate of change is 3.5 °C/min for 

heating and 5 °C/min for cooling. 

• Semiconductor analyser 

Current–voltage characteristic curves of some devices were measured with the 

Semiconductor Analyzer B1500A (Keysight Technologies, Santa Clara, USA) 

(Figure 13). It provides exceptional precision in electrical measurements, with 

accuracy levels reaching as low as 0.1 femtoamps (fA) for current measurements, 

and 1 microvolt (µV) for voltage measurements. It offers high resolution, with the 

capability to measure currents as lo 

w as 1 femtoampere (fA) and voltages as low as 100 nanovolts (nV). The analyzer 

boasts impressive repeatability, with deviations typically below 0.01% for both 

current and voltage measurements. 

• Power analyser 

Figure 12. VCL4006 climate chamber. 
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A DC Power Analyzer model N6705A (Keysight Technologies, see Figure 14) was 

used as a source/measure unit (SMU) to monitor the electrical consumption of the 

sensing platforms. This equipment combines the functions of a DC voltage source 

with the capability of an oscilloscope and data logger. It has four modules with the 

following specifications: 

- Module 1: DC Power N6743B. 100 W output rating (20 V, 5 A). 

- Module 2: DC Power N6746B. 100 W output rating (100 V, 1 A). 

- Module 3: High-Perform N6751A. 50 W output rating (50 V, 5 A). 

- Module 4: Precision N6761A. 50 W output rating (50 V, 1.5 A). 

• Surface analyser 

The physical study, including the surface morphology and texture changes, was 

carried out using the 3D optical profilometer SNeox (Sensofar, Barcelona, Spain).  

Figure 13. Semiconductor Analyzer B1500A 

Figure 14. DC Power Analyzer model N6705A 

Figure 15. Sensofar S neox 3D optical profilometer 
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The Sensofar S neox 3D optical profilometer is an advanced metrology instrument 

designed for high-precision surface characterization across a wide range of 

applications. With sub-nanometer vertical resolution and rapid scanning 

capabilities, it offers precise and efficient measurement of surface topography and 

features. Combining confocal and interferometric imaging techniques, the S neox 

provides enhanced sensitivity and versatility, making it suitable for various sample 

types and surface properties. Its non-contact measurement approach ensures 

sample integrity, while automated measurement routines enhance productivity and 

reproducibility. The user-friendly software interface allows for easy setup, 

operation, and analysis of measurement data, facilitating streamlined workflows. 

Compatible with diverse sample sizes, shapes, and materials, the Sensofar S neox is 

a versatile solution for research, development, and quality control in industries 

such as semiconductor, automotive, and medical devices. 

• Precision LCR meter 

Capacitive measurements were performed with the LCR meter E4980AL (Keysight 

Tech., Santa Rosa, CA, USA). It is a precision impedance and capacitance meter, 

with a typical accuracy of up to 0.05% for impedance measurements, and 0.2% for 

capacitance measurements. It can operate at frequencies ranging from 20 Hz to 2 

MHz, and its ability to perform automatic calibrations helps to maintain 

measurement accuracy over time, ensuring consistent quality results. 

• PCB prototyping 

Figure 16. LCR meter E4980AL. 

Figure 17. ProtoMat S100. 



55  Isidoro Ruiz García 

 

 

 

 

 

For the prototyping of electronic systems on rigid substrates such as FR-4, the 

ProtoMat S100 (LPKF Laser & Electronics AG, Garbsen, Germany) was utilized 

(Figure 17). The ProtoMat S100 is a precision milling machine specifically designed 

for rapid prototyping of PCBs on various substrate materials, including FR-4. It 

offers precise positioning accuracy, typically within the range of ±5 microns (0.005 

mm). This level of accuracy ensures that intricate PCB layouts and fine-pitch 

components can be accurately milled onto the substrate. The machine boasts fine 

resolution capabilities, with the ability to mill features and traces with a resolution 

as high as 0.1 mil (0.00254 mm). The ProtoMat S100 maintains tight tolerances on 

tool diameters, ensuring consistent milling performance. The machine supports a 

range of milling tools with diameters as small as 0.1 mm, allowing for precise 

milling of narrow traces and fine details. 

• 3-D printing 

The Creality CR-X 3D printer (Creality, Shenzhen, China) is a versatile and user-

friendly desktop additive manufacturing system. Featuring a dual-extrusion 

system, the CR-X allows for the simultaneous use of two different filaments or 

colours, enabling the creation of multi-material and multi-colour prints with ease. 

With a large build volume of 300 x 300 x 400 mm, it offers ample space for 

producing large-scale prototypes. This 3D printer was used for printing custom 

parts for the different platforms using Polylactic Acid (PLA) and Acrylonitrile 

Butadiene Styrene (ABS) filaments. 

  

Figure 18. Creality CR-X 3D printer. 
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3 Results and Discussion 
This chapter presents the results obtained during the research carried out. Three main 

sections focusing on the different lines of this research can be found with a detailed 

exposition of the developed microcontroller-based sensing platforms, followed by the 

results obtained by using them. Thus, we will begin with the dosimetry line, starting 

with the studies carried out to characterise the devices as radiation sensors. This 

extensive research was carried out during three short stays at the following 

institutions: the Centro Nacional de Aceleradores (CNA) in Seville, Spain; the Centro 

de Investigaciones Energéticas, Medioambientales y Tecnológicas (CIEMAT) in 

Madrid, Spain; and the Paul Scherrer Institute (PSI) in Villigen, Switzerland. In 

addition, the different irradiation sessions carried out at the Hospital Universitario 

Clínico San Cecilio are detailed.  

Proceeding further, the application of the inertial measurement platform in the field of 

sports monitoring is discussed, especially the results obtained in the study of the time 

and height of vertical jumps using the sensor platform developed and the third 

publication of the compendium that delves into the development and application of an 

inertial measurement platform for the monitoring of skiing (sports research line). 

Following this, the progress made on the capacitive platform and the corresponding 

tests conducted to evaluate its efficacy with it are presented. This section provides 

valuable insights into the functionality and potential applications of this technology.  

At the end of each main section, the four publications that make up the thesis as a 

compendium of publications are included. These publications span diverse fields, 

reflecting the versatility of the microcontroller-based sensor platforms. In this way, the 

first two publications focus on the study of photodiodes under radiation typically used 

in radiotherapy treatments (dosimetry research line); the following publication delves 

into the development and application of an inertial measurement platform for skiing 

monitoring (sports research line); and the last publication details the development and 

testing of a capacitive sensor platform for real-time wireless monitoring of liquid 

wicking in a paper strip (microfluidics research line) 

By organizing the outcomes of the thesis in this manner, we aim to offer a 

comprehensive overview of the results obtained, elucidating the multifaceted 

contributions of the conducted research endeavours. 
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3.1 Dosimetry 

3.1.1 Dosimetric reader unit 

In this section, the reader unit designed to measure the response of the photodiodes, 

diodes, and phototransistors under different sources of radiation is presented (Figure 

19).  

To control the bias of the DUTs a Digital to Analog Converter (DAC) DAC8552 (Texas 

Instruments, Dallas, TX, USA) was used. With this 16-bit, dual channel DAC and the 

electronic necessary to conditioning the output, we are able to obtain a bias voltage 

from -12 V to +12 V. The current-voltage converter is based on the operational amplifier 

TL072 (Texas Instruments, Dallas, TX, USA) with a feedback resistor of 4.7 MΩ. The 

output is low-pass filtered (with a parallel capacitor of 220 pF and a RC filter calculated 

to has a cut-off frequency at 16 Hz). After that, the 16-bit Analog to Digital Converter 

(ADC) ADS8326 (Texas Instruments, Dallas, TX, USA) was the model selected to be the 

interface between the output voltage and the microcontroller based on the excellent 

linearity and very low noise. Although the PIC18F46K42 (Microchip Technology Inc.) 

selected for the design, has an internal DAC (5-bit) and ADC (12-bit), the external 

components were used to enhance the performance of the reader unit. The 

PIC18F46K42 microcontroller, belonging to the PIC-18 family, that exhibits a suite of 

features tailored to meet the demands of diverse embedded applications. Built on a 

foundation of reliability and versatility, it serves as a cornerstone for projects requiring 

robust performance and seamless integration. 

Temperature is the major source of uncertainty in solid-state dosimetric devices, and 

especially in reverse currents where it can affect exponentially. Therefore, it is a critical 

parameter in our study due to the thermal dependence of the reverse dark current (Is) 

[87-90] which is the baseline of the radiation-induced photocurrent and the main 

Figure 19. Reader unit developed. 
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contributor to its thermal drift. For this reason, the reader unit was provided with a 

sink current connected to one diode implemented with an LM334 using the Zero 

Temperature Coefficent Current Source configuration.  It was configured to 35.58 ± 0.25 

μA to forward bias the diode obtaining the forward voltage (Vγ), which is directly 

related to the diode temperature. In addition, a complete characterization of the 

sensors at different temperatures is mandatory to obtain the parameters for the thermal 

correction.  

Therefore, this system can register the response of four devices at the same time and 

send directly to a PC via USB. This capability minimizes the time spent in irradiation 

facilities, reducing research costs. For this purpose, the analog multiplexer ADG408 

(Analog Devices) was used. It has eight channels with one output allowing connect the 

four DUTs and the temperature sensor. Finally, in the microcontroller, a digital median 

filter is applied to reduce the noise of the measurements and it is sent to the PC 

thought a FTDI chip FT232R (Future Technology Devices International). 

Central to the PIC18F46K42 is its powerful processing core, capable of executing 

complex instructions with precision and efficiency. This ensures smooth operation in 

demanding environments, making it well-suited for applications demanding real-time 

responsiveness and computational accuracy. The microcontroller offers a rich 

assortment of integrated peripherals, including multiple serial communication 

interfaces such as UART, SPI, and I2C. This facilitates seamless connectivity with a 

wide range of external devices and sensors, enabling efficient data exchange and 

system integration. 

In terms of memory, the PIC18F46K42 provides ample resources for code storage and 

data manipulation. Its Flash memory capacity allows for storing application code and 

firmware updates, while its SRAM and EEPROM modules offer flexible options for 

temporary data storage and non-volatile parameter storage. Furthermore, the 

PIC18F46K42 is engineered with power efficiency in mind, featuring various power-

saving modes and low-power operation capabilities. This makes it suitable for battery-

powered and energy-conscious applications, extending battery life and minimizing 

overall power consumption. The microcontroller benefits from a comprehensive 

ecosystem of development tools and software libraries, facilitating rapid prototyping 

and streamlined application development. Its compatibility with industry-standard 

development environments and programming languages simplifies the development 

process, allowing developers to leverage existing resources effectively. In summary, the 

PIC18F46K42 microcontroller embodies the hallmark features of PIC microcontrollers, 

offering a potent combination of performance, reliability, and energy efficiency. Its 

robust design and versatile feature set make it an excellent choice for a wide range of 

embedded applications, from consumer electronics to industrial automation systems.  

This system was used to characterise diodes, photodiodes and phototransistors as 

dosimetric sensors. Publications 1 and 2, as well as the other results presented below 

on these devices, were obtained with this reader unit. 
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3.1.2 Characterisation of commercial devices as radiation sensors 

Next, the research conducted to characterise photodiodes, diodes, RADFETs, and LDRs 

under different ionizing radiation will be described. All tests were carried out in the 

facilities described in the methodology section 3.3.1 and the readout units previously 

described were used to measure the response of the devices. To make the reading more 

comprehensive, the results will be divided by device type. 

3.1.2.1 Photodiodes as dosimetric sensors 

3.1.2.1.1 Photon beam response 

The characterisation of the best candidate dosimetric sensor by comparing three 

photodiodes and three phototransistors, as well as an in-depth study of the thermal 

dependence and how to correct it, can be found in publications 1 and 2, at the end of 

this section. 

In addition to the previous described characterization, an angular dependence study of 

the BPW34S photodiode and the proposed solution based on a three-dimensional 

sensor will be presented. This study was carried out at the “Hospital Universitario 

Clinico San Cecilio”. To increase the number of samples under characterization in each 

irradiation session, the reader unit was duplicated to perform the tests in parallel. 

Although the photodiode BPW34S has been studied in the present thesis as dosimetric 

sensor and the potential of the device will be presented in two of the publications part 

of the compendium, it is worth mentioning that it also presents some disadvantages.  

Figure 20. Irradiation setup for the angular dependence study. 
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First, an angular characterization of the individual model was performed. Irradiation 

tests were conducted with a linear accelerator (LINAC) Elekta Versa HD (Elekta 

Solutions AB, Stockholm, Sweden). The photon beam was produced with an electric 

potential of 6 MV. DUTs were located in the radiation isocenter (at 100 cm) and were 

irradiated with a field of 10x10 cm2 (see Figure 20). Fifteen irradiation sessions, at 

different incident angle, were programmed with an average dose rate of 6 Gy/min to 

provide an accumulate dose of 3 Gy (Si) per angle. The devices were irradiated from -

180° to 180° in steps of 15°, obtaining a total accumulate dose of 45 Gy. Reference 

irradiation sessions at 0º were conducted every 9 Gy in order to minimize the 

degradation effect. However, the degradation must be taken into account for the 

calculation of angular dependency due to the sensitivity loss based on the accumulated 

dose. It was found after 21.4 Gy for this device was bellow to 2% [93].  

After that, a 3-D sensor was designed. A six-sided cube with a photodiode on each face 

was the proposed solution. All the photodiodes were connected in parallel, with this 

configuration, the current generated by each individual photodiode due to radiation 

will be combined with the current generated by each photodiode. The base on which 

the sensors rest was designed and fabricated with a 3-D printer using ABS 

(Acrylonitrile Butadiene Styrene). ABS is a popular material in 3D printing due to its 

strength, durability and good thermal resistance, making it suitable for a variety of 

applications. In addition, its ease of post-processing, wide colour availability, 

compatibility with acetone for a smooth finish, good mechanical properties, low cost, 

and a similar density to the water make it an attractive option. In Figure 21 a schematic 

with the dimensions of each sensor, the 3D design and the real sensor are shown. 

Figure 21. BPW34S photodiode. (a) device dimensions; (b) design and dimensions of the 

3D sensor; (c) real device. All the dimensions are in mm. 
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Finally, a maximum sensitivity dependence of 35.3% was found for the induvial 

photodiode. In contrast, for the proposed sensor, this dependence was reduced to 

10.6% (Figure 22). 

3.1.2.1.2 Proton beam response 

For the characterization of the BPW34S as a proton detector, it was tested under high 

and low energy proton beams. These tests were performed at the CNA (low energy) 

and at the PSI (high energy).  

In this work the BPW34S photodiode was discarded as a sensor for low energy proton 

beams (up to 5.36 Mev) because it showed a lack of response.  To check whether this 

was due to the depth of penetration of the protons into the coating material, the device 

was sanded and tested again, and this time a response to radiation was obtained. Even 

so, decapsulating the photodiodes for use was rejected, since the material they are 

made of is unknown and a repetitive method to perform this procedure was not 

achieved. 

Figure 22. Sensitivity obtained in the angle dependence tests for the devices tested. Comparison between 

single sensor and 3D sensor. 

Figure 23. Pre-irradiation study to choose the best dosimetric sensor among the photodiodes proposed. 
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While the dosimetric parameter in the transistors is the threshold voltage shift, for 

photodiodes the radiation-induced photocurrent is related to the dose rate. Therefore, a 

real time measurement (continuously) was conducted every second and the current 

integration over the time was used to obtain the accumulated dose. Both, dose rate and 

total dose can be obtained from these devices. Finally, the radiation-induced current 

was used for diodes as a dosimetric parameter. 

On the other hand, at the PSI the response of the different photodiode models 

(BPW21R, BPW24R, and BPW34S) was study at the highest energy available in PSI (230 

MeV) to select the best candidate as dosimeter. To do it, preliminary irradiation 

sessions of 10 Gy were conducted. In Figure 23 a comparison of the response obtained 

from the three photodiodes tested is displayed. As it can be seen, the best candidate 

was the BPW34S due to its higher achieved photocurrent than the BPW21R and 

BPW24R. This model presents higher sensitivity and in addition less degradation with 

dose. Consequently, the candidate as radiation sensor for high energy proton beams 

was de BPW34S and the study was focused to its characterization. 

Figure 24. (a) Signal Spectrum before applying LPF, and (b) Signal before and after filtering. 
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Table 6. Sensitivity obtained in function of the accumulated dose at three different energies for the 

photodiode BPW34S. 

 70 MeV 150 MeV 230 MeV 

Accu. 

Dose 

(Gy) 

S 

(nC/cGy) 

SD 

(nC/cGy) 
S (nC/cGy) 

SD 

(nC/cGy) 

S 

(nC/cGy) 

SD 

(nC/cGy) 

10.01 5.54 0.09 4.71 0.03 7.54 0.09 

20.03 4.51 0.09 4.15 0.03 5.27 0.09 

30.03 3.91 0.09 3.61 0.03 5.07 0.10 

40.12 3.20 0.08  

 

 

3.14 0.03 3.57 0.10 

50.15 3.25 0.09 

60.17 2.99 0.08 

80.23  

2.80 

 

0.09 100.18  

2.71 

 

0.03 

 

3.05 

 

0.10 130.24 - - 

 

Table 6 shows the BPW34S response to radiation at proton beams of 70 MeV, 150 MeV, 

and 230 MeV. The zeroing process was preliminary undertaken in the initial instants, 

before starting the irradiation. Thus, the dark current is obtained as the average of the 

base line (averaged value of the current before the irradiation). To determinate the 

initial and the end of the irradiation the threshold current, ITH, was set calculated as the 

dark current plus 3 standard deviations. In order to improve the measurement 

accuracy, the dark current was also registered between consecutive irradiation steps 

and at the end of the irradiation cycle. This dark current drift was removed from the 

total response for the final sensitivity calculations. 
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Also noteworthy is the noise that appears in the photocurrent output, increasing the 

uncertainty. The noise effect could be minimized with postprocessing the acquired 

signals. Using the Signal Analyzer tool in MATLAB the main noise component in 

frequency is located at 47.5 mHz (see Figure 24a). A low pass filter (LPF) would reduce 

the noise increasing the SNR, however the fast transient at the beginning and the end 

of irradiation would be smoothed. To avoid the smoothing, the LPF was applied in the 

three periods independently: pre-irradiation, irradiation, and post-irradiation periods. 

As an example, a comparison of filtered and original signal is displayed in Figure 24b. 

The sensitivity, calculated as the ratio between the charge generated by the ionizing 

radiation and the dose delivered per shot with three different energies can be found in 

Figure 25. The charge was obtained integrating the photocurrent that was determinate 

as the current during irradiation compensating the dark current drift (initial current 

before irradiation). These results have been calculated after applying the previously 

mentioned filter. A comparison between the charge obtained with the accumulated 

dose before (Figure 25a) and after (Figure 25b) applying the filter is shown.   

Figure 25. Sensitivity of the BPW34S, calculated as the ratio between the charge generated by the 

ionizing radiation and the dose delivered per shot with three different energies. (a) results pre-filtering; 

(b) results after applying the filter. 
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Finally, the degradation was analysed after an accumulated dose of 30 Gy. At 230 MeV 

the degradation was the highest with a decreasing of 49% in sensitivity, following with 

the next energy studied, at 150 MeV the decrease in sensitivity was the lowest with 

30% and with the last energy (70 MeV), the degradation was 42%. Figure 26 shows the 

response under 230 MeV proton beams after applying the digital filter. Only three runs 

are displayed, with this irradiation procedure, an accumulated dose of 30 Gy was 

applied (10 Gy per run). This image clearly shows the high degradation suffered by the 

device. 

In conclusion, the BPW34S photodiode, although it has a high degradation under 

proton beams, its response is repetitive and could be used as a dosimetric sensor for 

this type of radiation as long as this degradation is modelled in depth. The 

experimental setup required a connection of 35 m with unshielded cable, that implied 

the used of amplified channel of the reader unit that includes a low pass filter to 

increase the SNR. 

3.1.2.2 Diodes as high dose rate sensor 

Continuing with the search of the best dosimetric sensor low-cost for different 

radiation beam, four models of commercial diodes were tested as high dose-rate 

sensors for gamma. Tests were also made with photon beams, but the sensitivity 

obtained was lower than that of photodiodes, so they were discarded for this type of 

radiation. Moreover, two of these devices (UF4007 and GP02-40) were also tested under 

high energy proton beam. The irradiation sessions under gamma beam were take place 

at CIEMAT and tests with protons were carried out at PSI.  These proton tests served to 

discard the diodes as proton beam sensors as they were irradiated at 230 MeV and the 

response from the rectifier diodes studied was less than the noise power, therefore they 

were discarded, and we will focus on the characterisation of these devices under 

gamma beam. 

Figure 26. BPW34S induced photo-current for 230 MeV proton beam after applying the digital filter 

designed. 
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For this research four PIN diode models with different breakdown voltages were used. 

UF4007 from On Semiconductor with a maximum reverse voltage (VR) of 1000 V, 

1N4007 from Vishay and VR = 1000 V, GP02-40 from Vishay and VR = 4000 V, and BY203 

from Vishay and VR = 2000 V. The sensitivity, repeatability, temperature during 

irradiations and degradation of each model were studied. Taking advantage of the fact 

that our reader unit has the possibility of reading the response of 4 dosimetric sensors 

and 1 temperature sensor in parallel, the irradiations were performed in such a way 

that each time the sample holder was opened, 4 devices of the same model and a fifth 

diode as a temperature sensor were placed. The complete irradiation setup can be seen 

in Figure 27. 

A preliminary characterization to select the bias voltage to obtain the highest 

sensitivity. For this purpose, one device per model was irradiated, during irradiation a 

bias voltage sweep from 0.5 V to -11 V was made. For this characterization the diodes 

were irradiated for 30 seconds at each bias voltage. Considering the dose rate was 

365.17 Gy/min, 182.58 Gy were delivered to each device for each polarization voltage. 

Taking into account that eleven different voltages were studied, a total accumulated 

dose above 2 kGy per device was delivered. 

As Figure 28 shows, the polarization voltage is directly related to the sensitivity of the 

devices. The data obtained confirm that this relationship is linear; therefore, for our 

study, the highest available reverse voltage in the reading unit (-11 V) was chosen. It is 

worth noting that greater sensitivity is expected if this polarization voltage is increased, 

but this has not been studied due to limitations of the reading unit. 

Figure 27. Setup for irradiation test at CIEMAT. (a) NAYADE facility. The samples are placed in the 

source, connected to the outside with the cable protected by the blue tube, in the detail you can see the 

distribution of the sources; (b) DUTs before closing the 
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After this preliminary characterization, the main study was performed. Four samples 

of each model were irradiated under the same conditions. All devices were exposed to 

a total accumulated dose of 22 kGy divided into short-duration irradiations. 

Additionally, the UF4007 was exposed to a total dose of 32 kGy. The total dose was 

divided into short exposure periods to study the recovery of the devices after each 

irradiation. Sensitivity was calculated as the collected charge per accumulated dose 

(μC/kGy) on average for the set of samples studied. To obtain the collected charge, the 

radiation induced current is integrated over the exposure time. In ¡Error! No se 

encuentra el origen de la referencia.a, an example of one 1N4007 sample behaviour 

under the ionizing radiation can be seen. During the entire duration of the test, the 

dose rate remained constant. The decrease observed in the induced current is due to 

sensor degradation. This parameter will be analyzed later for each of the device 

models. Additionally, in ¡Error! No se encuentra el origen de la referencia.b, a 

summary of the sensitivity obtained for each diode model can be observed. 

 

Degradation and temperature of the devices during irradiation were studied too. The 

sensitivity calculated is related to these two parameters. For the thermal study, a pre-

characterization of the diode used as temperature sensor (UF4007) was made. To 

perform this characterisation, the VCL4006 climatic chamber was used. The value of 

forward voltage (VF) was studied in the range of 50 to 0 Celsius degrees, this voltage is 

directly related to the temperature. Self-heating during irradiations will affect the 

current measured during the periods between irradiations, therefore, is very important 

to study the temperature of the devices. These periods correspond to the baseline that 

will be used to correct the dose measurements. The factors obtained from this 

Figure 28. Preliminary study. Polarization voltage sweep to select the one offering the highest sensitivity. 
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characterization are displayed in Table 7. Once the parameters of the thermal 

dependence of the inverse voltage are obtained, it is possible to estimate the 

temperature reached by the diodes during irradiations.  

Table 7. Parameters of thermal characterization for diode UF4007 

 𝑚 (𝑚𝑉) 𝑛 (𝑚𝑉) 

𝑦 = 𝑚 ∗ 𝑥 + 𝑛 -2.17 ± 0.06 426.82 ± 1.38 

 

After the main characterization, the thermal effect produced by the radiation on the 

devices was studied. Figure 30 shows how the temperature of the UF4007 diode 

increases from about 17 °C to 27 °C during a long irradiation. The periods between the 

red bars correspond to the irradiations. As it can be seen, the radiation induced current 

increases at the beginning of being exposed to radiation, stabilizing at the same time as 

the temperature does. This initial transient in the induced current during radiation 

exposure can be explained due to temperature increment. This drift can be minimized 

applying a post-processing to obtain the real dose.   

Figure 29. (a) Response under the radiation for one sample of the diode model 1N4007. (b) Comparison of 

sensitivity obtained for the four models under study. 
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Figure 30. Temperature of the UF4007 diode during 3 runs (blue dots) and the current induced by the 

radiation (black dots). The red bars delimit the periods during which the devices were irradiated. 

It should be noted that dose correction with temperature must be applied to obtain the 

correct sensibility and degradation, this will be done in future work. In the preliminary 

degradation study, degradation levels were found to be below 2% for all devices. These 

results were obtained using induced current collected data when the temperature was 

already stable to avoid the dependence found. Table 8 shows the degradation obtained 

in the diode models studied for a cumulative dose of 6.08 kGy and the sensitivity of the 

different device models. 

Table 8. Sensibility for a cumulative dose of 22 kGy and degradation for a cumulative dose of 6.08 kGy. The data 

used for the degradation study were chosen when the temperature was already stable to avoid errors due to the 

thermal dependence of the induced current. 

 Sensibility (µC/kGy) Degradation (%) 
1N4007 101.0 ± 0.7 1.4 ± 0.3 

UF4007 78.06 ± 0.12 0.54 ± 0.04 

BY203 80.6 ± 1.1 -0.13 ± 0.15 

GP02-40 66.9 ± 0.3 0.0 ± 0.7 

 

In conclusion, an in-depth study of the thermal dependence must be completed to 

correct the results obtained in this work. The data obtained without taking into account 

the dependence of the measured current on temperature show that all the diode 

models studied are candidates as dosimetric sensors for high dose rate gamma beams. 

The 1N4007 is the most sensitive but also shows the highest degradation. On the other 

hand, the BY203 and GP02-40 models, although they have lower sensitivity to 

radiation, the degradation they present is close to zero percent.  
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3.1.2.3 RADFETs as proton beams radiation sensor 

In this section, the study of the RADFET VT06 from Varadis as dosimetric sensor for 

proton beam was conducted. This work was performed with low energy protons at the 

CNA and with high energy protons at the PSI. The degradation with cumulative dose 

and the dependence of sensitivity on energy were the parameters analysed. For this 

purpose, the reader unit previously developed in our research group [37] was used. As 

explained in previous chapters, in the case of MOSFETs and RADFETs the dosimetric 

parameter that is related to the cumulative dose is the increase of the threshold voltage. 

First, to characterize the RADFETs at low energy, six runs of up to 200 Gy in Si were 

performed at energies of 1, 2, and 3 MeV. A printed circuit board (PCB) with three 

chips, two RADFETs per chip, were irradiated per energy. Therefore, six devices were 

irradiated simultaneously at the same energy. The RADFETS were assembled without 

lids to allow the proton beam to reach the sensitive material (silicon dioxide). The PCBs 

were placed into the irradiation chamber and connected with an external switcher that 

permits to connect sequentially the transistors one by one to the reader unit. Thus, up 

to six transistors can be read per irradiation session. The source voltage is measured 

biasing the transistor at IZTC current (17 µA). The measurement process consists of three 

phases: 

1. Zeroing: The initial source voltage is recorded.  

2. Irradiation: The devices were irradiated. 

3. Measurement: The source voltage shift is measured and stored.    

Five irradiation sessions were provided to reach a total irradiation dose higher than 210 

Gy (218 Gy at 1 MeV; 217 Gy at 2 MeV; and 212 Gy at 3 MeV). After 15 hours, the 

source voltage was measured again to assess the fading effect. 

On the other hand, for the high energy proton beam characterization at PSI, the 

experimental setup required a connection of 40 m with unshielded cable, that implied 

the used of amplified channel of the reader unit that includes a low pass filter to 

increase the SNR. Although in this case the amplified channel of the reader unit was 

used, the measurement process was the same as in the CNA. In this case, three chips, 

two RADFETs per chip, were irradiated per energy. Therefore, six devices were 

irradiated simultaneously at the same energy as well as in the study at low energies. 

Now, five runs of up to 130 Gy were performed at 151.23 and 230 MeV. 

As conclusion of this study, the sensitivity showed an energy dependence around 

(0.122 ± 0.009) mV/(Gy*MeV) for low energies. The fading was evaluated recording 

during 165 hours after the last irradiation session, obtaining a decay of the source 

voltage of 3% for 1MeV and 6% for 3 MeV. Therefore a good stability of the dosimetric 

parameter was found. For high energies fading effect has not been studied because the 

irradiated samples became radioactive.  Sensibility of the RADFET under different 

energies is show in Figure 31 and Table 9. 
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Figure 31. Threshold voltage increase for the RADFET VT06 as a function of dose. 

In conclusion, the RADFET VT06 from Varadis shows a very suitable performance for 

high-dose measurements for different applications with low and high energy proton 

beams. 

Table 9. Sensibility obtained at different energies for the RADFET VT06 as proton beams sensor. 

Energy (MeV) Sensibility (mV/Gy) 

1 0.679 ± 0.007 

2 0.785 ± 0.006 

3 0.922 ± 0.008 

151.23 1.10 ± 0.03 

230 1.143 ± 0.023 

3.1.2.4 Characterization of LDRs as photon beams dosimeters  

A light-dependent resistor (LDR) (also called a photoresistor or photoconductive cell) 

is a light-controlled variable resistor whose resistance depends on the incident light 

intensity. It is a semiconductor device manufactured from compounds of CdSe, CdS, 

InSb or PbS [94]. When photons with energy higher than the semiconductor band gap 

are absorbed by the material, electron–hole pairs are generated both by band-to-band 

transitions and by transitions involving forbidden gap energy levels (also named trap 

levels). The resulting free charge carriers conduct electricity, thereby reducing the 

resistance. An LDR is typically applied in light-sensitive detector circuits and light-

switching circuits. It is widely known that LDRs reduce their resistance with the 

increasing light intensity following a non-linear trend close to a 1/R dependence. A 

similar non-linear behaviour has been measured with dose rates under ionizing 

radiation as well [95]. In addition, if the radiation response of LDRs could be measured 

using a clinical electrometer such as those commonly used for reading ionizing 
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chambers, the cost of the complete measurement system would be significantly 

reduced by removing the need for a specific reader system. 

Two commercial light-dependent resistor models have been characterized as 

dosimetric sensors for radiation X-ray beams typically used in radiotherapy. Three 

samples of each model have been studied. The experimental characterization included 

the measurement of their response to radiation in terms of resistance variation and 

current/charge generated under bias voltage. Moreover, LDR temperature dependence 

has also been analyzed as the main interferent with the goal of achieving thermal 

compensation of the measured parameters. The selected LDRs were the NSL-19M51 

(Luna Optoelectronics, USA) and the VT43N2 (Excelitas Technologies, USA), both 

made of CdS, encapsulated in a moisture-resistant coating and enclosed in a plastic 

casing. Farmer-type ionization chamber PTW 30010 (PTW, Freiburg, Germany), very 

common in radiotherapy dosimetry, with a volume of 0.6 cm3, was used as the 

reference dosimeter for benchmarking.  

A clinical electrometer (PC Electrometer, Sun Nuclear, USA) was employed as the 

readout system, originally designed to operate with ionization chambers. The 

electrometer used can provide a bias voltage between –400 V and +400 V in steps of 1 V 

and has a measured current range up to 50 nA with a charge resolution of 15 fC. 

Irradiation sessions were carried out with a different linear accelerator, Artiste 

(Siemens AG, Germany). The LDRs were located at the isocenter of the radiation under 

solid water to reach electronic equilibrium. They were irradiated with a 6 MV X-ray 

beam and dose rates from 50 cGy/min to 300 cGy/min. The devices under test were also 

Figure 32. Experimental setup for the characterization of the LDRs radiation response [99]. 
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biased by the electrometer to study the effect of the bias voltage on their response to 

radiation. A TNC connector was employed to connect the LDRs to the electrometer and 

polarize the devices with voltages from 30 V to 150 V. The electrometer was placed 

inside the treatment room to reduce the noise produced by the wiring. It was 

controlled by a computer connected with a USB extension cable and placed out of the 

treatment room. Five solid water phantoms with a thickness of 1 cm each were placed 

under the box containing the LDRs, two more solid water phantoms over it to reach the 

electronic equilibrium conditions for 6 MV, as it is shown in Figure 32. 

When incident X-rays fall on the LDR surface, carriers are generated either by band-to-

band transitions or by transitions involving forbidden gap energy levels (also named 

trap levels), resulting in a conductivity increase. We have experimentally found that the 

initial amplitude of the response shows a peak. It increases with the polarization 

voltage and is different from one LDR device to another. This suggests that these peaks 

are due to generated carriers from trap levels. The peak decays are showing the 

emptying of these traps. When they are fully discharged, the steady-state current 

generated by band-to-band transitions remain. The peak amplitude dependence on the 

polarization voltage can be explained by the more efficient electron/hole separation 

before recombination at higher voltages than for the steady-state induced current. 

Figure 33. (A) and (B) Average steady-state current, ASC, versus dose rate; and (C) and (D) generated 

charge, CPI, versus accumulated dose for both models (NSL-19M51 number #1 and VT43N2 number #1) 

and with different bias voltages [99]. 
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Dose rate can be calculated from the average steady-state current (ASC), defined as the 

current increment from the base-line without irradiation to the steady-state value in the 

flat region during irradiation. In addition, accumulated dose can be extracted from the 

charge produced by irradiation (CPI) calculated as the time integral of the current in 

the irradiation period defined above. LDR sensitivity to radiation was defined as the 

ratio between the generated charge and absorbed dose in nC/cGy. 

Figure 33 shows the results of the average steady-state current and the dose rate at 

different bias voltages for the two LDRs under study. Higher slopes with the bias 

voltage are also observed. This can be explained due to a lower photocarrier 

recombination at higher voltages (higher electric field), allowing higher free carrier 

concentration and therefore a higher output current. In conclusion, Figure 34 depicts 

the dependences of the sensitivity with the bias voltage showing excellent linear 

behaviour. LDR devices presented a reproducibility error around 10%. However, their 

sensing areas are different. The sensing area of the VT43N2 model is bigger than the 

sensing area of the NSL-19M51, therefore it can provide a higher current with the same 

bias voltage. 

  

Figure 34. LDR sensitivity versus bias voltage for both studied models (NSL-19M51 number #1 and 

VT43N2 number #1). Experimental data are represented by symbols and linear trend lines (y = A·x + B) 

are also shown [99]. 
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Abstract 

Purpose: The response to radiation typically used in radiotherapy treatments has been 

experimentally evaluated for three samples of two phototransistors (BPW85B and 

OP505A) and two PIN photodiodes types (VTB8440BH and BPW34S). Methods: To that 

end, a staggered irradiation cycle has been applied which included dose rate values 

from 0.81 to 4.87 cGy/s, achieving a total absorbed dose of 21.4 Gy. The samples have 

been irradiated with a linear accelerator and the relations between the induced 

photocurrent and the average and instantaneous dose rates, and between the 

accumulated charge and the absorbed dose, have been determined. The radiation-

induced output currents were measured by means of an external interface of the 

devices to a previously designed readout unit. Results: Experimental results of Si PIN 

photodiode BPW34S have shown a sensitivity of (13.9 ± 0.5) nC/cGy, slight sensitivity 

dependence on dose rate, and a high linearity of the current with the average and 

instantaneous dose rate, requiring only 10 V of reverse bias voltage. This device 

thermal drift has characterized and modelled for temperature effect compensation.  

Conclusions: Silicon PIN photodiode BPW34S, previously tested for X-rays and Co-60 

gamma ray source, can also be a reliable candidate for dose rate and absorbed skin 
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dose determination in typical radiotherapy treatments irradiations. A low sensitivity 

loss below 2% up to 21.4 Gy has been measured, allowing its use as an affordable 

reusable skin dosimeter. Moreover, no significant difference has been observed 

between its response to dose-per-pulse and changing pulse repetition frequency in 

terms of sensitivity and dependence with dose-rate value. 

 

Keywords: Radiation detectors, radiotherapy, optoelectronic devices, 

average/instantaneous dose rate 

  



78  Isidoro Ruiz García 

 

 

 

 

 

Introduction 

Radiotherapy is one of the most common techniques to treat solid tumours. It is 

essential to ensure that the energy absorbed is enough to kill the tumour cells but does 

not exceed the threshold level to induce new damage in healthy tissues. Therefore, an 

accurate monitoring of delivered dose is mandatory in radiotherapy treatments. The 

most common dosimetric sensors are those providing current output such as ionization 

chambers, and dedicated silicon PN and PIN diodes, or threshold voltage shifts of 

MOSFET (Metal- Oxide-Semiconductor Field Effect Transistor) dosimeters. The 

ionizing radiation produces electron-hole pairs in their detection volume which are 

separated by an electric field. In the case of an ionization chamber, the electron-hole 

pairs are produced in the air volume content into the chamber, and the pairs are 

separated by an external high electric field between two metallic electrodes. Silicon 

diodes work in a similar way, but the main detection volume is the device depletion 

region. Now, electric field for charge separation can be internally (photovoltaic mode) 

or externally applied (photoconductive mode). The induced current is collected and 

usually measured with an electrometer. This current is proportional to the radiation 

dose rate, and the integration of the current over the exposure time gives the value of 

the accumulated charge that is proportional to the absorbed dose 1,2,3. Both biasing and 

readout systems are provided by dedicated electrometers 4. In the case of ionization 

chambers, high voltages, usually several hundred volts, are required to achieve enough 

sensitivity in the mentioned detectors. Commercial dosimetric systems based on 

diodes are always polarised at 0 V. Detectors and electrometers, although very reliable 

equipment, can be considered expensive items with costs well above several thousands 

of dollars depending on the model. 

These limitations have been addressed by proposing the use of low-cost commercial 

optoelectronic detectors such as light-dependent resistors 5,6,7 and, considering current-

mode devices, phototransistors and photodiodes, in some cases along with custom-

made affordable readout systems 8. Despite the vast majority of analysed detectors are 

silicon-based devices, diamond detectors and SiC Schottky diodes present good 

dosimetric performance as well 9,10,11,12,13,14. At any rate, to provide a performance and 

reliability comparable to commercial dosimetry systems, these optoelectronic devices 

should have low dark current, show a high induced current when exposed to radiation 

(high sensitivity), low dose rate dependence, and low sensitivity decay with absorbed 

dose. In addition, other features which are suitable in radiation detectors are high 

reproducibility, low angular dependence, small sensitive volume, low energy 

dependence and equivalence to water, including the packaging device. 

In fact, much work and notable results have been reported on the characterization of 

the response radiation of commercial phototransistors and photodiodes since 

pioneering in the last forty years15,16. Regarding commercial phototransistors, Dhole et 
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al. have shown that the phototransistors can be used for measuring doses from 1 to 100 

Gy under 1 MeV electron radiation. Collector current at various bias voltage levels 

between collector and emitter, for different fluences of electron irradiation, were 

measured and they observed a collector current decrease with increase of radiation 

dose delivered, i.e. radiation sensitivity degradation 15. On the other hand, Santos et al. 

have analysed commercial phototransistors both for radiodiagnostic applications 

employing low energy X-ray radiation, as well as for radiotherapeutic applications 

utilizing high energy photon beams from linear accelerators 17,18,19,20,21. They have shown 

that the phototransistors have stable sensitivity for low energy irradiation, but 

significant sensitivity degradation during high energy irradiation up to 100 Gy. More 

recently, only one type (BPW85B by Vishay) of four analysed phototransistors could be 

a suitable candidate for gamma radiation dosimetry employing Co-60 source, showing 

the highest current sensitivity, best linearity of the induced current with respect to dose 

rate and smallest performance degradation biased at relatively low voltage 22.  

As for phototransistors, most research for commercial PIN photodiodes has consisted 

in studying their response under X-ray radiation for diagnostic radiology, reporting 

mostly stable response and suitable performance for dose rate and absorbed dose 

monitoring 23,24,25,26,27. Commercial PIN photodiodes have also been analysed under 

gamma ray beams of Co-60 sources. Depending on the photodiode type, high linearity 

of radiation-induced current with dose rate has been measured up to 67 Gy/h 28, and 

low sensitivity degradation of 5% has also been observed for a high dose range, up to 

15 kGy 29.  

Current external radiotherapy treatments are usually applied with linear accelerators 

(LINACs). That is why, this work has been focused to analyse the response of several 

commercial phototransistors and PIN photodiodes in typical conditions of 

radiotherapy with this equipment. Irradiation cycles have been designed and applied 

to these selected devices aiming to encompass dose rate and absorbed dose values 

usually employed with LINACs in standard treatments. Different dose rates have been 

produced with the LINAC by two methods: i) average dose rate (ADR) by changing 

the pulse repetition frequency which is the procedure typically applied in LINAC-

based external-beam radiation therapy, and ii) instantaneous dose rate (IDR, also 

referred as dose-per-pulse) by changing the source-surface distance (SSD)30. Moreover, 

our previously developed readout unit, initially intended for MOSFET-based 

dosimeters, has been redesigned for reading these current mode devices in real time 31. 

Average dose rate linearity and sensitivity degradation have been studied for four 

types of optoelectronic devices, two PIN photodiodes and two NPN phototransistors, 

selecting the best suitable candidate according to these features. The response of the 

selected device will be compared for ADR and IDR. In addition, thermal drift of the 

selected device has been analysed for its possible use for compensation of the 

temperature effects on the dark current.  
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Materials and methods 

2.1. Devices and irradiation setup 

Four commercial optoelectronic device types have been characterized as radiation 

detectors for irradiations typically applied in radiotherapy treatments, two silicon 

photodiodes and two NPN phototransistors. Table 1 summarizes their main 

characteristics.   

Table 1. Characteristics of the devices under test. 

 Type 
Active 

area (mm2) 

Central 

wave 

lenght 

(nm) 

Case Manufacturer 

VTB8440BH 
PIN 

photodiode 
5.16 580 

Case 21F 

Ceramic 

Excelitas Technologies, 

Waltham, Massachusetts, 

USA 

BPW34S 
PIN 

photodiode 
7.5 900 

SMT DIL, 

Epoxy 

Vishay, Malvern, 

Pennsylvania, USA 

BPW85B Phototransistor -- 850 
T-1 plastic 

package 

Vishay, Malvern, 

Pennsylvania, USA 

OP505A Phototransistor -- 850 
T-1 plastic 

package 
Optek, Essen, Germany 

 

 

Three samples of each device under test (DUT) were irradiated with a linear 

accelerator (LINAC) Siemens Artiste (Siemens Healthcare GmbH, Erlangen, Germany), 

placed at the “Hospital Universitario Clínico San Cecilio” (Granada, Spain). The 

photon beam was produced with an electric potential of 6 MV. DUTs were located in 

the radiation isocentre (at 100 cm), and were irradiated with a field of 10x10 cm2. To 

reach the electronic equilibrium, two solid water phantoms of 1 cm each were placed 

over the DUT. In addition five solid water phantoms were placed under the DUT, as 

Figure 1 shows. With these irradiation conditions, with regard to delivered dose, one 

monitor unit (MU) corresponds to 0.973 cGy (calibrated at 300 MU/min with a pulse 

duration of 3 µs and a pulse repetition frequency of 222 Hz). The constancy checks 

performed on the LINAC ensure that the absorbed dose per monitor unit varies less 

than 0.5% during the complete tests. With this initial irradiation setup, two 

experimental studies have been carried out to determine the device response with the 

average dose rate and the instantaneous dose rate respectively.  
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A Farmer-Type Ionization Chamber PTW 30010 (PTW, Freiburg, Germany) with a 

volume of 0.6 cm3, was used as the reference dosimeter for benchmarking. The 

temperature of the treatment room was stabilized at 23ºC in all irradiation sessions. To 

shield from the ambient light, each DUT was painted with black nail polish and 

introduced into a black plastic box. The response to radiation of the devices under test 

was studied in terms of linearity, sensitivity, S (in nC/cGy), stability and 

reproducibility. 

Average dose rate (ADR) study. 

Varying LINAC pulse repetition frequency, dose rates of 50, 100, 150, 200, 250 and 300 

MU/min (0.81 cGy/s, 1.62 cGy/s, 2.43 cGy/s, 3.24 cGy/s, 4.05 cGy/s and 4.87 cGy/s) were 

applied to characterize the response to radiation of the four DUT. To do that, a 

symmetrical staggered irradiation cycle was designed. The irradiation cycle of 90 

minutes of duration is composed by two consecutive flights: 

• A six-step decreasing ADR rate staircase from 4.87 to 0.81 cGy/s, and 

• a six-step increasing ADR rate staircase from 0.81 to 4.87 cGy/s, 

allowing to complete characterization in both raising and decreasing ADR. This 

irradiation cycle started at the highest dose rate value to provide an early pre-

irradiation step in order to reduce the variability among samples. In all cases, each 

dose rate step duration was calculated to deliver a constant value of 200 MU. To 

deliver this accumulated dose, different time durations were required for each average 

dose rate, ranging from 40 to 240 s. With the sampling period of 2.15 s of our readout 

system, the uncertainties were calculated as the standard deviation over from 18 to 100 

samples per average dose rate. The period unirradiated between each step was two 

minutes to baseline tracking which will be described in the next section. Moreover, 

DUTs were always biased at VR = 10 V in accordance with a previous study22. 
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Figure 1. Experimental setup for DUT’s current measurement, showing the device 

under test, the interface module, and the reader unit. 

 

Instantaneous dose rate (IDR) study 

Three replicas of the selected DUT as suitable dosimeter were irradiated. In this case, 

LINAC quality was configured with a dose-rate of 4.87 cGy/s (pulse repetition 

frequency corresponding to 300 Mu/min). SSD was changed from 95 to 236 cm in six 

different positions, obtaining an instantaneous dose-rate range from 5.5 to 0.92 cGy/s. 

Irradiation steps from high to low dose rates and from low to high dose rates were also 

applied.  

2.2. Current conditioning interface 

With the aim to keep wiring as short as possible to minimize electromagnetic 

interference on device’s output current, the readout system was placed into the 

treatment room but out of the irradiation field (see Figure 1). This system was shielded 

by a 3 mm thick lead layer for radiation protection and connected to a computer, 

placed out of the treatment room, by an USB cable. The readout system consisted of 

two modules: an interface module between the DUT and our previously developed 

device reader extensively described elsewhere 31. This ad hoc designed interface 

module accomplished two functions: i) To bias the DUT with a buffered voltage 

divider and, ii) to convert to voltage the device´s output current with a transimpedance 

amplifier based on the operational amplifier TL072 (Texas Instruments, Dallas, TX, 

Device

under test

I/V converter

and biasing

modules

Reader unit

for

MOSFETs
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USA) with a feedback resistor of 4.7 MΩ, see Figure 2. The output is low pass filtered 

(with a parallel capacitor of 220 pF) and level adapted to our reader unit input. 

The biasing voltage, VR = 10 V, was obtained from the output voltage of a DC-DC 

inverter based on the PWM controller MC3463 (Texas Instruments, USA). This module 

provided a voltage of -12 V that is divided, filtered and buffered with the operational 

amplifier LM358 (Texas Instruments, Dallas, TX, USA).  

The reader unit previously developed is provided with a Sensor Front End (SFE) that is 

basically a Source Monitor Unit. SFE injects a drain current (ID) to the input terminal 

and measures voltage (VS), as shown in Figure 2. The current source was set at the 

minimum value (10 µA) and this intensity was absorbed by the operational amplifier 

without influence on voltage measurement. The source voltage (VS) was digitalized 

with the 16- bit analog-to-digital converter ADS8320 (Texas Instruments, Dallas, TX, 

USA), achieving a resolution of 0.4 mV for the standard channel and 0.02 mV for the 

amplified channel. Taking into consideration that the feedback resistor was 4.7 MΩ in 

the interface module as current-voltage converter, the theoretical current resolution 

would be 80 pA. However, the circuital electronic noise avoids achieving this 

theoretical value. Therefore, continuous current measurements were carried out in the 

experimental conditions and the experimental uncertainty was calculated as two 

standard deviations, resulting in an experimental resolution current of 200 pA, enough 

for this study. 

 

Figure 2. Scheme of current-voltage converter of the interface module and the Sensor 

Front End of the reader unit. 

2.3. Thermal characterization setup 

Temperature effect on electronic semiconductor devices is a well-known interference 

on their sensing applications. In this case, dark current thermal drift is rather 
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significant. Therefore, the candidate to be used as dosimeter should be thermal 

characterized. In order to minimize the external electromagnetic interference, devices 

were introduced in a Faraday cage, and covered with aluminium foil during this 

experimental task. The semiconductor analyser B1500 (Agilent Technologies, Santa 

Clara, CA, USA) was used for devices biasing at VR = 10 V and to measure the dark 

current. This instrument has a measurement range from 0.1 fA to 1 A, and from 0.5 µV 

to 200 V. Temperature sweeps from 15 to 50 ºC were conducted with a climatic 

chamber VCL4006 (Vötsch Industrietechnik, Balingen-Frommern, Germany), capable 

of varying the temperature from −40 to 180 ºC with a temperature deviation in time of 

±0.3–1.0 K and a temperature homogeneity in space of ±0.5–2.0 K. To monitor the 

temperature more accurately, a digital thermometer RS 408-6109 (Amidata S.A., 

Madrid, Spain) with an accuracy of 0.1 ºC was placed inside the chamber close to the 

DUTs. 

Results and discussion 

3.1 Average dose rate study 

The experiments carried out in the present study were aimed to study the sensitivity, 

linearity, stability, and reproducibility of the response of the DUT with average dose 

rate, aiming to select the best candidate among VTB8440BH, BPW34S, BPW85B and 

OP505A for the control of radiotherapy treatment irradiations. The degradation of the 

response with accumulated dose was evaluated as well, to study the possibility of 

avoiding a previous irradiation session before usage and to be suitable for high dose 

rate measurements and high accumulated doses, as it has been previously 

recommended 22. 

According to the mentioned irradiation cycle, the current provided by the sample 

VTB8440BH#1 is displayed in Figure 3. The first maximum current (around 60 nA) 

corresponds to the first irradiation step with dose rate of 4.87 cGy/s, and the last 

maximum (around 50 nA) to the second irradiation at 4.87 cGy/s, showing a sensitivity 

drop around 17%. Therefore, with this experimental procedure the device degradation 

can be evaluated as well as its sensitivity. 

The zeroing process was preliminary undertaken in the initial instants, before starting 

the irradiation, in the “base line calculation” zone (see Figure 3). In fact, the dark 

current is obtained as the average of the base line. The threshold current to effectively 

delimit the irradiation periods, ITH, was set as this calculated dark current plus three 

standard deviations. In Figure 3, the different levels and experiment zone are 

displayed, and the threshold is displayed in the zoomed plot. In order to improve the 

measurement accuracy, the dark current was also registered between consecutive 

irradiation steps and at the end of the irradiation cycle, as Figure 3 shows.  
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Figure 3. Measured current during the characterization of the sample number #1 of the 

model VTB8440BH showing the proposed complete irradiation cycle. 

DUT linearity was evaluated by measuring the current during irradiation. The average 

value of the current was calculated during the irradiation periods, detected 

automatically as the periods when the photocurrent was higher than the defined 

current threshold, ITH. The sensitivity was obtained as the slope of the linear fit with the 

dark current as the intercept. As it can be observed in Figure 4, the current produced 

by the irradiation is proportional to dose rate, as it was expected22,27. Due to their 

internal current amplification, phototransistors BPW85B and OP505A, presented 

higher sensitivity (slope of the linear fit) than photodiodes, VTB8440BH and BPW34S. 

Let us remember that the slope units are charge divided by dose, nC/cGy in this case. 
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Figure 4. ADR study: experimental results of the linearity study of one sample per 

analysed model. Solid symbols show the decreasing dose rate flight and empty 

symbols the rising one. Lines show the linear tendencies. Experimental data 

uncertainties are smaller than the symbols used to represent them (coverage factor 

k=1). 

 

To determine the repeatability and stability of the sensor response, two different linear 

fittings were calculated, the first one from high to low dose rates (first flight of the 

irradiation cycle), and the second one from the decreasing dose rate stretch. Lower 

sensitivities have always been measured in the second case but with different trends 

depending on the device. Two different methods have been proposed to quantify such 

sensitivity loss: i) Method 1: the relative decreasing of both slopes in percentage as an 

average measure of the device performance degradation in the whole irradiation cycle, 

and ii) Method 2: to evaluate the degradation at one dose rate value, the collected 

charge at dose rate of 4.87 cGy/s at the beginning and at the end of the experiment was 

calculated as the time integration of the current during these two irradiation steps. 

The results of these calculations for the four DUT models are summarized in Table 2. 

Firstly, due to low repeatability (high standard deviation) an individual calibration is 

required for an accurate dose determination. Secondly, according to the sensitivity loss 

due to accumulated dose, all studied models presented a degradation higher than 20% 

(calculated using both methods), with the exception of the silicon PIN photodiode 

BPW34S. For this model, sensitivity loss was below 2% in the dose range up to 21.4 Gy. 

Results of the analysed phototransistors are in good agreement with those previously 

reported 22.  

Table 2. Average dose rate sensitivities, SADR, and their degradation with accumulated 

of the set of devices (three samples) ADR for the four DUTs.  σ is the standard 

deviation among samples. 
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  Mean σ  
Model Parameter 

OP505A Slope high-to-low (nC/cGy) 64 21 

  Slope low-to-high (nC/cGy) 48 20 

  Degradation (method 1) 26.4% 10.9% 

  SADR (nC/cGy) at 1.94 Gy 61 20 

  SADR (nC/cGy) at 21.4 Gy 48 20 

  Degradation (method 2) 24.3% 11.6% 

BPW85B Slope high-to-low (nC/cGy) 91 17 

  Slope low-to-high (nC/cGy) 71 13 

  Degradation (method 1) 21.9% 1.4% 

  SADR (nC/cGy) at 1.94 Gy 91 19 

  SADR (nC/cGy) at 21.4 Gy 70 15 

  Degradation (method 2) 22.5% 2.9% 

VTB8440BH Slope high-to-low (nC/cGy) 12.86 0.10 

  Slope low-to-high (nC/cGy) 10.17 0.21 

  Degradation (method 1) 21.0% 1.3% 

  SADR (nC/cGy) at 1.94 Gy 12.3 0.3 

  SADR (nC/cGy) at 21.4 Gy 9.6 0.9 

  Degradation (method 2) 21.5% 8.2% 

BPW34S Slope high-to-low (nC/cGy) 14.0 0.1 

  Slope low-to-high (nC/cGy) 13.9 0.2 

  Degradation (method 1) 1.1% 1.6% 

  SADR (nC/cGy) at 1.94 Gy 13.8 0.4 

  SADR (nC/cGy) at 21.4 Gy 13.8 0.1 

  Degradation (method 2) 0.2% 2.7% 
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As a result, the BPW34S PIN photodiode was selected as the candidate dosimeter due 

to its very low sensitivity degradation with the absorbed dose. This good performance 

has also been reported for this device under Co-60 gamma rays and X-rays for 

radiodiagnosis 28,24,25,26,27. In fact, an average sensitivity can be calculated, obtaining SADR 

= 13.8 ± 0.4 nC/cGy (coverage factor k=1). This value is similar to around 17 nC/cGy 

previously reported under Co-60 gamma rays with lower dose rates from 1.86 to 0.026 

cGy/s 28. Different measured sensitivity can be attributed to the higher energy of the X-

ray beam of our experiment 3. 

 

Instantaneous dose rate study 

In order to extend the characterization of the BPW34S as dosimeter, its response to IDR 

was analysed. Three unirradiated BPW34S samples (named #P1, #P2 and #P3) were 

irradiated obtaining an average sensitivity, SIDR = 14.0 ± 0.4 nC/cGy, which is in close 

agreement with the value obtained in the ADR study. For comparison purposes, the 

ionization chamber PTW 30010, with a volume of 0.6 cm3, provides an average 

sensitivity of 0.2 nC/cGy biased at 400 V. Figure 5 presents one example of measured 

diode currents from low to high and from high to low dose rates, showing high 

similarity with Figure 4. A combined average sensitivity, Savg, from ADR and IDR 

studies can be calculated with samples #1, #2, #3; and, #P1, #P2, and #P3, obtaining Savg 

= 13.9 ± 0.5 nC/cGy. With this uncertainty, an individual sample calibration would be 

mandatory for accurate dosimetry.  

 

Figure 5. BPW34S #P#3 response versus instantaneous dose rate from high to low IDR 

(solid symbols) and from low to high IDR (empty symbols). Lines show the linear 

tendencies. Experimental data uncertainties are smaller than the symbols used to 

represent them (coverage factor k=1). 
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In Figure 6, the influence of the dose rate value on the sensitivity for ADR and IDR 

studies is compared. An increasing sensitivity versus dose rate was measured for both 

studies, showing similar trends. At 0.81 cGy/s SADR is an 85% of its value at 4.87 cGy/s. 

This relative difference is equal between sensitivities of the lowest and the highest IDR.  

This behaviour has been extensively observed and modelled for the response of this 

kind of devices to both, instantaneous32,33,34 and average dose rate35. Recently, a kinetic 

model of diode detector response to pulsed radiation beams has been reported, 

claiming that this behaviour can be properly modelled whatever the method to 

generate dose rate variations36.  In few words, the sensitivity increase has been 

explained for the decrease of recombination rate of radiation-induced minority charge 

due to the saturation of the recombination centre at higher dose rates32. According to 

our results, the comparative experimental data of Figure 6 demonstrated that PIN 

diode BPW34S shows light differences between methods IDR and ADR in terms of 

average sensitivity with the dose rates typically applied in external-beam radiation 

therapy.  

 

Figure 6. Normalized average sensitivity versus dose rate of BPW34S: ADR with solid 

symbols and IDR with empty symbols. Uncertainties represent the standard deviation 

of the three samples per set. 

 

Influence of the temperature 
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Regarding the thermal effects on detector performance, the dark current in 

photodiodes depends exponentially on temperature, therefore, base line will be 

strongly affected by the temperature in dose rate and absorbed dose measurements. In 

the present work, all dose measurements were carried out at constant temperature, 

however, if this were not the case, a thermal compensation should be mandatory. To 

quantify it, a thermal characterization of the dark current was carried out for three 

unirradiated samples (#T1, #T2, #T3) biased at VR = 10 V from 15 to 50 ºC of the selected 

PIN photodiode BPW34S. As shown in Figure 7, an exponential dependence was 

found, resulting in an average dark current, Iavg, at 25 ºC of 17 ± 3 nA. This value is in 

agreement with that provided by the manufacturer at VR = 10 V and T = 25 ºC of 2 nA 

and a maximum value of 30 nA 37. The error bars in Figure 7 represent the standard 

deviation (k =1) of the three samples under study. The high uncertainty found at 10ºC 

can be explain as follows: At low temperatures the dark current is extremely low, 

therefore the relative effect of ambient light interference is much higher than other 

temperatures. The behaviour of the three samples was similar, and the fit of average 

currents, Iavg, with temperature was calculated obtaining a slope of m = (0.61 ± 0.04) 

log(nA)/ºC and an intercept n = (-0.25 ± 0.13) log(nA) (Figure 7). Therefore the thermal 

drift of the dark current at 10 V can be modelled as I (T) = 10^ [ m.T+n].  

 

Figure 7. Experimental results of the thermal characterization: Average experimental 

data of the set of three transistors (coverage factor k=1). 

Conclusions 

R² = 0.973

0.1

1.0

10.0

100.0

1 000.0

0 10 20 30 40 50 60

Ia
vg

(n
A

)

T (ºC)

Log(Iavg) = 0,061 T - 0.25 



91  Isidoro Ruiz García 

 

 

 

 

 

The response to radiation of two commercial photodiodes (VTB8440BH and BPW34S) 

and two phototransistors types (OP505A and BPW85B) has been evaluated in typical 

conditions of current radiotherapy treatments. A custom-made reader has also been 

proposed adapting a previously developed readout system for MOSFET dosimeters. 

All devices showed a very good linearity of the radiation-induced current with the 

average dose rate. However, sensitivity degradation higher than 20% was found for all 

types when the maximum analysed absorbed dose (21.4 Gy), except for the PIN 

photodiode BPW34S. Therefore, this model has been selected as a suitable candidate to 

be used as dosimetric sensor. Sensitivity dependences with the average and 

instantaneous dose rate were analysed, resulting in lower sensitivity at low dose rate 

values. A sensitivity reduction of 15% was found for the lowest dose rate irradiation 

session with respect to the sensitivity achieved at the highest dose rate irradiation 

session. Average sensitivity of (13.9 ± 0.5) nC/cGy with a bias reverse voltage of 10 V 

was measured showing no significant difference with average (ADR) or instantaneous 

dose rate (IDR). Moreover, the sensitivity loss due to accumulated dose was below 2% 

up to 21.4 Gy. Given all this features, this device is suitable for being used as a low-cost 

and reusable skin dosimeter for radiotherapy treatments.  
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Abstract 

The effect of temperature on dosimetric measurements is a major limitation of solid-

state dosimeters. This is especially true for PIN photodiode dosimeters, where the dark 

current depends exponentially on temperature. To minimize this effect, a 

compensation method is presented that relies on the diode structure itself without the 

need for an external sensor or device. During irradiation, the photodiode is 

periodically switched from reverse to forward polarization to determine the 

temperature of the device. This measurement is based on the linear dependence 

between the temperature and the forward voltage of the diode when it is operated at 

constant current. An electronic circuit implementing this procedure was developed 

and used for experimental characterization of the response to radiation of the BPW34S 

Si PIN photodiode. The proposed procedure reduced the uncertainty due to thermal 

drift by a factor of 7.5. In addition, an average dose rate sensitivity of 12 ± 2 nC/cGy 



96  Isidoro Ruiz García 

 

 

 

 

 

was measured, with a sensitivity degradation below 2% for the irradiation cycle of 21.4 

Gy performed under a 6 MV photon beam. We have shown that a p-n junction can be 

successfully used to compensate for the temperature effect on the dosimetric 

measurement. 

Keywords: PIN Photodiode, dosimeter, thermal compensation, forward voltage. 

    

Introduction 

Radiotherapy is one of the most common and effective treatments for solid cancers. In 

radiotherapy, it is essential to adequately determine the absorbed dose to ensure a 

proper tumour cells damage while preserving healthy cells as much as possible. 

Ionization chambers are the most commonly used devices for radiotherapy dosimetry. 

The ionization chamber is connected to an electrometer both to apply the required 

electric field by means of a bias voltage and also to measure the charge induced by the 

radiation, integrating the current. This system presents some limitations compared to 

semiconductor-based systems, such as comparatively higher cost, larger size, and high 

voltage requirement for biasing. As an alternative or complement, some current-mode 

semiconductor devices have been studied for the same purpose, such as photodiodes 

and phototransistors [1–3]. Silicon diodes work in a similar way as ionization 

chambers. In this case, the detection volume is the depletion region, and it can operate 

in two different modes: photovoltaic mode, when the electric field for charge 

separation is internal, or photoconductive mode, when an electric field is externally 

applied. The induced photocurrent is usually measured with an external electrometer 

as well. This magnitude can be related to the radiation dose rate, and the absorbed 

dose is proportional to the integral of the current over the exposure time [4–6].   

Some authors have proposed the use of low-cost commercial optoelectronic detectors 

such as light-dependent resistors (LDR) as dosimetry detectors [7–9]. The LDR 

operation is based on the resistivity change due to the generation of electron-hole pairs 

as a result of the absorption of photons. Other devices used in radiotherapy, 

particularly for in vivo dosimetry, are MOSFETs (metal-oxide-semiconductor field 

effect transistors). MOSFETs offer several advantages for dosimetry applications, such 

as immediate and non-destructive readouts, low power consumption, easy calibration, 

and reasonable sensitivity and reproducibility [10–13]. Because the sensitivity of 

MOSFET dosimeters in the unbiased mode is low, and at high dose rates the linearity 

of their response is reduced, efforts to increase the sensitivity of MOSFET dosimeters 

have involved their manufacture with a special technological process to achieve a thick 

gate oxide (more than 200 nm). The resulting devices are known as RADFETs 

(Radiation Field Effect Transistor) [14–16]. 
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However, semiconductor-based systems generally present an important limitation due 

to their temperature dependence, hindering an accurate dose measurement. This issue 

has been tackled by some authors in different solid-state dosimeters. For thermal 

correction in RADFETs, different strategies have been described. The most direct one is 

to set it at the bias point with the minimum temperature coefficient, in the so-called 

drain current condition, IZTC [17]. Another thermal compensation method is based on 

differential measurements of the source–drain voltage of two identical MOSFETs. 

These transistors are biased using the same current during readout but irradiated at 

different gate–source voltages. Consequently, they have different sensitivities to 

radiation, which produces different source–drain voltage shifts. Nevertheless, thermal 

fluctuation is the same in the two transistors and the difference is minimized by 

applying a differential measurement [18]. Another strategy was proposed using a 

custom read-out system applying two or three drain currents to the same RADFET 

[19]. Furthermore, the same authors developed a thermal compensation technique 

using the parasitic diode for DMOS transistor dosimeters [20].  

In this work, based on a similar idea to the one used for thermal compensation of 

DMOS transistors, a PIN photodiode is thermally studied, and a thermal compensation 

method is hereby presented and applied. Our proposal consists in periodically 

measuring the forward voltage (VF) as a method to measure the temperature of the 

device. This value is employed for the thermal correction of the reverse dark current 

(IS), which is the baseline of the radiation-induced photocurrent and the main 

contributor to its thermal drift. Therefore, as a prerequisite, the temperature 

dependence of both the forward voltage [21–24] and the photodiode dark current must 

be accurately characterised. In short, the PIN photodiode will be forward biased for 

temperature measurement mode, and reverse biased for dose rate determination mode. 

Moreover, a thermal compensated read-out unit has been redesigned to implement the 

proposed procedure [25]. 

Materials and methods  

PIN photodiode BPW34S (Vishay, Malvern, Pennsylvania, USA) was selected as the 

dosimetric sensor. The reason for this choice was that this optoelectronic device has 

already been characterised as radiation detector for irradiations typically applied in 

radiotherapy treatments, showing a promising response in terms of sensitivity and 

reproducibility [3,26]. Two experimental characterizations were conducted: (i) a 

complete modelling of the dependence with the temperature in reverse (dark current) 

and under forward biasing, and (ii) its response to ionizing radiation in reverse 

biasing. In both cases, each device under test (DUT) was painted with black nail polish 

and, in addition, they were placed into a box to shield it from environmental light. 
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A total of eleven samples were employed for the thermal characterization. Six samples 

were divided in two groups of three devices. One group was used for the thermal 

modelling of forward biased DUT at constant current, and the other for the validation 

of the proposed model. Moreover, thermal dependence of the dark current under 

reverse biasing was measured in five samples. For temperature-controlled tests, 

samples were placed inside a climate chamber VCL4006 (Vötsch Industrietechnik, 

Balingen-Frommern, Germany). To monitor the temperature more accurately, a digital 

thermometer RS 408-6109 (Amidata S.A., Madrid, Spain) with an accuracy of 0.1 °C 

was placed inside the chamber close to the photodiodes. To minimize the infrared 

radiation produced by the chamber while heating, the photodiodes box was also 

covered with aluminium foil. Then, current-voltage characteristic curves were 

measured at different temperatures with the Semiconductor Analyzer B1500A (Agilent 

Technologies, Santa Clara, USA). To perform the thermal characterization, temperature 

sweeps from 10 to 35 °C in steps of 5 °C were conducted, and the photodiodes were 

forward biased in the range from 0 to 2 mA by the Semiconductor Analyser. 

 

In the second step, the dosimetric characterization of the photodiodes was performed. 

Eight samples of the BPW34S were irradiated with a linear accelerator (LINAC) 

Siemens Artiste (Siemens Healthcare GmbH, Erlangen, Germany), placed at the 

“Hospital Universitario Clínico San Cecilio” (Granada, Spain). The photon beam was 

produced with an electric potential of 6 MV. DUTs were located in the radiation 

isocenter (at 100 cm away from the source) and were irradiated with a field size of 

10x10 cm2. To achieve the electronic equilibrium, two solid water phantoms of 1 cm 

each were placed over the DUT. In addition, five solid water phantoms were placed 

under the DUT, as Figure 1 shows. The majority of radiation detectors, including PIN 

photodiodes, measure the energy inside the volume of matter by the charge created 

inside it. That is the reason why a suitable measurement must be done with the 

detector in electronic equilibrium condition, where the charge entering the volume by 

external process would be approximately equal to the loss of charge created by internal 

process [4]. 
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Figure 1. Experimental setup for the dosimetric characterization of the photodiode radiation 

response. Solid water layers are shown under and over the box containing the devices under 

test. 

 

With these irradiation conditions, in terms of delivered dose, one monitor unit (MU) of 

the LINAC corresponds to 0.973 cGy (calibrated at 300 MU/min with a pulse duration 

of 3 μs and a pulse repetition frequency of 222 Hz). The constancy checks performed 

on the LINAC ensure that the absorbed dose per monitor unit varies less than 0.5% 

throughout the tests. Using this configuration and varying pulse repetition frequency, 

instantaneous dose rates of 50, 100, 150, 200, 250 and 300 MU/min (0.81 cGy/s, 1.62 

cGy/s, 2.13 cGy/s, 3.24 cGy/s, 4.05 cGy/s, and 4.87 cGy/s respectively) were applied to 

characterize the photodiodes response to radiation. The 90-minute irradiation cycle 

consists of a six-step decreasing instantaneous dose rate staircase from 4.87 to 0.81 

cGy/s, a six-step increasing instantaneous dose rate staircase from 0.81 to 4.87 cGy/s, 

and a last step of 0.81 cGy/s. Between each step, a period without irradiation of 2 

minutes was applied. In all cases, each dose rate step duration was calculated to 

deliver a constant value of 200 MU.  

 

To measure the induced photocurrent, photodiodes were always reverse biased at -10 

V. To avoid electromagnetic interference on the photodiode's output current, the 

readout system was placed into the treatment room but out of the irradiation field. 

Moreover, the system was shielded by a 3-mm-thick lead layer to protect it from 

radiation and connected to a computer, placed outside of the treatment room, through 

an USB cable. More details of the experimental setup and conditions can be consulted 
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elsewhere [26]. For both experimental characterizations, relative uncertainties were 

obtained as the quadratic propagation of experimental data and one standard 

deviation of each individual result. Data will be graphically presented as mean with a 

covering factor k =1 (1 standard deviation). 

 

Results and Discussion 

Thermal compensation technique 

Our proposal relies on the linear relationship between the forward voltage, VγF, of a p-n 

junction and temperature [27] as a means to monitor the device temperature. Let us 

consider the current-voltage curve of a forward biased diode: 

 

𝐼 =  𝐼𝑠 · exp(𝑞𝑉𝐹 2𝑘𝑇⁄ ),                                                    (1) 

 

where I is the junction current, Is is the saturation current, q is the absolute value of the 

charge of an electron, VF is the diode forward voltage, k is the Boltzmann constant and 

T is the absolute temperature. It can be shown that the temperature-dependent voltage 

across the junction can be expressed as: 

 

𝑉𝐹 =
𝐸𝑔

𝑞
−

2𝑘𝑇

𝑞
(𝑙𝑛𝐾 − 𝑙𝑛𝐼),                                                   (2) 

 

where Eg is the energy band gap for silicon at 0 K, and K is a temperature independent 

constant. Therefore, when the diode is operated under constant current, the voltage is 

linearly dependent on temperature, with a typical slope around -2 mV/K. 

Once this linear temperature coefficient has been modelled, just with the experimental 

measurement of VF, temperature can be measured in the volume device at any time. 

Therefore, thermal drift of the dark current can be corrected with this calculated 

temperature. Provided the periodic VF monitoring, this methodology can be applied to 

monitor device temperature in real time. Therefore, both forward and reverse biasing 

must be alternatively applied to the device under irradiation to conduct this procedure 

as it will be explained below in the readout system description. 

 

Thermal dependence of VF at constant current was measured by biasing at 1 mA to 

reduce device self-heating by Joule effect. In Figure 2a, the linear dependence of VF 
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with the temperature is clearly obtained for the modelling group. The average linear 

temperature coefficient, α, was calculated as the average of the thermal coefficient of 

the three photodiodes studied, resulting α = (-2.32 ± 0.01) mV/K. Therefore, this linear 

model provides us an accurate determination of the device temperature, just 

measuring VF, that is objectively simpler than measuring the temperature itself. 

Moreover, we get an additional advantage: this is the temperature in the detector 

volume. This thermal model has been validated with the validation group in Figure 2b. 

In this Figure 2b, both the average temperature dependence of the three diodes (black 

symbols) and their correction with the fitting from Figure 2a are shown (grey symbols). 

On the other hand, Figure 2c depicts, with squared symbols, the temperature 

dependence of the dark current measured in the same conditions as during irradiation, 

that is, with a reverse voltage of -10 V. We can see the expectable exponential 

behaviour according to the theoretical model of this parameter [28]. Figure 2b also 

shows the excellent exponential fitting (dotted line) of experimental data. Both the 

theoretical models and the fitting parameters are shown in Table 1. These results will 

ensure an accurate temperature correction of the dark current and, therefore, of the 

baseline of the induced photocurrent of this device used as a dosimetric sensor, as it 

will be shown below. Moreover, we have to remark the fact that under irradiation, the 

induced photocurrent is in the hundreds of nA, which is negligible with respect to the 

forward current (1 mA) in the temperature measurement mode and, therefore, it has no 

effect in the temperature compensation procedure. 

 

 

Table 1. Modelling of VF and IS dependences with the temperature. 

 

 VF vs. T IS vs. T 

Theoretical model 𝑉𝐹 =  𝛼 · 𝑇 + 𝛽 𝐼𝑆 = 𝐴 ·  𝑒𝐵 ∙ 𝑇 

Fitting parameters 

α = (-2.32 ± 0.01) mV/K 

β = (614 ± 2) mV 

R2 = 0.9999 

A = (1.7 ± 0.3) A 

B = (0.096 ± 0.007) K-1 

R2 = 0.9977 
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(a) 

 

(b) 

 

(c) 

Figure 2. (a) VF at constant drain current (ID = 1 mA) vs. temperature for the modelling group. 

Experimental data are shown with symbols and linear fitting with the dotted line. Average 

values of the three sensors are presented. Error bars are smaller than symbols (b) VF vs. 
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temperature at 1 mA for the validation group of sensors. Black symbols and line are the 

experimental data and the linear fitting respectively, and grey ones represent the temperature 

correction given by the modelling from Figure 2a. Error bars are smaller than symbols (c). Dark 

current, IS, showing experimental data (squared symbols) and the exponential fitting (dotted 

line symbols) at reverse bias of 10 V.  

 

System description and operation 

 

The described two-phase procedure, reverse- and forward-biasing of the PIN 

photodiode, has been periodically conducted throughout all the dosimetric 

characterisation previously described. This has provided a continuous and accurate 

monitoring of the device temperature and a real-time thermal drift compensation 

method. To do so, we have developed a dosimetric system consisting of a reader unit 

with the bias module, which is connected to a personal computer for data transfer and 

unit powering. This device is based on a previous design [20]. Figure 3 shows the 

complete architecture of the reader unit, pointing out the selectable photodiode 

biasing. With this same purpose, the analog switch ADG419 (Analog Devices, 

Massachusetts, USA) has been included in the reader unit. Its purpose is to disconnect 

the sensors from the reverse bias voltage (VR) and connect them between ground and 

current sink, thus allowing the measurement of the forward voltage. With this 

topology, it is possible to alternatively measure both VF and the induced photocurrent.  

 

When the topology to measure induced current by radiation is selected by the 

microcontroller, the photodiode is biased at -10 V and the current generated is related 

to the dose rate (top signal path in Figure 3a). After that, the reader unit switches to 

measure VF. To do this, the analog switch disconnects the photodiode from bias voltage 

and I/V converter and connects them between ground and sink current. Now, VF is 

measured through the buffer and the amplifier, both based on the operational amplifier 

TL072 (Texas Instruments, Dallas, TX, USA) (bottom signal path in Figure 3a). A 

configurable sink current designed with LM334 chip (Texas Instruments, Texas, USA) 

was also added to bias the photodiodes in the forward region (Figure 3b). The current 

sink, ID, was selected to minimize the temperature coefficient (LTC) of the LM334 [29]. 

The circuit shown in Figure 4 balances the positive LTC of the LM334 with the negative 

LTC of the forward-biased silicon diode. The diode used was 1N4148 (Vishay, 

Malvern, Pennsylvania, USA), and the resistors R1 and R2 were configured to select the 

desired current, 3.3 kΩ and 33kΩ, respectively. With this configuration ID was set to 1 

mA, to reduce diode self-heating. 
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(a) 

 

(b) 

Figure 3. (a) Schematic of the reader unit showing the signal path for forward bias (F) and for 

reverse bias and irradiation mode (R). In this circuit, the reverse voltage is VR = -10 V and 

forward current ID = 1 mA. Final connection to computer is also shown. (b) Current sink circuit 

for forward biasing the photodiode based on LM344 chip with compensation of the temperature 

effect. 
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The two operation modes can be observed in the timing chart depicted in Figure 4. 

Time period of this two-phase procedure was 1 s to ensure signal stabilisation. During 

phase I, the photodiode is forward-biased to measure VF and then, to calculate the 

device temperature. Afterwards, the dosimetric behaviour can be measured with the 

photodiode reverse-biased in phase II.  

 

 

Figure 4. Screenshot from an oscilloscope of the system operation. Yellow and blue lines show 

reverse and forward voltages respectively, that are applied in phases I and II. Phase I stands for 

temperature measurement in forward bias and phase II for photocurrent measurement, 

including compensation of the temperature effect. Green line, V0, is the output voltage in Figure 

3a.  

Thermal compensation of the response to the radiation 

 

Using the procedure of temperature determination described in Section 3.1, Figure 5 

shows the temperature drift of the sample #4 under the irradiation experiment 

described above. As mentioned above, acquisition frequency of the device temperature 

was 1 Hz, demonstrating that it is suitable to monitor this slow changing magnitude in 

this experimental condition. A heating of 0.35 °C can be measured due to the energy 
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deposition by the photon beam and self-heating. Considering the exponential 

temperature trend of the dark current, this thermal drift results in a non-negligible 

baseline drift. Therefore, it should be corrected to obtain an accurate dose rate 

determination.   

 

Figure 5. Temperature drift of the sample #4 during the irradiation experiment with the 

proposed procedure. Shaded interval represents experimental data uncertainties (coverage 

factor k=1). 

 

Figure 6 displays the photodiode current of the complete irradiation cycle of the 

sample #4. Figure 6 inset zooms the baseline data, that is, the dark current. Blue dots 

depict the uncompensated baseline with a total drift of 0.20 nA. This value represents a 

relative error of 1.5% in the worst case (for the lower dose rate, 0.81 cGy/s). Once our 

compensation method is applied, red dots are obtained, resulting in a maximum 

relative error of 0.2%, thus achieving a significant reduction of the baseline linear 

thermal drift by a factor of 7.5. As a consequence, these figures prove the effectiveness 

of the proposed procedure by taking advantage of a p-n junction as an accurate and 

linear temperature sensor. With this temperature correction, the photodiode 

sensitivity, S, was obtained as the slope of the linear fit of the induced current (nA) as a 

function of dose rate (cGy/s) for each device. Figure 7 shows the radiation sensitivity of 

each irradiated photodiode. The average sensitivity can be calculated, obtaining S = 12 

± 2 nC/cGy (coverage factor k = 1). This result is similar to the previously obtained 

value of 13.8 ± 0.4 nC/cGy [26]. The slightly lower measured sensitivity can be 

explained because the photodiode is forward biased for a fraction of time to implement 

the temperature compensation procedure, instead of being always reversed while the 

irradiation. Therefore, when the device is not reverse biased, its sensitivity decreases 
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because of a lower capability of electron-hole separation before recombination, 

generating lower photocurrent. 

As shown in Figure 6, to determine the repeatability and stability of the sensor 

response, high to low and low to high dose rate irradiation cycles were applied and 

sensitivity degradation was found below 2% in the dose range up to 21.4 Gy. The 

degradation was calculated as the relative decrease of both slopes in percentage in the 

whole irradiation cycle (see Figure 8). Table 2 shows the fitting parameters of curves 

from Figure 8, obtaining the mentioned slight decrease of the sensitivity in the second 

part of the irradiation cycle (from low to high dose rate). 

 

Figure 6. Experimental photocurrent during the dosimetric characterization of the sample #4 

showing the proposed complete irradiation cycle. Inset shows the zoomed dark current 

before (Is4, blue dots) and after (Is4_corrected, red dots) thermal compensation.  

 

 

Figure 7. Photodiode sensitivity to instantaneous dose rate. Experimental data uncertainties 

correspond to a coverage factor k=1. Line shows the average sensitivity. 
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Table 2. Modelling of sensitivity with dose rate. 

 High to low dose rate 
𝑨 ∙ 𝒙 + 𝑩 

Low to high dose rate 
𝑪 ∙ 𝒙 + 𝑫 

Fitting parameters 
A = (9.47 ± 0.11) nC/cGy 

B = (6.7 ± 0.3) nA 

C = (9.7 ± 0.3) nC/cGy 

D = (6.6 ± 0.5) nA  
 

 

Figure 8. Photocurrents versus high to low (diamond symbols) and low to high (square 

symbols). Lines show the linear tendencies. Experimental data uncertainties are shown with 

bars (coverage factor k = 1). 

 

Conclusions 

A method for thermal compensation of radiation-induced current in photodiodes has 

been presented and experimentally tested. It is based on the linear dependence 

between temperature and forward voltage (VF) of a p-n junction. In fact, measuring this 

forward voltage, we can monitor the device temperature and correct the highly 

thermal sensitive dark current. It has the advantage that no external sensors are needed 

to obtain the temperature. To do that, only a few modifications have been introduced 

in the reader unit previously developed by our research group.  

 

To check the algorithm, the BPW34S Si PIN photodiode was used as a current-mode 

radiation sensor. Applying the compensation algorithm implemented in the reader, the 

thermal drift of the photodiode dark current was reduced from 1.5% to 0.2% for the 

lower dose rate. Moreover, with an accumulated dose of 21.4 Gy of photon beams of 6 

MV, a sensitivity degradation below 2% and an average sensitivity of 12 ± 2 nC/cGy 

were obtained, which is in agreement with previous results. Therefore, the procedure 
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presented in this work is suitable to model and reduce the thermal dependence in 

measured radiation-induced current of photodiodes. 
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3.2 Sport monitoring 
In this section we will report the results obtained in the research line of sports 

monitoring. The platform developed for these investigations as well as the results 

obtained with its use will be presented. 

3.2.1 Inertial measurement system 

The customized electronic board (Figure 35) integrates an MPU-9250 (Invensense, San 

Jose, CA, USA) 9-degree-of-freedom IMU, which encompasses a 3-dimensional 

accelerometer, gyroscope, and magnetometer. The inertial motion sensor comprises a 

TDK-INVN 6-axis IMU MPU-6500 with a configurable acceleration range from ±2 g to 

±16 g and a configurable gyroscope range from ±250 to ±2000 degrees per second (dps). 

It also features an AKM-8963 magnetometer (AKM Semiconductor, Inc., Tokyo, Japan) 

with a range of 4800 μT connected through the AUX-I2C port of the MPU-6500. This 

inertial measurement unit includes digital motion processor (DMP) technology, 

capable of filter processing and accurate calculation of three-dimensional orientation, 

or the so-called Attitude Heading Reference System (AHRS), to determine the inertial 

angles of yaw, roll, and pitch. For three-dimensional orientation, a fusion of sensor 

data is performed in the DMP to obtain rotation quaternions. Rotation quaternions 

serve as a mechanism for representing rotations in three dimensions, and with a few 

simple calculations, Euler angles can be derived. This operation is performed by the 

microcontroller, which is connected to the inertial sensor using I2C communication. 

Subsequently, yaw, pitch, roll, and three-dimensional accelerations are transmitted to 

the user’s smartphone via Bluetooth and saved in an onboard SD as a backup. Both the 

SD card and the BM78 Bluetooth module (Microchip Technologies Inc., Chandler, AZ, 

USA) are integral components of the custom-developed electronic board. To power the 

system, a 450 mAh battery is employed, providing autonomy for over ten hours in 

normal operating mode. It is worth mentioning that a sample rate of 112 Hz was 

selected, and the accelerometer and gyroscope were configured at their maximum 

ranges (±16 g and ±2000 dps, respectively). In addition, the IMU incorporates an 

internal temperature sensor utilized for monitoring the temperature of the system.  

Figure 35. Inertial sensing platform developed. 
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As a microcontroller the SAMD21G18 was selected. Part of the ARM family boasts a 

sophisticated set of features tailored for a diverse range of embedded applications. Its 

ARM Cortex-M0+ architecture, renowned for its efficiency and performance, serves as 

the backbone for a multitude of tasks requiring reliable and high-speed processing 

capabilities. 

At the heart of the SAMD21G18 lies its powerful processing core, capable of executing 

complex instructions swiftly and accurately. This ensures seamless operation even in 

demanding environments, making it an ideal choice for applications requiring real-

time responsiveness and computational efficiency. Furthermore, the SAMD21G18 

offers a generous array of integrated peripherals, including multiple serial 

communication interfaces such as UART, SPI, and I2C, facilitating seamless 

connectivity with a wide range of external devices and components. Additionally, its 

advanced analog-to-digital converter (ADC) enables precise analog signal acquisition, 

ensuring accurate data capture in various sensing applications. 

In terms of memory, the SAMD21G18 provides ample resources for code storage and 

data manipulation. With its sizable Flash memory capacity, developers have ample 

room to store application code and firmware updates, while its SRAM and EEPROM 

modules offer flexible options for temporary data storage and non-volatile parameter 

storage. Moreover, the SAMD21G18 is designed with energy efficiency in mind, 

featuring multiple power-saving modes and low-power operation capabilities. This 

makes it well-suited for battery-powered and energy-conscious applications, extending 

battery life and reducing overall power consumption. 

The SAMD21G18 microcontroller is supported by a robust ecosystem of development 

tools and software libraries, facilitating rapid prototyping and streamlined application 

development. Its compatibility with industry-standard development environments and 

programming languages simplifies the development process, enabling developers to 

leverage existing resources and expertise effectively. In summary, the microcontroller 

embodies the hallmark features of ARM-based microcontrollers, offering a potent 

combination of performance, versatility, and energy efficiency. Its comprehensive 

feature set and robust design make it an excellent choice for a wide range of embedded 

applications, from IoT devices to industrial automation systems. 

Finally, it should be noted that this sensor platform has been used in the third 

publication of the compendium, the study of jumps detailed below, and in a work in 

which artificial intelligence has been used to differentiate between different skiing 

techniques, a work that has been submitted for publication. 

3.2.2 Flight time determination in vertical jumps 

Monitoring jumping capacity stands out as a crucial aspect in some sports, enabling 

performance measurement, tracking progression, and injury prevention. Here, we 

introduce a system capable of measuring user flight time and reached height. The 

inertial system previously developed [96] was used for this study.   
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The force platform records a resting acceleration value of 1 g, showing no force during 

the flight phase, and a sharp peak during landing. Flight time and jump height are 

calculated using specialized software. Regarding the inertial system, it displays -1 g 

during rest, a drop before the jump, a spike at take-off, and stability during flight (see 

Figure 36). An algorithm identifies jump key points based on this data. 

The algorithm for analyzing jump data (Figure 37) begins by identifying two crucial 

points: P1, marking the descent after the jump, and P2, indicating the jump's peak. 

These serve as reference points for defining intervals. Additionally, point P3 helps 

determine these intervals. Subsequently, the algorithm estimates the airborne interval 

by calculating the mean and standard deviation between points P4 and P5. Within 

these intervals, take-off (P6) and landing (P7) are identified based on acceleration 

thresholds, aided by linear interpolation for precise timing. The flight time (TOF) is 

then calculated as the difference between take-off and landing times. Lastly, using TOF, 

the algorithm estimates jump height (h) via a physical model, providing athletes with 

valuable insights to enhance their techniques. 

Figure 36. Experimental results of the jumping tests are depicted below. The data reported by the inertial 

system is represented by the black line, while data provided by the force platform is shown in red [49]. 

Figure 37. Time-of-flight calculation algorithm from the IMU measurements [49]. 
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The collected data underwent processing, followed by a statistical analysis to evaluate 

the agreement between the force platform and the developed system. Measurement 

errors were determined as the discrepancies in flight time (TOF) values between the 

inertial system and the platform. The level of agreement was assessed through linear 

regression analysis, indicating excellent agreement with a regression equation of 0.99x 

+ 0.00 and an R2 factor of 0.96. Furthermore, deviation analysis concerning the average 

of both systems revealed that most cases fell within ±2 standard deviations (SD) range, 

with minimal deviations observed (up to 12 ms). Similarly, for jump height 

measurements, linear regression yielded 0.97x + 0.01 with an R2 factor of 0.96. 

Deviation analysis showed values within ±2 SD, except for one case (0.011 m 

deviation). Maximum difference between the averages of three attempts and individual 

attempts was 0.028 m.  

In conclusion, the system provides reliable and accurate measurements of flight time 

and jump height, making it highly appropriate for use in training sessions due to its 

compact size and portability. With minimal errors observed—just 0.35% for flight time 

and -1.84% for height measurement—after comprehensive testing, this system proves 

suitable for outdoor training sessions, facilitating real-time performance monitoring for 

both elite athletes and amateurs. 
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Abstract: In skiing it is important to know how the skier accelerates and inclines the 

skis during the turn to avoid injuries and improve technique. The purpose of this 

work was to develop and validate a compact, wireless and low-cost system for 

detecting the inclination and acceleration of skis in the field based on inertial 

measurement units (IMU). To that end, a commercial IMU board has been placed on 

each ski behind the skier boot. With the use of an Attitude and Heading Reference 

System algorithm included in the sensor board, the orientation and attitude data of 

the skis was obtained (roll, pitch and yaw). This information has been compared with 

the data collected by a video-based 3D-kinematic reference system to validate its 

operation, obtaining the Pearson coefficient between 0.9959 and 0.922 when used in a 

ski simulator. Moreover, the results demonstrate that the proposed IMU-based system 

can provide reliable low-drifted data for more than 15 minutes of continuous usage in 

the worst case. 

Keywords: Inertial sensor; accelerometer; kinematics, alpine skiing, kinetics, 

photogrammetry 3D 

 

1. Introduction 
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Amateur and elite skiers of alpine skiing would be able to improve their technique 

with a reliable tool of quantitative performance evaluation. Moreover, this tool could 

provide injury prevention and coaching efficiency. Turns are basic units of alpine 

skiing performance, and the segmentation of skiing runs into turns would allow 

further knowledge of the skiing technique within and between them. Information 

about accelerations, angles and times are fundamental to assess each turn and the 

skiers’ overall performance [1]. In this way, Spörri et al. showed the characteristics of a 

Top World Class Athlete in Giant Slalom [2].  

Different systems have been proposed for monitoring the skiing performance. It 

was proposed a methodology based on video analysis with an objective criterium to 

turn detection, which was suggested to be independent of the skiing technique [3]. 

Moreover, a 3-dimensional video-based method was implemented to examine 

kinematic, kinetic, and energetic issues related to skier technique during slalom race 

simulations [1]. On the other hand, a high-precision kinematic global navigation 

satellite system (GNSS) was evaluated to detect cross-country skiing classical style 

technique [4]. Furthermore, Stöggl et al. reported the analysis of the type, number, and 

cycle duration of this skiing style, based on the motion of the head and net vertical 

displacement were derived from GNSS position data [5].  

Wireless portable inertial sensors, the so-called inertial measurement units (IMUs), 

are currently employed for monitoring sport activity, not only in research works but 

also in commercial entertainment systems [5]. In addition, this technology can be used 

for injury prevention and skiing performance enhancement [6]. Camomilla et al., 

describe the different uses of inertial sensors in sport, which are: motor capacity 

assessment, technique analysis, activity classification, and physical demands 

assessment. The inertial sensors have been used in alpine skiing to study, forward 

displacement, speed and acceleration of the Centre of Mass (CoM), orientation 

(inclination) of rigid objects such as skis, speed and acceleration of rigid objects (skis), 

orientation of body segments, especially the lower limbs, kinematic parameters of 

lower limb angulation, dynamic calculations of external force such as dissipative 

forces, ground reaction force and power [7]. Martinez et al,. study’s focuses on the 

development and validation of a methodology for the accurate detection of turns in the 

field as well as identifying different types of runs [8], as well as Neuwirth et al,. 

classified the different types of skiing styles, parallel (drifted or carved) and non-

parallel (snowplow or snowplow-steering) turns, based on a global navigation satellite 

system (GNSS) and inertial sensors (IMU), 3D speed and acceleration data were 

obtained [9]. Snyder et al, validate a wearable system for edge angle estimation during 

simulated alpine skiing on a ski ergometer. The wearable system consisted of two IMU 

mounted to the upper posterior cuff of each ski boot using a custom housing and strap. 

[10] 

This technology alone or combined with others previously mentioned has also 

been applied to alpine skiing, simplifying the data gathering and improving the skier 

comfort during tests [11][12][13]. Data from these systems along with the snow 

conditions, skier´s speed and slope´s inclination can provide valuable information for 

improve skiing technique and minimize injuries.  In this line, Martínez et al. developed 



118  Isidoro Ruiz García 

 

 

 

 

 

an automatic algorithm to detect skier’s turns in an ergometer, with an IMU attached to 

the posterior upper cuff of each ski boot [12]. Yu et al. discussed different location for 

an IMU on the skier’s body, and they identified the pelvis as the best location to attach 

the sensor [13]. 

All of these works provided remarkable insights into the monitoring of skiing 

performance. However, they still present some limitations to be used in actual ski 

trainings due to, for example, very limited capture volume, small number of turns, 

heavy data post-processing, complex sensor setup [13] or testing in far from real 

conditions [12].  

The purpose of this work was to design and validate a reliable, simple, 

comfortable, and low-cost wireless system based on IMU, capable of providing useful 

data in real time that could be used in real conditions. The proposed system supplies 

all data required by skiers and coaches to improve skiing technique reducing the risk 

of injury: 3 dimensional accelerations, inertial angles (yaw, pitch and roll) and times. 

Figure 1 shows a comprehensive scheme of the full experimental setup for the IMU 

system validation based on an 3D photogrammetric system with infrared (IR) cameras 

as gold standard. Our proposed wireless system consisted of instrumented skis 

including each an IMU, pre-processing electronics, support for better video recording, 

and rechargeable power supply. Alpine skiing runs were carried out in a ski simulator. 

Aiming to overcome some previous limitations, reduced data drift was addressed to 

achieve long-lasting tests comparable to skiing runs in real conditions. 

 

 

 
Figure 1. A skier during an experimental test in the ski simulator placed at the Sport and Health 

University Research Institute (iMUDS), University of Granada, Granada, Spain. 
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2. Materials and Methods 

Tests were carried out in a MaxxTracks ISB2000 ski simulator (© MaxxTracks 

Indoor Skislopes, Beverwijk, The Netherland) designed for training, research and 

teaching purposes, whose dimensions are: 12.50x6.55 m (48 m2) (see Figure 1). Its 

surface speed can be varied between 1-21 km/h and the slope ranges from 10º to 19º. 

Surface wetting is required for achieving a suitable skier’s sliding. This ski simulator is 

placed at the Sport and Health University Research Institute (iMUDS), University of 

Granada, Granada, Spain. 

For validation purposes, a 3D photogrammetric system (© 2020 NaturalPoint, Inc. 

DBA OptiTrack, Beaverton, OR, USA) was used as gold standard. It is composed of a 

ring of 12 infrared (IR) cameras Flex 3 (Resolution: 640x480, Frame rate: 100 FPS), 

oriented to the ski slope. The camera 3D system requires infrared markers attached to 

the skis to detect their positions. Usually employed passive markets cannot be used on 

the skis because their reflective surface would be shielded by the wet surface splashing, 

preventing a good sight of the ski's position. To overcome this limitation, as it will be 

explained below, active IR markers with light-emitting diodes (LED) were included in 

the skis. Data from cameras were processed by Motive, an optical motion capture 

software (© 2020 NaturalPoint, Inc. DBA OptiTrack, Beaverton, OR, USA). This 

software analyses the camera recordings and stores times, positions and inertial angles 

(pitch, yaw and roll) of each ski. Signals obtained by the camera system are 

interpolated and smoothed by a cubic spline, resulting in less than 0.2 mm of position’s 

uncertainty. 

 

2.1. Wireless portable system design 

 

The 9DoF Razor IMU board (SparkFun Electronics, Niwot, CO, USA) was selected 

which is intended to obtain information attitudes and three-dimension orientation or so-

called Attitude Heading Reference System (AHRS). This low-cost electronic board 

combines an MPU-9250 (Invensense, San Jose, CA, USA) 9 degree-of-freedom (3 

dimensional accelerometer, gyroscope and magnetometer) IMU, and an onboard 

SAMD21 low-power microcontroller (Microchip Technologies Ic., Chandler, AZ, USA) 

with Digital Motion Processor (DMP) technology that can perform filter process and an 

accurate calculation AHRS to determine the ski orientation. IMU sensors were 

configured with the following ranges: the triple-axis MEMS gyroscope was set full-scale 

range at ±2000º/sec (±3%); the triple-axis MEMS accelerometer at ±2g (±3%) and corner 

frequency of the digitally-programmable low-pass filter at 5 Hz; and the triple-axis 

MEMS magnetometer at ±4800 µT. Moreover, this board is supplied with a micro SD 

memory card slot, allowing IMU data logging. The firmware provided by the IMU 

manufacturer was reprogrammed to synchronize the IMU and the camera system, 

setting 100 Hz as sampling rate. Skier orientation, inertial angle, and coordinate axes: x, 

y, and z, are shown in Figure 2. 

Just after powering up, an initial accelerometer and gyroscope calibration procedure 

is undertaken consisting in IMU standing on a levelled flat surface for 10 seconds. 
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Gyroscope is adjusted to 0 º/s in all axes and the accelerometer to 1 g in the z axis and 

zeroing the rest of axis. No user assistance is required to start it.  

 

 
Figure 2. Rotational axes of the ski turn 

 

As mentioned above, to allow correct skis positioning by 3D camara system, five 830 

nm IR LEDs VSMG2700 (Vishay Intertechnology, Malvern, PA, USA) were soldered on a 

PCB (Printed Circuit Board) and placed on in the front and rear part of each ski. Four 

LEDs (positioning LEDs) were used to monitor the ski movement and the fifth one (sync 

LED) was used to set the starting of the test as detailed below. The spectrum of the IR 

LEDs was measured in order to ensure that the maximum frequency emission was tuned 

with maximum of the frequency response of the IR cameras. The photo spectrometer 

HR2000+ (Halma, Amersham, UK) was used to acquire the emission curve of the LED, 

obtaining a maximum emission wave length of 830 nm. Other parameter used to select 

the LEDs was the emission angle that should be as wide as possible. VSMG2700 LED 

presents an emission angle of ±60º that is wide enough for our application. Despite the 12 

cameras and the active markers some data can be lost due to the dead angles. Therefore, 

Motive software integrates all the camera data and in the cases of missed data, 

interpolates and filter the adjacent data to provide a smoothed signal. 

Regarding hardware powering, a RS PRO high capacity rechargeable battery 

(Electrocomponents, London, UK) has been selected. It was disassembled and placed in a 

1593QBK (dimensions 112 mm x 66 mm x 28 mm) waterproof box (Hammond 

Manufacturing Ltd., Guelph, Canada) that was firmly attached to the ski, behind the 

boot, including the IMU, processing and communication electronics as well as shown in 

Figure 3. The power bank has a 3.7 Ah lithium-ion rechargeable battery. For wireless 
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linking, a HC-05 programmable Bluetooth) module (Guangzhou HC information 

technology Co., Ltd., Guangzhou, China) has been used to send data from the IMU to the 

computer. Each IR LED consumes 50 mA, the IMU board consumes about 20 mA and 

the Bluetooth module, 50 mA. Therefore, the system has an autonomy of more than 10 

hours.  

 

 
Figure 3. Developed system showing a photo of the ski with the 4 positioning LEDs, 

the LED for synchronization and the small waterproof box including the IMU board, 

the Bluetooth module and the rechargeable battery. 

 

2.2. Test protocol 

 

A participant of 25-year-old male expert skier (height: 174 cm; mass: 70 kg) skied 

during several sessions wearing the systems. The measurement process involved the 

following steps: 

 

1. 3D cameras calibration. Previous to the recording, it is necessary a calibration of the 

system to set the space and the ground plane where the activity will take part in, 

according to the Motive software documentation [14].  

 

2.  IMU zeroing: The skier stood on a flat platform with a slope of 0 degrees during 10 

seconds, in order to establish the zero level for gyroscope and accelerometer 

calibration. In the next section, the importance of this step will be pointed out, 

showing data drift with and without it. 
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3. Synchronization marks: To synchronize the IMU and the 3D camera system, the 

skier jumped at the beginning and end of the test as was used by Martinez, A et al., 

[8]. In addition, to check that the mark generated by the sync LED was correct, the 

sync LED turned off when the IMU-based system begins to collect data providing a 

visible benchmark in the 3D camera recording. 

4. The participant began to ski while the cameras collected the position and inertial 

angles of both skis and the IMUs sent inertial angles and 3D accelerations data to the 

computer. To perform periodic turns, the start of each turn was marked with a 

metronome. The skier listened to the metronome signal through a Bluetooth 

headset. The cadence was set at 40 turns per minute, 1.5 s per turn cycle, based on 

average duration of giant slalom turns [15]. The skier made continuous turns for 10 

or 5 minutes with a speed of 20 km/h and a slope of 12º. Two different tests were 

performed in these conditions: 

 

a. Long-term tests for studying the data drift of IMU with a duration of 10 

minutes. 

b. Short-term tests (5 minutes) for the rest of studies. 

 

2.3. Data analysis 

 

First, to perform the data analysis, inertial angles obtained by the proposed system 

and by the video system should be compared. To do that, video system data needed to 

be denormalized and filtered: 

 

1. The information from the cameras is denormalized to be able to compare and relate 

with the IMU's inertial angles. This was necessary because the 3D photogrammetric 

system data was given normalized between -1 and 1, and the inertial angles provided 

by the IMU were obtained between 0 and 360 degrees. 

2. To avoid comparing between invalid data, samples showing a deviation greater than 

20% were replaced by an average of ten previous and subsequent samples. 

3. Then, the moving average of twenty samples was calculated. 

 

Equation 1 shows the Pearson correlation coefficient (PCC) used to check the 

correlation between the inertial angles from the video system and the IMU board [16]: 

 

𝜌𝑋,𝑌  =  
𝑐𝑜𝑣(𝑋, 𝑌)

𝜎𝑋𝜎𝑌
 (1) 

 

where 𝑐𝑜𝑣 is the covariance between the magnitude X and Y, 𝜎𝑋 is the standard 

deviation of X and 𝜎𝑌 is the standard deviation of Y. The concordance correlation 

coefficient (Lin CCC) was also calculated according Equation 2 [17]: 

 

𝜌𝑐  =  
2𝜌𝜎𝑥𝜎𝑦

𝜎𝑥
2 +  𝜎𝑦

2 + (𝜇𝑥 − 𝜇𝑦)2
 (2) 
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where 𝜇𝑥 and 𝜇𝑦 are the averaged values of X and Y, and 𝜎𝑥
2 and 𝜎𝑦

2 are the 

corresponding variances. 𝜌 is the correlation coefficient between the two variables. 

Whereas the ordinary correlation coefficient (Pearson's) is immune to whether the biased 

or unbiased versions for estimation of the variance is used, the concordance correlation 

coefficient is not.   

Root Mean Square Error (RMSE) was also obtained to measure the correlation 

between the signals (see Equation 3) [18]: 

 

𝑅𝑀𝑆𝐸 =  √(𝑓 − 𝑜)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ (3) 

 

where 𝑓 were the expected values (IMU data) and 𝑜 the considered valid angles 

(Optical motion capture data). 

Finally, the coefficient of determination, R2, was calculated as the squared difference 

between the y-value estimated for each point and its actual y-value in a linear least 

square’s regression. The sum of these squared differences is called the residual sum of 

squares, ssresid. Let consider sstotal the total sum of squares. Then, regression sum of 

squares, ssreg, can be obtained as ssreg= sstotal - ssresid. The smaller the residual sum of 

squares, compared with the total sum of squares, the larger the value of the coefficient of 

determination, R2, which is an indicator of how well the equation resulting from the 

regression analysis fits both data set:  

 

𝑅2 =
𝑠𝑠𝑟𝑒𝑔

𝑠𝑠𝑡𝑜𝑡𝑎𝑙
 (4) 

 

To complete the information about the skier’s performance, the acceleration module 

in the xy plane was obtained from the IMU accelerometer. These acceleration data can 

also be considered as complementary to those given by the 3D photogrammetric system, 

where accelerations were not available. The moving average of twenty samples was 

applied to smooth these data. The acceleration of the z direction was not relevant in this 

study. 

 

3. Results 

In this section, the impact of the IMU zeroing procedure in the drift data to 

determine the reliability of the proposed system as a function of the test duration has 

been initially tested. Moreover, the correlation of the inertial angles obtained from the 

video system and our wireless compact system are shown. After system validation, 

inertial angles and acceleration data were combined to assess preliminary this test’s 

skiing technique. 

Long-term tests were carried out to study the angular drift generated by the IMU 

with and without previous IMU zeroing. These 10 minute tests showed clear 
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differences among parameters’ drifts. Table 1 shows the measured angular ranges and 

time drifts of inertial angles without and with the application of the IMU zeroing 

procedure. A significant reduction of time drift can be observed when IMU zeroing 

procedure is carried out, with a reduction factor between 0.03 (yaw) and 0.28 (roll). 

Assuming an absolute angular drift of 2º as a tolerable limit, according to a previous 

work [19], our IMU-based system can provide acceptable results during 15 minutes in 

the worst case (roll), that is a remarkable system feature. Consequently, hereafter the 

IMU zeroing procedure was always applied in the rest of performed test. 

 

Table 1. Experimental angular ranges and time drifts of inertial angles without and with 

IMU zeroing. 

Inertial angle Range (°) 
Drifts without IMU 

zeroing 

Drifts with 

IMU zeroing 

Yaw 85° 2.30 ± 0.024°/min 
0.071 ± 

0.031°/min 

Pitch 75° 0.21 ± 0.004°/min 
0.085 ± 

0.016°/min 

Roll 30° 0.46 ± 0.023°/min 
0.129 ± 

0.026°/min 

 

Additional tests of shorter duration were carried out to calculate the correlation 

between the inertial angles measured by our IMU-based system and those from the 

video analysis system. The results of direct comparisons can be observed in Figure 4 

for the three angles, showing good agreements. 

 

 
(a) 
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(b) 

 

 
(c) 

 
Figure 4. Comparison of IMU-based system and video system data. Yaw angle (a), pitch 

angle(b) and roll angle (c). 

 

To quantify the comparisons depicted in Figure 4, the different correlation 

coefficients are shown in Table 2. A good correlation has been obtained between both 

data sets, therefore, we can consider validated our system with respect to the inertial 

angle gathering. 

Table 2. Correlation coefficients of the inertial angles. 

Angle Pearson Lin CCC RMSE% R2 

Yaw 0.9959 0.9943 3.0944 0.9935 

Pitch 0.9854 0.9829 5.2098 0.9711 

Roll 0.9222 0.9168 9.0483 0.8502 

 

A polished skier`s turn technique is essential for a correct skiing performance. 

Therefore, aiming at shedding light on this issue, the acceleration data have been 
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added to the inertial angles to asses the turning technique, highlighting its kinematics 

characteristics. The lateral angle of the ski and the acceleration of the ski will determine 

how each turn is made. These data can provide relevant information about when and 

at what angle the skier can speed up. 

Figures 5 and 6 show synchronised data obtained by our designed IMU-based 

system around beginning and end of a turn respectively. Results represented are the 

most relevant inertial angles, yaw and roll, and the acceleration modulus in the xy 

plane for left and right ski. Vertical lines point out the exact times corresponding to the 

photos. A maximum and minimum of xy acceleration are marked in Figures 5 and 6 

respectively.   

 

Figure 5. Synchronised yaw, roll and acceleration modulus in the xy plane for each ski 

around the beginning of a turn. Vertical line shows the point of maximum xy 

acceleration of a turn. 
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Figure 6. Synchronised yaw, roll and acceleration modulus in the xy plane for each ski 

around the end of a turn. Vertical line shows the point of minimum xy acceleration of a 

turn. 

4. Discussion 

The aim of this study was to develop and verify the feasibility of the designed 

IMU-based system for monitoring the turn technique in alpine skiing. One of the 

priorities of our design was the simplicity both of the design and deployment of this 

evaluation system. Let us remember that the IR LEDs were placed for improvement 

detection of the gold standard system and synchronization purposes. Consequently, 

those optoelectronic components would not be included in the final system which only 

comprises the waterproof box, with the electronic board inside, attached to each ski, 

and the software for processing and presentation of data. Hardware dimensions can be 

downsized to 50 mm x 40 mm x 10 mm with minimum weight of 15 g without battery. 

The battery can be adapted to the required test duration; therefore, a lighter and 

smaller battery could be used instead of the one here mentioned. Although hardware 

was located in the ski’s rear area behind the boot to reduce water splashed, it can be 

placed at any different part of the ski.  

Another advantage of wireless IMU-based systems is that they not are affected by 

the data loss due to blind spots of any camara system. This can happen when IR 

marked (passives or actives) are shielded by the skier body’s movement or get wet. 
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Therefore, with IMU-based systems, data loss is minimized. Furthermore, the selected 

electronic board has a slot to insert a micro SD memory card for continuous data 

logging. This would reduce the information loss caused by a Bluetooth link failure. 

The results demonstrate that the proposed IMU-based system can provide low-

drifted data for more than 15 minutes of continuous usage in the worst case (roll). If 

only the most relevant inertial angles, for this kind of movement, were considered 

(yaw and pitch), this duration could be extended to 22 minutes assuming with an 

angular drift tolerance of 2º. This has been possible thanks to the simply and short IMU 

zeroing procedure available prior to the test. Moreover, this zeroing procedure is 

automatically performed when powering up the system, remaining still on a flat 

surface for 10 second.      

Regarding the inertial angles, they showed a good agreement between the signals 

obtained by the proposed system and those by the gold standard (see Table 1). An 

excellent correlation was observed between yaw measured by the IMU and by the 

optical system with a Pearson’s correlation coefficient of 0.9959. For pitch a good 

correlation is obtained while for the roll the calculated correlation is acceptable. The 

better correlation of yaw and pitch can be explained due to the higher angular range of 

this magnitude compared to roll. Given the kinematics characteristics of the movement 

under study, a skiing turn, angular variations are significant larger in the xy plane, 

corresponding to yaw and pitch, than in the z direction (roll). Therefore, the shorter the 

range, the more affected by uncertainty sources in both systems, resulting in a lower, 

although acceptable, correlation. As a results, the accuracy of the angle data obtained 

by our IMU system implemented on the skis are similar to the accuracy values 

obtained in the studies by Martinez et al,. (95.3-99.7% comparing IMU system with 2D 

video) [8] and Neuwirth et al,. (89-95% comparing IMU system with GNSS) [9], 

regardless of the fact that in these studies, the IMU was placed in the ski boot. This 

validates the use of IMUs for performance monitoring in alpine skiing.   

An additional improvement compared to previous systems, it is that our system 

provides reliable results for longer periods of time without significant drift (Figure 4). 

In fact, magnetometer data allows the system correcting the gyroscope’s drift. The 

longest test that has been carried out has been 650 seconds without observing a 

significant drift. The speed of the simulator was set at 20 km/h, this means that a 

descent of 3600 meters was monitored. The tests in Figures 5-7 had a duration of 255 

seconds at a speed of 20 km/h, corresponding to a descent of about 1400 meters. A 

professional skier reaches speeds above 80 km/h, consequently, the system can be used 

for at least 10 minutes -about 13 kilometres- without drifting. 

All these features would allow the system to be transferred to real tests in snow 

without making changes. On the track, a study of a large number of turns can be made 

in real conditions. 

5. Conclusions 

A compact, wireless and IMU-based system has been designed and validated to 

study the alpine skiing technique. Excellent agreement of inertial angles with a 3D 

camera system has been obtained with Pearson coefficients above 0.92. Additionally, 
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the contribution of acceleration data allows to an exhaustive analysis of skiing 

performance and makes possible to the coach to create a specific training to improve 

the technique and to correct the skier’s movements. This feedback can be in real time 

due to wireless connection (Bluetooth link) with a smartphone. Moreover, completing 

the IMU zeroing process, that only takes 10 seconds and without participant assistance, 

long term skiing tests can be undergone longer than 10 minutes. Given the system 

location, the system comfortability can be assured during skiing and its features make 

possible further research. 
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3.3 Microfluidics 
Finally, results in the microfluidic research line will be presented. As in the previous 

sections, the developed sensing platform will be detailed first, followed by the results 

obtained with it. 

3.3.1 Capacitive platform for microfluidics study 

In short, the basics of the sensing platform (Figure 38) consist of a pair of metal parallel 

electrodes positioned below the strip in the path of the advancing imbibition front. As 

the paper strip becomes wet, the capacitance between these electrodes changes, 

allowing for accurate and real-time measurement of the process without the need for 

video cameras or external flow sensors. The capacitive sensor AD7746 (Analog Devices 

Inc., Cambridge, MA, USA) was employed to measure the capacitance change due to 

the liquid wicking in the paper strip. It is a 24-bit, 2-channel capacitive to digital 

converter capable of measure capacitance at 32 kHz achieving an accuracy of 4 fF with 

a full-scale range of 8 pF. Moreover, a ±4 pF capacitance offset can be added to adjust 

the measuring range. Sampling frequency can also be selected from 10 to 90 Hz, and its 

communication with the controller is via I2C serial interface. This chip includes an on- 

temperature sensor with a resolution of 0.1 °C and accuracy of ±2. °C. As 

microcontroller an Arduino Nano (Chiasso, Switzerland) was selected. This board use 

the ATmega 328 microcontroller. 

 

Figure 38. Capacitive sensing platform. (a) Electronic schematic; (b) photo including paper strip and 

accessory for repetitive water intake [97]. 

The ATmega328, part of Microchip's AVR microcontroller family, stands out for its 

versatility and efficiency across a wide range of embedded applications. Its RISC 

architecture enables efficient execution of a reduced set of instructions, resulting in 

optimal performance. With a clock speed of up to 20 MHz, this microcontroller is 

capable of fast and precise operations. In terms of memory, the ATmega328 offers 32 

KB of Flash memory for code storage, making it ideal for developing complex 

applications. Additionally, it features 2 KB of Static Random-Access Memory (SRAM) 

and 1 KB of Electrically Erasable Programmable Read-Only Memory (EEPROM) for 

temporary and non-volatile data storage, providing flexibility in data handling. One of 
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the standout features of the ATmega328 is its wide range of integrated peripherals. 

These include multiple timers/counters, serial communication interfaces such as 

Universal Synchronous/Asynchronous Receiver/Transmitter (USART), Serial 

Peripheral Interface (SPI), and Inter-Integrated Circuit (I2C), as well as a 10-bit Analog-

to-Digital Converter (ADC) for precise analog data acquisition. Furthermore, it has 

configurable General Purpose Input/Output (GPIO) ports for interaction with external 

devices. Energy efficiency is another strong point of the ATmega328, making it suitable 

for applications with strict power consumption requirements or battery-powered 

devices. This feature makes it a popular choice for portable devices and standalone 

systems. 

In terms of programming, the ATmega328 is compatible with a variety of 

programming languages, including C and C++, and can be programmed using 

standard tools such as the Arduino Integrated Development Environment or AVR 

Studio. Additionally, its compatibility with the Arduino open-source software 

ecosystem and libraries facilitates project development and code reuse. In summary, 

the ATmega328 is a versatile, powerful, and efficient AVR microcontroller suitable for 

a wide range of embedded applications requiring data processing, control, and 

monitoring. Its combination of features makes it a popular choice among embedded 

system designers and developers. These features led to the selection of the ATmega328 

for the development of this sensor platform. 

In this case, a publication and a presentation at an international conference have been 

the result so far. In the next section we will discuss the improvements that have been 

made to the system and future perspectives. 

3.3.2 Capacitive platform: actuators for flow controlling 

After the development of the microcontrolled platform for microfluidics [97], several 

experiments and modifications have been carried out to include actuators and increase 

the sensitivity in order to achieve a system with enhanced capabilities. In terms of 

actuators, two methodologies have been tested: the inclusion of a heater, which 

Figure 39. (a) Development of the microfluidic platform with the inclusion of two heaters; (b) calibration 

curve of the temperature as function of duty cycle. 
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together with the wax barrier previously tested or the use of NIPAN as a storage valve, 

enables stopping or permitting the flow; and the use of electro-osmosis to accelerate 

and decelerate the advancement of the liquid. 

For the heater inclusion, two holes with the size of an SMD 2512 resistor (6.35 x 3.2 

mm) were added to the plate. As Figure 39a shows, the holes were drilled so that the 

paper could be heated from both sides without breaking the measurement electrodes. 

Resistors with this type of encapsulation tolerate up to 1 W of power, which is enough 

to obtain the temperature required for our application. A characterization was made to 

study the power consumption and temperatures using resistors between 22 Ω and 82 

Ω, being 47 Ω the final choice. A P-type MOSFET transistor was added to feed the 

resistors considering the current limitations of the Arduino pins. To control it, a PWM 

signal was used to modify the heater temperature by adjusting the duty cycle. Figure 

40b shows the temperature obtained as a function of the duty. 

On the other hand, electroosmosis is a technique commonly used to control flow in 

microfluidic systems [98]. In this process, an electric field is applied across a 

microfluidic channel containing a conductive liquid, such as a saline solution or an 

electrolyte. This electric field induces a flow of liquid along the channel, which can 

accelerate or decelerate depending on the polarity and intensity of the applied electric 

field. When an electric current is applied, the ions in the solution move towards the 

opposite electrode under the influence of the electric field. By changing the direction or 

intensity of the electric field, it is possible to control the flow velocity and direction in 

the microfluidic system. 

Figure 40. Microfluidic platform, DC-DC converter version. (a) comprehensive schematic; (b) board design. 
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For this purpose, a new electronic board was designed (Figure 40). In this version a 

RECOM R05-100B (RECOM Power) DC-DC converter was added. It consists of a 3W 

regulated high output voltage (41 – 125 V) with nominal input of 5 V. In addition, a 

G6K-2P-Y-DC3 relay from OMROM was added to provide the capability of reversing 

the polarity on the high voltage electrodes. All the new components are controlled by 

the Arduino Nano. 

Furthermore, the shape of the capacitive electrodes was modified to increase the 

sensitivity. With this objective, the design was switched from a pair of parallel copper 

electrodes with a width of 200 µm and a gap of 300 µm to the interdigital electrodes 

(IDE) depicted in Figure 41. The parallel electrodes had an initial capacitance of 1.71 ± 

0.01 pF, while in the new configuration the base capacitance has been increased to 17.55 

± 0.01 pF. Moreover, the measured capacitance increase due to paper wetting has 

changed from around 0.8 pF to 2.5 pF, thereby increasing the sensitivity of the system 

by a factor over 3. The designed IDE consists of two interlocking comb-shaped arrays 

of 32 copper electrodes with a width of 200 µm and a gap of 300 µm. Although the 

cooper plane has only a thickness of 35 µm, due to the circuit plotter, the depth to 

which the cutter reaches is 135 µm; in contrast, the designed thickness and gap of the 

electrodes was 400 µm and 300 µm, respectively, and the PCB was found to match the 

design. 

Figure 41. Capacitive platform, EID version. (a) 3D design; (b) and (d) dimensions of the EID obtained 

using the optical profilometer; (c) picture of the system. 
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It is worth noting that during the time these tests were conducted, the major challenge 

we had was the repetitiveness of the tests. Several actions were taken to address these 

issues: 

• Paper wetting. The way of wetting the paper was one of the major issues 

encountered, which was influenced by several parameters including initial 

pressure, overflow, and the paper’s capacity for liquid absorption, among 

others. After numerous tests, the proposed solution was the development of a 

3D piece serving as a support for the micropipette nozzle. This allowed for 

precise collection of the required amount of liquid to fully wet the paper strip. 

• Lifetime of double-sided tape. As detailed in section 4.11, where the article 

published on this topic is presented, for the experimental setup, the paper strips 

are attached to the platform using double-sided adhesive tape. Simulations and 

subsequent tests have revealed that the condition and thickness of this adhesive 

layer significantly impacts the sensitivity of the system. Therefore, a protocol 

was established whereby the first 5 tests must be discarded, after which 20 to 30 

tests could be performed before the adhesive had to be replaced again.  

• Reuse of paper strips. It was also observed that paper strips can be reused until 

they deteriorate, provided that the solutions used leave no residues.  

• Orientation of paper fibres. Another aspect studied was the orientation of the 

paper fibres. The repeatability among different paper strips is influenced, 

among other factors, by the correct direction of alignment of the cellulose fibres 

that make up the paper. For this reason, all paper strips were cut to ensure that 

the advancing liquid front aligned with the same direction of the cellulose 

fibres. 

As a conclusion, following the development and validation of the capacitive flow 

monitoring platform, two actuator systems have been developed, and the sensitivity of 

the system has been enhanced. We now have the basis for conducting tests with 

different dissolutions and analytes that require flow control. In addition, owing to the 

higher sensitivity of the platform using the EID, it is possible to differentiate between 

different liquids. This paves the way for new tests, offering additional insights into the 

solutions while enabling precise flow control. 
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Abstract 

Understanding the phenomenon of liquid wicking in porous media is crucial for 

various applications, including the transportation of fluids in soils, the absorption of 

liquids in textiles and paper, and the development of new and efficient microfluidic 

paper-based analytical devices (µPADs). Hence, accurate and real-time monitoring of 

the liquid wicking process is essential to enable precise flow transport and control in 

microfluidic devices, thus enhancing their performance and usefulness. However, most 

existing flow monitoring strategies require external instrumentation, are generally 

bulky and unsuitable for portable systems. In this work, we present a portable, 

compact, and cost-effective electronic platform for real-time and wireless flow 

monitoring of liquid wicking in paper strips. The developed microcontroller-based 

system enables flow and flow rate monitoring based on the capacitance measurement 

of a pair of electrodes patterned beneath the paper strip along the liquid path, with an 

accuracy of 4 fF and a full-scale range of 8 pF. Additionally to the wired transmission 

of the monitored data to a computer via USB, the liquid wicking process can be 

followed in real-time via Bluetooth using a custom-developed smartphone application. 

The performance of the capacitive monitoring platform was evaluated for different 
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aqueous solutions (purified water and 1 M NaCl solution), various paper strip 

geometries, and several custom-made chemical valves for flow retention (chitosan-, 

wax-, and sucrose-based barriers). The experimental validation delivered a full-scale 

relative error of 0.25%, resulting in an absolute capacitance error of ± 10 fF. In terms of 

reproducibility, the maximum uncertainty was below 10 nl/s for flow rate 

determination in this study. Furthermore, the experimental data was compared and 

validated with numerical analysis through electrical and flow dynamics simulations in 

porous media, providing crucial information on the wicking process, its physical 

parameters, and liquid flow dynamics. 

Introduction 

Liquid wicking in porous media refers to the process whereby capillary forces draw a 

liquid into a porous material, driven by its surface tension. The rate of liquid wicking 

in porous media is dependent on several factors, including the surface tension of the 

liquid, the pore size and shape of the porous material, the wetting properties of the 

material, and the geometry and orientation of the porous material1–3. This phenomenon 

is significant in a wide range of applications, including the transport of fluids in soils, 

the design of microfluidic devices, and the absorption of liquids in textiles and paper4–6.  

Considerable effort has been invested in comprehending the dynamics of liquid 

imbibition through porous media, owing to the three-phase complex formation of 

solid−liquid and −gas interfaces. In 1856, Darcy conducted the first experimental 

investigation of liquid flow in porous media7. His model assumes that flow within a 

porous medium is driven solely by capillary pressure gradient. In 1921, two 

researchers established a relationship between the capillary height and the rising time 

of a liquid in porous media, popularly known as the Lucas−Washburn (LW) 

equation1,2. Various studies have utilized the LW model to understand the physics of 

liquid wicking in porous media. The LW model scales the liquid wicking distance (Llf) 

with time (t) as Llf ∼ t1/2. However, both Darcy’s law and the LW equation make 

simplifying assumptions that restrict their applicability. The LW equation assumes a 

constant capillary diameter throughout the length of the paper, and it does not account 

for changes in channel geometry or the effects of evaporation. Hence, several 

modifications have been reported to make both models more accurate. These 

modifications include the incorporation of different effects such as gravity8, liquid 

evaporation9, and fibre swelling10–12, among others. Another approach to address this 

phenomenon is based on Richards’s equation13. This equation can also be effectively 

solved with numerical simulators, which have been precisely employed in recent 

works to shed light on the wicking process in porous media, including several of the 

aforementioned effects14–16. A recent review compiles most of the advances in this 

area17. 
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Liquid wicking in porous media plays a crucial role in microfluidic paper-based 

analytical devices (µPADs). The use of µPADs has several advantages over traditional 

diagnostic techniques, such as being low cost, ease of use, and portable18–22. The 

wicking of the liquid through the porous matrix in µPADs promotes the transport of 

the sample and facilitates the mixing of the sample with reagents, enabling the 

detection of target analytes. µPADs have been utilized for a wide range of applications, 

including detection of infectious diseases, environmental monitoring, and food safety 

testing22. Understanding liquid wicking in porous media is crucial in the development 

of new and efficient µPADs. By optimizing the properties of the porous material, such 

as pore size and shape, and the composition of the reagents, the performance of the 

device can be enhanced, leading to more sensitive and accurate detection of target 

analytes16,23–25.  

Flow control is a crucial aspect of µPADs, which rely on capillary forces to manipulate 

and transport fluids within porous material. Effective flow control is essential to ensure 

that the liquid flows through the device at the desired rate and reaches the detection 

zone where the signal is generated. Several strategies have been reported for flow 

control, including paper strip geometry, mechanical manipulation, chemical 

modification, and electrical/magnetic/thermal actuators5,17. Accurate and real-time flow 

and flow rate monitoring is essential for useful and practical implementation of these 

techniques26 as an alternative to offline flow monitoring methods based on video 

recording of the wicking process. This ensures precise flow control and therefore 

improves the performance of microfluidic devices. 

External flow sensors are typically employed in systems with active liquid pumping, 

including close-loop feedbacks, or particle image velocimetry techniques to monitor 

the flow in microfluidic devices. Although effective, these external solutions are 

generally bulky and not suitable for portable systems27. On the other hand, in the last 

decade, some integrated flow monitoring strategies, requiring specific fabrication 

procedures and materials, have been reported based on cantilevers28, magnetic 

composites29, piezoelectric nanofibers30, optical nanofibers31, resonant membranes32, 

Figure 1. Overview of the capacitive platform for liquid wicking monitoring. 
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and nanoparticles strain sensors on sealed microfluidic channels33. Alternatively, 

techniques based on electrical measurements with conducting electrodes or materials, 

such as electrical admittance measurements34, electrical impedance spectroscopy35, 

electrochemical sensors36,37, and piezoresistive membranes38, have been presented but 

require external instrumentation for the electrical magnitude acquisition. A study by 

the research group of Prof. Delamarche demonstrated a remarkable and inspiring 

approach for capillary-driven microfluidics in PDMS channels. The channel flow was 

monitored by measuring the change in a pair of longitudinally patterned metallic 

electrodes along the hydrophilic flow path while liquid wicking. It produced a 

dielectric constant change that could be easily detected by capacitive detection. This 

electronically-microcontrolled setup was provided with a graphical interface and a 

wireless link to a smartphone for real-time and in-situ data display and transmission26.     

In the present work, we have developed a portable electronic platform for real-time 

and wireless flow monitoring of liquid wicking in paper strips. The performance of this 

system was evaluated using different water solutions, paper strip geometries, and 

various chemical valves. Figure 1 presents a general scheme of our system, which is 

based on the capacitance measurement of a pair of parallel electrodes patterned 

beneath the paper strip along the liquid path. These electrodes were designed on a 

printed circuit board (PCB) along with a capacitance detector and a microcontroller 

board that includes a Bluetooth link. In addition, experimental capacitive transients 

were theoretically reproduced with a numerical simulator including both electrical and 

flow in porous media simulations. The full geometry of the experimental setup was 

included in the COMSOL Multiphysics software to perform the numerical analysis of 

the capacitance change of the imbibition process as a function of time. The comparison 

of experimental and numerical data provides fundamental information about the 

wicking process in terms of the physical parameters involved, such as dielectric 

constant, pore size, and permeability; and the flow relevant features, including the 

dynamics of the length of the liquid front, absorbed liquid mass/volume, and liquid 

mass/volume flow. To the best of our knowledge, this is the first compact system that 

enables monitoring of liquid wicking along an entire paper strip, providing physical 

information about the phenomenon through numerical simulation. 

Experimental and numerical procedures 

Materials and software 

The electronic components were procured from RS Components supplier (Corby, UK). 

The printed circuit board and the capacitive electrode structure were fabricated using 

the computer-controlled circuit board plotter LPKF ProtoMat S100 (LPKF Laser & 

Electronics SE, Garsen, Germany). An accessory for a micropipette tip holder was 3D 

printed with a Creality CR-X 3D printer (Creality, Shenzhen,China) using polylactic 
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acid (PLA) filament. The proposed capacitive sensing platform was validated using a 

precision LCR meter E4980AL (Keysight Tech., Santa Rosa, CA, USA). The dielectric 

constants of the paper, both dry and imbibed with purified water, were measured 

using a 40 Hz to 110 MHz precision impedance analyzer 4294A interfaced to the 

dielectric material test fixture with parallel plate electrodes, 16451B (Keysight Tech., 

Santa Rosa, CA, USA). The physical study of the experimental setup, including the 

surface morphology and texture changes of the paper strip during the wicking process, 

was carried out using the 3D optical profilometer SNeox (Sensofar, Barcelona, Spain). 

The confocal technique was configured with x5, x20, and x50 optical objectives, 

achieving a spatial resolution ranging from 470 to 180 nm. The features of the surface 

texture standard ISO 25178 were calculated by the profilometer software SensoVIEW 

1.9.2. A Xiaomi Redmi Note 11S smartphone (Xiaomi Corporation, Beinjin, China) was 

used for videorecording during the validation of the platform, configuration, and real-

time results display. 

Filter paper Whatman grade 1 (Merck KGaA, Sant Louis, USA) was selected for all 

experiments of this work. Different paper strip shapes were obtained using a laser 

cutting machine (Rayjet 50 Laser Engraver, Austria). Hydrophobic double-sided 

adhesive tape Tesa 64621 (Tesa, Hamburg, Germany) was used to affix the paper strip 

to the capacitive electrodes. Purified water was produced by a TKA Microlab type II 

(TKA Wasseraufbereitungssysteme GmbH, Niederelbert, Germany) for the 

experiments to evaluate the sensing platform’s performance. High molecular weight 

chitosan, NaCl, and sucrose were provided by Sigma-Aldrich Merck (Madrid, Spain) 

for the chemical experiments. COMSOL Multiphysics 6.1 (Comsol AB, Stockholm, 

Sweden) was employed for numerical calculations and modelling of the electrical 

capacitance transient and the flow dynamics of the paper strip in the wicking process. 

The AC/DC, microfluidics, and porous media flow modules were utilized for the 

Figure 2. Capacitive sensing platform. (a) Electronic schematic; (b) PCB layout; (c) Photo including paper strip and 

accessory for repetitive water intake; (d) 3D profiler image of the capacitive sensing electrodes; (e) Actual cross-

section of the electrodes. 
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programming of COMSOL applications, including the geometries and materials of the 

different experimental setups described below. The smartphone application was coded 

using Android Studio Dolphin (2021.3.1) as the integrated development environment 

(IDE). The application was designed and tested with Application Programming 

Interface (API) level 31 (Android 12), although it is compatible with older Android 

versions, API 22 (Android 5.1) being the minimum level required for functional 

compatibility. The open-source library MPAndroidChart was used for the visual 

representation of the data within the application.  

Capacitive sensing platform 

Our design of the electronic platform for monitoring the dynamics of liquid imbibition 

in a paper strip is based on tracking the capacitance change over time when wicking 

the liquid. As depicted in Figure 2, we have patterned a pair of metal parallel 

electrodes positioned below the strip in the path of the advancing imbibition front. As 

the paper strip becomes wet, the capacitance between these electrodes changes, 

allowing for accurate and real-time measurement of the process without the need for 

video cameras or external flow sensors. Double-sided adhesive tape is attached 

between the electrodes and the paper strips to fix both elements, also providing a 

waterproof barrier to prevent the electrodes from getting wet and causing a short-

circuit, since they need to be dry for an accurate and reliable capacitance measurement. 

Our electronic measurement system lies on the small breadboard Arduino Nano 

(Chiasso, Switzerland) as the controller unit. This controller was selected for its 

versatility, low power consumption of 19 mA, light weight of 7 g, wireless 

communication and battery-powering capabilities. This unit is responsible for the 

configuration and data analysis of the AD7746 capacitive sensor (Analog Devices Inc., 

Cambridge, MA, USA), which is a 24-bit, 2-channel capacitive to digital converter 

employed to measure the capacitance change due to the liquid wicking in the paper 

strip. This capacitive sensor can measure capacitance at 32 kHz achieving an accuracy 

of 4 fF with a full-scale range of 8 pF. Moreover, a ± 4 pF capacitance offset can be 

added to adjust the measuring range. Sampling frequency can also be selected from 10 

to 90 Hz, and its communication with the controller is via I2C serial interface. An on-

chip temperature sensor is also included with a resolution of 0.1 °C and accuracy of ± 2 

°C. The acquired data can be sent wirelessly to the user via Bluetooth with a low power 

and reprogrammable BM78 Bluetooth module (Microchip Tech. Inc, Chandler, AZ, 

USA). Wired USB bus is also available to display the data on any serial monitor of a 

computer for debugging purposes. 

As shown in Figure 2b, the pair of metal parallel electrodes were fabricated on a 

standard copper clad FR4 board, where the electronic components and systems 

(Arduino Nano, capacitive sensor, and Bluetooth module) were soldered. Considering 

the practical minimum spatial resolution of the circuit board plotter, the two metal 

electrodes were initially designed with a width and separation of 254 µm, and a total 
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length of 45 mm. Because of the tolerance of the PCB plotter, the actual width and gap 

electrodes were measured using an optical profilometer as shown in Figures 2d-e, 

whose details are given in Table 1. The copper layer thickness of the FR4 board 

determined the electrode thickness, which was 35 µm. With this configuration, the 

measured capacitance of the nude electrodes was 1.71 ± 0.01 pF.  In addition, the 

designed printed circuit board includes a button for manual data acquisition 

initialization and a patterned ruler for quick localization of the imbibition liquid front 

on the paper strip. 

The paper strip is attached to the sensing platform in horizontal position; therefore, the 

gravity effect is not considered in this work. Firstly, a strip of double-sided adhesive 

tape with dimensions of 10 mm width and 50 mm length is centred and aligned on the 

capacitive electrodes. This layer functions as a liquid barrier between the electrodes 

and the paper strip, ensuring that the paper strip remains fixed and flat. Subsequently, 

the paper strip is attached to the tape with the same centred and aligned position along 

the longitudinal axis (x-axis) of the electrodes pair (refer to Figure 2c). In order to 

ensure high test reproducibility, it is essential to precisely control the liquid volume 

and the water intake disposition, since prior research has proved that the initial contact 

between the liquid and the paper is a critical determinant of flow rate3,39. To achieve 

this objective and in line with the typical use of this kind of paper strip in analysis, a 

polymeric accessory has been designed and fabricated using 3D printing technology to 

secure the micropipette tip in a fixed position. Firstly, a controlled liquid volume is 

aspired by the micropipette and deposited in the tip. Then, the tip is detached from the 

micropipette body and brought into contact with the zone of the paper liquid intake. 

As we will show below, our tests demonstrate that the proposed setup ensures that the 

liquid flows reproducibly into the paper, driven by the capillary pressure. 

Figure 3. Paper swelling. (a) Cross-section profile measured in the dry area; (b) Cross-section profile measured in 

the wet area; (c) Cross-section profile of the transition from dry to wet areas; (d) 3D profiler image of the paper, 

including the substrate; (e) Detailed 3D profiler image of the paper without the substrate; (f) Photograph of the 

paper strip with dimensions, consisting of a circular zone for liquid intake, followed by a rectangular zone for liquid 

imbibition 
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Measurement procedure. The procedure for measuring capacitance as a function of 

time, ∆𝑪𝒆𝒙𝒑(𝒕), is illustrated in the flow diagram presented in Figure S1 of the 

Supplementary Information file. Upon powering up the system, the Arduino Nano 

configures the capacitive sensor by selecting the desired channel (A or B), the sampling 

rate, continuous or single conversion mode, and the offset to adjust the measurement 

range. To minimize electric noise, a sampling rate of 16 Hz was selected to filter out the 

50 and 60 Hz electric noise, continuous conversion, and an offset to measure 

capacitance ranging from 0 to 8 pF. Subsequently, upon pressing the start button, the 

controller verifies whether the final conversion flag is enabled to store the read 

capacitance value until the configured output time is reached. To improve the signal-

to-noise ratio, a moving average filter of 5 consecutive samples is implemented in the 

Arduino sketch, providing valid capacitance readings every 100 ms. Following 

numerous tests, this configuration has provided stable and accurate capacitance 

measurements for this study. Finally, the data is transmitted via Bluetooth and USB to 

a smartphone and a computer, respectively. The description of the custom-developed 

smartphone application along with some screenshots are included in Figure S2. 

Numerical analysis 

In this study, a finite element method (FEM) was used to solve the numerical problem 

using the COMSOL Multiphysics environment. A dual simulation was carried out, 

where the capacitance (𝑪) of the electrodes under the paper strip was first calculated as 

a function of the length of the liquid front assuming a step function for the transition 

between dry paper and wet paper. To achieve this, the total paper length (𝑳) was 

divided into ten equal segments, and the electrical capacitance of the entire paper strip 

was calculated sequentially with the complete paper dry, then with the initial segment 

wet, and so on until all ten segments were completely wet. This provided the 

simulated capacitance as a function of the length of the liquid front, ΔCsim(Llf). The 

AC/DC module was used for this numerical calculation, including the complete 

platform geometry and relevant electric parameters, which are listed in Table 1. The 

dimensions were measured with the profilometer (including thickness of the swelled 

paper, as shown in Figure 3); the paper permittivity (dry and wet) was determined 

with the described setup; and the rest of the parameters were taken from the well-

known material properties (copper, FR4 that is glass-reinforced epoxy laminate 

material, and polypropylene). Paper dimensions were analysed, and Figure 3a-c shows 

a noticeable increase in paper thickness while wicking, measuring approximately 50 

µm of swelling (an additional 27% from the initial dry paper thickness of 180 µm).  

Table 1. Dimensions and electrical parameters of capacitance versus the length of the liquid front 

simulation for our measurement platform. 

Structure (material) Parameter Value 
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Substrate (FR4) 

Thickness 1.5 mm 

Relative permittivity 4.5 

Electrodes (Cu) 

Width* 200 µm 

Gap* 300 µm 

Thickness 35 µm 

Double-sided adhesive tape 

(polypropylene) 

Thickness* 75 µm 

Relative permittivity 2.4 

Paper (Whatman G1) 

Total length 40/45 mm 

Width 3/5 mm 

Thickness* (dry) 180 ± 2 µm 

Relative permittivity** (dry) 1.9 40 

Thickness* (wet) 230 ± 5 µm 

Relative permittivity** (wet) 18 

* Measured with the profilometer 

**Measured with the impedance analyser. 

Once the correlation between the capacitance and the length of the liquid front was 

established by electrical simulation, the next step involved incorporating the time 

variable and liquid flow dynamics into the calculation. Therefore, the second step 

involved simulating the liquid flow, where the length of the liquid front, Llf(t), intake 

volume, and flow rate, Q(t), were calculated as a function of time. In this simulation, 

the paper strip was initially considered filled with air with an initial water saturation of 

0.01. The Brooks and Corey model for capillary pressure and relative permeabilities 

was used for the time-dependent simulation41. No water flow was allowed at the side 

boundaries of the paper strip. The boundary conditions for the bottom and top 

boundaries for Darcy’s law were the atmospheric pressure for water phase at the 

bottom, and the hydrostatic atmospheric pressure minus the capillary pressure at the 
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top. For the phase transport, no flux was assumed for the air phase at the bottom 

boundary. At the top boundary, a mass flux for the air phase was defined, resulting 

from the pressure gradient given in the Darcy’s model. 

This numerical calculation employs the multiphase flow in porous media, which 

couples the Darcy’s law and Phase Transport in Porous Media interfaces. The effect of 

evaporation was not considered, as explained below in the Experimental setup 

subsection. The Phase Transport in Porous Media interface follows separate equations 

for the volume fraction si of the wetting or nonwetting fluid i: 

                     
𝝏

𝝏𝒕
(𝜺𝒑𝝆𝒊𝒔𝒊) + 𝜵

· (−𝝆𝒊𝜿
𝜿𝒓𝒊

𝝁𝒊

(𝜵𝒑𝒊)) = 𝟎, 
(1) 

where εp is the porosity, κ is the permeability, κri is the relative permeability (a function 

of saturation for a given fluid), µi is the dynamic viscosity of the fluid, pi is the pressure, 

and ρi is the fluid density of phase i. As the sum of the volume fractions of the two 

phases is 1, we can calculate 𝒔𝟏 = 𝟏 − 𝒔𝟐. For the wetting phase, the used equations 

are41: 

𝒑𝒄 = 𝒑𝒆𝒄𝒔
𝟏

−𝟏
𝝀𝒑  (2) 

𝜿𝒓𝟏 = 𝒔
𝟏

𝟑+
𝟐

𝝀𝒑 
(3) 

𝜿𝒓𝟐 =  𝒔𝟐
𝟐(𝟏 + 𝒔

𝟏

𝟏+
𝟐

𝝀𝒑) (4) 

𝒑𝒆𝒄 =
𝟐𝜸 𝒄𝒐𝒔 𝒄𝒐𝒔 𝜽 

𝑹𝒄
 (5) 

where pc is the capillary pressure, and pec is the entry capillary pressure42. Moreover, λp 

is the pore size distribution index, and γ is fluid surface tension. We consider 0o static 

contact angle as usual in studies with water16, and the initial value of the volume 

fraction s2 as 0.99. Additionally, we incorporated to this standard modelling the effects 

of observed porosity and pore size reduction, which are known to be significant factors 

in the swelling of porous media10,11. To this end, we included the following 

relationships to account for the parameter dependence on these magnitudes: 
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𝑹𝑪 = 𝑹𝒄𝟎(𝟏 − 𝜶 · 𝒕) (6) 

𝜺𝒑 = 𝜺𝒑𝟎(𝟏 − 𝜶 · 𝒕)𝟐 (7) 

𝜿 ∝ 𝜺𝒑𝑹𝒄
𝟐 = 𝜿𝟎(𝟏 − 𝜶 · 𝒕)𝟒 (8) 

where parameters with subscript 0 refer to the initial values, and α is the pore size 

reduction coefficient (s-1). We are assuming a functional dependence of permeability 

with the pore size as the capillary-model43. The parameters used in this second 

simulation step are listed in Table 2 for the two liquids employed in the experiments. 

Table 2. Parameters for the liquid wicking simulations. 

Parameter 

Value 

Purified 

water 

1 M NaCl 

aqueous 

solution 

Surface tension (γ) 0.0723 N/m 0.069 N/m 44 

Viscosity (µ) 10-3 Pa·s 1.09·10-3 Pa·s 45 

Density (ρ) 1000 Kg/m3 927 Kg/m3 * 

Pore size reduction 

coeff. (α) 
10-3 s-1 

Pore distribution 

index (λp) 
2 

Initial pore radius 

(RC0) 
5.5 µm 

Initial porosity (εp0) 0.66 46 

Initial permeability 

(κ0) 
4.4·10-13 m2 

Air density 1 kg/m3 



147  Isidoro Ruiz García 

 

 

 

 

 

Air viscosity 1.76 · 10-5 Pa·s 

* Measured at 21 °C. 

To demonstrate the impact of including on the flow dynamics the pore size reduction 

resulting from paper swelling, Figure S3 shows the absorbed water mass for a range of 

α values from 0 to 2·10-3 s-1. As expected, a significant variation can be observed in the 

wicking dynamics with this coefficient, even at low intervals such as 20 s. As we 

demonstrate later, our best fitting with experimental data is given for α = 10-3 s-1. This 

value is consistent with a similar coefficient of α = 0.954·10-3 s-1 reported in a previous 

study11.  

Following the numerical simulation, a conclusive relationship between the 

experimental capacitive transients and the flow dynamics was established. As a result, 

the numerically calculated volume/mass intake and flow rate will be derived as a 

function of time from the experimental capacitance transient during the wicking 

process, as detailed in the Results section. The only free parameter is the initial paper 

permeability, κ0, with the value presented in Table 2 being compatible and 

intermediate with those reported by the capillary-model (κ0 = 2.5·10-12 m2)43 and the 

manufacturer (κ0 = 9.8·10-14 m2), and the value referred in recent studies47. Numerous 

empirical and theoretical models have reported varying values for this parameter11,48. 

However, a comprehensive discussion regarding this issue is outside the scope of this 

work.  

Another crucial issue that needs to be considered is the impact of the inaccuracies in 

the values of the properties presented in Tables 1 and 2 on the calculation of the flow 

parameters (intake volume and flow rate). To examine the relative sensitivities of the 

flow monitoring parameters as a function of these properties, we conducted numerical 

calculations as described in the SI and outlined in Figure S4. By introducing separate 

relative variations of approximately ±10% for the initial porosity (εp0), wet paper 

thickness (thw), and initial permeability (κ0), we determined the corresponding 

variations in volume and flow rate over time. Through a comparison of the three 

curves associated with each property, it can be concluded that these relative variations 

are also reflected in the flow parameters for initial porosity and paper thickness. 

Therefore, relative sensitivities of 1 were obtained for εp0 and thw. On the other hand, 

the flow parameters exhibited a relatively low sensitivity to variations in the initial 

permeability, with a sensitivity of 0.4 for volume variation and 0.11 for flow rate 

variation. This calculation demonstrates that our procedure exhibits greater robustness 

against inaccuracies in the only free parameter considered in our simulations (i.e., the 

initial permeability) compared to the other studied properties. 

Experimental setups 
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The measurements were conducted in our laboratory under controlled environmental 

conditions of 21 ± 1 °C temperature and 30 ± 10 % relative humidity.  An estimation of 

the evaporation effect on the liquid wicking dynamics was calculated using these 

ambient conditions along with the flow parameters presented in Table 2 according to a 

previously reported model24. We obtained a correction of the wicking duration below 

1% and 2% for time intervals of 40 and 90 s, respectively. As a result, the influence of 

liquid evaporation on our experiments can be neglected for wicking times below 60 s, 

and this effect was not considered in the numerical simulations.  

Firstly, we measured the relative permittivity of dry, εr(dry), and wet samples, εr(wet), 

Whatman G1 paper samples. To perform this measurements, six circular-shaped paper 

samples with 6 cm diameter (three dry and three wet) were laser-cut and inserted 

between the type A electrodes of the 16451B test fixture, which was connected to the 

4294A impedance analyzer. Our results showed εr(dry) = 1.75 ± 0.15, which agrees with 

a recent experimental finding of 1.9 measured by microwave reflection40 . Additionally, 

we determined εr(wet) = 18 ± 2 for wet paper, and this value was used in the numerical 

calculation of the capacitance (see Table 1). The uncertainty in both cases was 

calculated as the standard deviation of the experimental dataset. Two preliminary 

validation experiments were conducted: 

V1. Validation of the experimental capacitance measurements. For this purpose, we 

compared the capacitance values obtained with the developed sensing platform with 

those measured from the LCR meter used as reference system. To do this, three paper 

strips with a circular zone of 5 mm diameter for liquid intake, followed by a 

rectangular zone with dimensions of 40 mm length and 3 mm width for liquid 

imbibition, were laser-cut as shown in Figure 3f. After attaching these strips to the 

capacitive platform, they were imbibed with the liquid according to the procedure 

detailed above. During the validation, the LCR meter was connected to the platform 

electrodes so that the measurements were conducted under the same conditions. The 

capacitance measurements were taken by switching between both systems due to the 

capacitance input coupling of the reference system, which saturated the AD7746 sensor 

of the platform. The dependence with the temperature of the capacitive platform was 

also measured from 15 to 35 °C.  

V2. Validation of the simulated capacitance. Using the video camera of the mentioned 

smartphone along with the rule patterned on the PCB (see Figure 2), we measured the 

capacitance increase as a function of the length of the liquid front (Llf) of three paper 

strips. Numerical capacitances were also calculated as a function of Llf by the electrical 

simulation, using the parameters presented in Table 1. The experimental capacitance 

registered by the developed measurement platform was then compared to the 

calculated numerical capacitances. 
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Next, a series of experimental tests were planned to evaluate the performance of the 

flow monitoring platform in various scenarios, including a reproducibility test, control 

flow with different paper strip geometries, flow retention with chemical valves, and an 

application of flow monitoring for accurate analytical determination. 

T1. Reproducibility tests with purified water and a 1 M NaCl aqueous solution. For 

each liquid, five paper strips were used as described in V1. Uncertainty was calculated 

as the standard deviation of the dataset.  

T2. Dependence of paper strip geometry on flow dynamics. Paper strips with 

exponentially varying width were prepared to modulate the filling dynamics39. In this 

case, the initial paper width was w0 = 5 mm, and the total length L = 45 mm. The 

variable width was defined as 𝑤(𝑥) = 𝑤0𝑒−𝑥 𝐼0⁄ . Replicating the experiment previously 

proposed39, with w(x) = W0, and l0 = L/2 and L/3, the flow dynamics of three strip 

patterns were analysed with the capacitive platform. 

Figure 4. (a). Validation test curves: comparison between proposed AD7746 capacitive sensor (black symbols) and 

the reference instrument E4980 (red symbols) versus time and square root of time. (b) Comparison of the 

experimental data (symbols) and numerical simulation (line), also showing the linear correlation between the length 

of the liquid front and the capacitance change. (c) Experimental/numerical procedure of flow monitoring. 
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T3. Flow retention with chemical valves. A couple of simple experiments including 

chemical valves were carried out to evaluate the platform’s ability to measure irregular 

flows. Wax, chitosan and sucrose were used as barriers in the imbibition filling with 

purified water, using the same paper strip shape of experiment V1. 

T4. Flow time control for colorimetric determination. An experiment was conducted 

to assess the performance of the platform in colorimetric detection, where reaction time 

is an essential parameter to ensure accurate colour measurement. GJM-530 dye was 

covalently immobilized on Whatman grade 1 paper sheets49. These sheets were then cut 

using a punch into 0.5 cm diameter circles and stored under light-protected from light. 

Using double-sided tape, the circles were affixed to the end of the paper strip 

positioned over the flow controller. To initiate the reaction, 28 μL of 0.1 M phosphate 

buffer solution was added to the intake zone. The reaction was tested under a fixed pH 

value of 10, resulting in a color change of the dye to red. 

Results and discussion 

Experimental validation 

V1. Validation of the experimental capacitance measurement. Excellent agreement 

between both capacitive registers can be observed in Figure 4a. A full-scale (8 pF) 

relative error of 0.25% was measured, resulting in an absolute capacitance error of ± 

0.01 pF. This error becomes ± 0.014 pF when ΔC is calculated. 

Moreover, the temperature sensor integrated into the capacitive detector was utilized 

to characterize the linear temperature coefficient, αT, within the temperature range of 

15 to 35 °C. An average value of αT = 0.6 fF/K was obtained. This low thermal drift 

ensures the reliability of capacitance data under typical testing conditions. 

V2. Validation of the numerical capacitance. Figure 4b compares the experimental 

and simulated capacitances, showing an excellent agreement with no free parameter in 

the numerical simulation (see Table 2). With this comparison, we consider that our 

capacitive platform can provide reliable data, and no further video recordings will be 

required in subsequent experiments. Moreover, a linear trend was obtained with the 

length of the liquid front, validating the step approximation for the liquid front as a 

suitable assumption. This linear fitting allows the determination of Llf from the 

capacitive measurements through a simple proportionality constant. This fact will 

provide the link to calculate the absorbed mass/volume and flow rate, Q(t), in the 

paper strip from the measurements of the proposed platform. The flow chart in Figure 

4c details the procedure, which involves the following steps: 
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1. Experimental ΔCexp(t) and ΔCexp(Llf) are registered by our capacitive platform. The 

latter is performed only once for validation purposes. 

2. The numerical calculation of capacitance increment with 𝑳𝒍𝒇 is performed, ΔCsim(Llf), 

and it is fitted with ΔCexp(Llf). The simulation includes the platform geometry and 

electrical parameters, which are checked with this fitting. 

3. Using the mentioned linear relationship between the capacitance increment and the 

length of the liquid flow, Llf = KΔCexp, (where K is a proportionality constant), this 

capacitance is transformed into the experimental length of the liquid front as a 

function of time, Llf(t). 

4. This magnitude is compared with the COMSOL calculation of the flow dynamics, 

where magnitudes such as length of liquid front, Llf(t), absorbed mass/volume, and 

flow rate, Q(t), are numerically calculated.  

Figure 5. Purified water (a, c) and 1 M NaCl solution (b, d) wicking dynamics (capacitance/volume variation and 

flow rate): experimental data (line) and numerical simulations (symbols). The grey area under the line represents the 

experimental standard deviation of dataset. 
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5. From the fitting between the experimental and numerical lengths of the liquid 

fronts, the volume and flow rate are also obtained as a function of time, displaying 

such flow parameters as results on the smartphone. As mentioned above, only the 

permeability value is a fitting parameter in this numerical calculation. The rest of 

the geometry, electrical, and flow parameters were measured or provided by 

manufacturers and previous literature. 

Monitoring system performance 

T1. Reproducibility tests. To demonstrate the reproducibility of the microfluidic 

platform, five replications of experiments were performed with two different aqueous 

solutions under the aforementioned conditions. The standard deviation of the 

measurements is shown in Figure 5 as a grey area under the red line (experimental 

tests). The maximum uncertainty obtained for purified water was 0.024 pF (0.5 µl) and 

0.00036 pF/s (9 nl/s) in the case of flow rate. The error for NaCl 1M was slightly higher 

in ∆C, 0.03 pF (0.7 µl), and 0.0003 pF/s (7 nl/s) for flow rate determination. As can be 

seen, the results obtained by simulation with COMSOL (symbols) show good 

agreement with the experimental results. 

T2. Geometric flow control. To investigate the impact of paper geometry on liquid 

flow, Elizalde et al39, designed paper strips of lengths L, L/2 and L/3, as described in 

their work. The L/4 structure was excluded from the study as the tip of the paper in the 

narrowest end was located between the platform electrodes, rendering reliable testing 

impossible. Both experimental data and COMSOL simulations indicate similar 

tendencies and behaviour as those presented in the mentioned study39, as shown in 

Figure 6. Geometrically flow control for L, L/2 and L/3 paper strips: experimental data and error (lines and 

coloured area) and numerical simulation (dashed lines). 
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Figure 6. Notably, the strip with the smallest exponential width geometry exhibited a 

shorter total filling time of the paper.  

T3. Chemical valves. With the purpose of investigating variations of flow conditions 

along paper strips, several custom-made chemical valves were tested. First, 5 μl of 25 

mg/ml chitosan in purified water were deposited onto a paper strip, allowing it to dry 

for 40 minutes prior to testing. As shown in Figure 7a, a slight delay in flow rate was 

observed from seconds five to seven due to the physical barrier created by the chitosan. 

The second valve tested was created by using a common red crayon, which diffused 

the wax across the strip creating a barrier after being heated at 100 ºC for five minutes. 

As shown in Figure 7b, this barrier completely halted the flow of the liquid solution 

until it was heated again at 80 ºC for two minutes, after which the flow rate was 

increased. 

Finally, we investigated the use of a sucrose solution as a valve to slow-down the flow 

rate in our microfluidic platform. In order to construct an efficient barrier, three layers 

of 4 μl of saturated sucrose in purified water were deposited, allowing each layer to 

dry for 20 minutes before depositing the next, and allowing a complete day for the last 

deposition to dry. A decrease in the flow rate of the liquid between 9 to 17 seconds can 

be observed in Figure 7c. Therefore, our capacitive measurement system for paper-

strips has successfully demonstrated to accurately monitor both the forward 

movement and flow rate of liquid solutions, providing information on the position of 

the liquid front of various reagents that may be utilized in more complex chemical 

reactions. Furthermore, it would be feasible to monitor the time required for a solution 

to cross over a previously placed reagent, to ensure the complete reaction before 

measuring the target information5.  

Figure 7.  Experimental capacitive transients using different chemical valves. Top pictures show the paper strip with 

the deposited chemicals: a) Chitosan, b) Wax barrier (heated after 23 seconds), and c) Sucrose. Experimental errors 

have not been represented for the sake of clarity. 
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T4. Flow time control for colorimetric determination. This test demonstrated the 

capability of the proposed platform for taking accurate analytical measurements 

through flow monitoring. When the phosphate buffer solution was placed in the paper 

strip's intake area, several facts can be pointed out according to Figure 8. As can be 

seen, the real-time monitoring of capacitance exhibited a change in slope upon the 

solution's arrival at the detection area (tA). Subsequently, at tB, the detection area 

became fully saturated, resulting in a constant capacitive response. At this moment, a 

timer was set for 60 s to ensure reaction stabilization before colour detection at tC. In 

this case, a 60-s stabilization period proved to be an optimal time to yield a stable 

response49. 

Discussion 

We have presented a capacitive sensing platform for flow monitoring in capillary-

driven microfluidic devices, specifically demonstrated for µPADs. This proposed 

system is characterised for its compactness and reusability, utilizing off-the-shelf 

electronics and fabricated on a printed circuit board. In contrast to alternative 

solutions, no external or bulky equipment or sensors are required. Furthermore, by 

incorporating commercially available batteries, the system can operate independently 

of a computer connection. Configuration of the system and retrieval of data are 

wirelessly performed using a smartphone, enabling real-time and on-site measurement 

of liquid flow in paper strips. The smartphone application facilitates system operation 

by non-trained users through a user-friendly and intuitive interface that guides users 

through the microfluidic tests. 

To acquire comprehensive information about the flow process, the capacitive 

measurements need to be initially combined with numerical simulation, including the 

physical and chemical parameters that characterize the liquid and the paper strip. 

However, once the numerical constants establishing the relationship between 

capacitance and flow parameters (intake liquid volume and flow rate) are determined, 

the platform can be readily utilized for subsequent tests without the need for further 

simulations, as long as the liquid and paper strip geometry remain unchanged. 

Integrated electrodes for detection or liquid manipulation have already been employed 

in microfluidic devices for electrokinetic flow, electrowetting, or conductivity 

monitoring50, exhibiting excellent performance for local actuation or sensing. Moreover, 

within our developed versatile flow monitoring platform, the paper substrate could be 

substituted with fabric, as the capacitive sensing transduction principle will respond to 

changes in the dielectric constant of a wet fabric. Additionally, by adding more digital 

capacitance detector chips, the system can be scaled, enabling flow monitoring not only 

in basic paper strips but also in different paper-based patterns with multiple liquid 

paths, thereby expanding the capabilities of the system. Therefore, drawing inspiration 

from our previous expertise in planar printed capacitive sensors and the system 



155  Isidoro Ruiz García 

 

 

 

 

 

presented by Temiz et al.26, our work introduces several remarkable innovations: i) 

incorporation of a high-resolution digital capacitive detector with a built-in 

temperature sensor, ii) application to paper strips, validation of measurements and 

determination of flow parameters through a physical-based numerical simulator, and 

easy scalability for multiple paper paths and applicability to fabric substrates. 

Conclusions 

This work presents a wireless and portable electronic platform designed to monitor the 

flow and flow rate of liquids in paper-based microfluidic devices driven by capillary 

force. The full hardware and software tools have been described, and operational 

specifications have been extracted. Relevant features of this measurement system 

include its affordability, reusability, and its potential for extension to textile substrates 

as well. Furthermore, the experimental setup demonstrated notable repeatability and 

good performance for different paper geometries and chemical valves. Not only 

qualitative but also quantitative flow and flow rate measurements can be obtained 

together with numerical simulations of the electrical and flow dynamic phenomena. To 

achieve this, knowledge of the dielectric constant of the wet paper and flow parameters 

of the paper and liquid is required, which is the main limitation of this study. 

Nonetheless, we consider that this information, which is easily accessible, is required to 

obtain such quantitative information. This fact provides the possibility to deepen in the 

study of the flow dynamics on paper, an issue still opened to further study and 

modelling. On the other hand, smartphone have been demonstrated once again as 

Figure 8. Experimental capacitance transient of the T4 test, monitoring the imbibition of the paper strip (orange 

zone), the wetting of the detection area (blue zone), and the duration of 60 s for the complete colorimetric reaction 

and accurate colour measurement. The limit times between these periods are denoted as tA, tB, and tC. The inset 

shows the paper strip with the coloured dye. 
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essential and versatile widespread devices capable of visualizing and sharing results, 

serving as the user-interface for the developed platform. 

Acknowledgements 

This work was funded by Spanish MCIN/AEI/10.13039/501100011033/ (Projects 

PID2019-103938RB-I00, ECQ2018-004937-P and grant IJC2020-043307-I) and 

Junta de Andalucía (Projects B-FQM-243-UGR18, P18-RT-2961). The projects and 

the grant were partially supported by European Regional Development Funds 

(ERDF) and by European Union NextGenerationEU/PRTR.  

References 

1 R. Lucas, Kolloid Zeitschrift, 1918, 23, 15–22. 

2 E. W. Washburn, Phys Rev, 1921, 17, 273–283. 

3 A. Böhm, F. Carstens, C. Trieb, S. Schabel and M. Biesalski, Microfluid 

Nanofluidics, 2014, 16, 789–799. 

4 N. Walji and B. D. MacDonald, Micromachines (Basel), 2016, 7, 73. 

5 E. Fu and C. Downs, Lab Chip, 2017, 17, 614–628. 

6 Y. Yang, E. Noviana, M. P. Nguyen, B. J. Geiss, D. S. Dandy and C. S. Henry, Anal 

Chem, 2017, 89, 71–91. 

7 H. Darcy, The Public Fountains of the City of Dijon, Paris, 1856, vol. 647. 

8 M. Hamdaoui, F. Fayala and S. Ben Nasrallah, J Appl Polym Sci, 2007, 104, 3050–

3056. 

9 N. Fries, K. Odic, M. Conrath and M. Dreyer, J Colloid Interface Sci, 2008, 321, 118–

129. 

10 D. Schuchardt and J. Berg, Wood and Fiber Science, 1991, 23, 342–357. 

11 R. Masoodi and K. M. Pillai, AIChE Journal, 2010, 56, 2257–2267. 

12 S. Chang and W. Kim, J Fluid Mech, 2020, 892, A39. 

13 L. A. Richards, Physics (College Park Md), 1931, 1, 318. 

14 R. Masoodi, H. Tan and K. M. Pillai, AIChE Journal, 2011, 57, 1132–1143. 

15 D. Rath, N. Sathishkumar and B. J. Toley, Langmuir, 2018, 34, 8758–8766. 

16 S. Patari and P. S. Mahapatra, ACS Omega, 2020, 5, 22931–22939. 

17 S. Modha, C. Castro and H. Tsutsui, Biosens Bioelectron, 2021, 178, 113026. 

18 L. Gervais, N. De Rooij and E. Delamarche, Advanced Materials, 2011, 23, H151. 

19 G. G. Morbioli, T. Mazzu-Nascimento, A. M. Stockton and E. Carrilho, Anal Chim 

Acta, 2017, 970, 1–22. 

20 H. Lim, A. T. Jafry and J. Lee, Molecules, 2019, 24, 1–32. 

21 E. Noviana, T. Ozer, C. S. Carrell, J. S. Link, C. McMahon, I. Jang and C. S. Henry, 

Chem Rev, 2021, 121, 11835–11885. 

22 Anushka, A. Bandopadhyay and P. K. Das, European Physical Journal: Special 

Topics, 2022, 123, 1–35. 



157  Isidoro Ruiz García 

 

 

 

 

 

23 R. J. Roberts, T. J. Senden, M. A. Knackstedt and M. B. Lyne, Journal of pulp and 

paper science, 2003, 29, 123–131. 

24 C. K. Camplisson, K. M. Schilling, W. L. Pedrotti, H. A. Stone and A. W. Martinez, 

Lab Chip, 2015, 15, 4461–4466. 

25 M. N. Islam, J. W. Yost and Z. R. Gagnon, Analyst, 2022, 147, 587–596. 

26 Y. Temiz and E. Delamarche, Sci Rep, 2018, 8, 1–11. 

27 C. Delaney, P. McCluskey, S. Coleman, J. Whyte, N. Kent and D. Diamond, Lab 

Chip, 2017, 17, 2013–2021. 

28 N. Noeth, S. S. Keller and A. Boisen, Sensors, 2014, 14, 229–244. 

29 A. Alfadhel, B. Li, A. Zaher, O. Yassine and J. Kosel, Lab Chip, 2014, 14, 4362–4369. 

30 L. Zhang, X. Yu, S. You, H. Liu, C. Zhang, B. Cai, L. Xiao, W. Liu, S. Guo and X. 

Zhao, Appl Phys Lett, 2015, 107, 242901. 

31 Z. Zhang, J. Pan, Y. Tang, Y. Xu, L. Zhang, Y. Gong and L. Tong, Lab Chip, 2020, 

20, 2572–2579. 

32 M. H. Zarifi, H. Sadabadi, S. H. Hejazi, M. Daneshmand and A. Sanati-Nezhad, 

Sci Rep, 2018, 8, 1–10. 

33 E. Skotadis, E. Aslanidis, G. Kokkoris, E. A. Vargkas Kousoulas, A. Tserepi and D. 

Tsoukalas, Sens Actuators A Phys, 2022, 344, 113765. 

34 J. Collins and A. P. Lee, Lab Chip, 2004, 4, 7–10. 

35 N. Arjmandi, C. Liu, W. Van Roy, L. Lagae and G. Borghs, Microfluid Nanofluidics, 

2012, 12, 17–23. 

36 J. Wu and J. Ye, Lab Chip, 2005, 5, 1344–1347. 

37 C. Bathany, J. R. Han, K. Abi-Samra, S. Takayama and Y. K. Cho, Biosens 

Bioelectron, 2015, 70, 115–121. 

38 M. N. Islam, S. M. Doria, X. Fu and Z. R. Gagnon, Sensors, 2022, 22, 1489. 

39 E. Elizalde, R. Urteaga and C. L. A. Berli, Lab Chip, 2015, 15, 2173–2180. 

40 A. R. Eldamak and E. C. Fear, Sensors, 2018, 18, 4088. 

41 R. H. Brooks and A. T. Corey, Journal of the Irrigation and Drainage Division, 1966, 

92, 61–90. 

42 R. Masoodi and K. M. Pillai, J Porous Media, 2012, 15, 775–783. 

43 F. L. Dullien, Fluid Transport and Pore Structure, New York, 1992. 

44 B. R. Bzdek, L. Collard, J. E. Sprittles, A. J. Hudson and J. P. Reid, Journal of 

Chemical Physics, 2016, 145, 054502. 

45 J. Kestin, I. R. Shankland and R. Paul, Int J Thermophys, 1981, 2, 301–314. 

46 V. P. Mai, C. H. Ku and R. J. Yang, Microfluid Nanofluidics, 2019, 23, 1–10. 

47 N. Koursari, O. Arjmandi-Tash, A. Trybala and V. M. Starov, Microgravity Sci 

Technol, 2019, 31, 589–601. 

48 R. Liu, Y. Jiang, B. Li and L. Yu, Microfluid Nanofluidics, 2016, 20, 1–13. 

49 M.J. Arroyo, I. Orbe-Payá, M. Ortega, J. Vilar, D. Gallego, G.J. Mohr, L.F. Capitán-

Vallvey, and M.M. Erenas, Sensors and Actuators B, 2022, 359, 131549 

50 N. Fukuna, T. Sonsa-ard, N. Chantipmanee, P.C. Hauser, P. Wilairant, and D. 

Nacapricha, Sensors and Actuators B, 2020, 339, 129838 

  



158  Isidoro Ruiz García 

 

 

 

 

 

3.3.3.1 Publication 4. Supplementary Information 

 

Capacitive platform for real-time wireless monitoring of 

liquid wicking in a paper strip 

 
Isidoro Ruiz-Garcíaa,b,d, Pablo Escobedoa,b,d, Celia E. Ramos-Lorenteb,c, Miguel M. Erenasb,c, 

Luis F. Capitán-Vallveyb,c, Miguel A. Carvajala,b,d, Alberto J. Palmaa,b,d,*, Nuria López-

Ruiza,b,d 

a Electronic and Chemical Sensing Solutions (ECsens), CITIC-UGR, Department of Electronics and 

Computer Technology, University of Granada (UGR), 18071 Granada, Spain.   
b Unit of Excellence in Chemistry Applied to Biomedicine and the Environment of the University of 

Granada, Granada, Spain. 
c Electronic and Chemical Sensing Solutions (ECsens), Department of Analytical Chemistry, University 

of Granada (UGR), 18071 Granada, Spain. 
d Sport and Health University Research Institute (iMUDS), University of Granada (UGR), 18071 

Granada, Spain 

Measurement procedure and smartphone application 

The procedure for measuring capacitance as a function of time, ∆Cexpt, is illustrated in 

the flow diagram presented in Figure S1.  

 
Figure S1. Flow chart of the measurement procedure of the capacitance 
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A customized smartphone application was developed to enable easy connection and 

data reception from the capacitive sensing platform, as illustrated in Figure S2. Upon 

the first opening of the application, the user must conduct the pairing process with the 

Bluetooth device, which can be done using the ‘Discover’ button to select the sensing 

platform from a list of available devices. Once paired, the application automatically 

saves the device's MAC address in a plain text file on the internal memory of the 

smartphone. In this way, whenever the user opens the application, they can simply 

click on the 'Connect' button to automatically bond with the sensing platform without 

requiring another pairing process since the keys have been already established. Once 

connected, the user only needs to press the 'Start' button on the screen to activate the 

reception mode. After this, when the user clicks on the physical start button on the 

sensing platform (refer to Figure 2c), the application begins to receive and graph the 

data in real-time via the Bluetooth connection. After the completion of the data 

acquisition process, the user can navigate through the graphed data and select specific 

data points by using pinch and zoom gestures. Additionally, the application features 

an action bar, as shown in Figure S2, with several options that allow the user to save 

the acquired data (both numeric data and graph) on the smartphone's internal 

memory, clear the chart for new data acquisition, or share the results through email 

and various cloud or messaging services. A video demonstration of the smartphone 

application working in connection with the capacitive sensing platform is available in 

the Supplementary Movie. 

 

 
Figure S2. Smartphone app screenshots illustrating some of the key steps of the connection with 

the capacitive sensing platform, including pairing, data reception, and available options. 

 
Numerical analysis 

To demonstrate the impact of including the pore size reduction, α, resulting from 

paper swelling on the flow dynamics, Figure S3 shows the absorbed water mass for a 

range of α values from 0 to 2·10-3 s-1.  
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Figure S3. Simulated water intake vs time for various pore size reduction coefficients, α. 

Geometry of the paper strip is, as validation and reproducibility tests, described in the 

experimental setups. 
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4 Conclusions and future work 
In this section, a comprehensive overview of the primary findings attained through the 

conducted research is provided. The focal point of this investigation has been the 

development and implementation of microcontrolled sensing platforms designed for 

diverse health-oriented applications.  

In particular, the presented thesis has explored three distinct fields: the investigation of 

semiconductors devices as dosimetric sensors in radiotherapy, inertial sensor 

technology applied to sports monitoring, and microfluidic platforms for flow 

monitoring in cellulosic substrates. The main conclusions pertaining to each field are as 

follows: 

Dosimetry 

•  A system was developed for the study of diodes and photodiodes as dosimetric 

sensors. The system is based on the PIC18F46K42 microcontroller, leveraging its 

features along with the designed signal conditioning to achieve a theoretical 

sensitivity of 80 pA. Beyond measuring the current induced by radiation, the 

system enables real-time temperature monitoring of the sensor to correct the drift 

of the dose rate calculated affected by thermal dependency. Additionally, with the 

incorporation of a multiplexer into the reading unit, the system can concurrently 

monitor up 4 sensors. The configuration of the system enables real time 

measurement of the devices’ radiation response at a sample rate of 1 Hz. Although 

this sampling rate could seem slow, the reader unit performs a much higher 

sampling, complemented by digital filtering and analog filters integrated onto the 

electronics board. 

• An in-depth study of the feasibility of using different commercial optical sensors as 

dosimeters for gamma beams was conducted using the previously developed 

system. It was concluded that the BPW34S photodiode is the best candidate among 

those tested for this purpose. This device exhibited an average sensitivity of 13.9 ± 

0.5 nC/cGy with a bias voltage of -10V. Additionally, the sensitivity was reduced by 

less than 2% after 21.4 Gy. Details of this study are presented in the first publication 

of the compendium.  

• Further, the thermal dependency of the same device was studied, and a method to 

correct it was implemented. To achieve this, the forward voltage, directly related to 

the temperature of the device, was monitored, and the dark current, which is 

exponentially affected by temperature, was corrected. As a result of applying this 

rectification, the thermal dependency was reduced from 1.5% to 0.2%. The results 

of this study are collected in the second publication of the compendium.  

• To conclude the study of the BPW34S photodiode and its characterization as a 

dosimeter, its dependence on the angle of radiation incidence was examined. A 



163  Isidoro Ruiz García 

 

 

 

 

 

dependence of over 35% was found, which was corrected by implementing a 3D 

sensor composed of six photodiodes. This cube-shaped sensor reduced the 

dependence on the angle to 10.6%.  

• Continuing the study of dosimetric sensors, RADFETs from Varadis were tested for 

their use as proton beam sensors. Specifically, the VT06 model was examined under 

proton beams of various energies (1, 2, 3, 151.23, and 230 MeV). As a result, it was 

concluded that this device is suitable for use for this purpose, exhibiting a linear 

increase in threshold voltage with dose for all studied energies.  

• Finally in the study of dosimetric sensors, four models of commercial diodes 

(1N4007, UF4007, BY203, and GP02-40) with different breakdown voltages were 

tested as sensors for high dose rate gamma rays (365.17 Gy/min). Their sensitivity 

and degradation were studied, as well as the temperature and its potential 

dependence on the measured dose. All of them exhibited adequate sensitivity for 

use as dosimeters, with a degradation of sensitivity not exceeding 1.5% for a 

cumulative dose of 6.08 kGy. An in-depth study should be performed to apply a 

correction in the measured dose due to the increase in temperature during 

irradiations. 

Sports monitoring 

• A general-purpose inertial measurement system was developed and implemented 

for sports monitoring. This system utilizes a three-axis accelerometer, a three-axis 

gyroscope, and a three-axis magnetometer to estimate the position of the object 

under study. The ATSAMD21G18 microprocessor, in conjunction with the MPU-

9250 sensor, has been employed for this purpose. The processing power of the ARM 

architecture processor enables real-time data processing and transmission at a rate 

of up to 200 Hz. The inclusion of a battery, along with the required electronics for 

its charging, make the system a very powerful portable tool with autonomy 

exceeding 10 hours. The third publication of the compendium shows the system 

development and its main results.  

• The developed inertial measurement platform in was utilized for performance 

analysis in alpine skiing and for the development of an algorithm for detecting 

height and flight time of vertical jumps satisfactorily. In its application for alpine 

skiing, excellent agreement of inertial angles with a 3D camera system was 

obtained, with Pearson coefficients above 0.92. Additionally, in its use for the 

development of the vertical jump algorithm, minimal errors were observed, with 

just 0.35% for flight time and -1.84% for height measurement. In the future it is 

expected to be able to use the developed inertial measurement unit to detect 

different skiing techniques by applying artificial intelligence. It should be noted 

that after the publication of these results, the inertial development has continued to 

be improved in order to include it in a commercial product in collaboration with a 

company in the sector. Work continues along these lines in order to bring this 
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development to the market, obtaining a satisfactory transfer of results to the end 

user. 

Microfluidics 

• A capacitive platform based on the ATmega328 (Arduino Nano) was developed to 

monitor the flow and flow rate of liquids in paper-based microfluidic devices 

driven by capillary force. The experimental setup demonstrated notable 

repeatability and good performance for different paper geometries and chemical 

valves, as shown in the fourth publication of the compendium.  

• Finally, the mentioned capacitive platform has been enhanced. Actuators have been 

added to control the flow in addition to monitoring it, and the capacitive 

measuring electrodes have been modified to increase the sensitivity by over 3 

times. Due to these modifications, the latest tests have shown the ability to 

differentiate liquids using the platform. Therefore, the next steps will be focused on 

the detection of different dissolutions.  

Overall, the conclusions drawn from each field reflect significant advancements and 

insights in each of the three key areas explored in this thesis, paving the way for future 

advancements, innovations and applications in the realm of health-related 

technologies. 
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