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Nos esse quasi nanos gigantium humeris insidentes
(«Somos como enanos aupados a hombros de gigantes»)
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Resumen
Motivacion y objetivos

La monitorizacién de magnitudes ambientales tales como la temperatura, humedad,
radiacion ionizante y concentracion de sustancias gaseosas o en disolucion es una
necesidad creciente en una amplia variedad de areas que abarca desde el ambito
personal hasta el clinico o el industrial, incluyendo gran parte de los sectores
socioeconomicos, entre los que cabe destacar aplicaciones en los ambitos de Internet
de las Cosas (Internet of Things, IoT), redes de sensores inalambricos (Wireless
Sensor Networks, WSN), inteligencia ambiental, envasado inteligente,
monitorizacion biomédica y calidad de vida.

Por otro lado, la aparicion en los tltimos afos de tecnologias de fabricacion de
circuitos electronicos mediante técnicas de impresiéon directa ha propiciado el
desarrollo de estos dispositivos sensores sobre sustratos flexibles de tipo celulésico,
polimérico o textil. El uso de técnicas de impresion para la fabricacidon de circuitos
eléctricos y electrénicos permite potencialmente una reduccién de los costes de
produccién, ademas de que los dispositivos impresos pueden presentar interesantes
ventajas como flexibilidad, ligereza, espesor reducido, transparencia, menor impacto
medioambiental o facilidad de integracion y adaptaciéon a diferentes geometrias y
superficies .

El desarrollo en paralelo de dispositivos sensores impresos, selectivos, sensibles, de
respuesta rapida y bajo coste que se puedan desplegar ampliamente y, ademas, estar
conectados de forma inaldmbrica mediante tecnologias como RFID (Radio Frequency
IDentification) o NFC (Near Field Communication) es una opcién de gran interés
cientifico y tecnoldgico. Por otra parte, es deseable el desarrollo de dispositivos
sensores que permitan obtener informacidn cuantitativa precisa sin necesidad de
disponer de instrumentacién dedicada, sino utilizando dispositivos ubicuos, con lo
esto que supone de miniaturizacién, bajo consumo, bajo coste y capacidad de
comunicacion inalambrica.

Aunando todo lo anterior, el principal objetivo de esta tesis es el desarrollo de
sistemas de medida rapidos, de bajo coste y ubicuos, basados fundamentalmente en
el uso de tecnologias de impresion sobre sustratos flexibles como principal proceso,
si no tinico, de fabricacién. Ademas, se propicia la presencia en un mismo sustrato
de sensores quimicos y fisicos, asi como elementos conductores impresos con
capacidad de procesar y transmitir inalAmbricamente las sefiales procedentes de
dichos sensores. Por un lado, se plantean objetivos de tipo metodologico, consistentes
en el estudio de las dos principales tecnologias directas de impresion utilizadas en
electronica impresa flexible: la serigrafia y la inyeccidon por chorro de tinta. Como
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continuaciéon de este objetivo metodoldgico, se propone la caracterizacién de
diferentes tipos de tratamientos post-impresion, necesarios para conseguir que las
estructuras impresas sean eléctricamente conductivas. En este sentido, se analizaran
dos procesos de sinterizado o curado: el térmico y el eléctrico. En cuanto a los
objetivos de desarrollo, las estrategias de interés son las siguientes:

* Desarrollo de etiquetas RFID o NFC pasivas que incluyan sensores
comerciales. Tan solo dispositivos y sensores de muy bajo consumo
pueden incorporarse a este tipo de etiquetas sin bateria de alimentacion.

= Integracién de sensores impresos en estructuras pasivas con capacidad de
cosechamiento de energia en las que la informacion proveniente de los
sensores se encuentre disponible al usuario a través de interfaces simples
o tecnologias inalambricas con RFID/NEFC.

* Disefio de sistemas impresos en los que los propios constituyentes de la
etiqueta basica posean o se hayan modificado para tener capacidad
sensora.

* Desarrollo de plataformas sensoras basadas en dispositivos moéviles como
lectores ubicuos al alcance de cualquier usuario. Este objetivo incluye el
disefio de aplicaciones moéviles dedicadas que permitan la alimentaciéon
del sistema sensor a través de tecnologia NFC, la comunicacién
bidireccional entre el sistema sensor y el dispositivo moévil, o el
procesamiento de los datos provenientes de los sensores.

Existen diversos sustratos flexibles que cumplen los requisitos necesarios para su uso
en electrénica imprimible. Entre los mas comunes destacan el tereftalato de
polietileno (PET), el naftalato de polietileno (PEN) y la poliimida (PI), cuyos
espesores pueden variar entre las decenas y los cientos de um. Las ventajas de PET y
PEN radican en su alta transparencia optica y bajo coste. Sin embargo, su resistencia
a altas temperaturas es limitada. En cuanto a la poliimida, tiene la ventaja de resistir
temperaturas mas altas pero su coste se encarece. Ademas, la poliimida es un material
sensible a la humedad, propiedad que puede aprovecharse para el desarrollo de
sistemas sensores de dicha magnitud. Otros sustratos que pueden utilizarse para
electrénica imprimible son el papel, el cristal flexible o materiales textiles.

En cuanto a las tintas conductoras, las mas extendidas y mejor valoradas en el sector
son las tintas conductivas compuestas por nanoparticulas metalicas. Estan formadas
por materiales altamente conductores como la plata, el cobre, el oro o el aluminio. En
nuestro caso, para la impresion mediante inyeccion por chorro de tinta se ha hecho
uso de la tinta Suntronic U5603 de Sun Chemical, una tinta de nanoparticulas con un
contenido de plata solida del 20%. Segun el fabricante, la tinta puede alcanzar
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resistividades entre 5 y 30 u{)-cm tras su sinterizado térmico. En cuanto a serigrafia,
en esta tesis se ha utilizado la tinta conductiva de plata SunTronic CRSN 2442,
también de Sun Chemical. Su contenido sélido de plata es del 70% y promete
resistividades entre 25 y 50 pQ-cm tras el curado térmico.

Los dos tipos de curado o sinterizado estudiados en esta tesis han sido el térmico y
el eléctrico. El sinterizado térmico es el método mas comun, y consiste en calentar los
patrones impresos ya sea sobre una placa caliente o dentro de un horno. Se pueden
alcanzar temperaturas de 200 °C o incluyo superiores. Durante el proceso, el
disolvente de la tinta se evapora y las nanoparticulas metalicas pierden su escudo
aislante protector, fundiéndose para formar estructuras conductivas. En cuanto al
curado eléctrico, el sinterizado se consigue al aplicar una tension sobre el patron
impreso, que causa un flujo de corriente a través de la estructura. Este flujo de
corriente genera un calentamiento local de la estructura impresa a causa del efecto
Joule, que lleva a cabo el curado. Como paso previo al sinterizado eléctrico
propiamente dicho, es necesario que la estructura posea una conductividad inicial,
aunque sea muy baja, que permita el transito de corriente. Esto se consigue a través
de una fase de pre-curado, que normalmente se realiza térmicamente a baja
temperatura.

Resultados y Conclusiones

Una vez marcados los objetivos y tras el breve contexto tedrico expuesto, a
continuacion se resumen las diversas contribuciones de esta tesis junto con los
resultados mas relevantes obtenidos y las conclusiones que se pueden extraer de
ellos.

Como paso previo al desarrollo de dispositivos sensores impresos, se han estudiado,
caracterizado y comparado dos de los principales métodos de curado de electrénica
impresa: el térmico y el eléctrico. Para el estudio del curado térmico se ha disefiado
una resistencia impresa simple fabricada mediante inyeccion por chorro de tinta. El
proceso de caracterizacion del curado térmico ha consistido en monitorizar en tiempo
real el cambio en la resistividad de la estructura impresa, estando dicha estructura en
el interior de un horno de conveccion durante su curado térmico. Se han considerado
dos procesos de curado térmico: una rampa de temperatura y un escalon de
temperatura. En ambos casos, se han monitorizado los procesos térmicos para seis
temperaturas finales de curado, de 100 a 200 °C en pasos de 20 °C. Tanto con rampa
como con escalon de temperatura, se consigue mejor resistividad cuanto mayor es la
temperatura de curado final, como cabria esperar. Para el mismo tiempo de curado,
la resistividad de los patrones sufre un decremento de alrededor del 67 % si la
temperatura final es de 200 °C con respecto a una temperatura final de 100 °C. Por
otro lado, nuestro estudio ha demostrado que se obtienen mejores valores de
resistividad de los patrones curados en el caso de curado térmico con escalén de
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temperatura, independientemente de la temperatura final. El mejor valor de
resistividad obtenido ha sido de 9.41+0.12 pQ-cm (curado con escalon de
temperatura a 200 °C), que es aproximadamente seis veces el valor de la resistividad
de la plata (1.59 pQ-cm). Los resultados obtenidos para todos los casos de
temperatura final son consistentes con los valores de resistividad especificados por
el fabricante de la tinta conductiva utilizada, de 5 a 30 pQ - cm.

El curado eléctrico también se ha estudiado como método alternativo al térmico,
sobre el que presenta algunas ventajas como tiempos de curado mucho mas rapidos
o posibilidad de utilizar sustratos no resistentes a las altas temperaturas. Para
estudiar el curado eléctrico y, posteriormente, compararlo con el térmico en términos
de comportamiento a altas frecuencias de las estructuras impresas, se disefiaron y
fabricaron lineas de transmision de tipo microstrip con impedancia caracteristica de
50 Q. Dichas lineas se imprimieron mediante inyeccién por chorro de tinta sobre
poliimida (Kapton® HN) con la cara inferior metalizada para actuar como plano de
tierra. Tras una fase previa de pre-curado térmico, las lineas microstrip impresas se
curaron eléctricamente aplicando diferentes formas de tension entre sus extremos.
Los mejores resultados se obtuvieron con escaleras de voltaje hasta 25 V en pasos de
5V, con una duracién total de 5 segundos. Aplicando este curado térmico se coniguid
reducir la resistividad de las lineas hasta 5 puQ) - cm, que es un valor de resistividad
tan solo 3.3 veces superior al de la plata. Con este tipo de curado alcanzamos, ademas,
el limite inferior de resistividad posible segtin el fabricante de la tinta utilizada. A
continuacion, se analizo el impacto del método de curado en el rendimiento de las
lineas microstrip a altas frecuencias. Con ayuda de un analizador vectorial se
caracterizaron en RF un total de 10 lineas microstrip impresas: seis de ellas curadas
térmicamente a diferentes temperaturas y cuatro curadas eléctricamente. En
principio, cabria pensar que las lineas curadas eléctricamente pudieran verse
degradadas debido al proceso brusco y repentino de curado. Sin embargo, los
estudios realizados en este ambito, en términos de pérdidas de transmision, sugieren
que el tipo de curado no afecta a priori en el comportamiento de las lineas a altas
frecuencias, ya que en ambos casos observamos una tendencia similar. No obstante,
esperamos seguir trabajando con mds profundidad en este estudio para confirmar
dichas conclusiones.

Se ha empleado otra técnica de fabricacion para sistemas flexibles, que consiste en la
transferencia de patrones sobre tela conductiva. En este ambito, se ha disefiado una
etiqueta RFID de ultra alta frecuencia (Ultra High Frequency, UHF) compatible con
la industria textil y, por tanto, compatible con el desarrollo de prendas inteligentes
vestibles. Se trata de una etiqueta UHF con una antena circularmente polarizada cuyo
rango de lectura medido entre 800 MHz y 1 GHz es superior a 2 metros para cualquier
orientacién de la etiqueta con respecto al lector. Este trabajo se encuentra en
desarrollo, con lo que se pretende aumentar el rango de lectura mas alld de los
resultados obtenidos mejorando la adaptacion entre la impedancia de la antena y la
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del chip RFID. Asimismo, dada la naturaleza textil de la etiqueta, debe avanzarse en
el estudio de la influencia del cuerpo humano sobre las propiedades de radiacion de
la antena disefiada.

Como ejemplo de sistema impreso en el que el propio constituyente de la etiqueta
posee capacidad sensora, se ha disefiado, fabricado y caracterizado un sistema pasivo
y sin chip para medidas de humedad relativa. El sistema estd basado en una
estructura resonante LC paralela, donde la inductancia L es una espiral plana
mientras que la capacidad C estd formada por una estructura interdigital. La
estrategia de medida se basa en el uso de poliimida como sustrato para la impresion
del circuito LC, que se ha llevado a cabo mediante serigrafia. La poliimida es un
material que tiene la capacidad de absorber humedad, hecho que influye en sus
propiedades eléctricas tales como la permitividad eléctrica. El cambio en esta
propiedad eléctrica inducido por la absorciéon de humedad modifica el valor de la
capacidad interdigital impresa, lo cual tiene como efecto un cambio en la frecuencia
de resonancia del sistema completo. El sistema ha sido disefiado para resonar a una
frecuencia en torno a 13.56 MHz en un ambiente de atmosfera seca. Utilizando una
camara climatica y un analizador de impedancias, se ha medido el cambio en la
frecuencia de resonancia del sistema al variar la humedad relativa entre el 10% y el
90% aproximadamente, manteniendo una temperatura constante de 20 °C en el
interior de la camara. De esta forma, se ha obtenido un cambio considerable en la
frecuencia de resonancia del sistema de unos 685 kHz entre ambos extremos de
humedad relativa, con una tasa de variacion media de 8.6 kHz/%RH. Ademas, la
variacion de la resonancia sigue una tendencia practicamente lineal con la humedad
relativa. A la vista de los resultados, el sistema disefado podria utilizarse
potencialmente en aplicaciones de envasado inteligente de alimentos, ya que la
humedad puede relacionarse con el deterioro de los mismos. Los siguientes pasos en
el contexto de este trabajo consistiran en la extension del rango de humedad de
medida, asi como el desarrollo de un lector inalambrico que sea capaz de detectar el
cambio en la frecuencia de resonancia de este sistema de cara a una aplicacion real.

La utilizacion de dispositivos y teléfonos moviles como lectores para sistemas
sensores resulta de gran interés, ya que en este caso no son necesarios lectores
dedicados y especificamente disefiados, sino que cualquier persona esta en
disposicion de un sistema lector sin mas que sacar el teléfono moévil de su bolsillo.
En este ambito, se ha desarrollado una plataforma sensora basada en teléfono maévil
para dosimetria utilizando la interfaz NFC con aplicacién potencial en el sector del
control de los tratamientos con radioterapia. El sistema utiliza MOSFET comerciales
como sensores de radiacion ionizante. A través de tecnologia NFC, el teléfono movil
acttia como fuente de alimentacion, unidad lectora y unidad de almacenamiento de
medidas de la etiqueta disefiada. En este caso, el transistor comercial utilizado como
dosimetro se conectaba a la etiqueta NFC antes y después de cada sesion de radiacion
para llevar a cabo la lectura de las medidas. Se ha conseguido una sensibilidad de
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4.5+0.15 mV/Gy, que es consistente con resultados obtenidos en trabajos previos. El
sistema propuesto se puede considerar por tanto una opcién prometedora y de bajo
coste para su uso como sistema de control dosimétrico en tratamientos con
radioterapia.

A partir de este punto, las contribuciones que se describen forman parte de los
trabajos publicados que constituyen la tesis bajo la modalidad de tesis por compendio
de publicaciones. En los cuatro casos se trata de dispositivos sensores impresos sobre
sustrato flexible para medidas de parametros como temperatura, luz, humedad o
concentracion de diferentes gases.

El primer trabajo ha consistido en el disefio, fabricacion y caracterizacion de una
etiqueta UHF RFID impresa pasiva con multiples capacidades sensoras opticas
(Escobedo, Carvajal, et al., 2016). La etiqueta incluye cinco fotodiodos, cubriendo asi
un amplio rango espectral que abarca desde la region infraroja hasta la ultravioleta.
La antena de la etiqueta, basada en un disefio de tipo dipolo, asi como las conexiones
del circuito, se imprimieron por serigrafia en sustrato flexible polimérico
(concretamente, poliimida). El sistema tiene un rango de lectura de 1.1 m. La etiqueta
incluye un microcontrolador que acttia, junto con varios transistores, como sistema
conmutador para medir los datos provenientes de los cinco sensores Opticos,
proporcionando de esta manera una huella espectral de la radiacion electromagnética
incidente. Ademas, el chip RFID utilizado contiene un sensor interno de temperatura,
con lo que esta etiqueta es capaz de proporcionar hasta seis magnitudes en cada
medida, todo ello sin necesidad de bateria ya que la energia la recoge del campo
electromagnético generado por el lector RFID. Se ha disefiado un procedimiento de
normalizaciéon de los datos provenientes de los sensores para la construccion de la
huella espectral, y se han propuesto y validado dos posibles aplicaciones. En primer
lugar, la deteccion de diversos iluminantes estdndares permite el uso de esta etiqueta
para detectar diferentes condiciones de luz. En segundo lugar, el sistema fue
utilizado para medidas de color a través de la reflexion de un iluminante estandar.
En este sentido, se consigui¢ detectar el nivel de maduracion de los platanos en
funcién de la huella espectral obtenida a través de la etiqueta.

La siguiente contribucion consiste en un sistema impreso flexible sobre PEN para la
determinaciéon umbral de gases en embientes sellados (Escobedo, de Vargas-
Sansalvador, et al., 2016). En este caso, el sistema esta basado en sensores quimicos
sensibles a determinados gases que presentan respuesta Optica, ya sea de tipo
luminiscente o colorimétrica. La etiqueta incluye un LED para excitar 6pticamente la
membrana sensible y un detector de color de alta resolucion para la lectura de la
respuesta Optica. Se incluyé un microcontrolador para procesar los datos
provenientes del detector de color, permitiendo diferenciar si la concentracion de gas
obtenida ha superado o no el valor umbral establecido. El sistema se alimenta por
completo a través de dos pequenias celdas solares, de manera que puede operar bajo
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luz solar directa o a través de luz artificial como la obtenida con una linterna. La
informacion sobre si el gas detectado se encuentra o no entre los limites establecidos
se envia al usuario a través de un simple cddigo de color utilizando dos LED. Se han
desarrollado dos prototipos basados en esta arquitectura. La diferencia entre ambos
radica en el médulo sensor, que varia en funcién del gas que se desee monitorizar.
En el primer caso, se hizo uso de un sensor quimico luminiscente para la deteccién
de oxigeno. En el segundo prototipo, se utiliz6 una membrana con respuesta
colorimétrica para la detecciéon de didxido de carbono. Los limites de deteccién
obtenidos en ambos casos confirmaron su potencial uso en aplicaciones de envasado
en atmosfera modificada.

En tercer lugar, se presenta el desarrollo de una etiqueta NFC impresa, flexible y
pasiva para la determinacion de oxigeno, diéxido de carbono, amoniaco y humedad
relativa (Escobedo et al., 2017). La etiqueta, impresa por serigrafia sobre PET, esta
basada en la tecnologia NFC como fuente de energia y comunicacién de datos a
través de un teléfono movil inteligente. Los cuatro sensores quimicos utilizados
presentan respuesta optica a la presencia del gas correspondiente, siendo de tipo
luminiscente en el caso del oxigeno y de tipo colorimétrico en el resto de gases. Un
tnico LED blanco se utilizé como fuente de excitacion 6ptica para todos los sensores,
mientras que las respuestas Opticas son recogidas a través de cuatro detectores de
color de alta resolucién. Un microcontrolador se encarga de gestionar la lectura de
los cuatro sensores cuando el dispositivo moévil se acerca a la etiqueta. Las respuestas
obtenidas de los sensores 6pticos se calibraron y ajustaron a funciones simples,
permitiendo asi la prediccion de la concentracion de cada gas. También se llevo a
cabo un estudio de la sensibilidad cruzada de los sensores, obteniendo resultados
despreciables en la mayoria de los casos o facilmente corregibles a partir del resto de
medidas. La eleccion de los gases se realizd por su importancia en aplicaciones de
envasado en atmosfera modificada (caso de oxigeno y didxido de carbono) o
aplicaciones de envasado inteligente de alimentos (caso de humedad y amoniaco).
Los valores de resolucion y limites de deteccion obtenidos hacen posible el potencial
uso de la etiqueta desarrollada en este tipo de aplicaciones.

Por ultimo, se propone una nueva aproximacion para la determinacion de oxigeno
en aplicaciones de envasado inteligente (Escobedo Araque et al.,, 2018). El sistema
propuesto consiste en una membrana sensible a oxigeno con respuesta luminiscente
que se adhiere a la superficie interior del alimento envasado. Un teléfono movil se
utiliza tanto para la excitacién como para la lectura de la membrana, evitando asi la
necesidad de electrénica adicional. Se ha desarrollado una aplicaciéon Android™ para
tomar una fotografia de la membrana a una distancia fija y predeterminada. La
aplicacién realiza un procesamiento de imagen sobre la fotografia tomada para
detectar la membrana y obtener informacion colorimétrica sobre la intensidad de la
luminiscencia y la absorciéon de la misma. Estas magnitudes se combinaron para
definir un nuevo parametro que se encuentra relacionado con la concentracion de
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oxigeno. El parametro propuesto muestra una sensibilidad mejorada y mayor
inmunidad a la deriva térmica comparado con trabajos previos. El sistema ha sido
aplicado a la monitorizacidon de carne de cerdo empaquetada, ya que esta demostrado
que la concentracién de oxigeno en un embalaje sellado que contenga carne esta
relacionada con la actividad bacteriana. Por lo tanto, la medida de oxigeno en el
interior del paquete proporciona informacion sobre el estado de la carne. El paquete
con la carne se introdujo en un ambiente controlado de temperatura a 4 °C durante
una semana, tiempo en el cual se fueron tomando medidas con el sistema propuesto.
Los resultados obtenidos muestran que la plataforma es capaz de proporcionar
informacion precisa sobre la concentracion de oxigeno en el interior del paquete, por
lo que el sistema es potencialmente valido para aplicaciones de envasado inteligente
de alimentos.
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1. Introduction

1.1 Motivation

The tracking and monitoring of environmental parameters of significant interest such
as temperature, humidity, ionizing radiation and substances or gases concentration
is a growing demand in different sectors: from personal and clinic healthcare areas
to food safety and industrial fields, including applications in the context of Wireless
Sensor Networks (WSNs) and Internet of Things (IoT).

Besides, the emergence of Printed Electronics (PE) technology has enabled the
development of sensing devices on flexible substrates such as paper, textile or plastic
foils. Using printing techniques to fabricate electronic devices promises lower
production costs because of the additive nature of the technology and the advantage
of large-area processes with reduced infrastructure. In addition, printed devices can
benefit from their potential advantages to be flexible, thin, lightweight, conformal,
transparent, wearable, easy-to-integrate, cost-effective and environmentally friendly.

The development of printed sensor devices that are selective, sensitive, with fast
response, low cost, low power consumption and connected by means of wireless
technologies such as Radio Frequency Identification (RFID) or Near Field
Communication (NFC) is an option of great scientific and technological interest.
Additionally, it is highly desirable to be able to obtain the information from the
sensor systems using general-purpose devices that are readily available to all. The
combination of printing technologies and sensor devices with wireless connectivity
leads to the next paradigm of smart products.

1.2 Objectives

The aim of this thesis is the design, development, fabrication and evaluation of sensor
systems fundamentally based on the use of printing technologies on flexible substrate
as the main manufacturing process. Methodological objectives include the study,
characterization and validation of the main printing techniques used in the
development of PE on flexible substrates: inkjet and screen printing. Post-processing
of printed patterns will be also addressed as an essential step towards achieving
conductive structures after the printing process.
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The main strategies to be followed for the development of the printed sensor systems
will be:

* Inclusion of commercially available sensors in passive architectures capable
of energy harvesting and remote sensor data transmission by means of
wireless technologies such as RFID or NFC.

* Integration of novel printed sensors into passive systems with conditioning
stages where sensor information can be accessed using RFID/NFC or other
wireless mechanisms.

* Design of printed sensor systems in which the monitored magnitude causes
a variation in the electrical properties of the system that can be remotely
detected.

* Development of smartphone-based sensor platforms in which mobile
devices with custom-designed applications allow the powering, data
communication and processing of the associated passive sensor systems.

The magnitudes of interest are temperature, humidity, radiation and concentration
of different gases related to modified atmosphere and food preservation. The
outcomes of this work will be passive sensor systems in the form of smart RFID/NFC
tags or other simple and low-cost sensor platforms with feasibility to be used in fields
such as environmental assessment, healthcare monitoring and smart packaging
applications.

1.3 Outline of the thesis

It must be pointed out that this is a thesis by compendium of publications, which is
formed by published papers resulting in my research work during the doctoral
period.

Chapter two reviews the background, principles and state-of-the-art of the different
technologies related to the proposed objectives of the thesis. This chapter comprises
the following parts: an introduction to Printed Electronics, including materials,
printing techniques, post-processing treatments (sintering) and printed sensors; a
description of the basics of RFID technology and its applications, paying particular
attention to high frequency (HF) and ultra-high frequency (UHF) tags; an updated
overview of flexible sensor systems; and a summary of the current state and
prospects of smartphone-based sensing platforms. In short, this chapter lays the basis
for the development of printed sensor systems on flexible substrate.
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The third chapter is devoted to methodological aspects. This covers descriptions of
the specific printing methods and other fabrication techniques that have been used,
as well as the main characterization equipment employed.

Results and their discussion are presented in Chapter 4. This chapter encompasses
the research outcomes that are not part of the compendium or have not yet published,
as well as the four published papers presented to constitute the thesis by
compendium of publications. The first section of this chapter describes the sintering
characterization that has been accomplished as a preliminary study towards the
development of printed structures. Then, a wearable RFID tag antenna manufactured
by a conductive textile transfer technique is presented. In the following sections, two
fully-passive sensor systems are shown: a flexible printed humidity measurement
system, and a passive dosimetric system based on NFC tag and smartphone. Sections
4.5,4.6,4.7 and 4.8 contain the four publications that form the thesis by compendium.
The first one consists of a passive printed UHF RFID tag for spectral fingerprint
measurement (Escobedo, Carvajal, et al., 2016). The second one is a flexible printed
sensor platform for gas monitoring based on light energy harvesting that can be used
in sealed environments (Escobedo, de Vargas-Sansalvador, et al., 2016). The third
publication presents a fully-passive flexible NFC tag for multigas sensing (Escobedo
et al., 2017). The last one consists of a smartphone-based oxygen detection platform
(Escobedo Araque et al., 2018).

Finally, Chapter 5 collects the final conclusions drawn from the obtained results, as
well as guidance and lines of work for future research.
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2. Background

The field of printed sensor systems has witnessed impressive growth in recent years
due to its countless possibilities for applications in the whole spectrum of our
everyday lives (Mattana & Briand, 2016; Rim, Bae, Chen, De Marco, & Yang, 2016).
These possibilities are even further broadened if a wireless technology such as RFID
is included to create a low-cost communication interface for data exchange between
the sensor system and the end user. The use of RFID technology along with the sensor
system allows not only the data transmission of the measured magnitude to an
external reader, but also the energy harvesting that makes it possible the design of
passive battery-less systems (MacKenzie & Ho, 2015).

Several issues need to be addressed for the development of these types of printed
sensor devices. Firstly, we need to study manufacturing aspects for pattern transfer
techniques on flexible substrates, such as printing technologies (S. Khan, Lorenzelli,
Dahiya, & Member, 2015) or manufacturing of conductive textiles on fabric substrates
(Tao, 2015). Moreover, most of manufacturing techniques for printed electronics
involve some kind of sintering process to make printed layers electrically conductive
(Wiinscher, Abbel, Perelaer, & Schubert, 2014). Moreover, we need to consider the
sensors as an essential part of our system. Depending on the magnitude of interest
and field of application, these sensors can be chemical, physical or biological. Last
but not least, we make use of RFID technology as an energy harvesting and data
transmission medium. In some cases, the availability of NFC technology in portable
and mobile devices such as smartphones allows the use of these devices as external
readers for our system (F. Li, Bao, Wang, Wang, & Niu, 2016). Combining all this we
are able to develop flexible, printed, low-cost devices for passive, battery-less and
remote sensing.

2.1 Printed Electronics

Printed Electronics (PE) refers to a process that merges electronics manufacturing
and printing technology to produce electronic circuits with some special features
such as flexibility, thinness, lightness, wearability, cost-effectiveness and
environmental friendliness. Although this blended technology is not new and it
originated before the 1950s, great advances have been made in the past decade thanks
to the emergence of printing techniques with nanomaterial technologies (Suganuma,
2014). Among the different applications of printed electronics we can highlight the
manufacturing of solar cells and OLEDs (M. Gao, Li, & Song, 2017; D. Li, Lai, Zhang,
& Huang, 2018); organic/inorganic photovoltaics (Mayer, Gallinet, Offermans,



24 Printed sensor systems on flexible substrate

Zhurminsky, & Ferrini, 2017); integrated smart systems such as RFID tags (R. Singh,
Singh, & Nalwa, 2017), sport fitness and healthcare devices (Y. Khan, Ostfeld,
Lochner, Pierre, & Arias, 2016; Lorwongtragool, Sowade, Watthanawisuth,
Baumann, & Kerdcharoen, 2014), printed sensors (Mattana & Briand, 2016) or smart
textiles (Stoppa & Chiolerio, 2014); and electronics and components such as
memories (Myny et al., 2015), antennas (Guo et al., 2017), batteries (R. Kumar et al,,
2017), transistors (Mattana et al., 2017), wiring and interconnects (S.-P. Chen, Chiu,
Wang, & Liao, 2015) or passive components (Choi, Yoo, Lee, & Lee, 2016; Ostfeld,
2015).

2.1.1 Materials

In the following sections, a brief review of material candidates for printed electronics
is presented, including flexible substrates as well as conducting materials such as
conductive textiles and inks.

Flexible substrates

The requirements for printed electronic substrates include flexibility, surface
smoothness and adhesion, transparency in many cases, thinness and lightness, heat
resistance, low thermal expansion, stiffness and low cost among others. Various
choices of substrates are available depending on the nature of the printed electronic
product. Table 1 lists some flexible substrates commonly used in PE along with their
main characteristics.

/'

Figure 1. Pictures of two flexible substrates commonly used in PE: polyimide (PI) Kapton roll
from Dupont® (left) and polyethylene terephthalate or PET (right).

Polyethylene terephthalate (PET) film is one of the most popular and widely used
plastic film for PE due to its high optical transparency and low cost compared with
other substrates. However, it has the drawback of poor heat resistance. The heat
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resistance improves for polyethylene naphthalate (PEN) and gets much better for
polyimide (PI), while transparency decreases and cost increases. PI is also one of the
most widely used flexible substrates. Although its application in transparent devices
is limited by its intrinsic color, PI can be a good choice for sensor applications thanks
to its high moisture absorption (Rivadeneyra, Fernandez-Salmerén, Agudo, et al.,
2014). Paper substrates are also attractive for PE technology. The major advantages
of these substrates are their low cost and biodegradability. Electronic devices
utilizing paper as a substrate have the potential for mass production and integration
at low cost, which are also disposable and recyclable.

Table 1. Flexible substrates and selected characteristics (Rim et al., 2016; Suganuma, 2014). Tmax
refers to maximum process temperature.

Trans-

Material Thickness  Density parency ];max Other characteristics
(um) (g/cm?) o O
(%)
Clear, inexpensive, moderate
PET 16-100 1.4 90 120 . .

moisture absorption
PEN 19250 14 g7 155 Clear, 11?expens1ve, mF)derate

moisture absorption

Pl 19-125 14 B 300 Orange color, expensive,

high moisture absorption
Paper 100 0.6-1.0 - 130  Biodegradable, inexpensive
Clear, expensive, weak,

Glass 50-700 2.5 90 400 .
heavy weight

Besides being flexible, there are other interesting substrates for printed electronics
that are elastic and stretchable. Among them, the most popular and commonly used
are thermoplastic polyurethane (TPU) and polydimethylsiloxane (PDMS). TPU is a
high stretchable material with properties such as low softening temperature, low
hardness, abrasion resistance and transparency. Examples of screen-printed
stretchable electronics on TPU substrates have been reported for wearable electronics
applications (Suikkola et al., 2016). Very recently, TPU has been used as main
mechanical carrier in a stretchable electronic platform for soft and smart contact lens
applications (Vasquez Quintero, Verplancke, De Smet, & Vanfleteren, 2017).
Moreover, TPU can be also laminated onto textiles (X.-D. Liu, Sheng, Gao, Li, & Yang,
2013). PDMS is a silicon-based elastomer that is thermally stable, permeable to gases,
simple to handle and manipulate, and with isotropic and homogeneous properties
(Mata, Fleischman, & Roy, 2005). It has been used for flexible and stretchable
deployments such as soft antennas (Trajkovikj, Zurcher, & Skrivervik, 2013), printed
pressure sensors (C.-Y. Li & Liao, 2016) or epidermal strain sensors (Chou, Kim, &
Kim, 2016).
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Textile materials can also be used as substrates for flexible and printed electronics.
The convergence of electronics and textiles (known as e-textiles or “smart textiles”)
extend the usefulness and functionality of common fabrics by enabling the
development of wearable sensing and monitoring devices (An et al., 2017; Castano &
Flatau, 2014; Stoppa & Chiolerio, 2014). Besides, some researchers use an approach
where rubber materials such as ethylene propylene diene monomer (EPDM) can be
integrated into the common textiles for flexible, lightweight body-worn electronics
(X. Chen, Ma, Ukkonen, Bjorninen, & Virkki, 2017; Zhigang Wei et al., 2017).

Conductive materials

Many types of printable conductive materials have been studied to achieve low
resistances, low processing temperatures, good adhesion, flexibility and
stretchability. Among all the potential candidates, metal nanoparticle (NP) inks are
considered the best for electrical printing processes due to their ability to create
precise patterns with good conductivity (E. S. Park, Chen, Liu, & Subramanian, 2013).
NP-based inks are made up of highly conductive materials such as Ag (¢ = 6.3 X
107 Q1 m™), Cu (6 =596 x 107 Q" 1-m™), Au (0 =4.42x 107 Q7' -m™1) or Al
(0 =3.78 x 107 Q7 - m™1). Currently, silver NP inks are the most popular due to its
high electrical conductivity and low oxidation rate (Chiolerio et al., 2016; Kell et al.,
2017). Nevertheless, copper and aluminum inks are recently attracting great attention
because of their low price and high conductivity (S.-P. Chen et al., 2015). The use of
metallic nanoparticles inks for printed electronics implies the need for a post-printing
process in order to sinter the NPs and remove non-conductive organic components
to enhance conductivity. This process is called sintering and will be described in
Section 2.1.3. Other alternatives to metal NPs for printed electronics are graphite,
carbon nanotubes (CNT) and graphene-based conductive inks (Kamyshny &
Magdassi, 2014).

As previously mentioned, stretchable electronics is an extension of flexible electronics
(Noh, 2016). From the perspective of printed conductors, new electronic inks that
exhibit high mechanical durability and elasticity must be functionalized. The most
common approach consists of mixing some elastomer with metal nanoparticles such
as Ag NPs (Matsuhisa et al., 2017; M. Park et al., 2012). A recent study investigates a
hybrid conductive ink composed of graphene and silver NPs (He, Chen, Wang, &
Zhu, 2016). Interested readers can find other methods for the design of conductive
elastomers for stretchable electronics reviewed in (M. Park, Park, & Jeong, 2014).

As for conductive fabrics, two main approaches exist: conductive threads or uniform
electro-textiles. Conductive threads are created from strands of conductive and non-
conductive fibers, while electro-textiles are fabricated by incorporating conductive
threads into fabrics. Figure 2 shows these two processes as well as some commercially
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available electro-textiles such as Shieldit Super, which has been already used for
wearable e-textile RFID tags (Virkki, Wei, Liu, Ukkonen, & Bjorninen, 2017).
Conductive materials can be integrated into textile structures by different
technologies such as knitting, sewing, embroidering, weaving, coating/laminating or
printing (Stoppa & Chiolerio, 2014; Yongsang Kim, Hyejung Kim, & Hoi-Jun Yoo,
2010). While textiles are wearable and washable, electronic devices are not. In this
sense, efforts have been made to achieve washable and enduring conductive tracks
on textiles (Le Floch et al., 2017; K. Yang, Torah, Wei, Beeby, & Tudor, 2013).

conductive threads conductive fabrics
\ . |
4 E
Shieldit Super Flectron Ni/Cu/Co fabric

Figure 2. Process for manufacturing conductive fabrics and examples of commercially
available conductive fabrics (Tao, 2015).

2.1.2 Printing techniques

Printed conductive patterns and electronic devices are manufactured by a wide range
of printing techniques (5. Khan et al., 2015), including inkjet printing, screen printing,
gravure printing, flexographic printing, roll-to-roll printing or novel methods such
as hybrid 3D printing (Valentine et al., 2017). Roll-to-roll printing enables large-scale
production of items such as RFID antennas (Jung et al., 2010). However, shifting from
sheet-fed printing to roll-to-roll printing requires time and effort to adjust the
different printing parameters and materials to the desired specific application. In this
section the attention is focused on the two most commonly used printing methods in
research field: screen and inkjet printing, which are also the techniques used
throughout this thesis.
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Screen printing

Screen printing is the most popular and matured technology for printed electronics
and it has been used for many years in electronics manufacturing. In comparison to
other printing methods, screen printing is faster, simpler, more affordable and more
versatile. A screen printer has a simple setup consisting of a screen, a squeegee, a
substrate and a base plate, as shown in Figure 3.

Screen Printing
Squeegee

Screen mesh

Ink Frame
\ /

T /7
T I

© OE-A  Substrate Base plate (stationary)

Figure 3. Screen printing process. Source OE-A (Kwon, Pode, Kim, & Chung, 2013).

The process is also simple: Firstly, a screen is patterned with an image by closing
selected areas. For the ink deposition, the screen is situated some millimeters above
the surface of the substrate and the ink is loaded onto the screen. The ink is
transferred through the open meshes of the screen onto the substrate by moving the
squeegee across the screen, touching momentarily the substrate. A wet film with the
desired structure is left behind that dries by the vaporization of the solvent
formulation of the ink. The print quality is affected by several parameters such as ink
formulation, printing speed, angle and geometry of the squeegee, snap off between
screen and substrate, mesh size and material (Soukup, Hamacek, & Reboun, 2012).
In particular, the ink viscosity and surface tension of the substrate are critical for
correct dispensing of the ink through the screen mask. Screen printing method is
usually compatible with high-viscosity inks, as the lower viscosity ones will go
through the mesh rather than dispensing out of it (T.-X. Liang, W. Z. Sun, L.-D. Wang,
Y. H. Wang, 1996).

The usual thickness of a screen printed layer is in the range of microns, but it can
even exceed 100 um if a thick screen mesh is used. The possibility of printing
relatively thick layers can enable the achievement of low-resistance structures by
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compensating the high volume resistivity with a thicker layer. As for pattern
resolution, which can be higher than 100 um, we need to consider material, strength
and number of meshes in the screen (Parashkov, Becker, Riedl, Johannes, &
Kowalsky, 2005). Screens are developed by using different sizes of mesh openings
and several materials such as nylon, polyester or stainless steel. Increasing the
strength of the mesh material as well as the mesh thread density used in the screen
mask will improve printing quality and resolution (Salmerdén, Molina-Lopez, et al.,
2014).

Inkjet printing

Among the different printing techniques, inkjet printing has raised great attention in
recent years since it allows accurate deposition of micro and nanomaterials into
functional arrangement in a maskless, additive patterning and non-contact approach
(M. Singh, Haverinen, Dhagat, & Jabbour, 2010). These materials or inks essentially
consist of a solute dissolved or dispersed in a solvent. The process basically involves
the ejection of a fixed quantity of ink in a chamber from a nozzle usually via
piezoelectric action, as shown in Figure 4. A chamber filled with ink is contracted in
response to the application of an external voltage. This sudden contraction causes a
liquid drop to eject from the nozzle. The ejected drop falls until it impinges the

substrate.
Ink-jet Printing
Ink Orifice
. —— Substrate
Piezo ‘
Transducer
© OE-A

Figure 4. Inkjet deposition mechanism. Source OE-A (Kwon et al., 2013).

The viscosity and wettability of the ink affect the amount and shape of the ejected
droplet. To print a homogeneous fine line, the inkjet printing parameters such as
droplet size, shape, speed and uniformity must be controlled for each nozzle.
Additionally, the ejection parameters including the piezo drive waveform, frequency
and amplitude affect the shape and direction of droplets during flight, so they also
need to be controlled for each nozzle.
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The most commonly used inkjet-printable inks for the fabrication of conductive
structures and electrodes are the metal nanoparticles-based inks. They allow the
fabrication of conductive patterns characterized by an electrical conductivity close to
that of bulk metals. These inks are composed of metallic nanoparticles (usually Ag
but also Au and Cu) with typical dimensions of a few tens of nm. Each nanoparticle
is surrounded by organic molecules to prevent its aggregation and precipitation, and
suspended in a mixture of solvents (N. Zhang, Luo, Liu, & Liu, 2016). After printing,
these inks require some type of sintering or curing in order to remove the organic
components and promote nanoparticles coalescence, giving the printed layers their
final desired electrical properties. Below we will discuss about this issue.

2.1.3 Sintering of metal nanoparticle-based conductive
inks

Within the context of printed electronics, curing or sintering is a thermally induced
process in which the metallic nanoparticles of the inks lose their outer organic shells
or surfactants to enter in direct physical contact with one another, thus allowing
electrical conductance (C. Y. Lai et al., 2014), as Figure 5 depicts. There are different
techniques to achieve sintering (Kamyshny, 2011; Wiinscher et al., 2014):

* Thermal sintering: This is the easiest and most common method for
nanoparticles-based ink curing (Vandevenne et al., 2016). Printed patterns are
directly exposed to heat, either on a hot plate or inside an oven. Temperatures of
200 °C or even more are commonly employed to achieve thermal sintering.
Multiple step sintering can be also performed with a specific temperature step
profile for efficient printed line curing (Halonen, Viiru, Ostman, Cabezas, &
Mantysalo, 2013; Moscicki, Smolarek-Nowak, Felba, & Kinart, 2017). This process
is critical to ensure that all the solvent carrier is fully eliminated from the printed
bulk layer before metallization process occurs in between the silver
nanoparticles. Insufficient removal of the solvent or additives residue would
degrade the electrical performance. However, if higher resistivity is not
detrimental to the target application, it is possible to perform thermal sintering
at lower temperatures (Z. Wang, Wang, Jiang, & Yu, 2016).

:1>088):>0800::>c85

solvent capping particle
removal release sintering

Figure 5. Sintering process of NP-based inks (Vandevenne et al., 2016).
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* Laser and photonic sintering: In this method a light beam locally heats the
printed pattern, thus evaporating the solvent to get the nanoparticles
coalescence, as shown in Figure 6 (Ko et al., 2007; Niittynen, Sowade, Kang,
Baumann, & Maintysalo, 2015). In the case of laser sintering a monochromatic
light source is employed (Maekawa et al., 2012), while photonic curing utilizes a
broad-spectrum light source (Albrecht, Rivadeneyra, Abdellah, Lugli, &
Salmerén, 2016), typically in the infrared or ultraviolet range. Both sintering
techniques are based on the different absorption properties of the printed
metallic structure and the substrate. In this way, the photons emitted by the light
source are selectively absorbed by the printed layers to heat the ink without
affecting the underlying printing substrate. This is the reason why photonic and
laser sintering are often used in cases where the nature of the substrates is not
compatible with direct thermal sintering.

(c) Organic

*Soliv;\t *

(a) Nanbparticle
Inkjet printing

o]
Q

Figure 6. Laser sintering of inkjet-printed pattern. (a) Inkjet printing of metallic NPs
represented by circles, still separated. (b) Laser curing of a conductive line. (¢) Unsintered
ink can be removed with a proper solvent (Ko et al., 2007).

* Microwave and plasma sintering: Highly conductive materials such as metals
can be fast sintered by microwave radiation (Perelaer, de Gans, & Schubert,
2006), but they have a very limited penetration depth: it ranges from 1.3 to 1.6
pum at 2.54 GHz for Ag, Au and Cu (Kamyshny, 2011). This sintering method is
capable of achieving electrical resistivity values similar to thermal sintering
within a shorter time (Perelaer, Klokkenburg, Hendriks, & Schubert, 2009).
However, it is successful only if the thickness of the printed structure is of the
same order as the penetration depth, which limits the usefulness of this technique
on a thicker printed layer.

If microwave radiation is combined with plasma, the method is called plasma
sintering, see Figure 7 (K.-S. Kim, Bang, Choa, & Jung, 2013). In this case, heat is
also directly transferred on the printed layer’'s surface, which makes this
sintering method quicker than conventional microwave plasma (Wolf et al.,
2013).
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Figure 7. Schematic picture of the atmospheric-pressure plasma sintering (K.-S. Kim,
Bang, Choa, & Jung, 2013).

Chemical sintering: This method provides a new approach to achieve
coalescence and sintering of metallic nanoparticles at room temperature under
chemical agents (Magdassi, Grouchko, Berezin, & Kamyshny, 2010). It was
discovered that printed patterns undergo a spontaneous and irreversible
coalescence process upon contact with a solution containing oppositely charged
polyelectrolytes, thus enabling the formation of low electrical resistivity printed
layers even at room temperature (Grouchko, Kamyshny, Mihailescu, Anghel, &
Magdassi, 2011). This makes possible the formation of conductive structures on
heat sensitive substrates.

Electrical sintering: In this approach, the sintering is reached by applying a
voltage over the printed pattern that causes electrical current flow through the
structure, as depicted in Figure 8. This leads to a local heating necessary to
promote the sintering of the ink by energy dissipation through the Joule effect.
As a consequence, the thermal stress of the substrate material is kept to a
minimum since the heating is locally produced within the printed layer. Another
important advantage of this method is the short sintering time: from
microseconds to tens of seconds (Alastalo et al., 2009), so it is commonly referred
to as rapid electrical sintering (RES).
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sintering electrodes

nanoparticle layer
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Figure 8. Schematic illustration (drawn out of scale) of a contact-mode electrical sintering
setup (M. Allen et al., 2011).

This method was first introduced for silver pattern curing in 2008 (M. L. Allen et
al.,, 2008). Allen et al. demonstrated that the final electrical resistivity of the
printed structure can be controlled by regulating the current intensity and
duration. First works on RES of printed nanoparticle Au and Ag inks describe
the application of a DC current to slightly pre-sintered patterns (D.A. Roberson,
Wicker, & MacDonald, 2012).

Before electrical sintering, a low initial conductivity is necessary to change the
printed layer from an insulator to a poor resistor, thus allowing the current flow
across the pattern to cause ohmic heating and sintering. The initial low
conductivity is usually achieved by thermal annealing at low temperatures,
which is known as thermal pre-sintering phase. Apart from the initial pattern
conductivity, there are other parameters that need to be considered to achieve
optimum results, such as input voltage, sintering time or input voltage profile
(Jang, Lee, Lee, & Oh, 2013). A high initial resistance of the pre-sintered pattern
can be counteracted with a higher input voltage, but too much input energy can
cause macroscopic defects in the sintered structure. Some authors have
developed a stepwise electrical sintering technique to overcome thermal damage
of the sample during RES due to this high initial resistance (H. Lee, Kim, Lee,
Moon, & Hwang, 2014).

DC RES requires direct contacting of the printed pattern during sintering, which
can become a major obstacle in mass production. For this reason, contactless
rapid electrical sintering was implemented using an AC current (M. Allen et al.,
2011). In contactless RES, an AC field is applied by electrodes situated slightly
above the sample. The electrical field is capable of overcoming the gap to achieve
sintering. This method allows the homogeneous sintering of larger areas
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compared to DC RES. In summary, electrical sintering stands as a fast and
selective curing method that has been used to sinter Ag nanoparticles inks on
several substrates such as PI, PET, glass and paper. Conductance values of up to
50% of bulk Ag have been obtained without damaging the underlying substrate
(Hummelgard, Zhang, Nilsson, & Olin, 2011; Werner, Godlinski, Zdllmer, &
Busse, 2013). The requirement of a thermal pre-sintering step is disadvantageous
for high-throughput manufacturing, but it can potentially be replaced by faster
sintering approaches like photonic curing.

2.1.4 Printed sensors

Printed Electronics enables the development of sensing systems with unique
characteristics such as flexibility, conformability, transparency, wearability and
biocompatibility. Flexible printed sensors play an important role in detecting
environmental variations such as temperature, illumination, humidity, stress or
chemical gases and vapours. With these applications in mind, sensors such as
electromechanical sensors, photodetectors and chemical sensors have been
developed (Rim et al., 2016). For instance, chemical printed sensors have gained
attention in the last years to monitor food quality and safety as well as package
integrity (Vanderroost, Ragaert, Devlieghere, & De Meulenaer, 2014). In this regard,
flexible chemical sensors are of particular interest to develop intelligent food
packaging in order to monitor volatile organic compounds (VOCs) and gas molecules
related to food spoilage and package leaking. This allows the evaluation of the
product quality and the package integrity, for instance, in modified atmosphere
packaging! (MAP) applications. Next, we will summarize the current state of the art
and trends in the research and development of printed sensors on flexible substrates,
both physical and chemical.

Physical printed sensors

In this section there is a briefly review of printed sensors for the detection of physical
parameters such as temperature, position, light and mechanical quantities. The
majority of printed temperature sensors consist of metallic printed resistors whose
resistance varies with temperature within a certain range of interest. There are
examples of inkjet-printed silver meander-shaped resistors on different flexible
substrates such as PET (Ali, Hassan, Bae, Lee, & Kim, 2016; Molina-Lopez, Quintero,

1 Modified atmosphere packaging (MAP) is a packaging technology in which the air
surrounding a food product is replaced by a protective gas mixture (usually CO2 and N2) in
order to extend shelf life and quality of fresh food products.
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Mattana, Briand, & de Rooij, 2013) or PI (Dankoco, Tesfay, Benevent, & Bendahan,
2016). Screen printing technique has also been used for the fabrication of printed
temperature sensors on PEN or PET (Aliane et al., 2014).

Printing technologies have been also recently used for the fabrication of
photodetectors on flexible substrates. The typical topology consists of a photoactive
layer between two transparent electrodes. Several studies can be found in literature
on printed photodetectors sensitive to visible-to-infrared wavelengths (Aga,
Lombardi, Bartsch, & Heckman, 2014; Azzellino et al., 2013; Maiellaro et al., 2014).
Less common, ultraviolet (UV) photodetectors have been also reported with printing
technology (Dong et al., 2017; X. Liu et al., 2014).

9000 - --- --:-: Silver
$90QQ - - -'°—"- =¢ Kapton
2000 = S - - - ¢

||y " 1

j&jle 3 )

@o'e r’:i’t .

) @ @ uﬁ_q';

e ® ssee

i)
R
I
GG
=

a) . @ b)

Figure 9. Examples of temperature printed sensors on (a) PEN foil (Aliane et al., 2014) and (b)
Kapton, a polyimide substrate (Dankoco et al., 2016).

As for mechanical printed sensors, several mechanical parameters such as
acceleration, pressure and strain can be detected and measured. Nowadays, most of
accelerometers use Micro Electro-Mechanical Systems (MEMS) technology.
Although they are typically fabricated on silicon wafers, also printing methods such
as screen printing on polymeric or fabric substrates have been employed recently (Y.
Wei, Torah, Yang, Beeby, & Tudor, 2013; Y. Zhang et al., 2017). In order to detect
pressure, several transducing principles can be used. The simplest one consist of the
capacitance variations of flexible structures under pressure. The typical topology of
these capacitive pressure sensors is a parallel plate configuration where a flexible
electrode deflects under applied pressure, decreasing the gap between the two
electrodes and therefore causing an increase of the capacitance. Narakathu et al.
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presented a first example of a screen printed flexible capacitive pressure sensor
(Narakathu et al., 2012). Other examples using inkjet printing have been also reported
in literature (Joo et al.,, 2017; Kisic, Blaz, Zlebic, Zivanov, & Nikolic, 2017).
Piezoresistivity of printed materials is another phenomenon that can be exploited to
detect pressure and strain. This method consists of the change in electrical resistivity
of the printed structure produced by the deformation of the material, which is due to
the application of an external force. One of the first examples of these printed sensors
dates back to last century (Csaszar, Harsanyi, & Agarwal, 1994), but very recent
examples can be also found (Giffney, Bejanin, Kurian, Travas-Sejdic, & Aw, 2017;
Harada, Honda, Arie, Akita, & Takei, 2014).

Chemical printed sensors

This category includes printed sensors for the detection of chemical analytes such as
biomolecules, ions or gaseous species. In the first place, biosensors are devices
conceived to analyze species based on biomolecular interactions in real time. In
biosensors, one component called ‘ligand” or ‘receptor’ is immobilized on a solid
surface while the analyte to be detected is present as a solution. The interaction
between these two components, the ligand and the analyte, results in a change of a
property of the solid surface that can be measured to determine both the typology
and amount of analyte that has reacted.

The largest and the oldest group of chemical and biochemical sensors are the
electrochemical sensors, all based on the interaction between electricity and
chemicals. The electrochemical sensors can be divided by the measurement mode.
Thus, potentiometric sensors measure voltage, amperometric sensors measure
current, or conductometric sensors measure conductivity. Electrochemical methods
are based on the measurement of basic electrical magnitudes as current, power,
resistance and load. They can be classified into two groups: electronic and ionic. The
electronic ones are based on changes in properties associated with electrode
proccesses, which are electrochemical conversions occurring at an electrode-
electrolyte interface where a charge is transferred through the interface and an
electric current flows. On the other hand, ionic methods are based on the
measurement of the properties of an ionic solution.

The surface where the ligand is immobilized in these electrochemical systems is
called working electrode. A variation of the current between the counter and
reference electrodes is caused by the reactions between the ligand and the analyte.
These variations can be quantified to determine whether an analyte is present into a
solution and how much of it (Beni et al., 2015; Chouler, Cruz-Izquierdo, Rengaraj,
Scott, & Di Lorenzo, 2018). Different printing techniques have been successfully used
for the manufacturing of electrochemical biosensors. Screen printing is by far the
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most popular and it has been used for the fabrication of different electrodes (silver,
platinum, gold, palladium, graphite) over a variety of substrates (alumina, fiber glass,
ceramics, polyvinyl chloride or PVC) (Taleat, Khoshroo, & Mazloum-Ardakani,
2014). One of the first inkjet-printed biosensors was reported in 1992 for glucose
determination (Newman, Turner, & Marrazza, 1992). More recently, in (Y. Khan,
Pavinatto, et al., 2016) a flexible gold electrode array is presented as a bioelectronic
interface. Moreover, the continuous improvement of smartphone electronics and the
development of new apps have stimulated research into smartphone-based
biosensors (Roda, Michelini, et al., 2016).

Another type of chemical sensors are pH sensors, commonly employed in biology,
medicine and health care (Nakata, Arie, Akita, & Takei, 2017) or food industry
(Fuertes et al., 2016). These sensors are able to detect the activity of hydrogen ions
into an aqueous solution. The most common topology consists of two electrodes
(reference and pH electrode) connected to a voltammeter. The potential difference
between them is used to derive the pH value (Bandodkar & Wang, 2014). Screen
printing is again the most frequently used technique for the fabrication of pH sensors
on flexible substrates (Trojanowicz, 2016). Nevertheless, there are some recent studies
of inkjet-printed pH sensors (Jovi¢ et al., 2017).

Regarding gas and vapours sensors, different transducing principles can be exploited
(Briand, Oprea, Courbat, & Barsan, 2011). Among them, we can highlight the resistive
principle, based on metal-oxide and polymeric gas sensitive films (Schiattarella et al.,
2018); the capacitive principle, in which there is a change in the dielectric constants
of the sensing film; the colorimetric or optical principle, where the optical absorption
spectrum is modified by the gaseous analyte; and the resonating principle, involving
the modification of the resonant frequency of a resonator due to an addition of mass.

Most of the gas sensors developed on flexible substrates are made on PET, PEN, P,
paper or fabrics using conventional and hybrid printing processes (Rivadeneyra et
al., 2016; E. Singh, Meyyappan, & Nalwa, 2017). A large part of the work found in the
literature reports flexible humidity sensors (Gaspar, Olkkonen, Passoja, &
Smolander, 2017; Mattana et al., 2013; Molina-Lopez, Briand, & de Rooij, 2012;
Rivadeneyra, Fernandez-Salmerén, Banqueri, et al., 2014; M.-Z. Yang, Dai, & Lu,
2010), sometimes in combination with a temperature sensor (Atamana et al., 2011;
Molina-Lopez et al., 2013; Segev-Bar et al., 2017). The most common used sensor
architectures are capacitive and resistive transducers, as shown in Figure 10.

Regarding humidity sensors, the transduction mechanism requires the use of
chemicals whose electrical permittivity changes accordingly to the relative humidity
of the environment. Different strategies have been followed to achieve this sensing
capability, such as the deposition of a sensing layer over the electrodes capacitor
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(Starke, Turke, Krause, & Fischer, 2011) or the use of a humidity-sensitive substrate
as the sensing element (Fernandez-Salmeron, Rivadeneyra, Rodriguez, Capitan-
Vallvey, & Palma, 2015; Gaspar et al., 2017). For instance, in (Giider et al., 2016) the
authors describe a paper-based moisture sensor that uses the hygroscopic character
of paper to measure patterns and rate of respiration. As for the physical structure, the
most common one is the interdigitated electrodes (IDE) design, although others have
been proposed such as serpentine electrode (SRE) design showing higher sensitivity
(Rivadeneyra, Fernandez-Salmerdn, Banqueri, et al., 2014).

IMT-EPFL

Figure 10. Sketch and picture of two inkjet-printed capacitors for humidity sensing and a
resistor for temperature sensing on PET substrate (Molina-Lopez et al., 2013).

Works have been also published on volatile organic compounds ammonia and
hydrogen sulfide sensors, using printing technologies to deposit gas-sensitive
conducting polymers over the printed electrodes (Danesh et al., 2014; L. Kumar,
Rawal, Kaur, & Annapoorni, 2017; Mousavi, Kang, Park, & Park, 2016; E. Singh et al.,
2017; Weng, Shepherd, Crowley, Killard, & Wallace, 2010) for healthcare applications
(Hibbard et al., 2013) or food industry applications such as rapid spoilage detection
and freshness monitoring in foods (S. Li et al., 2017; Matindoust et al., 2017). Other
gases that have been detected in the literature using chemical printed sensors are
oxygen (Moya et al., 2016), carbon dioxide (B. Ando et al., 2015) or carbon monoxide
and nitrogen dioxide. The latter ones are related to atmospheric pollution (Rieu et al.,
2016).

Another interesting approach is the optical detection of gases on flexible substrates.
In this case, the operating principle consists of the interaction between
electromagnetic radiation through the chemical sample, which causes some change
in optical parameters that can be related to the magnitude of interest (Janata, 2009;
Qazi, Mohammad, & Akram, 2012). A typical optical chemical sensor is composed of
a chemical recognition phase, which is called sensing element or receptor, coupled
with a transduction element as shown in Figure 11.
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Figure 11. Schematic representation of the elements and operating principle of an optical
chemical sensor (Lobnik, Turel, & Urek, 2012).

The sensing element provides an optical signal that is proportional to the
concentration of a given compound, and the transducer translates this optical signal
into a measurable signal suitable for its processing (Lobnik et al., 2012). This kind of
chemical sensors presents some advantages such as facility of use, low cost, no need
of physical contact between the sensor and the system used for analysis, immunity
to electrical interferences, good sensitivity and reversibility, and no consumption of
the analyte during the measurement (F. Baldini ]. Homola, S. Martellucci, 2006; Xu
dong Wang et al,, 2010). Besides these numerous advantages, optical chemical
sensors also exhibit some disadvantages. The main ones are the possible interference
of the ambient light in the measurement and the long-term stability of the sensor,
which can be limited due to the photobleaching effect (Goicoechea, Zamarrefio,
Matias, & Arregui, 2007).

Optical chemical sensors can cover different regions in the spectrum (UV, visible, IR,
NIR) based on several optical principles such as absorbance, reflectance, refraction,
luminescence or fluorescence (Hulanicki, Glab, & Ingman, 1991). The most popular
methods in optical sensing are those based on light absorption and light emission.
Absorption mechanisms, both transmission or reflection, take place when
transmitted light with reduced intensity exists after the incident light passes through
a sample. Nevertheless, most of absorbance-based sensors undergo a colour change
instead of an intensity change (F. Baldini J. Homola, S. Martellucci, 2006). Therefore,
this type of sensors is commonly used as colorimetric sensors where the change of
colour can be measured and related to the magnitude of interest (Zhigiang Wei et al.,
2017). These colorimetric sensors have been used in smart packaging applications
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such as fish spoilage monitoring (Dominguez-Aragén, Olmedo-Martinez, &
Zaragoza-Contreras, 2018; Kuswandi et al., 2012; Morsy et al., 2016), milk spoilage
determination (Cavallo, Strumia, & Gomez, 2014), meat spoilage monitoring (Y. Chen
et al., 2017; Huang et al., 2014; Salinas et al., 2014) or fruit freshness determination
(Kuswandi, Maryska, Jayus, Abdullah, & Heng, 2013). Another example for
intelligent food packaging appears in (Vu & Won, 2013), where a water-resistant UV-
activated O2 colorimetric indicator is reported. Very recently, a colorimetric CO:
indicator for cold preserved food has been presented in (Saliu & Della Pergola, 2018).

Molecular emission (fluorescence, phosphorescence, and generally speaking,
luminescence) is intrinsically more sensitive than absorption-based methods. In
luminescent sensors, a change in the emission properties of a luminophore
determines the analyte concentration. The luminescence generated can be
determined by measuring its intensity or the luminescence lifetime (Quaranta,
Borisov, & Klimant, 2012). Luminescence measurement by means of intensity is
simpler and low cost, but it strongly depends on the stability of the light source, the
detector sensitivity, and the luminophore stability (Pérez de Vargas-Sansalvador et
al., 2009). In recent years, the intensity of the luminescence is being determined using
a colorimetric approach (Evans, Douglas, Williams, & Rochester, 2006). This strategy,
namely luminescence-based colorimetric sensing, combines the advantages of both
luminescence and absorption-based methods (Lépez-Ruiz, Lopez-Torres, Carvajal,
De Vargas-Sansalvador, & Martinez-Olmos, 2015; Xu dong Wang et al.,, 2010). A
recent review of luminescent probes as sensors of food quality can be found in (G.
Corradini et al.,, 2016), while a critical review in chemical luminescence-based
biosensors is presented in (Roda, Mirasoli, et al., 2016).

Chemical sensing based on optical color changes is gaining increasing interest
because of its simplicity of use and its compatibility with portable imaging devices.
An extended review of the recent developments related to optical sensors and
computer vision-based analytical instruments can be found in (Capitan-Vallvey,
Lépez-Ruiz, Martinez-Olmos, Erenas, & Palma, 2015). In two of the publications that
sustain this thesis, chemical printed sensors with optical response are used for smart
packaging of food and MAP applications (Escobedo et al., 2017; Escobedo, de Vargas-
Sansalvador, et al., 2016).
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2.2 RFID technology

RFID stands for radio frequency identification, that is, information carried by radio
waves. RFID enables product identification and information gathering from distance,
without requiring physical connection or line of sight unlike earlier bar-code

technology.
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Figure 12. Overview of a generic RFID system.

As shown in Figure 12, a typical RFID system is comprised of three main components:
the RFID tag, or transponder, which is located on the object to be identified; the RFID
reader, or transceiver, which may be able to both read data from and write data to a
transponder; and the data processing subsystem or host, which utilizes the obtained
information from the transceiver in some useful manner (Finkenzeller, 2010). The
RFID reader can read tags only within the reader’s interrogation zone. The RFID tag
consists of two main parts: an antenna and a semiconductor integrated chip (IC)
attached to it. The RFID antenna is used for electromagnetic wave capture and
emission. The antenna must have its impedance matched to the one of the chip in
order to achieve maximum energy transmission (Marrocco, 2008). A data-carrying
connection link exists between the reader and the tag. It is common to distinguish
between the communications channel carrying information from the reader to the tag
(the downlink or forward link) and that carrying information from the tag to the
reader (the uplink or reverse link).

The chip is an integrated circuit fabricated in silicon. It contains the so-called
Electronic Product Code (EPC), which is unique to each tag. In its simplest form, the
RFID chip consists of an RF front end, some additional basic signal processing
circuits, logic circuitry to implement the algorithms required and Electrically
Erasable Programmable Read-Only Memory (EEPROM) for storage. However, there
are some RFID chips that include extra functions that are required to add sensing
capabilities to RFID tags:
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* An interface such as Serial Port Interface (SPI) or Inter-Integrated Circuit
(I’C) in order to enable communication between the RFID chip and other
devices, usually microcontrollers and external sensors (Leikanger,
Hékkinen, & Schuss, 2017).

* Additional circuitry for signal conditioning to interface external sensors, user
memory for saving supplementary information such as sensor data or even
integrated on-chip sensors.

* Energy harvesting capabilities to enable the power of external chips and
sensors, allowing the development of battery-less designs.

There are not many RFID chips that include these extra functions. Some examples of
RFID chips with SPI or I2C ports are the D18BL0O1 by Delta (Delta Corporate,
Horsholm, Denmark) or the AS3955 by AMS (AMS AG, Unterpremstaetten, Austria).
The latter one also includes a user memory and advanced energy harvesting feature.
The EM4325 by EM Microelectronics (EM Microelectronic-Marin SA, Neuchatel,
Switzerland) and the WM?72016 by Ramtron Corporate (Ramtron International
Corporation, Colorado, USA) include also a built-in temperature sensor. Besides
these capabilities, other chips such as SL13A and SL900A by AMS or MLX90129 by
Melexis (Melexis Co., Belgium) integrate a sensor front end (SFE) to interface
different types of external sensors.

At the highest level, RFID tags can be divided into three classes: active, passive and
semi-passive.

» Active tags require a power source. They are usually embedded with a
battery for powering the chip and transmitting radio waves to the reader.
These tags have wider reading range and faster transmission rate than
passive tags, but their cost and size is also higher.

* DPassive tags rely on the wave transmitted by the reader for powering the
chip, avoiding the necessity of onboard power sources. By means of
backscattering mechanism, an electromagnetic wave is sent back to the
reader. Compared to active tags, passive tags have several advantages
including low cost, long operational life, lightness and small size.

= Semi-passive tags include a battery to provide supply only to the chip. These
tags still rely on the reader for electromagnetic wave emission, so the battery
remains most of the time inactive and the life span of the tags is increased.
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According to their operating frequencies (Figure 13), RFID systems present different
characteristics, which are summarized in Table 2 (Bibi, Guillaume, Gontard, & Sorlj,
2017).

inductive radiative
\
| \f |
frequency 100 IkHz 1 N{Hz 10 I\/IIHZ 100 MHz 1 GHz 10 (IZHZ

1 1
LF ME HF VHEF > UHF > SHF
T [ I I I I
wavelength 3000 m 300 m 30 m Im 30 em 3ecm
| l | l
e 125/134 13.56 860960 2.4
RFID bands kHz MHz MHz GCHz
il ] 1

less-frequent 5-7 433 5.2-5.8
RFID bands MHz MHz CHz

Figure 13. RFID frequency bands.

Low frequency (LF) band is defined between 125 kHz and 134 kHz and its main
advantage is having little interferences with liquids and metals. The popular
frequency of 13.56 MHz corresponds to high frequency (HF) band. HF tags have a
greater reading range and improved data transfer than in the LF domain. Ultra high
frequency (UHF) band falls between 860 MHz and 960 MHz, with a greater read
range and higher reading speed of tags than in the previous bands. However, RFID
tags at this band are impaired by water and metals.

Table 2. Communication frequency bands of RFID tags and their characteristics (Bibi et al.,
2017).

Communication  Free-space reading

Band Frequency  Coupling type speed range
125-134 Inductive
LF KHz (near field) Few kb/s 20 cm-100 cm
HF 1356 MHz \nductive ~100 kb/s 0.1 m-15m
(near field)
860-960 Radiative Few hundreds
UHEF MHz (far field) of kb/s Sm-15m
SHF 2.4 and Radiative Few hundreds 3m-30 m

5.8 GHz (far field) of kb/s
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Finally, super high frequency (SHF) band falls within microwave frequency range.
The highest data transfer rates are achieved at this frequencies, but the
electromagnetic waves are not able to penetrate water and metal and SHF RFID tags
have the disadvantage of high cost.

There is a huge range in wavelength corresponding to the range in frequency. The
wavelength A is the distance between successive peaks or troughs of the wave, and
so is the ratio of the speed of propagation c to the frequencyf:
c

A= @2.1)

As shown in Figure 13, the wavelengths in most common RFID bands range from
about 2000 m to about 12 cm. However, the antenna sizes used in RFID are always
about human sized, with the largest ones around 1 m in diameter and the smallest
about 1 to 4 cm. In consequence, RFID systems can be also categorized by whether
the sizes of the wavelength and antenna are comparable or not.

2.2.1 High Frequency band RFID tags

As Table 2 shows, there are two different fundamental types of interactive modes
between the reader and the tag: inductive coupling, where energy is transferred
through a magnetic field; and radiative coupling, where energy transfer is performed
by an electromagnetic wave.

Systems where the wavelength is much larger than the antenna usually use inductive
coupling to communicate between the tag and the reader. This is the case of high
frequency (HF) RFID tags, where almost all the available energy from the reader is
contained within a region near the reader antenna and comparable to in in size,
falling away as the cube of distance as we move away (Dobkin, 2012). Faraday’s
principle of magnetic induction is the basis of this near-field coupling between a
reader and a tag. A reader passes a large alternating current through a coil, resulting
in an alternating magnetic field in its neighbouring area (Figure 14). If a tag with a
smaller coil is placed in this field, an alternating voltage appears across it. This
voltage can be rectified and coupled to a capacitor in order to reserve some charge,
which can be used to power the RFID tag chip.
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Figure 14. Inductive coupling mechanism for RFID tags operating at less than 100 MHz (Want,
2006). Induction is used for power coupling from reader to tag and load modulation is used to
transfer data from tag to reader.

Data is sent back from the tag to the reader using load modulation. Since any current
drawn from the tag coil will give rise to its own small magnetic field opposed to the
reader’s field, the reader coil can detect this as a small increase in current flowing
through it. This current will be proportional to the load applied to the tag’s coil, hence
the name load modulation. If the tag’s electronics applies a load to its antenna coil
and varies it over time, a signal can be encoded as tiny variations in the magnetic
field strength, thus representing the tag’s ID. Then, the reader can recover this signal
by monitoring changes in the current through its coil antenna.

Near-field coupling is a commonly used approach for implementing passive RFID
systems. This has resulted in many standards such as ISO 15693 and 14443, apart
from a variety of proprietary solutions. Nevertheless, near-field communication has
some limitations. Firstly, the range in which magnetic coupling can be used
approximates to c/(2nf), so the distance over which near-field communication
operates decreases as the operating frequency increases. Another limitation is the
amount of energy available in the tag as a function of distance from the reader, as the
magnetic field drops off as the cube of distance.
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NFC technology

Near-Field Communication (NFC) technology was jointly developed by Philips and
Sony in late 2002 for short-range contactless communications in the frequency range
of 13.56 MHz (HF band). The protocol, which set out to integrate active signaling
between mobile devices utilizing near-field inductive coupling, uses an approach
that is compatible with existing RFID standards. The NFC standard provides a
mechanism to allow wireless mobile devices communicate with peer devices within
few centimeters (up to 10 cm) at 13.56 MHz operating frequency (Coskun, Ozdenizci,
& Ok, 2013). The two acting parts of NFC communication are the initiator and the
target devices. The first one initiates and guides the data exchange process between
both parties, while the NFC target is the device that responds to the requests made
by the initiator. NFC protocol distinguishes two operational modes: active and
passive.

Active Mode

H-field 13.56 MHz

NFC-Device
Transmit

NFC-Device

Receive

NFC-Device NFC-Device

Receive Transmit

Data

Figure 15. Schematic representation of NFC active operating mode (Finkenzeller, 2010).

In the active mode both devices uses their energy to generate their own RF field in
order to alternately transmit the data (Figure 15). The high-frequency current that
flows in the antenna of the NFC initiator induces an alternating magnetic field which
spreads around the antenna loop. Part of that induced magnetic field moves through
the antenna loop of the other NFC device, which is located nearby. Then a voltage is
induced in the antenna loop and can be detected by the receiver of the other NFC
interface, which acts as the NFC target. The transmission direction is then reversed
so as to send data from the NFC target to the NFC initiator, changing the roles. Both
NFC interfaces alternately induce magnetic fields where data is only transmitted
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from transmitter to receiver. For data transmission between both NFC devices, the
amplitude of the emitted magnetic alternating field is modulated by means of
Amplitude-shift keying (ASK) modulation.

Passive Mode - Reader Emulation RFID-Transponder
1ISO 14443
NFC-Device
—_— B
<
Data
(a)
Passive Mode - Card Emulation RFID-Reader
NFC-Device
1ISO 14443
e S
Data
(b)

Figure 16. Schematic representation of NFC passive operating modes in (a) reader emulation
mode and (b) card emulation mode (Finkenzeller, 2010).

In the passive communication mode only the NFC initiator generates the magnetic
alternating field for transmitting data, while the NFC target device makes use of that
energy. The field’s amplitude is modulated with the pulse of the data to be
transmitted (ASK modulation). However, the field is not interrupted after having
transmitted the data. It continues in an unmodulated way so that the NFC target is
able to transmit data to the NFC initiator by means of load modulation, a well-known
method from RFID systems.

The NFC interface that is the target is also able to establish communication with
compatible passive transponders that the NFC target supplies and, via load
modulation, can transmit data to the NFC interface. This option allows electronic
devices that are equipped with NFC interfaces, such as NFC-enabled mobile phones,
to read and write on different transponders such as smart labels or tags. Since the
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NEFEC interface behaves in this case similar to an RFID reader, this mode is called
reader emulation mode (Figure 16a). On the other hand, if an NFC interface is located
close to a compatible RFID reader, both devices are also able to communicate. In this
case, the NFC interface adopts the roll of an NFC target. This option enables RFID
readers to exchange data with electronic devices equipped with NFC interface, such
as NFC-enabled mobile phones. From the reader’s perspective, the electronic device
(for instance, the mobile phone) acts as a contactless smart card, hence the name card
emulation mode (Figure 16b).

NEFC tags

Antennas for contactless near-field systems in the 13.56 MHz frequency band are
resonant loop antennas. To design passive devices, the NFC tags must extract their
power from the magnetic field generated by the reader. The tag and reader antennas
are inductances mutually coupled by the magnetic field. The efficient transfer of
energy from the reader to the tag depends on how well the loop antenna is tuned to
the 13.56 MHz carrier frequency. Therefore, a well-designed NFC tag antenna is
crucial for optimal performance.

A loop antenna is a distributed component with inductance Lg,; as main element,
and capacitance C,,; and resistance R, as parasitic network elements. Like for all
antennas, the complex impedance varies over frequency. For practical calculations,
the equivalent electrical circuit of an NFC tag chip and its antenna is composed of
lumped elements, as shown in Figure 17. The NFC chip is represented by a resistor
Rcpip symbolizing its current consumption, in parallel with a capacitor Cy,
representing the NFC chip internal tuning capacitance.
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Figure 17. Equivalent circuit model of a NFC tag chip and its antenna (ST Electronics, 2009).
Lumped elements represent the NFC chip, the assembly connection of chip and antenna, and
the loop antenna (note that Cgy¢, Rapne and Lgy,, are frequency dependent).
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The model in Figure 17 takes also into account parasitic elements derived from the
connections between the chip and the antenna during the assembly phase: R;,, and
R;con are the equivalent parasitic resistances while C.,, represents the equivalent
parasitic capacitance due to the assembly. As for the loop antenna, its complex
impedance can be represented as a simple parallel resonant circuit. The inductance
Ly is the main parameter of the antenna loop coil. It consists of mutual inductance
due to coupling between the coil turns and self-inductance due to coil length. There
is an additional parasitic capacitance C,,; because of the electric coupling between
the turns and dependent on the relative dielectric constant of the substrate. R, is
the real part of the impedance.

If we represent the reactive part of the impedance over frequency (Figure 18), at low
frequencies we can see an inductive behaviour. As frequency increases, there comes
a point where the coil inductance becomes zero, which is defined as the self-
resonance frequency fsgr of the antenna. From that frequency onwards, the reactive
part of the impedance adopts a capacitive behaviour. At self-resonance frequency,
the imaginary part of the antenna impedance is null and the antenna is purely
resistive. According to Thomson equation (Maxwell, 1892), it can be calculated as:
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Figure 18. Typical measurement trace of coil inductance over frequency (Gebhart, Neubauer,
Stark, & Warnez, 2011).
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The antenna resistance can be directly measured at the system carrier frequency of
interest, fo = 13.56 MHz, or it can be measured at the higher antenna self-resonance
frequency and then be computed back to the carrier frequency f.. If AC losses are
only caused by the skin effect, like in the case of free air coils, this method is more
accurate. The antenna resistance at the frequency of interest can be calculated from
Equation 2.3 (Gebhart et al., 2011).

fSRF

Rantg:c) = TRant(fSRF) (2'3)

From the equivalent inductance and resistance at 13.56 MHz, the quality factor Q of
the coil can be calculated from Equation 2.4.

_ Rant(fC)
Qane(fc) = 2folgns (24)

For practical purposes, the equivalent circuit model in Figure 17 can be further
simplified as depicted in Figure 19. In this case, the equivalent resistance R, is
calculated as the parallel association of the chip and antenna resistances:

Renin X Rane
Req = Renipl|Rane = RchlpT;ln (2.5)
chip ant

ant

Figure 19. Simplified equivalent circuit model if an NFC tag including the chip, its antenna
and connections (ST Electronics, 2009).

In a parallel LC circuit like the one depicted in Figure 19, resonance takes place when
the two reactances are equal, so the resonant frequency f, can be calculated as:

1

= 2.6
21 Lo Comn (2.6)

XLant = XCtun = f0
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Therefore, to achieve inductive coupling between an NFC reader and a tag, the coil
of the tag must be designed so that its inductance value at the carrier frequency
resonance (fy = f; = 13.56 MHz) is:

1

(ano)z Ctun (27)

Lant =

The quality factor Q of the simplified circuit in Figure 19 is defined as 27 times the
ratio between the cycle mean stored energy and the cycle mean lost energy (Rhodes,
1976). Since the energy stored in the capacitor is equal to the one stored in the
inductor at resonant frequency, Q is calculated as follows:

Req
* " efolane =

The performance of an antenna is related with its quality factor. In general, a higher
Q means a higher power output for a particular sized antenna. However, if Q value
is too high, it might conflict with the band-pass characteristics of the reader and create
problems in the protocol bit timing (Texas Instruments, 2003).

2.2.2 Ultra High Frequency band RFID tags

Systems where the antenna and the wavelength are comparable in size are typically
radiatively coupled. RFID tags based on far-field couplings capture electromagnetic
waves propagating from the reader’s antenna (Figure 20).

An alternating potential difference appears across the arms of the tag antenna. A
diode can rectify this potential and charge a capacitor in order to power the tag’s
electronics. Unlike the inductive coupling, the tags are beyond the near-field range,
so information cannot be transmitted back to the reader by means of load
modulation. Instead, backscattering mechanism is used. In this approach, when the
signal from reader reaches the RFID tag, some of the energy is reflected back towards
the reader, which can detect the energy using a sensitive radio receiver. By changing
its antenna’s impedance over time, the RFID tag can control how much power of the
incoming signal reflects back, in a pattern that encodes the desired information. In
practice, a tag’s antenna can be detuned by placing a transistor that can switch an
antenna load resistor in and out of circuit. As for the range of a far-field RFID system,
it is limited by the amount of energy that reaches the tag and by the reader’s
sensitivity to the reflected signal. In absence of obstacles, the intensity of the
electromagnetic wave launched by the reader falls off as the square of the distance
travelled. EPCglobal was key to promote the design of UHF tags and define their
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protocol specification EPC Class 1 Generation 2 for UHF RFID tags (EPCglobal Inc.,
2013).
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Figure 20. Radiative coupling mechanism for RFID tags operating at greater than 100 MHz
(Want, 2006). Electromagnetic wave capture is used to transfer power from reader to tag and
backscattering to transfer data from tag to reader.

Most of antennas for UHF RFID tags are commonly modified dipoles manufactured
on planar structures. The backscattering modulation allows the communication
between the reader and the tag when the microchip matches or mismatches its
internal load to the antenna. One of the most important tag performance
characteristic is the maximum distance at which the reader can detect the
backscattered signal from the tag, denoted as read range. Read range 7 is sensitive to
the tag response threshold, tag orientation, material where it is placed and
propagation environment. It can be calculated using Friis free-space formula (Rao,

Nikitin, & Lam, 2005):
A ,Gt G, P, T PLF
- B 2.9
41 St 9)

where 2 is the wavelength, G, is the tag antenna gain, G, is the reader antenna gain,
P, is the effective power transmitted by the reader, PLF is the polarization loss factor,
and S, is the RFID chip sensitivity, that is, the minimum threshold power necessary
to provide enough power to the chip. The factor t is the power transmission
coefficient:
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4R.R
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This factor accounts for the impedance mismatch between the RFID chip (Z, = R, +
jXc) and the antenna (Z, = R, +jX;). To maximize power transfer and hence tag
performance, the RFID tag antenna must be matched to the chip complex impedance
(Nikitin et al., 2005). Typically, the power transmission coefficient t is dominant in
frequency dependence and predominantly determines the tag resonance, as depicted
in Figure 21.
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Figure 21. Chip impedance, antenna impedance and read range as functions of frequency in a
typical RFID system (Rao et al., 2005).

The power reflection coefficient (Kurokawa, 1965) matching complex antenna to the
complex chip impedance is given by:

Z.—1Z
=— (2.11)
7o+ 7,

D ¥

The impedance of the chip Z;, which is a function of both the frequency and the
received input power, has a strongly capacitive input reactance because of the
energy-storage stage that includes. Therefore, the antenna impedance must be
designed with a large inductive part on its input impedance to achieve the complex
conjugate matching (Marrocco, 2008). To maximize the tag read range, the antenna
should be conjugate matched to the minimum operational power chip impedance
(Loo et al., 2008).
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2.3 Flexible sensor platforms

The compatibility of printed electronics and sensors with flexible substrates enables
the development of sensor systems in attractive form factors than can be deployed,
for instance, into pharmaceutical or intelligent food packaging applications (Biji,
Ravishankar, Mohan, & Srinivasa Gopal, 2015; Vanderroost et al., 2014; Zadbuke,
Shahi, Gulecha, Padalkar, & Thube, 2013). In addition, the integration of these flexible
systems with energy harvesting platforms allows the implementation of passive
sensor systems that do not require batteries. Among the different harvesting methods
that have been proposed over the years (Shaikh & Zeadally, 2016), the most
successful and popular ones are the use of photovoltaic (PV) panels and the use of
passive RFID/NFC tags (Ferdous, Reza, & Siddiqui, 2016; Kassal, Steinberg, &
Steinberg, 2018).

If average power consumption is low, energy harvesting by means of photovoltaic
panels along with some type of energy storage can be an interesting solution (Molina-
Farrugia et al., 2017). This is the case of low-power microcontroller-based systems
that are only activated to measure a data point or transmit a packet of data, while
they spend most of their time in sleep-mode states. To date, there are not many
examples of flexible sensor systems powered by PV cells. In (Ostfeld, Gaikwad, Khan,
& Arias, 2016), a flexible wearable pulse oximeter for heart rate and blood
oxygenation monitoring is reported. The device is powered by a flexible power
source integrating a lithium ion battery and amorphous silicon solar module. In
(Escobedo, de Vargas-Sansalvador, et al., 2016) we present a passive screen-printed
flexible tag for gases determination based on optical chemical sensors that is powered
by means of two miniaturized solar cells.

The integration of sensing to RFID tags brings added value to this contactless and
non-line-of-sight identification and data transmission technology (Bibi et al., 2017;
Catarinucci, Colella, & Tarricone, 2009). There are two main approaches for the
addition of sensing capabilities to RFID tags. On the one hand, sensing can be done
by studying the variation of materials of RFID tags as a transmission medium of the
radio waves, thus considering RFID tags as electromagnetic sensors (Amin,
Karmakar, & Jensen, 2016; Y. Xu, Dong, Wang, Jing, & Lu, 2017). On the other hand,
an RFID tag can be integrated with additional circuitry and components such as
external sensors, microcontroller unit (MCU) and analog to digital converter (ADC)
to develop a sensor module (S. Zhang, Li, Cheng, Ma, & Chang, 2015). In this case,
the RFID tag is used as a communication interface to transmit sensor data to an end
user, while the sensing functions are managed by the external sensors integrated in
the tag. Additionally, the RFID tag shall be used as an energy harvesting medium to
power the external components and, if applicable, sensors (Meng & Li, 2016).
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If the RFID tag is used as an electromagnetic sensor, different changes in the analog
response of the tag have been associated to a variation of the sensed magnitude. This
approach has been used to develop environment monitoring systems such as
humidity sensors in flexible HF tags by exploiting the RFID tag resonance frequency
shift measurement. Polyimide, a material sensitive to moisture (see Section 2.1.1), is
used as the substrate of a printed inductor coil and an interdigitated capacitor (using
screen and inkjet printing techniques) to form an LC resonator for moisture detection
(Fernandez-Salmeron et al., 2015). The same operating principle is used in (Virtanen,
Ukkonen, Bjorninen, Elsherbeni, & Sydénheimo, 2011) for UHF tags. In (Potyrailo &
Surman, 2013), a passive RFID gas sensor with a resonant antenna coated with a gas-
sensing film and an IC memory chip is presented (see Figure 22).
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film RFID IC chlp’\\\K
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Figure 22. Schematic illustration and equivalent circuit of an RFID tag sensor where the
resonant HF antenna is coated with a chemically sensitive film (Potyrailo & Surman, 2013).

In (Feng, Xie, Chen, & Zheng, 2015) a chipless RFID tag consisting of two inkjet-
printed planar LC resonators is used for humidity detection utilizing paper substrate
as sensing material. Another example to measure threshold humidity in a UHF tag
by changing the antenna input impedance was proposed in (J. Gao, Siden, Nilsson,
& Gulliksson, 2013). The result is reflected in the change of the minimum transmit
power required to power up the tag. Very recently, a flexible RFID tag for humidity
and temperature sensing has been proposed (Anum Satti et al., 2018). In this chipless
tag, the variations of the monitored magnitudes are associated to changes in the
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measured level of the backscattered power. Kim et al. proposed a flexible and
stretchable LC resonator-based chipless RFID printed tag for structural strain sensing
(J. Kim, Wang, & Kim, 2014). Many other examples of flexible RFID tags as
electromagnetic sensors can be found in literature for moisture sensing (Javed et al.,
2016; Powell et al., 2016), strain and crack sensing (J. Zhang, Tian, Marindra, Sunny,
& Zhao, 2017), gases and vapours (Kutty, Bjorninen, Syd, & Ukkonen, 2016; Potyrailo,
Burns, Surman, Lee, & McGinniss, 2012), chemical sensing for ammonia (Jun et al.,
2016) and other magnitudes for food quality and safety including freshness of fruit,
fish, milk and bacterial growth (Potyrailo, Nagraj, et al., 2012) among others (Fiddes,
Chang, & Yan, 2014; Tanguy, Fiddes, & Yan, 2015).
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Figure 23. Pictures of (a) the inkjet-printed multisensor platform and (b) the final assembly
with the integrated screen-printed HF RFID tag (Quintero et al., 2016).

In the case of flexible RFID sensor tags with external circuitry and sensors, many
interesting examples have been proposed for a great variety of application fields
(Meng & Li, 2016; Pichorim, Gomes, & Batchelor, 2018). In the field of environment
monitoring, Mraovi¢ et al. proposed a screen-printed capacitive humidity sensor
integrated in a UHF tag and fabricated on recycled paper and cardboard for smart
packaging applications (Mraovi¢ et al. 2014). A similar approach with polyimide
substrate and inkjet printing method can be found in (Salmerdn, Rivadeneyra, et al.,
2014). In (Fernandez-Salmeron et al., 2015), a passive screen-printed UHF tag with
multiple sensing capabilities is described, including a pressure sensor and a printed
opening detector for packaging monitoring during different stages of the supply
chain. An inkjet-printed multisensing platform on flexible polymeric substrate is
presented in (Quintero et al., 2016). The platform is integrated into a screen-printed
HF RFID smart label (see Figure 23) and it has channels for capacitive vapor detection
(i.e. humidity), resistive-based vapor detection (i.e. ammonia) and temperature
detection (RTD).
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In the field of food and quality safety, an NFC sensor system with a hydrogel-pH-
electrode was developed for detecting fish spoilage (Bhadra, Narvaez, Thomson, &
Bridges, 2015). As the presence of oxygen is one of the main causes for food spoilage
(Rooney, 1995), a screen-printed RFID tag for the determination of oxygen
concentration is reported in (Martinez-Olmos et al., 2013). In (Escobedo et al., 2017)
we developed a flexible NFC tag for multigas sensing. The four analyzed gases are
oxygen and carbon dioxide, which are two of the main gases used in MAP; and
ammonia and humidity, which are aimed to reveal the spoilage of the food. In recent
years, applications in the field health and bio-monitoring have also begun to emerge.
A passive adhesive RFID sweat sensor bandage is presented in (Rose et al., 2015). In
(Rakibet, Rumens, Batchelor, Member, & Holder, 2014), an epidermal passive strain
sensor integrated in UHF RFID tags is reported. In (Amendola, Bovesecchi, Palombi,
Coppa, & Marrocco, 2016), an epidermal RFID sensor is directly stuck over the
human skin for remote temperature monitoring. A smart RFID/NFC screen-printed
bandage for determination of uric acid status, a key wound biomarker, is presented
in (Kassal et al., 2015). Very recently, another wireless smart bandage was presented
in (Kassal et al., 2017), in this case for optical determination of pH as another indicator
of wound status. In (J. Kim et al.,, 2016), several battery-free, wireless, epidermal,
stretchable optoelectronic devices that exploit NFC technology are presented. Their
applications include monitoring of heart rate and arterial blood flow; quantifying of
tissue oxygenation and ultraviolet dosimetry; and optical characterization of the skin.

From the above review, we can find that flexible and printed sensor technology is
becoming more and more prosperous over the years. The novel properties of flexible
electronics such as low weight, mechanical flexibility and simple integration allow
them to spread across a wide range of disciplines and application fields, from
healthcare, personal and environmental sensing and monitoring to industrial fields
such as smart packaging technologies.

2.4 Smartphones for sensing

A smartphone includes all the components required for its use as a reader for sensor
systems: a screen to act as a display and a controller; different inputs to capture
signals such as camera (Lopez-Ruiz et al., 2014; Masawat, Harfield, & Namwong,
2015), headphone jack (Doeven et al., 2015; Sun, Yao, A.G., & Hall, 2016) and ambient
light sensors (Fu et al., 2016); memory to save and store the data; computing
capability for sensor data processing; and several wireless connectivity interfaces
such as Wi-Fi, Bluetooth, NFC, etc. (Azzarelli, Mirica, Ravnsbaek, & Swager, 2014; D.
Zhang et al., 2015). In comparison with traditional instruments, smartphones exhibit
some advantages. First, they can directly measure different parameters using their
integrated sensors (del Rosario, Redmond, & Lovell, 2015). Secondly, they can
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communicate with other devices by means of wireless interfaces. Finally, they can be
easily operated by any non-trained user. Furthermore, anyone can develop an own
custom mobile application depending on the final use of the smartphone-based
sensor platform. Therefore, considering that in recent years the number of
smartphones has sharply increased worldwide (eMarketer & Statista Inc., 2016), these
devices are an invaluable resource for sensing. In the following paragraphs a brief
review of smartphone-based sensor platforms is reported, including optical and
electrochemical sensor systems as well as smartphone-based NFC sensor systems.

Smartphone-based platforms for optical sensing take advantage of the digital built-
in cameras in the emerging fields of smartphone-based chemical and biosensing
(McCracken & Yoon, 2016), with special interest in environmental and health
monitoring. In particular, colorimetric detections have been widely reported since
mobile phone cameras are able to recognize small differences in color tone that could
not be gauged by the naked eye. This capability has been exploited, for instance, to
verify the Beer-Lambert law, which relates the intensity of an analyte color in solution
to its concentration (Kuntzleman & Jacobson, 2016; Montangero, 2015). In (Garcia et
al., 2011) a pioneer mobile phone platform for portable chemical analysis is
presented. The platform is able to determine potassium concentration in water by
obtaining the characteristic hue value of the captured image of a colorimetric
chemical sensor. A similar approach is used in (Lopez-Ruiz et al, 2014) for
measurement of nitrite concentration and pH determination in combination with a
low-cost paper-based microfluidic device. In (Lopez-Ruiz et al.,, 2012), a portable
instrument is designed for the determination of gaseous oxygen using a mobile
device and a luminescence-based O: sensor.

Image-processing
Android + OpenCV

Microfluidic device +
water sample

Colorimetric "

Figure 24. pH detection by using mobile phones as colorimetric readers (Lopez-Ruiz et al.,
2014).

Very recently, a Smart Forensic Phone for age estimation based on colorimetric
analysis of bloodstain has been reported (Shin et al., 2017). The age for the blood



Pablo Escobedo Araque 59

sample was calculated from the plot of brightness (V) values against time. Another
recent example is found in (Araki et al., 2017), where an screen-printed epidermal
system combines colorimetric and electronic functions for determination of
instantaneous UV exposure levels and skin temperature. The dosimeter is based on
digital image capture and analysis using a smartphone activated by proximity to the
NEC electronics, so the system can be seen as a combination of smartphone-based
optical sensor and smartphone-based NFC sensor. A similar approach has been very
recently demonstrated in (Shi et al., 2018), where the authors present a stretchable,
skin-mounted UV patch with NFC that measures personal UV doses. Color changes
corresponding to UV radiation are analyzed with the smartphone camera. The device
described in (Koh et al., 2016) also combines NFC and colorimetric sensing to develop
a soft, wearable microfluidic device for the capture, storage and sensing of sweat.
There are many other examples in literature of smartphone-based optical platforms
in a great variety of application fields, such as food quality controlling (A. Chen et
al., 2014; Lin et al., 2018), environmental monitoring (S. A. Lee & Yang, 2014) or
healthcare diagnosis (Im et al., 2015; T.-S. Lai, Chang, & Wang, 2017).

Overall, despite the significant advancements in optical smartphone sensing, the
insight of these devices for colorimetric diagnostic applications still present
challenges such as the interference from uncontrolled or uneven lighting. Some
common countermeasures to avoid this difficulty include the use of enclosed lighting
or imaging attatchments in the smartphone (Barbosa, Gehlot, Sidapra, Edwards, &
Reis, 2015; S. C. Kim, Jalal, Im, Ko, & Shim, 2017; Paterson et al., 2017).

Electrochemical sensing smartphone-based platforms as rapid, portable, low-cost
and sensitive detection devices are of great interest for safety monitoring,
environment evaluation and clinical diagnostics (Quesada-Gonzélez & Merkoci,
2017). One of the most representative works in this field was conducted in 2014
(Nemiroski et al., 2014). In this work, a simple handheld mobile-based device that
can perform almost any electrochemical analysis was reported. Different
electrochemical detection techniques have been used for applications such as human
blood glucose tests (Nemiroski et al., 2014), nitrate sensing in water (Xinhao Wang et
al., 2015) or uric acid detection in saliva (Jayoung Kim et al., 2015). In (Deng et al.,
2016), an interesting smartphone-interfaced electrochemical device is presented for
on-site gender verification. Zhang and co-workers (D. Zhang et al., 2015) proposed
another smartphone-based sensor system for bio-detection of 2,4,6-trinitrotoluene
(TNT). A hand held paper-pased screen printed electrode for
electrochemiluminescence (ECL) was reported in (L. Chen, Zhang, & Xing, 2016) for
detection of glucose using a smartphone as a read-out of the ECL signal. More
recently, (Ji et al., 2017) presented a smartphone-based system with graphene
modified screen printed electrodes for glucose detection. Very recently, a NFC-based
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system for potassium concentration measurement in capillary blood has been
reported (Kollegger et al., 2018).

In general, the results obtained with the smartphone-based electrochemical sensor
systems are in good agreement with those obtained from conventional instruments.
Therefore, these platforms have great potential to replace the traditional analytical
systems for achieving simpler, cheaper, more portable and less invasive
electrochemical sensor devices (Kanchi, Sabela, Mdluli, Inamuddin, & Bisetty, 2018).
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Figure 25. Passive adhesive RFID sweat sensor bandage (Rose et al., 2015).

The inclusion of NFC technology in smartphones as an intrinsic hardware
component has enabled the use of these mobile devices as wireless portable readers
for NFC sensor tags. The operating principle of these NFC tags was described in
Section 2.2.1, and some examples have already been discussed in Section 2.3, such as
a passive adhesive RFID sweat sensor patch (Rose et al., 2015). The conventional
approach consists of using the NFC module as a wireless communication interface
between the sensor system and the smartphone for data transmission and energy
harvesting. For instance, in (Prabhakar, Mysore, Saini, Vinoy, & Amruthur, 2015)
two NFC products for pervasive health monitoring are described. Firstly, an NFC-
based battery charger circuit to charge a thermometer that is equipped with wireless
communication; Secondly, an NFC battery-less medical grade thermometer readable
by a smartphone. A passive contactless sensor that can be read by any NFC-enabled
mobile device is reported in (Steinberg, Tkaléec, & Murkovi¢ Steinberg, 2016) for
monitoring resistivity in porous materials. More recently, in (Lorite et al., 2017) the
authors present a smart NFC critical temperature indicator tag for supply chain and
storage conditions monitoring of perishable food products. In (Carvajal et al., 2017) a
compact dosimetric system based on MOSFETs with an NFC tag and a smartphone
is presented. The system is intended to be used for low-cost dosimetry control in
radiotherapy treatments.
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Smartphone-based NFC sensors can go one step further by using the NFC tag as both
the sensor and the interface connection without any extra circuitry. This is the case of
(Azzarelli et al., 2014), where chemiresponsive nanomaterials are integrated into the
circuitry of commercial NFC tags to achieve portable and inexpensive detection of
gas-phase chemicals such as ammonia, hydrogen peroxide and cyclohexanone.
Following a similar approach, (G. Xu et al., 2017) describe a flexible NFC tag for
biochemical sensing. In this case the tag was modified by removing a section of
conducting film on the IC branch. Then, two short wires connected the modified tag
with carbonic interdigitated electrodes covered with monolayer chemical vapor
deposition (CVD) for gas detection, or gold and platinum electrodes to detect
analytes in solution like ions and bacteria. Therefore, there was a threshold value for
the activation of the NFC tag depending on the impedance of the sensor electrodes.
One of the advantages of NFC sensors on smartphone is their low cost and versatility.
The whole sensing process can be completed by any non-professional user without
the need of an ad-hoc reader. Furthermore, there is no physical contact or electrical
wiring between the sensor tag and the smartphone reader, which allows the
positioning of the sensors and the performing of the measurements in many different
environments (Kanchi et al., 2018).
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3. Methodology

In this chapter we present the main methodological aspects related to the
development of the sensor systems that will be described in Chapter 4. The first part
is devoted to the fabrication techniques employed, including printing techniques and
other manufacturing methods such as copper milling or conductive textile transfer.
The second part of the chapter describes the main characterization equipment that
has been used, including instruments for thermal and humidity measurements of the
developed sensor systems; mechanical and physical characterization of printed
patterns; and RF and electrical performance of different printed structures, RFID tags
and sensing platforms.

3.1 Fabrication techniques

Among the different printing methods on flexible substrates presented in Section
2.1.2, two of them have been used in this thesis for the development of printed
systems: inkjet printing and screen printing. For prototyping on FR-4 substrate, PCB
milling has been employed. In addition, a fabrication technique for conductive textile
transfer has been used to achieve wearable and light-weight structures compatible
with textile manufacturing. In the following subsections, a short description of all the
fabrication techniques used in this thesis is included. The different equipment and
materials employed in each case are reported as well.

3.1.1 Inkjet printing

The Dimatix Materials Printer DMP-2831™ (Fujifilm Dimatix Inc, Santa Clara, USA)
has been used for inkjet printing prototyping (Figure 26). DMP-2831™ is a drop-on-
demand printer that employs a piezoelectric element to drive current through the
cartridge’s nozzles, ejecting droplets on the substrate according to a predefined
digital pattern. The printable area is 210 mm x 315 mm if the substrate thickness is
below 0.5 mm, and it reduces to 210 mm X 260 mm for 0.5 — 25 mm thick substrates.
According to the specifications and our experience, the printer has a repeatability of
+ 25 pm. The substrate holder, whose temperature is adjustable up to 60 °C, includes
a vacuum platen to fix the substrate. For inkjet printing, flexible polymeric substrates
have been used, in particular polyimide (PI) Kapton® HN (DuPont™, Wilmington,
DE, USA) with a thickness of 75 um, relative permittivity (er) of 3.5 at 1 kHz, and loss
tangent (tand) of 0.002 (1 kHz).
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The nanoparticle-based silver ink SunTronic U5603 (Sun Chemical, New Jersey, USA)
was used to inkjet-print the patterns. With a particle size lower than 150 nm and
viscosity around 10-13 cPs at 25 °C, this ink has a 20% solid Ag content dissolved in
ethanol and ethanediol. According to the manufacturer, afer curing at 150-300 °C the
ink can achieve resistivities between 5-30 p(-cm.

Figure 26. Fujifilm Dimatix DMP-2831TM inkjet printer.

3.1.2 Screen printing

Screen-printed patterns have been manufactured using a Serfix III screen printing
machine (Seglevint SL, Barcelona, Spain). To manufacture the masks, an emulsion of
a hardened diazo-photopolymer (Kopimask S. A., Barcelona, Spain) was used. The
screens used consist of aluminum rectangular structures of 50 cm x 35 cm with
different mesh densities: 90, 120 and 150 Nylon threads per centimeter (T/cm).
Polyimide Kapton® HN was also used as substrate for screen printed patterns. Apart
from PI, polyethylene naphthalate (PEN, Kaladex PEN Film, DuPont Teijin Films,
Japan) in two different thicknesses (75 pm and 100 um) was chosen because of its
high optical transmission in the visible spectrum and good adherence. This material
has a dielectric constact of 3.2 at 10 kHz and a dissipation factor of 0.005 at 1 kHz. Its
upper working temperature is 155 °C.

The conductive silver-based ink used in screen printing was SunTronic CRSN 2442
(Sun Chemical, New Jersey, USA). With 70% solid Ag content and viscosity of 20-30
cPs (25 °C), this ink has resistivity of 25-50 pC)-cm after annealing at 120-150 °C,
according to the manufacturer.
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3.1.3 FR-4 Milling

For electronic system prototyping on FR-4 substrates, a mechanical milling machine
model ProtoMat® 5100 (LPKF Laser & Electronics AG, Garbsen, Germany) was
employed (Figure 27). The minimum conductor width is 100 um according to the
manufacturer. Specific RF tools were used to improve accuracy during the milling
process in order to achive more vertical clean edge finish. Repetition accuracy with
the employed tools is + 2.5 um and positioning accuracy +5 pum. The FR-4 substrate
has a relative permittivity of er=4.6 and a loss tangent of tand = 0.015. Metallization
layer is 35 pm thick copper with a conductivity of o = 4.6 x 107 S/m.

Figure 27. LPKF ProtoMat® S100 circuit board milling system.

3.1.4 Conductive textile transfer

A different approach using conductive textile has been also used to achieve light-
weight and wearable structures compatible with textile manufacturing. We have
used nickel- and copper-plated Shieldit Super Fabric Cat. #A1220 (Less EMF Inc.,
New York, USA) as the electro-textile conductor and Ethylene-Propylene-Diene-
Monomer (EPDM) cell rubber foam as the substrate (Johannes Birkenstock GmbH,
Wuppertal, Germany). The electro-textile has a sheet resistance of approximately 0.16
Q/o, while the dielectric constant and loss tangent of EPDM are 1.26 and 0.007,
respectively, at 915 MHz. The fabrication process begins by attaching the electro-
textile material on the EPDM substrate. The electro-textile used can be easily ironed
on the substrate thanks to the hot melt glue on its backside. Then, the desired patterns
are accurately and quickly cut on the electro-textile material by means of a laser cutter
(Epilog Fusion Laser Model 13000) without affecting the underlying substrate.

In the cases of inket-printed, screen-printed and conductive textile structures, a
conductive resin was used for the bonding of the chips, connectors and external
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components to the different substrates. Epoxy EPO-TEK® H20E (Epoxy Technology
Inc., Billerica, USA) was used when a thermal curing process was possible. According
to the manufacturer, this silver epoxy needs a minimum bond cure of 120 °C during
15 minutes to become electrically conductive. The curing time can be reduced if a
higher temperature is used (45 seconds at 175 °C) and vice versa (3 hours at 80 °C). If
the thermal curing was not possible due to the substrate heating limitations (like in
the case of EPDM), the CircuitWorks CW2400 conductive epoxy was used
(Chemtronics, Kennesaw, Georgia, USA). This silver epoxy allows quick room
temperature curing.

3.2 Characterization equipment

For thermal and humidity measurements, a climate chamber model VCL4006 (Votsch
Industryetedhnik, Germany) was employed (see Figure 28). This equipment allows a
temperature range from -40 °C to 180 °C. Relative humidity inside the chamber can
be set from 10% to 98% with a control of the climatic range from 10 °C to 95 °C. With
an empty chamber, the temperature rate of change is 3.5 °C/min for heating and 5
°C/min for cooling.
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Figure 28. VLC4006 climatic test chamber from Vétsch.

A Dektak XT™ Stimulus Surface Profiling System (Bruker Corporation, Conventry,
UK), shown in Figure 29, was used for profile characterization of printed structures.
The Bruker Dektak XT is a contact profilometer that is able to measure the thin film
thickness of patterned structures by sensing the deflection of a fine stylus that is
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raster scanning over features ranging in height from 1 mm down to 5 nm, with a
vertical resolution of 0.1 nm.

\
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Figure 29. Bruker Dektak XT™ Stimulus Surface Profiling System.

A RF Network Analyzer ENA model E5071C (Keysight Tech., Santa Clara, CA, USA)
has been used to measure the RF response of the fabricated UHF antennas and other
patterns such as printed microstrip lines. This equipment has 4 ports (Figure 30) and
it covers a wide frequency range from 9 kHz to 8.5 GHz. This Network Analyzer also
features a wide dynamic range (>123 dB), fast measurement speed (9 msec for 401
points with error correction) and excellent temperature stability (0.005 dB/°C). The
N4431B RF Electronic Calibration Module (ECal) was employed along with the
Network Analyzer for calibration purposes.

(a) (b)

Figure 30. (a) RF Network Analyzer ENA model E5071C from Keysight Technologies and (b)
N4431B RF Electronic Calibration Module (ECal).

For electrical characterization of the fabricated HF antennas and other printed
components such as planar inductors or capacitors, a precision impedance analyzer
was used, the Agilent 4294A (Keysight Technologies, Santa Clara, California, USA).
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This analyzer covers a broad frequency range from 40 Hz to 110 MHz with a basic
impedance accuracy of +0.08 %. The equipment has been used along with a 42941A
impedance probe kit to connect the devices under test (DUT) to the analyzer (see
Figure 31).
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Figure 31. (a) 4294A Precision Impedance Analyzer from Keysight Technologies with (b)
42941 A impedance probe kit. A detailed view of the pin probe is shown in (c).

A DC Power Analyzer model N6705A (Keysight Technologies) like the one in Figure
32 was employed as a source/measure unit (SMU) to apply voltage on the patterns
for electrical sintering.

Figure 32. N6705B DC Power Analyzer used for electrical sintering.

This equipment is a multi-functional power system that combines the functions of a
multiple-output DC voltage source with the waveform/data capturing capability of
an oscilloscope and data logger. As a multiple-output DC source, the Keysight
N6705A provides four configurable outputs. Each output also has arbitrary
waveform generation capability, which lets you program predefined voltage and
current waveforms. In our equipment, the four available power modules have the
following voltage and current combinations:
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* 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).

As measurement system, the N6705A displays the average output voltage and
current in a meter view. Waveforms are displayed in a scope view, while the data
logger view allows measuring, charting and logging average and peak voltage and
current measurements over an extended period of time.

3.3 Smartphone applications development

All custom-designed Android™ applications for the different smartphone-based
sensor systems have been developed using the Integrated Development
Environment (IDE) Android Studio, release 2.3.1 or 2.3.3. Depending on the
particular case, the applications have been developed and tested against Application
Programming Interface (API) 24, which corresponds to Android version 7.0, or API
22 (Android 5.1). Nevertheless, they are backward compatible with older Android
versions. The lowest supported API levels are API 18 (Android 4.3) or 16 (Android
4.1). When image detection and processing tasks have been required, the developed
algorithms have been based on computer vision OpenCV 3.1.0 Android library.

Three different smartphones have been used. The oldest one is the Sony Xperia S,
which has been used as an NFC-enabled smartphone running Android 4.3 (API level
18). A Nexus 5 smartphone by Google Inc., also equipped with NFC technology, has
been used running Android version 6.0.1 (API 23). Finally, a Samsung Galaxy S7
running Android 7.0 (API 24) has been employed, particularly in the cases where
image processing tasks were required. This smartphone features a 12-megapixel rear
camera with an f/1.6 aperture, focal length of 26mm, optical image stabilization and
autofocus.
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4. Results and discussion

In this chapter, the different achievements and results obtained during the
development of this thesis are presented and discussed. The chapter begins with
sintering characterization as a prior step to the development of printed structures. In
this regard, both thermal and electrical sintering methods are studied and compared
in terms of electrical conductivity and RF performance of sintered patterns. After this,
an e-textile tag antenna is presented as a RFID platform compatible with textile
manufacturing. Then, two complete passive sensor systems are presented for
applications in the fields of smart packaging and healthcare. This includes a flexible
printed humidity measurement platform, and a passive NFC tag to be used for
dosimetry control in radio-therapy treatments. To conclude the chapter, the four
published papers that constitute the thesis by compendium of publications are
included. All of them are flexible passive sensor systems capable of detecting and
monitoring parameters such as temperature, optical spectrum or different gases
concentrations. These platforms are conceived to be used for fruit ripeness detection,
food spoilage determination or MAP applications, among others.

4.1 Sintering characterization

After printing, the patterns must be sintered in order to remove organic solvents and
fuse the metallic nanoparticles together to form conductive tracks, as explained in
Section 2.1.3. As a preliminary step towards the developmeny of printed sensor
systems, thermal and electrical sintering methods were studied and compared using
two different simple patterns: a meander structure and a microstrip line. Our goal in
this work is to investigate if the long duration of thermal sintering is overcome with
a short electrical sintering but without losing DC and RF performance.

4.1.1 Thermal sintering

Figure 33 shows the meandered pattern that has been inkjet-printed for the thermal
sintering characterization. It consists of fourteen meander-shaped lines, each of them
composed of 400 um width segments separated by 400 um gaps, making a total
length of 110.4 mm. Two squared pads of 5.5 mm x 4.4 mm were printed at both ends
of the meandered pattern to provide electrical contacts for measurements. The
nanoparticle-based silver ink SunTronic U5603 was used to print 2 layers for each
pattern. A drop-to-drop (DTD) space of 25 um was configured on the Dimatix printer
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for around 50 pm diameter landed drops. The patterns were printed on a 75 um thick
PI Kapton® HN. While printing, the substrate temperature was fixed at 40 °C.

10.8 mm

400 pym—si i 400 pm—s} ' 1.2 mm:
0 i <> i

8.2 mm 7.4 mm

5.5 mm

tamm 2 (b)

Figure 33. (a) Footprint of the inkjetted meandered structure and (b) example of one
meandered patterns inkjetted with SunTronic silver ink on PI substrate.

A two-step printing process was carried out. In the first place, only the squared pads
were printed, followed by a thermal curing process at 160 °C during 60 minutes in a
convection air oven Venticell VC55 (MMM Medcenter Einrichtungen GmbH,
Munich, Germany). Then, the meandered lines were printed after a correct alignment
of the substrate in the printer. In this way, the two already sintered contact pads
were available for electrical measurements during the thermal sintering process of
the meandered lines.

Thermal sintering characterization was performed with the printed meander
structures by monitoring the change in their resistance during sintering process at
different temperatures. Six sintering temperatures were considered, from 100 °C to
200 °C in steps of 20 °C. Furthermore, two different situations were studied: (i)
sintering with temperature ramp up to the final temperature and (ii) sintering with
temperature step, that is, the printed samples are introduced in the oven once it has
reached the desired final temperature. In both cases, the final temperature was kept
during 60 minutes and then the oven was automatically turned off. The samples were
kept inside the oven until temperature was gradually reduced to approximate
ambient temperature.

The process was monitored inside the oven by connecting a 34970A data acquisition
unit (Agilent Technologies, California, USA) to the sintered pads of the printed
meanders through clamps and heat resistant cables. The acquisition unit was
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configured to scan and log four channels during the sintering process. Three of them
were dedicated to three printed patterns, while the fourth one was connected to a
Pt1000 resistance temperature detector (RTD). The minimum interval scanning time
achieved with the equipment was 1.4 seconds, which was more than enough for our
purposes.

Resistivity of the printed meanders was calculated based on dimensional
measurements of the printed patterns and the measured resistance, as proposed in
(David A. Roberson, Wicker, Murr, Church, & MacDonald, 2011). The equation to
calculate resistivity p is:

p=R= 4.1)

Where R is the measured resistance of the printed trace is, 4 is the cross-sectional area
of the printed trace and [ refers to its length. Cross-sectional area of the printed traces
was calculated by measuring the lines thickness and width with the Dektak XT™
Stimulus Surface Profiling System. Figure 34 shows an example of the cross section
of a printed line measured with the profilometer. The cross-sectional area was
approximated by calculating the area beneath the plotted curve. Three profile
measurements were taken for one serpentine pattern per temperature, making a total
of 18 measurements. The cross-sectional area used for the resistivity calculations was
the average of all the measurements.
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Figure 34. (a) Enlarged view and (b) randomly measured profile of a printed line of a
meandered pattern on PI Kapton® substrate.

Resistivity change of the printed meanders during thermal sintering with
temperature ramp is depicted in Figure 35, while the same experiment with
temperature step is shown in Figure 36.
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Figure 35. Resistivity change of the meandered patterns during thermal sintering with
temperature ramp.

In both cases, a set of three meandered structures have been sintered at each
temperature. As expected, the higher temperature, the faster changes in resistivity.
We can divide each graph of thermal sintering process into three regions: the first in
which the patterns are still non-conductive and the instrument measures an infinite
resistance; the second is a transition phase, where resistivity quickly decreases in a
short period of time and the actual sintering phenomenon occurs; finally, a third
region with low resistivity changes.

These regions can be associated to the two basic stages of any sintering process (Falat,
Platek, & Felba, 2012). The first region corresponds to the first sintering stage, which
consists of the thermal decomposition and removing of surfacants. In this stage the
nanoparticles are still separated by the outer organic layers, so they do not touch each
other and therefore the resistance is too high. In the second stage, which corresponds
to the other two regions in our graph, the nanoparticle protective shells are removed
and the diffusion and recrystallization processes are dominant. At the start of this
phase, many new electrical paths between the nanoparticles are created within a
short period of time, so the resistivity quickly decreases. After this, the sintering
process slows down and the resistivity reduces much more slowly.
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Figure 36. Resistivity change of the meandered patterns during thermal sintering with
temperature step.

Table 3 collects the average measured resistivity of each set of meanders for the six
final temperatures and the two cases considered, with and without temperature
ramp. The numerical data of Table 3 are graphically displayed in Figure 37.

Table 3. Final resistivities as a function of final temperatures with temperature ramp and
temperature step in the thermal sintering process.

Final Temperature Final Resistivity (uQ-cm)
(°C) Temp. ramp Temp. step
100 345+05 28.2+04
120 22.6+2.4 17.4+0.4
140 17.5+1.1 14.5+0.5
160 13.7+1.4 12.13+0.19
180 11.6 £2.0 10.62 +0.14
200 109+04 9.41+0.12

As it can be observed, best resistivity values are achieved for the case of sintering
with temperature step. The difference is more significant for lower final temperatures
than for higher ones. In the case of temperature ramp, the best resistivity value
achieved is p = 10.9 £+ 0.4 pQ - cm for 200 °C, which is roughly seven times the value
of bulk silver resistivity, 1.59 uQ-cm (Lide, 2007).
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Figure 37. Final resistivities as a function of final temperatures with temperature ramp and
temperature step in the thermal sintering process.

The lowest value of p = 9.41 + 0.12 pQ - cm is achieved with temperature step at for
200 °C, which is about six times the value of bulk silver. These results are consistent
with the resistivity of 5—30 puQ-cm reported on the SunTronic ink manufacturer
datasheet. Measured resistivities are higher than bulk silver resistivity because
printed silver has smaller grain size and higher porosity than bulk silver. In
consequence, electrons scatter more at the grain boundaries of printed silver than on
bulk silver (Merilampi, Laine-Ma, & Ruuskanen, 2009; Salmerén, Molina-Lopez, et
al., 2014).

To further analysis, the starting times of the thermal sintering process were studied.
We have considered the starting time as the moment when the data acquisition unit
begins measuring a resistance value. The obtained values for the different
temperatures are included in Table 4.

Table 4. Starting times of thermal sintering process for different sintering temperatures with
and without temperature ramp.

Final Temperature Time when sintering starts (s)
(§(®) Temp. ramp Temp. step Time difference
100 1117 490 627
120 919 284 635
140 962 184 778
160 956 175 781
180 947 115 832

200 920 88 832
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The first remarkable fact is that sintering phenomenon starts long before in the case
with temperature step, which is understandable since the oven already has a high
temperature when the samples are placed inside it. In this case, the patterns start
sintering just after 88 seconds for the highest temperature, while they need more than
8 minutes for the lowest temperature. In other words, with temperature step the time
required to start the sintering process is closely correlated with the temperature. This
can be more clearly appreciated in Figure 38, which shows an enlarged view of the
first sixteen minutes of the thermal sintering process with temperature step.
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Figure 38. Enlarged view of Figure 36: Resistivity change of the meandered patterns during
thermal sintering with temperature step.

With temperature ramp, almost all printed structures start the sintering process at
approximately the same time, around 15 minutes after the samples are introduced
into the oven. This is true for all temperatures except for the lowest one, 100 °C. At
this temperature value, the starting time is about three minutes higher than the
average starting time of the other cases. This suggests that the reached value of
temperature is not high enough to cause the beginning of the sintering phenomenon,
as it happens with higher temperature values. As a consequence, the printed silver
tracks need more time to remove the protective surfactants layer. Figure 39 shows an
enlarged view of the thermal sintering process with temperature ramp.
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Figure 39. Enlarged view of Figure 35: Resistivity change of the meandered patterns during
thermal sintering with temperature ramp.

4.1.2 Electrical sintering

Thermal sintering has some disadvantages. First of all, it is a time-consuming
process. Moreover, some substrates can suffer from shrinkage when exposed to
typical sintering temperatures. There can be also undesired gas emission from the
substrate during the process. Finally, it is not an area-specific process, that is, the
whole structure needs to be sintered (M. L. Allen et al., 2008). Electrical sintering is a
method that overcomes some of these limitations. The key advantages of electrical
sintering are summarized in short sintering times and reduced substrate heating,
because heat generates only in the nanoparticle layer.

To test and characterize electrically sintered printed patterns, microstrip lines were
designed and fabricated using inkjet printing. A microstrip line is a type of
transmission line used for Electromagnetic (EM) wave propagation. Figure 40 shows
the geometry of this structure, which consists of three layers: a dielectric substrate
with a continuous ground plane on one side and a metallic signal conductor on the
other side. The characteristic impedance of the microstrip line depends on the
conducting strip width, height and length, as well as on the substrate properties such
as thickness, relative permittivity and dissipation factor. Line Calculator tool from
Advanced Design System (ADS) simulator (Agilent Technologies, Santa Clara, CA,
USA) was used for the combination of PI Kapton HN substrate and SunTronic U5603
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silver ink to find the geometric dimensions leading to the desired 50 €2 characteristic
impedance. In this case, the 75 um Kapton substrate with on one side metallized with
30 nm aluminum to act as the ground plane. An additional microstrip line on double
sided PCB with FR-4 substrate was designed and fabricated as a reference strip.

Conducting strip =——— lt

Dielectric substrate

Er r——1
Ground plane

Figure 40. Geometry of a microstrip line composed of three layers: conducting strip with lengh
l, width w and thickness t; dielectric layer with thickness h and relative permittivity &,; and
ground plane.

Table 5 shows the geometric dimensions obtained with ADS software for the rigid
FR-4 and the flexible inkjet-printed microstrip lines.

Table 5. Microstrip lines dimensions computed with Line Calculator from ADS to get a
characteristic impedance of 50 Q for the two different material combinations used.

Materials Substrate Conducting strip
Thickness h &r Length | Width w
Copper on FR-4 substrate 1.5 mm 46 | 46.5mm 2.7 mm
Silver ink on Kapton substrate 75 um 35 | 521 mm 168.9 um

According to the inkjet printed model previously reported in our research group
(Salmerdn, Molina-Lopez, et al., 2014), the irregularity in the contribution of the outer
part of the lines to the total width has to be taken into account if the printed element
is comparable in size with the diameter of one printed drop. In this case, the drop-to-
drop space is DTD =25 um and the desired width is 168.9 um, so the designed witdh
must consider the contribution of the outer drops as depicted in Figure 41.

As in the case of the meanders, a two-step printing process was carried out. Firstly,
the pads were printed and cured at 160 °C during 60 minutes in a convection air oven.
Then, the lines between the pads were printed. Since the printed line’s resistance just
after printing was too high to be electrically sintered, a thermal pre-sintering phase
was applied in order to establish an initial level of conductance prior to the
application of electrical current.
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Figure 41. Footprint of the designed microstrip line with dimensions.

The lines were preheated in the oven at 100 °C from 1 to 5 minutes. This preheating
time determines the initial resistance of the printed line, which ranges from hundreds
of ohms to several k(). After this, electrical sintering was carried out. Finally, the
Subminiature Version A (SMA) edge connectors were attached using silver Epoxy on
both ends of the printed lines in order to characterize their frequency response using
the Network Analyzer (ENA). The connectors were reinforced with glue to improve
protection against mechanical stress.

Figure 42. (a) Image of some inkjet-printed microstrip lines on PI metallized film with attached
SMA connectors. (b) Picture with the Dimatix fiducial camera of a printed microstrip line.
Figure 43 shows an example of a measured profile of a printed microstrip, while
Table 6 collects the obtained measurements of three samples with the Dektak XT™
surface profilometer. As it can be observed, we obtain an average width of 169.4 + 2.6
pum, which is very close to the designed value.
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Figure 43. Example of a randomly measured profile of a printed microstrip line on PI Kapton®
HN substrate.

Table 6. Width and effective thichness measurements of three printed microstrip lines with
the Dektak XT™ Stimulus Surface Profiling System.

# Microstrip line Width (um) Effective thickness (um)
1 171.1 0.697
2 166.4 0.650
3 170.6 0.634
Average 169.4 0.660
Standard deviation 2.6 0.033

The N6705A DC Power Analyzer, which was described in Section 3.2, was employed
to apply voltage to the printed lines for electrical sintering. By applying a potential
difference to both ends of the line, the generated electrical power accelerates the free
electrons to move through the conductive ink track. The collisional energy of free
electros with silver nanoparticles in the conductive ink is then changed to thermal
energy by joule heating (see Section 2.1.3). Several arbitrary voltage waveforms were
tested in order to cure the patterns, with different voltage and current values. Best
results were obtained by using a voltage staircase up to 25 V in 5 V steps, in other
words, 5 steps of 5 V each. A current limit of 0.2 A was set in the power analyzer
configuration. This voltage staircase was applied during 5 seconds, so that each 5 V
step was applied for 1 second. The obtained results for five microstrip line samples
are collected in Table 7. An average final resistivity value of 5.2 + 0.3 pQ-cm was
obtained, which is approximately 3.3 times the value of bulk silver resistivity, 1.59
uQ-cm (Lide, 2007). In comparison with the best resistivity values obtained after
thermal sintering, the resistivity with electrical sintering has been reduced by 44.6 %.
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Table 7. Initial and final values of resistance and resistivity for different microstrip lines during
the electrical sintering tests.

Initial Resistance Final Resistance  Electrical Final Resistivity
#Sample . .
((9)) (Q) sintering (uQ-cm)
1 1.1k 24.1 Voltage 5.17
2 587 24.4 Staircase 5.23
3 579 26.3 25V,5s 5.64
4 1.6k 23.3 5 steps, 4.99
5 592 23.4 0.2A lim. 5.02
V. Pulse
6 400 k 71.1 40V, 5s, 8.8
OCP=0.2A

Figure 44 shows the variation in the resistivity and the power of a printed microstrip
line during electrical sintering when the 25 V voltage staircase is applied. Note that
the power variation has an opposite tendency to the resistivity variation. There is an
abrupt rise in the power at the same time when the resistivity starts to sharply drop.
As it can be seen, actual sintering occurs within a very short time. Then, the power is
limited by the maximum current allowed through the sample.
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Figure 44. Variation in the resistivity and the power of a printed microstrip line when a 25 V
voltage staircase is applied for electrical sintering.

One limitation of the applied staircase waveforms up to 25 V was that sintering was
only achieved if the resistance of the preheated samples was relatively low (no higher
than some k(J). In the cases where the initial resistances of the lines were too high,
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sintering was not triggered. For this reason, a new arbitrary waveform consisting of
a 40 V voltage pulse during 5 secons was tested. The overcurrent protection (OCP)
was set to 0.2 A in the N6705A. Last row in Table 7 shows the result obtained for a
microstrip line with 400 k() initial resistance. In this case, an abrupt reduction in the
resistance down to 71 Q) is achieved after the application of a single voltage pulse.
Although the final obtained resistivity of 8.8 pu{)-cm is not as low as in the previous
cases, it is still lower than the best resistivities achieved with thermal sintering.

4.1.3 RF performance

The electrical responses at high frequencies of several inkjet-printed microstrip
transmission lines sintered with the two methods, thermal and electrical, have been
used to compare their RF behaviour. To do so, we used a vector network analyzer to
obtain the scattering or S-parameters of the microstrip lines, which are defined in
terms of voltage travelling waves. An N-port device has N? S-parameters. Our
microstrip lines are two-port devices, so they have four S-parameters, as depicted in
Figure 45. According to the numbering convention, the first number following the
“S” is the port where signal emerges, while the second number is the port where
signal is applied (see Equation 4.2). The incident terms (a;,a,) and output terms
(by, by) represent voltage travelling waves.

Incident S21 Transmitted
alt v
S11 d 57 b b2
Reflected S 99
b Port 1 Port 2 Reflected
" : 2 a2
Transmitted S12 Incident

Figure 45. Signal transmission and reflection (Keysight Technologies, 2014).

by = 511231 + 5422,

b, = S;1a; + Spaa, (42)
RF performance was assesed by measuring the forward transmission coefficient S,4,
which is a measure of the signal coming out port 2 relative to the RF stimulus entering
port 1. In other words, S,; is the ratio of the transmitted voltage to the incident voltage
when the output is terminated in a perfect Z; (a load that equals the characteristic
impendance of the DUT, which is in our case the microstrip line). This condition
guarantees that a, is zero, since there is no reflection from an ideal load.
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Transmitted b,

21 —

Incident al, _, (4.3)
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S21 means transmission loss or gain and will be negative if DUT has a loss, and
positive if DUT has a gain. To do so, the Network Analyzer described in Section 3.2
was employed along with a custom-made wood structure to avoid mechanical stress

of the lines, as depicted in Figure 46.

Figure 46. Measurement setup for the RF characterization of the printed microstrip lines,
including the E5071C Network Analyzer and the handmade structure.

Figure 47 illustrates the frequency response obtained for several microstrip lines.
Apart from the rigid line fabricated on FR-4 substrate, four samples thermally
sintered at three different temperatures (100 °C, 160 °C and 200°C) have been
measured. As for the electrically sintered lines, three samples sintered with the
staircase waveform and one with the voltage pulse have been characterized. The
transmission parameter S,, is presented in Figure 47 per length unit and normalized
to the value obtained at DC, so that the trend of this transmission parameter for each
case can be easily compared. The decay of the obtained value for S,; as frequency
increases is related to the loss phenomena. In a transmission line there are two types
of losses: the dielectric substrate loss and the ohmic loss in the conductors because of
the skin effect (Pozar, 2012). For typical substrates thicknesses used in PE, ohmic
losses become more significant as the frequency rises and they are usually larger than
dielectric substrate losses. For this reason, the decay in Szi can be attributed to losses
in the conductor.
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Figure 47. Measured frequency response of the transmission parameter Sz for the different
microstrip lines fabricated.

In any case, we can see from Figure 47 that frequency response of thermally sintered
lines have a similar trend than the response of the electrically sintered ones. This
suggests that the abrupt change in resistance during electrical sintering does not
degrade the RF behaviour of the lines as would be expected due to mechanical stress
of the line caused by an accelerated heating in electrical sintering. Therefore, we can
take advantage of the benefits that electrical sintering offers over thermal sintering
without renouncing their use at RF. As for the FR-4 microstrip line, we can observe
that its losses are significantly lower than inkjetted ones. In the first place, there is a
clear difference in the substrate thickness, which is 1.5 mm for the FR-4 lines and
about 75 pum for the inkjet-printed lines. On the other hand, conducting strip
conductivity and thickness are larger for the rigid FR-4 lines (copper has a resistivity
of 1.68 puQ-cm) than for the printed lines. This results confirm that ohmic losses
related to conducting layer properties play a critical role on RF performance.
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4.2 Circularly-polarized antenna with conductive
fabric

The results reported in this section are the outcome of a short stay in the Faculty of
Biomedical Sciences and Engineering at Tampere University of Technology (TUT) in
Finland. This Faculty belongs to BioMediTech, which is a multidisciplinary institute
for life sciences and medical technology bringing together research groups from TUT
and the University of Tampere. During the stay, I was part of the Wireless
Identification and Sensing Systems Research Group (WISE). This research group,
headed by Professor Leena Ukkonen, who supervised my stay, concentrates on
wireless biomedical sensors and wireless health technologies, implantable and body-
centric antennas, wireless data and power transfer in biomedical sensing systems and
novel antenna and sensor materials and their manufacturing methods. With more
than 120 publications in the last five years, WISE develops its research activity in
areas such as printed and stretchable electronics (Suikkola et al., 2016), printed RFID
tags on flexible substrates (Babar, Elsherbeni, Sydanheimo, & Ukkonen, 2013) or
wearable e-textile RFID antennas (X. Chen, Ukkonen, & Bjorninen, 2016; Koski,
Sydanheimo, Rahmat-Samii, & Ukkonen, 2014; ]. Wang et al., 2016).

During the stay we worked on the design, fabrication and characterization of a planar
circularly polarized (CP) e-textile UHF RFID tag antenna. As mentioned in Section
2.2.2, the most popular antennas in UHF band are the dipole-type antennas, whose
main advantage is their inherently omni-directional radiation pattern. In the same
section we also showed that the attainable read range of an RFID tag is not only
determined by the radiation pattern of the tag antenna, but also by the polarization
matching between the tag and the reader. This phenomenon is taken into account
through the polarization loss factor (PLF). Since dipole-based antennas are linearly
polarized, cross-polarization between dipole tag antenna and reader antenna can
emerge if linear antennas are used for reading. This can completely prevent the
power transfer in certain orientations of the tag. The most common approach to
remove the possibility of cross-polarization consists of using circularly polarized
antennas on the reader’s side. In this case, the polarization loss between the linearly
polarized tag antennas and CP reader antennas is 0.5 (-3 dB), no matter what the
orientation of the tag is (Bjorninen, Saghlatoon, Sydanheimo, Rahmat-samii, &
Ukkonen, 2014). Another way to have a polarization mismatch loss of -3dB consists
of using CP tag antennas with linearly polarized reader antennas. Using CP antennas
for reading as well would introduce again the possibility of cross-polarization if the
handedness of the tag and reader antenna are opposite.

The proposed CP tag antenna for the UHF RFID band was based on a previous design
from the same research group (Bjorninen, Ukkonen, Syddnheimo, & Elsherbeni,
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2010). The starting point for the design was two loops connected in series, which are
open-circuited from one corner to produce a circularly polarized radiation as
reported in (Morishita, Hirasawa, & Nagao, 1998). Since compact tags are preferred,
one of the major challenges in the design of a CP tag antenna is the size limitation (Lu
& Chang, 2014), which is not so critical for reader antennas. To achieve size reduction,
meandering in one side of each loop was introduced so that the loops appear
electrically larger. Tag antenna geometry is shown in Figure 48 and dimensional
values are listed in Table 8.

<+

Figure 48. Geometry of the proposed circularly polarized UHF tag antenna.

Table 8. Values of the dimensional parameters shown in Figure 48.

Parameter L W n p q r s t u v
Value(mm) 88 40.5 1 12 3 9.5 2 294 894 95
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The design and simulation of the tag antenna was carried out using Ansys HFSS
(High Frequency Structural Simulator) software, the industry standard for
simulating high-frequency electromagnetic fields. Figure 49 shows a screenshots of
the simulated UHF antenna in HFSS, where the spherical coordinates have been
superimposed. The angle 6 is known as the elevation angle and ¢ is the azimuth
angle, which is measured counterclockwise from the x-axis to the y-axis.

Figure 49. Screenshots of the designed and simulated UHF antenna using Ansys HFSS
simulation tool.

Less EMF Shieldit Super Fabric was used as the electro-textile conductor and 5 mm
thick EPDM cell rubber foam was used as the substrate. The characteristics of both
materials have already been reported in Section 3.1.4. The RFID chip NXP UCODE
G2iL was employed in this work. Figure 50 shows a picture of the fabricated UHF
RFID tag.

Figure 50. Circularly polarized UHF RFID tag fabricated with conductive fabric.
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To estimate the read range of the manufactured tag, measurements were conducted
inside an anechoic chamber with Voyantic Tagformance measurement system,? as
Figure 51 shows. Voyantic Tagformance system is based on a linearly polarized UHF
RFID reader with adjustable transmission frequency from 800 MHz to 1 GHz and
output power up to 30 dBm. It provides the recording of the backscattered signal
strength (down to —80 dBm) from the tag under test. Estimation of read range was
done by characterizing the wireless channel from the reader antenna to the tag
location and by recording the minimum output power of the reader (threshold
power) at which a valid 16-bit random number from the tag is received as a response
to a query command.

Figure 51. Measurements conducted inside the anechoic chamber using the Voyantic
Tagformance System.

Figure 52 shows the simulated and measured attainable read ranges of the e-texile
tag when it is placed vertical (along the X axis, see Figure 48) and horizontal (along
the Y axis) with respect to the RFID reader. In the simulation, the two tag orientations
were differentiated by considering the 6 and ¢ components of the gain when
computing the read range according to the Friis equation (Rao et al., 2005).

It can be seen that attainable reading distances above 2 m are achieved on the whole
frequency range for both orientations of the tag. In general, the 6 component of the
read range is around 1 to 1.5 m higher than the ¢ component. This is due to the gain
of the designed tag antenna, whose 6 component (in the elevation plane) is higher
than the gain in the azimuth plane. The largest read range was measured at 800 MHz
with a value of approximately 4 m.

2 Voyantic Ltd. http://www.voyantic.com/, last accessed: 10t Jan. 2018
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Figure 52. Simulated and measured attainable read ranges of the e-texile tag when placed
vertical (blue solid line) and horizontal (red dashed line) with respect to the RFID reader.

This work has allowed us to gain knowledge about conductive pattern transfer onto
fabric as well as antenna design. The combination of both insights results in an
interesting approach to develop RFID platforms compatible with textile
manufacturing. Despite the good results obtained, further work can be performed to
extend read range of the tag by improving impedance matching between the RFID
chip and the CP antenna. Moreover, on a wider level, it would be interesting to study
the influence of the human body on the radiation characteristics of the antenna.
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4.3 Passive printed LC-based humidity
measurement system

As previously mentioned, transfer of fully passive and printed sensing tags to
industry is currently a major challenge. Temperature and humidity are both
environmental magnitudes whose monitoring and control are advisable in a huge
amount of industrial applications. In that way, here we present the design,
fabrication and characterization of a printed chipless passive system for relative
humidity measurement based on a parallel LC resonator structure. Figure 53 shows
the footprint and geometric dimensions of the printed system, which basically
consists of a planar loop inductor in parallel with an IDE capacitor. Physical
dimensions are summarized in Table 9. In comparison with other structures, planar
IDE capacitors allow more direct interaction between the sensor and the surrounding
environment (Molina-Lopez et al., 2012).

21 mm — 1 mm

wur €°9¢

0.3 mm

Figure 53. Footprint and geometric dimensions of the passive printed LC-based humidity
measurement system.
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In the section devoted to chemical printed sensors in Chapter 2, we saw that a
possible approach to provide humidity sensitivity consists of depositing a sensing
layer on this structure with some humidity-dependent electrical property. The
variation of this property with humidity produces changes in the capacitance of the
device. But in this case, to simplify the fabrication process we have directly used a
polyimide flexible substrate as the sensing element (Boudaden et al., 2018). The
electrical permittivity of this material changes accordingly to the relative humidity of
the environment. Therefore, the capacitance of the IDE structure will change as a
function of humidity. This approach has already been used in literature (Fernandez-
Salmeron et al., 2015) but in this case, both elements have been manufactured with
screen printing.

Table 9. Physical dimensions of the capacitive interdigitated structure and the planar loop
inductor.

Parameter Value Description
Length 21 mm Length of each finger
Width 500 um Width of each finger
IDE Interspacing 400 um Distance between consecutive fingers
capacitor No. Fingers 20 Number of fingers of each electrode

Distance between finger in one electrode
and the backbone of the other electrode
Width 500 um Conductor width

Separation 1 mm

Interspacing 300 um Conductor spacing

L
in d(l)l(zlt)or No. Turns 15 Number of turns
Length 1 355mm  Length of outermost segment
Length 2 36.3mm Length of the other outermost segment

As explained in Section 2.2.1, the resonance frequency in a parallel LC circuit takes
place when the two reactances are equal, and it is inversely proportional to
inductance and capacitance. The humidity sensing strategy is based on the shift in
the resonance frequency because of the change in the capacitance of the printed
structure.

The system was screen-printed on 75 pum thick flexible Kapton® HN substrate using
the conductive silver-based ink CRSN 2442 (Figure 54). The tag was designed to
resonate at approximately 13.56 MHz (HF band). We chose this frequency band to
make the system potentially compatible with NFC technology. Physical dimensions,
summarized in Table 9, were obtained via numerical simulation. In the case of the
loop inductor, ADS simulator from Agilent was used, while COMSOL Multiphysics®



Pablo Escobedo Araque 93

(Comsol Inc., Burlington, MA, USA) was employed to optimize the capacitive
structure. The design goal was to achieve the minimum possible dimensions
accounting for the limitations of the printed technology employed.

Once the tag was fabricated, the AC electrical characterization was performed by
measuring its impedance, both magnitude and phase, using the Precision Impedance
Analyzer and the impedance probe kit described in Section 3.2. At dry atmosphere,
a capacitance value of 17.96 pF was measured at 13.56 MHz, while the measured
inductance at this frequency was 8.06 pH. The measured resonance frequency of the
parallel LC circuit at dry atmosphere was 13.88 MHz.

Figure 54. Picture of the LC-based humidity system printed on polyimide Kapton®.

The stationary humidity conditions of the tag were controlled in the climatic chamber
VCL4006, where a constant temperature of 20 °C was set. The obtained results,
depicted in Figure 55, show that resonance frequency of the LC circuit is shifted from
14.05 MHz at 10% RH to 13.36 MHz when RH is increased up to 90%. Therefore, there
is a significant change of about 685 kHz in the resonance frequency of the system.
Moreover, a nearly linear behaviour is observed in the resonance frequency shift
between these two RH limits.
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Figure 55. LC resonance frequency as a function of relative humidity.

Considering the flexible nature of the printed system, the reduced dimensions,
compact design and chipless approach, this design has the potential to be used in the
field of smart packaging applications, since humidity is a magnitude that can reveal
the condition of food. To further our research in this regard, we intend to develop a
wireless reader unit for this LC-based humidity sensing system (Babu & George,
2016).
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4.4 Compact dosimetric system for MOSFETs
based on passive NFC tag and smartphone?®

In-vivo dosimetry is a complementary technique to improve the quality of
radiotherapy treatments. The use of small sensor devices to reduce the distortion of
the irradiation delivered to the patient is highly advisable. P channel MOSFET
(pPMOSFET) dosimeters are becoming more popular for in-vivo dosimetry in
radiotherapy treatments. There are several commercial dosimetric systems based on
PMOSFETs (Best, Ralston, & Suchowerska, 2005; US 8,742,357 B2, 2008) and other
systems developed by some research groups (Carvajal et al., 2012; Vasovic¢ & Ristic,
2012).

Here we present a dose reader system for commercial pMOSFETs composed of a
smartphone and an NFC tag. The sensor module is connected to the NFC tag
configured as a reader unit. An Android application has been designed to use an
NFC-enabled smartphone for wirelessly powering the system up and reading the
dose measurements (Carvajal et al., 2017).

4.4.1 System description

The NFC tag consists of the following functional blocks, depicted in Figure 64: RFID
chip and antenna, a charge pump to increase the supply voltage, a current source,
conditioning electronic and a socket to connect the sensor module.

The RFID chip SL13A (AMS AG, Unterpremstatten, Austria) along with a custom
designed RFID antenna is used for energy harvesting, communication and sensor
acquisition purposes (AMS, 2014). This chip operates in HF band and it has a sensor
front end (SFE) that is able to measure voltage, current, resistance and capacitance.
In this work, the SFE is used as a single voltage input for the built-in ADC of the chip.
The ADC input signal must lie between 300 mV and 600 mV. In addition, energy
harvesting capabilities of the chosen NFC chip enable the development of battery-
free designs. The integrated circuit can provide a regulated voltage of 3.2 V with an
output current up to 4 mA if the external RF electromagnetic field from the RFID

3 ©2017 Part of this section, including Figures and Tables, have been reprinted and adapted
with  permission under the Creative Commons CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/.
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reader is adequate. Therefore, this RFID chip is able to provide up to 12.8 mW
without battery, which is enough to supply some additional circuitry.

2xVee Charge

uljmp antenna NEC p
N))

RF power supply

—

Conditioning
circuitry

Data transmission

|
! t\Sensor
—

— module

Figure 64. NFC tag and sensor module block diagram of the dosimetric system.

The antenna consists of a PCB custom-designed planar coil and the internal capacitor
of the SL13A. The RFID chip communicates with the smartphone through the
antenna and, in addition, the energy is harvested through the antenna and supplies
the tag. The chosen NFC chip integrates an internal tuning capacitor with a value of
25 pF at the frequency of interest, 13.56 MHz. Thus, according to the theoretical
background in Section 2.2.1, a simple coil with a value of 5.5 uH is required to obtain
a parallel LC circuit resonant at 13.56 MHz. The designed antenna coil has 12 turns
and dimensions of 30 mm x 20 mm. The width of the conductor is 200 um and the
interspacing between the lines is 250 um. The final number of turns and dimensions
were obtained after optimization process with numerical simulations with Advanced
Design System (ADS). Antenna and reader tag were fabricated on 1.5 mm thick FR4
substrate using a mechanical milling machine ProtoMat S100, as described in Section
3.1.3. The developed tag is shown in Figure 65. It operates without battery, only with
the energy harvested from the electromagnetic field coming from the smartphone
NEC link.

For electrical characterization of the tag antenna an impedance analyser was used,
the Agilent 4294A. For thermal measurements, four devices were introduced into the
climate chamber VCL4006 while the electrical parameters were registered with a
multimeter Agilent 34410A (Agilent, USA). For the app, Android Studio 2.3.1 was
used. The application was designed and tested against API level 22 (Android 5.1),
although the lowest API level compatible is API level 16 (Android 4.1). The
smartphone used in this work as the NFC reader was the Sony Xperia S.
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Figure 65. NFC tag with the functional blocks highlighted (a) and sensor module (b).

A different set of three sensor modules based on the commercial pMOSFET ZVP3306
(Zetex Diode, USA) were irradiated with a linear accelerator Siemens Artiste
(Siemens AG, Germany). A total of 20 Gy were provided in a series of five sessions
of 4 Gy each, with a field of 10x10 cm? with photon beams of 6 MV. The sensors were
placed at the isocenter of the irradiation source. In order to achieve the electronic
equilibrium, a 1.5 cm build-up layer of solid water was placed over the transistors.
To control LINAC stability and to verify dose measurements, a PTW23332 ionization
chamber (Radiation Products Design, Inc.; Albertville, France) was placed under the
sensor modules for every irradiation session.

The easiest way to measure the threshold voltage shifts of pMOSFET as radiation
sensor is the measurement of the source voltage shifts at constant current. To do so
and carry out dose measurements, a current source has been included in the tag as
well as a buffer to avoid that the conditioning circuit loads the current source. The
integrated circuit LM334 of Texas Instruments (Dallas, Texas, USA) has been used to
implement the current source with the circuit topology recommended by the
manufacturer of the LM334 to reduce the thermal drift of the output current, using
two resistors and diode (see Figure 66).

The buffer consists of a general propose bipolar transistor model BC848 (Infineon
AG, Germany), which avoids the subtraction of drain current by the voltage divider
and ADC of the SL13A. The collector current depends on the value of source voltage,
Vs, and it must be set for each transistor model and drain current selected, as it is
described in following sections for the transistor ZVP3306. The output of the
conditioning circuitry must lie between 300 and 600 mV because this is the input
voltage range of the ADC. Thus, a voltage divider is required and implemented with
R1 and R2 resistors. Moreover, a voltage shift of a reference voltage, Vet has been
included to reduce the voltage before the ADC, as Figure 66 shows.
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Figure 66. Signal and power conditioning: Buffer, voltage shift and voltage divider schematic
circuit of the tag reader.

The ADC input voltage is given by:

Ry
Vit = Rt R, (Vs ™ Vee — Veer) (4.4)

The selected Vref was the LM385-1.2 of Texas Instruments (USA) that provides a
stable voltage of 1.23 V with a typical thermal dependence of 20 ppm/°C. The main
restriction is that the reverse current must be between 0.01 and 20 mA. Taking into
account that the voltage source of the ZVP3306 was around 2.6 V at the chosen bias
current, the resistors R1 and R2 were selected as 15 k() to ensure a reserve current in
the LM385 of 0.03 mA, which is in the correct range of this reference voltage.

The power harvested by the antenna, after being rectified and regulated by the RFID
chip, is used to supply the switch capacitor voltage doubler based on ADM660
integrated circuit (Analog Devices, USA). This chip was chosen due to its low
quiescent current, 600 pA, and the easy doubler configuration in which only two
external capacitors are required. In this way, the regulated voltage of 3.2 V is
increased up to 6.4 V in order to increase the maximum drain-source voltage.
Assuming a DC/DC efficiency of 80 %, and considering the quiescent current of the
ADMBG660, the total power that must be provided by the SL13A is around 4 mW. This
power can be supplied by the SL13A if the inductive coupling between the coil of the
smartphone and the coil of the tag is appropriate.
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Figure 67 shows the sensor module, which consists of the pMOS transistors as
radiation sensor and a JFET that prevents the damage due to electrostatic discharge
during the storage and irradiation period. Since a negative voltage is not available in
the NFC tag, an N-channel JFET cannot be used. Therefore, a P-channel JFET
connecting the source and drain terminals of the pMOS has been used despite its
higher ON resistance. The J175 from NXP Semiconductors (Eindhoven, Netherlands)
was selected. This device presents a typical ON resistor of 125 Q) and a gate-source
cut-off voltage of 3 to 6 V. In our case, the gate was connected directly to the power
supply voltage, which was enough to cut off the JFET.

O S,pMOS

L
— G, JFET
[

R et

O D, pMOS

Figure 67. Sensor module schematic.

The pMOSFET drain and BJT collector currents were both selected both to properly
bias the device properly for reading out and to reduce the thermal coefficient of the
emitter voltage. The thermal behaviour assumed in the present work is a linear
model, as already assumed with good results in our previous works (Carvajal et al.,
2011; Carvajal, Martinez-Garcia, Guirado, Martinez-Olmos, & Palma, 2016; Carvajal,
Martinez-Garcia, Martinez-Olmos, Banqueri, & Palma, 2014). Therefore, the voltage
increments due to temperature changes (AT') can be written as follows:

AV{;DC = O(AT, AVS = (XsAT IAVBE = (XBEAT (45)

where a is the thermal coefficient of the ADC input voltage, ag is the thermal
coefficient of the source voltage and agg, is the thermal coefficient of the base-emitter
voltage. Neglecting the thermal dependence of the voltage divider and the reference
voltage, the thermal coefficient of the input A/D converter voltage can be obtained
from Equation 4.6 as follows:
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Ry

o0=—"—

(as — agg) (4.6)

If ag and agg are very similar, the thermal dependence of the voltage input of the
ADC will be minimized. According to our previous work (Carvajal et al., 2016), the
thermal coefficient of the source voltage of the ZVP3306 in saturation region with
gate and drain short-circuited and biased at a current of 220 uA was (-2.30 + 0.12)
mV/°C. In the same work, the reverse diode was characterized as temperature sensor,
obtaining a thermal coefficient of (-2.332 + 0.013) mV/°C for a diode current of 30 pA.
In the case of our previous reader unit, an operational amplifier instead of a bipolar
transistor was used as buffer. Thus, the method described above cannot be applied
to reduce the thermal dependence in dose measurements with the previous reader
unit. To minimize the thermal drift in that case, the drain current selected to measure
the increment of source voltage was 100 pA. At that current, the thermal coefficient
was minimum for these transistors (2.04 + 0.12) mV/°C. To sum up, the drain currents
used for dose measurements are 220 pA and 100 pA for the NFC reader and our
previous reader respectively, and 30 pA for the collector current of the buffer in the
NFC reader.

4.4.2 Android application

The chosen SL13A chip is compliant with the ISO15693 RFID standard and
compatible with Android near-field communication (NFC-V standard). The
application is based on the use of ISO15693 and cool-Log commands. These latter are
EPC (Electronic Product Code) custom commands with the same structure as the
standard ISO15693 commands. Figure 68 shows a screenshot of the application user
interface. It consists of several text fields showing information about the tag
identification number, temperature and the digital value of the external voltage read
through the SFE of the chip.

When the phone is approached to the tag, the user can start the application, which
programmatically activates the NFC of the phone. The system is powered up by the
electromagnetic energy from the mobile NFC link, the tag is detected and the
measurements are taken The ADC measurements from the external sensor interface
analog input are taken within an independent thread of the application that executes
during 10 seconds, reading a value of the ADC each 500 milliseconds. Each
measurement is written on a file that is stored in the internal memory of the phone.
After that, the NFC is automatically turned off. It is important to switch the NFC on
at the beginning of the measurement and then switch it off when the measurement is
concluded, because when a pMOSEFET is biased an initial decay of source-voltage is
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produced due to activation of low state. The effect of this decay is minimized if the
time during which the pMOSFET is biased before the source voltage measurement is
the same in every measurement. It should be noted that the smartphone needs to be
rooted first since Android API does not allow to enable or disable NFC
programmatically without root access.
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Figure 68. Screenshot of the custom designed Android application for the NFC reader
dosimetric system.

The alignment for identification of an NFC tag is not critical if the power
consumption of the tag is low, as it happens in typical digital applications such as
contactless payments. However, in tags with sensing capabilities with higher power
consumption, the inductive coupling between the external NFC reader coil and the
tag coil must be good enough. The distance must be as short as possible and both
coils should be overlapped, in order to optimize the energy harvested by the tag. In
our case, a wood structure was handmade to ensure the adequate and repeatable
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inductive coupling. The tag is placed into the structure keeping the sensor socket
accessible, as shown in Figure 69.

Figure 69. Experimental setup for NFC measurements using a custom-made wood structure
to ensure adequate and repeatable inductive coupling.

4.4.3 Results and discussion

Figure 70 shows the measured inductance and quality factor of the PCB coil without
the SL13A chip. The inductance at 13.56 MHz is 5.41 uH, very close to the designed
value. In addition, the quality factor achieved using a FR-4 substrate is higher than
60, enough for this type of applications, and the self-resonance frequency is much
higher than 13.56 MHz, about 36 MHz in our case. Therefore, the coil can be
considered valid for our requirements.

Once the SL13A is attached to the PCB, the resonant circuit is completed. Thus a new
frequency characterization was carried out, measuring the impedance and phase of
the parallel LC resonant circuit. In order to fine-tune the resonant frequency, a 4.9 pF
parallel capacitor has been included. As can be observed in Figure 71, the measured
resonant frequency is 13.575 MHz, which is very close to the desired working
frequency of 13.56 MHz.
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Figure 70. Inductance and quality factor of PCB planar coil without the SL13A chip.
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Figure 71. Impedance and phase of the antenna coil with the SL13A chip soldered on the PCB.
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The stability of the current source in terms of thermal dependence was measured
using a 12 kQ) resistor (equivalent resistance of the ZVP3306 at 220 puA) as load and
registering the current. The tag was supplied by a DC power source fixed at 6.4 V
and it was placed into the climate chamber. The temperature was varied from 0 °C to
50 °C while the output current was measured. Applying a linear fitting, the thermal
drift obtained was lower than 70 nA/°C, which is good enough for our requirements.
Therefore, we can consider the current source suitable for our design.

Once the thermal stability of the current source was verified, we studied the thermal
dependence of the whole sensor module. Four sensor modules were placed into the
climate chamber and the temperature was changed from 0 °C to 50 °C. The source
voltage of the pMOS transistor, Vs, and the emitter voltage of the BJT, Ve, were
registered (see Figure 66), and the thermal coefficient of these voltages were
measured for each sensor module. Finally, the average thermal coefficients of the set
of sensor modules was calculated. The global thermal coefficient of the set of sensor
modules was reduced from (-1.80 + 0.15) mV/°C to (0.63 £ 0.10) mV/°C. The thermal
compensation was not as good as expected due to the difference between the thermal
coefficient of the source voltage obtained in our previous work (Carvajal et al., 2016),
(-2.30 £ 0.12) mV/°C; and the thermal coefficient obtained in the present work (-1.80
+ 0.15) mV/°C. Anyway the thermal coefficient reduction is enough for our
requirements.

To test the NFC reader unit, a comparison with our previously developed dose reader
unit was carried out. Before irradiations, the source voltage for each sensor was
measured with our previous reader and the developed NFC reader unit. Five minutes
after the irradiation, the source voltage shift was measured. The obtained results from
the three analysed sensors using both the NFC reader unit and the previous reader
are displayed in Figure 72a and Figure 72b, respectively, and summarised in Table
10 for the three studied sensors.

Table 10. Sensitivities (mV/Gy) found for the three sensor modules using the NFC reader and
the previous reader unit.

#1 #2 #3 Average
NEFC reader 4.64+0.03 4.69 +0.02 4.92 +0.03 4.75+0.15
Previous reader 4.88 +0.02 4.89 +0.04 4.77 +0.03 4.85 +0.07
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Figure 72. Accumulated source voltage shift versus dose measured by (a) the NFC reader unit;
(b) the previously developed reader.

The average sensitivity found with the NFC reader unit is (4.75 + 0.15) mV/Gy, which
is in good agreement with the sensitivity measured by our previous reader, (4.85 +
0.08) mV/Gy. As expected, a higher standard deviation is found with the NFC reader
unit where the system simplicity does not allow the features of high performance
readers. In any case, technical specifications of the presented architecture can be
considered suitable to the majority of applications.
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Abstract

This work presents the design, fabrication, and characterization of a passive printed
radiofrequency identification tag in the ultra-high-frequency band with multiple
optical sensing capabilities. This tag includes five photodiodes to cover a wide
spectral range from near-infrared to visible and ultraviolet spectral regions. The tag
antenna and circuit connections have been screen-printed on a flexible polymeric
substrate. An ultra-low-power microcontroller-based switch has been included to
measure the five magnitudes issuing from the optical sensors, providing a spectral
fingerprint of the incident electromagnetic radiation from ultraviolet to infrared,
without requiring energy from a battery. The normalization procedure has been
designed applying illuminants, and the entire system was tested by measuring cards
from a colour chart and sensing fruit ripening.

4©2016 by the authors; license MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution (CC-BY)
license (https://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In its simplest form, a radio frequency identification (RFID) tag is composed of an
antenna and an integrated circuit (IC). Most popular RFID tags are low-cost passive
tags that draw energy from the electromagnetic field radiating from the reader when
they are within range of its interrogation zone [1]. In this regard, printed electronics
are a good solution to manufacture thin, wearable, flexible, lightweight, and cost-
effective electronic devices [2]. There are several examples of RFID tags produced
with printing techniques such as screen printing, gravure, flexography, and inkjet
printing, among others [3-7].

There is growing interest in including sensing capabilities in RFID tags in order to
expand their features, adopting different solutions to achieve this aim. On one hand,
some authors have associated the tag’s analog response (read range, resonance
frequency, backscattered power, etc.) with a variation in the monitored magnitude
[4,8-14]. However, although quite valuable results have been achieved, several
factors could interfere in link performance, making it difficult to distinguish whether
the change in the tag’s analog response is in fact due to a variation in magnitude or
to some other interference. Moreover, the RFID reader generally needs to include
additional circuitry to detect a tag response change. On the other hand, there are
some other approaches to design the sensor tag based on passive, semi-passive or
active operation modes proposed for packaging surveillance applications [15,16].
Some of these designs combine microcontroller architectures with RFID chips to
incorporate different environmental sensors together: temperature, light, and
acceleration [17]; temperature, humidity, and gases [18-20]; ion or gas concentration
[21-23]; pressure [24-26]; temperature with surface acoustic wave (SAW) sensors
[27,28]; or general RFID platforms [29-33]. Other single-chip sensing architectures
without a microcontroller unit have also been reported [34-36]. These strategies have
the advantage of both processing the sensor data directly in the RFID tag and
reducing costs. In addition, chipless RFID tags do not require any IC in the
transponder as they encode the data in the frequency or the time domain [37,38]. This
chipless approach has been used to develop tags sensing temperature [39], humidity
[40,41], surface cracks [42], gases [43,44], and visible radiation [45].

In this work, we present the design, fabrication, characterization, and validation of a
passive printed RFID tag with multiple optical sensing capabilities. The main novelty
is the ability to measure up to five magnitudes from different sensors with a unique,
fully passive printed tag. The tag, directly powered from the electromagnetic field
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that the RFID reader radiates, includes five photodiodes to cover a wide spectral
range: infrared (IR), visible region (blue (B), green (G), and red ((R) components), and
ultraviolet (UV). These sensors provide useful information to detect spectral data,
and their practical applications can be extended to areas such as colourimetry and
optical chemical sensing [46]. The tag has been printed on a flexible substrate using
screen-printing technology, making it adaptable to different shapes and useful in
smart packaging applications. The tag architecture boosts the sensing capabilities of
the RFID chip, allowing the use of five external sensors with a single chip, as
explained in Section 2. In Section 3, two possible applications are tested, both in the
context of reflective colour sensing. The first application consists of a simple colour
checker of plain-coloured cardboards. In the second application, the tag is used for
identifying the stage of banana ripening, from immature to overripe.

2. Materials and Methods

2.1. Sensor Tag Architecture

Figure 1 shows a schematic diagram of the RFID tag architecture. This architecture
was presented in rigid FR4 substrate in a previous conference paper [47]. The tag
comprises an SL900A RFID chip (AMS AG, Unterpremstaetten, Austria) compatible
with the EPC Gen 2 RFID standard [48], a microcontroller unit (MCU) PIC16LF1703
(Microchip Technology Inc., Chandler, AZ, USA), an RGB colour sensor KPS-
5130PD7C (Kingbright Electronic Co., Issum, Germany) with three silicon
photodiodes (one each for red, green, and blue), a Silicon PIN IR photodiode
TEMD?7100X01 (Vishay Intertechnology, Inc., Malvern, PA, USA), a UV Schottky-
type photodiode GUVA-5125D (Roithner LaserTechnik GmbH, Vienna, Austria),
and extra circuitry to interface the optical sensors.

Moreover, the RFID chip has a fully integrated temperature sensor and two inputs
for external sensors. We used this RFID chip in a previous work where two sensors
were handled with no MCU (Fernandez-Salmerdén et al., 2015). Now, we have
included a MCU to expand the possibilities of sensor reading with a novel strategy
based on controlling a low power array of analog switches as it will be explained
below. The tag has a passive architecture, in which the antenna harvests the energy
necessary for powering up the system from the reader’s EM field. The antenna was
designed to resonate at 868 MHz, corresponding to the UHF European RFID band.
The radio frequency interface includes an RF Surface Mount Device (SMD) inductor
to match the chip input impedance [48].
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Figure 1. Schematic diagram showing the optical sensor mode of the RFID chip and its
connection with the five photodiodes and the microcontroller unit.

The RFID chip is directly connected to the microcontroller, which was selected for its
low power consumption (nanoWatt XLP technology). The microcontroller
communicates with the RFID chip by means of a Serial Peripheral Interface (SPI) bus.
The RGB colour sensor and the IR and UV photodiodes are connected to the Sensor
Front End (SFE) of the RFID chip, which comprises different sensor conditioning
stages and a 10-bit Analog to Digital Converter (ADC). The voltage input range of
the integrated ADC is set with two voltage references (Vo1 and Vi) selectable in 50
mV steps from 160 mV to 610 mV. In addition, the Vo voltage reference can be
directly tied to ground. The Vet voltage defines the lower voltage limit, while the
upper voltage limit is defined by 2Vrwt — Voi. These voltage references allow the
selection of a particular resolution and range. As shown in Figure 1, the sensor
conditioning stage internally consists of an operational amplifier with negative
feedback, combined with a selectable feedback resistor Rt (185, 400, 875, 1875, or 3875
kQ). The non-inverting input is fixed at 135 mV. Therefore, this configuration is a
current-to-voltage conversion stage with selectable gain by choosing the value of the
feedback resistor. It allows measurements with an optical sensor based on a reverse-
bias diode current, such as a photodiode. The input voltage in the ADC V. is related
to the reverse diode current:

Ip = (Vad — 135 mV)/Rs 1)

Our RGB colour sensor is composed of a three-channel Si photodiode sensitive to red
(peak sensitivity wavelength Ap = 620 nm), green (Ap = 550 nm), and blue (Ap = 470
nm) spectral regions. The TEMD7100X01 infrared photodiode has a peak sensitivity
at 950 nm and the GUVA-512SD is sensitive to ultraviolet radiation (Ap = 350 nm).
Each photodiode channel generates a current proportional to the incident radiation.
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Figure 2 depicts the spectral sensitivity of each photodiode according to the
manufacturer’s data [49-51].
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Figure 2. Spectral sensitivities of each photodiode according to manufacturer’s data. Vertical
lines at 350 nm and 650 nm delimit the available manufacturer’s data for the RGB colour
Sensor.

In theory, the chip does not require any external components to read out a voltage
value. However, since we wanted to sequentially measure the output of each
photodiode in the same access, we included a switch based on five discrete MOS
transistors combined with the microcontroller unit. The transistors are BSS138LT1
NMOS (Semiconductor Components Industries LLC, Phoenix, AZ, USA) with a
resistance value in on-region Roson) = 3.5 Q). Each transistor is connected to the anode
of each photodiode (Figure 1). The sensors have a common cathode connected to the
inverting input of the operational amplifier (EXT2 pin in the RFID chip). The gates of
the five transistors are connected to different microcontroller outputs. The
microcontroller generates the switch control signals, sequentially activating each
output at a time. Therefore, one photodiode (ultraviolet, blue, green, red, or infrared)
is read at each access. Every time an output is active, the microcontroller sends an
SPI command to the RFID chip to measure the corresponding photodiode current.
Then, the microcontroller saves the sensor readings using SPI commands on a specific
location of the RFID chip’s non-volatile memory so it can later be accessed by the
RFID reader.
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At this point, we must state that the proposed switch array to interface more than
one sensor can be scaled up not only to five sensors, as presented here, but also to a
higher amount of them taking into account the availability of MCU I/O ports that can
be used to drive the switches. Therefore, we have designed a generalizable electronic
architecture as interface between multiple sensors and a single RFID chip for the
development of passive sensing tags.

In order to measure each photodiode output current, it is necessary to properly select
the feedback resistor value and the ADC input voltage range. In the case of the
feedback resistor, the RFID chip includes an autorange function that automatically
selects a proper R¢ value to provide unsaturated measurements within the ADC input
voltage range. As stated above, the limits of the ADC input voltage are Vret and 2V res
— Vo1. By default, these reference voltages are Vo1 =0 V and Vret =310 mV, so the ADC
input voltage ranges from 310 mV to 620 mV, leading to a detection range of reverse
diode current from 45.24 nA (with Re= 3875 kQ) to 2.62 pA (with Re =185 kQ). Other
detection ranges can be easily configured by choosing different values of Vo1 and Ver.
This is done through SPI commands sent from the microcontroller unit to the RFID
chip. The minimum detectable current is 32.3 nA and the maximum one is 5.86 pA.
Figure 3 shows the fabricated RFID tag with its main components labelled.

A commercial RFID reader compatible with EPC Gen2, DK-UHF RFID HP2 (IDS
Microchip AG, Wollerau, Switzerland) is used to power up and read the tag. The
latter is done by sending EPC Gen 2 Read commands to access the RFID chip
EEPROM memory locations where the measurements have been saved through SPI
commands. The RFID reader antenna consists of a circular polarized patch antenna
A0025 (Poynting antenna, Samrad, South Africa).

Figure 3. Screen-printed RFID tag on flexible substrate with all components.
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2.2. Fabrication Process

The tag pattern is directly printed on polyimide (PI) Kapton® HN (DupontTM,
Wilmington, DE, USA), a flexible polymeric substrate. The PI used has a thickness of
75 um, a relative permittivity (er) of 3.5, and a loss tangent (tand) of 0.002. The screen-
printing machine is a Serfix III (Seglevint SL, Barcelona, Spain). The screen used to
fabricate the single-layer screen-printed tag has a mesh density of 120 nylon threads
per centimetre (T/cm). The conductive silver-based ink is CRSN 2442 (Sun Chemical
Corporation, Parsippany, NJ, USA). Under these conditions, the printed layer
thickness is 13.3 pm and the resistivity is 39 + 4 uQ-cm [52]. After printing, the tag is
cured at a constant temperature of 150 °C for 20 min to enable the formation of the
conductive pattern and obtain the desired resistivity. To assemble the chips and the
external components to the substrate, a three-step process was carried out. First, we
interconnected the chips and silver pads by using the conductive resin H20E (Epoxy
Technology, Inc., Billerica, MA, USA). After this, a double layer of 50-pum-thick dry
adhesive, AR Clear 8932 (Adhesives Research, Inc., Glen Rock, PA, USA) was
attached to the bottom of the chips to fix them to the substrate. Finally, a heating
process was performed in an oven at 120 °C for 20 min to cure the conductive resin.
The E5071C Vector Network Analyzer (VNA) (Keysight Tech., Santa Clara, CA, USA)
was used to characterize the fabricated antenna. Considering the differential
character of the antenna measurement, we defined the S-parameter differential port
between port-1 and port-2 through a test fixture simulator included in the VNA. To
connect the antenna to the VNA, we used Ultra Miniature Coaxial connectors (U.FL)
(Hirose Electric, Tokyo, Japan) attached at the antenna feed point along with SMA to
U.FL wires. For calibration purposes, a full custom Short-Open-Load-Thru (SOLT)
calibration kit was used [35].

2.3. Methodology

To obtain the optical spectra as reference data in our experimental characterization
and validation, we used a high-resolution spectrometer model HR2000+ (Ocean
Optics Inc., Dunedin, FL, USA). This device has a spectral response range of 200 to
1100 nm and an optical resolution of 1.10 nm, with a 14-bit ADC module and a fiber
light input method. The output of our RFID sensor tag consists of five current values
(one for each photodiode) defining a spectral fingerprint. To adapt the spectral
fingerprint obtained with our RFID tag, composed of five coordinates, to the
spectrum measured by the spectrometer, the following procedure was carried out:

1. Standard normalization of the response of the five photodiodes according to their
spectral sensitivities. The aim is to obtain an equivalent spectral graph with the
same area under each photodiode response curve, but with a flat spectral
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sensitivity. To do that, we divide the area under the spectral sensitivity curve of
each photodiode by its bandwidth (see Figure 2). The result of each division is
the height of the flat sensitivity whose area is the same as the original spectral
sensitivity. Then, we calculate the inverse of these heights. Finally, we normalize
them to obtain the normalization factor assigned to each photodiode.

2. Multiplying each current value of the spectral fingerprint (obtained with our
RFID tag) by each corresponding normalization factor calculated in Step 1. The
result of this step is a set of five coordinates.

3. Assigning each of the five coordinates of the spectral fingerprint to the peak
sensitivity wavelength of each photodiode (350, 470, 550, 620, and 950 nm).

4. Considering one of the values of the new spectral fingerprint and its associated
wavelength. Then, calculating the factor necessary to get the same value as that
obtained with the spectrometer at that particular wavelength.

5. Applying this calculated factor to the five coordinates of the spectral fingerprint.
6. Repeating Steps 4 and 5 for the rest of the coordinates.

7. The final spectral fingerprint is the average of all the values obtained for each
photodiode. The error is calculated as the standard deviation of all the values for
each photodiode from Steps 5 and 6.

This procedure was developed and optimized by comparing the spectral coordinates
from our system to the spectrometer measurements for the studied illuminants. We
used seven standard illuminants: white LED (cool and warm), infrared LED, UV
lamp, fluorescent light, tungsten halogen lamp, and daylight. As a result, the
calculated normalization factors for the five photodetectors were: 1.00 for the UV;
0.75, 0.57, and 0.30 for the blue, green, and red photodiodes, respectively; and 0.29
for the IR photodetector.

The next step was to validate this methodology by identifying cards from a colour
chart. We carried out reflective colour-sensing measurements using several plain-
coloured cardboards as targets: white, red, green, blue, orange, yellow, and brown.
A cool white LED model XPGWHT-L1-0000-00H51 (Cree, Inc., Durham, NC, USA)
was used as an illuminant. The geometric setup of the illuminant and detector
consists of a typical 45°/0° geometry setup to carry out diffuse reflectance
measurements (Figure 4). In this type of reflection, the target surface properties
modify the spectrum of the incident light. The RFID reader is placed at the base of
the setup to read the output of the photodiodes in the tag. The reader can be moved
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away from the target surface up to the maximum read range, which will be shown in
the next section. To apply our system in a real situation, we then replaced the
cardboards with a banana in order to monitor its stage of ripeness. Bananas change
colour from green to yellow as they ripen, then becoming dark brown as they get
overripe. The illuminant, setup, and procedure used in the banana experiment were
the same as those used with the cardboards.

Iluminant

(/B‘ (cool white LED)
h=5cm

| _"—I Detector

(RFID tag)

Target
(cardboard or banana)

Figure 4. The 45°/0° geometry setup used to carry out diffuse reflectance measurements with
the plain-coloured cardboards and the banana.

3. Results and Discussion

3.1. Antenna Characterization

The antenna in Figure 3 is the typical dipole antenna based on the development kit
recommended for the SL900A chip by the manufacturer (AG 2014), with final
dimensions of the antenna arms of 5.5 mm in width and 79 mm in length. The dipole
arms have been bent to optimize the occupied area. The input impedance of the
dipole at 868 MHz is (31.1 +j9.4) Q. This dipole is designed to achieve the same real
part of the impedance as the RFID chip (31.1 - j286) Q) [53]. The imaginary part is
compensated with an SMD matching inductor series 3650 of 51 nH and a quality
factor of 60 at 900 MHz (TE Connectivity, Ltd., Schaffhausen, Switzerland) placed on
one of its arms. Antenna gain is 0.661 dBi, directivity is 2.401 dBi, and efficiency is
66.97% at the working frequency. These parameters have been obtained by EM
simulation with Advanced Design System 2013 (Keysight Technologies Inc., Santa
Rosa, CA, USA).
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Figure 5 compares the dipole antenna measured response with the simulated one.
The obtained resonance value at 868 MHz is —12.5 dB, whereas the simulated one is
-13.6 dB. Additionally, we observed a wider range of response. The maximum read
range can be calculated using a Friis free-space equation [54]:

rangepy,x = ——

= @)

A Gtag Greader 1:)reader TPLF

Stag
where A is the wavelength, Gug is the tag antenna gain, Greader is the reader antenna
gain, Preader is the effective power transmitted by the reader, Swg is the RFID chip
sensitivity, T is the power transmission coefficient, and PLF is the polarization loss
factor. In our case, the transmission power is 26 dBm and the reader antenna gain is
7 dBi at 868 MHz, according to the manufacturer. The PLF includes the polarization
mismatch between the reader antenna (circular polarization) and the tag antenna
(linear polarization), with a value of 0.5 (-3 dB). The minimum threshold power
necessary to activate the tag and answer the identification inquiries of the EPC
protocol is Stg = -15 dBm. However, extra power is required to drive the SFE [35] and
power up the microcontroller unit. This power is collected from the reader’s radiated EM
field. Therefore, the chip sensitivity to read out a value of the photodiode current is
increased to —3.98 dBm. Assuming ideal conditions (t=1 and Giwg=0.661 dBi as obtained
by the EM simulation) and considering the chip sensitivity to be -3.98 dBm, the read
range should be 1.5 m, according to Equation (2). The measured read range of 1.1 m
for the RFID tag is slightly smaller than the simulated one, perhaps due to the non-
ideal behavior of the printed conductive layer, reducing the tag antenna
performance. To measure this range, the RFID reader antenna was attached to a
tripod and placed in front of the tag at the same height. The measurements were
taken in an anechoic chamber.

1S, (dB)

14r ---- Measured | ]
-16 | — Simulated |
_1 8 L L L
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Frequency (MHz)

Figure 5. Simulated and measured differential S-parameter of the UHF dipole antenna
showing minimal return loss at 868 MHz.
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3.2. Tag Performance: Spectral Response

Figure 6 shows the final step of an iterative process where spectral fingerprint
coordinates and the full spectral response are fitted. Error bars come from the
standard deviations calculated in the final step of the methodology explained in
Section 2.3.

Four illuminants are placed directly facing the photodiodes in the tag for this figure.
The resulting procedure for computing the spectral fingerprint is an estimation based
on the spectral sensitivities provided by each photodiode manufacturer. Despite this,
the normalized experimental results can be fitted to the spectral emissions of each
illuminant. Therefore, after this optimization process and accounting for the
normalization factor correction, the spectral fingerprint obtained allows the
identification of the illuminant source applied to the tag.

Figure 6. Comparison of the normalized spectral responses measured with the spectrometer
and the spectral fingerprints obtained with the RFID tag for different types of illuminants: cool
white LED, ultraviolet lamp, tungsten halogen light, and daylight. Lines are
spectrophotometer outputs and dots are spectral fingerprint coordinates.
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3.3. Validation and Application in a Real Situation

Apart from the possibility of identifying different illuminants, this passive tag has
been used to conduct reflective colour-sensing measurements. We first carried out a
validation of this type of measurement using a colour chart as the target. Figure 7
shows the results for seven plain-coloured cardboards: the three primary colours
(red, blue, and green), white, yellow, orange, and brown. The illuminant is a cool
white LED and the setup is as depicted in Figure 4. It can be observed that the
spectrum of the incident light measured with the spectrometer has been modified in
accordance with the cardboard surface colour. The spectral fingerprints obtained
with the RFID tag also reflect the colour change, and the relative heights of its five
coordinates allow the identification of the cardboard colour as well.

(a) (b)

Figure 7. Comparison of the normalized spectral responses measured with the spectrometer
and the spectral fingerprints obtained with the RFID tag for reflective colour-sensing
experiments with: (a) red, green, and blue cardboards; (b) white, yellow, orange, and brown
cardboards.

Along the same line, we propose an application for our RFID tag in a real situation:
identification of the ripening stage of fruit. To this end, we consider a banana as the
target and monitor the progress of its ripeness from immature to overripe (see Figure
8a). The banana can be classified as immature, ripe, or overripe according to the
relative positions of the five components in its spectral fingerprint. Figure 8b shows
photographs of the banana at each ripening stage. Given the colour shift from green
to dark brown, an illuminant with a high green component, such as the one used in
this study, could be the most suitable one to measure the ripening process.
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(@) (b)

Figure 8. (a) Normalized spectral responses measured with the spectrometer and spectral
fingerprints obtained with the RFID tag for the progress of banana ripeness from immature to
overripe; (b) Photographs of the banana tested in its different ripening stages: immature, ripe,
and overripe.

Table 1 presents the spectral fingerprint values obtained with our RFID tag for the
different targets considered: on one hand, the plain-coloured cardboards used for the
validation process, and on the other hand, the banana used for its ripening stage
identification. In these cases, most of the information is contained in the blue, green,
and red coordinates. This is due to the spectral characteristics of the light source used
as an illuminant. Nevertheless, this information is enough to identify the colour in
the case of the cardboards and the ripening stage in the case of the banana. Other
radiation sources with significant spectral information in the ultraviolet or infrared
regions could also be used as illuminants.

Table 1. Spectral fingerprint coordinates obtained with the RFID tag for the reflective colour-
sensing experiments with the plain-coloured cardboards and the banana ripening stages.

Spectral Fingerprint Coordinates

Target
uv B G R IR

White 0.37 = 0.56 + 0.194 + 0.0027 +

cardboard 0.007+0.003 0.04 0.05 0.018 0.0006
0.36 + 0.51 + 0.0042 +

Red cardboard  0.006 + 0.004 0.04 0.07 0.38 +0.05 0.0017
Green 0.32 + 0.80 = 0.154 + 0.0036 +

cardboard 0.005+0.005 0.03 0.06 0.011 0.0013
0.34 + 0.52 + 0.140 + 0.0018 +

Blue cardboard  0.007 + 0.003 0.05 0.08 0.020 0.0007
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Yellow 0.265 + 0.98 + 0314 + 0.0051 +
cardboard 0.005 +0.005 0.017 0.06 0.018 0.0014
Orange 0.34 + 0.69 £ 0.0058 =
cardboard 00000047 0.14 0-42+0.08 0.0021
Brown 0.45 + 0.85 + 0.0050 +
cardboard 000000040, 0.07 0.29+0.03 0.0023

Immature 0.0011 + 0.26+ 090 .o oo 0.00026%
banana 0.0003 0.05 0.07 0.00008

. 0.00084 + 031+ 0.968 + 0.00021 +
Ripe banana 0.00007 0.03 o011 41004 0.00018
Overripe 043 + 0.62+ 0.2198 + 0.0012 +
banana 0.008 = 0.006 0.04 0.05 0.0021 0.0011

4. Conclusions

This work describes a passive printed UHF RFID tag with multiple optical sensor
capabilities. Five photodiodes have been integrated on the tag, covering a wide
spectral range from ultraviolet to infrared regions. A microcontroller-based switch
circuit has been designed and tested to allow the multiplexing of several photodiodes
to one SFE input. Furthermore, the chosen RFID chip has a built-in temperature
sensor. Therefore, six different magnitudes can be measured in every reading in a
fully passive mode. The tag has been manufactured by screen-printing on a flexible
polymeric substrate. This system boasts a very high sensing capability, in this case
up to six different magnitudes in the same tag. The implemented switch array
expands the capabilities of the sensor-enabled RFID chip, which includes at most two
inputs for external sensors. As the switching process is sequential, this interface
solution is scalable, the number of available MCU I/O pins being the only limitation
to the number of sensors that can be interfaced.

The operation of this passive tag has been successfully demonstrated. First, using
several standard illuminants, a procedure was defined to obtain the spectral
fingerprint of the target illuminant. Therefore, these types of RFID tags would be very
useful to detect different light conditions. Subsequently, tag performance was
validated through reflective colour-sensing measurements. In this regard, the
spectral fingerprints obtained with our RFID tag were modified by the target surface
colour, using a cool white LED as an illuminant and different plain-coloured
cardboards as targets. As the main limitation, we have detected some influence of the
label/illuminant source position on the tag results that should be minimized in later
refinements of this design. Also, the measured read range of the tag is limited to 1.1
m. Beyond this range there is no longer sufficient power to drive the SFE of the RFID
chip and power up the MCU, whose measured power consumption in operation
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mode is 0.42 mW. Finally, we have proposed a real-life application using the same
technique to identify the ripeness of a banana from immature to overripe. These
results could be extended to the study of other fruits or food in general, and the tag
could be used in smart packaging applications.
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Abstract

In this work we describe a passive screen printed flexible tag for gas monitoring that
can be used in sealed environments. The developed measurement system is based on
chemical sensors that are sensitive to gases concentration presenting optical
response, luminescent or colourimetric. The measuring electronics consist of a LED
for optical excitation of the sensing membrane and a high resolution digital colour
detector for the reading of the optical signal. A microcontroller receives and processes
the data enabling the detection threshold for the corresponding gas. The whole
system is powered by two miniaturized solar cells that provide 4 V and up to 250 pA
each one. This system can run in sunlight or using a bright artificial light as the only
energy source. The information of the inner environmental conditions regarding the
gas concentration is transmitted to the user through a simple optical code using

5 ©2016 This manuscript version is made available under the Creative Commons CC-BY-NC-
ND 4.0 license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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colour light-emitting diodes. These LEDs are activated to indicate whether the
concentration of the monitored gas is within the expected limits, or not. Two
prototypes based on this architecture and only changing the sensing module have
been developed and applied for the determination of two common gases: oxygen and
carbon dioxide. In the first case, a luminescent chemical sensor is used while in the
second, the sensing membrane presents a colourimetric response. Both types of
sensors can be used in this design. Resulting limits of detection are compatible with
assessment of modified atmosphere packaging.

Keywords: Passive tag; Optical gas sensing; Colour detector; Light energy
harvesting; Sealed environment sensing.

1. Introduction

Modification of the atmosphere composition in sealed environments is a common
technique to improve the preservation of the contents. It is applied to prevent the
inside from biological hazards, plagues, humidity, etc. In the food industry, modified
atmosphere packaging (MAP) is traditionally used to preserve the freshness of fresh
produce, meats and fish by controlling their biochemical metabolism [1, 2]. It is
basically performed by injection of some gas or gas mixtures in the package with the
objective of displacing or inhibiting others than can be detrimental to the content.
Classical MAP technologies consist of nitrogen flushing, vacuum packaging and
carbon dioxide injection [3, 4], and they have been used commercially for many years.
Some recent MAP approaches make use of an inert gas (e.g. argon) flushing for fruits
and vegetables [5], or carbon monoxide injection and high oxygen flushing for red
meats [6].

Other sectors also draw upon atmosphere modification in enclosed environments
with protection aims. For example, archaeological and art museums and private
collections use storage in sealed chambers where the gas composition has been
modified to avoid the deterioration of the items. The use of microclimate boxes with
a modified gaseous content has become popular in the last decades. This interest
arose from the need to reduce the deteriorating effects of oxygen [7]. The oxygen
concentration in a microclimate box can be reduced to less than 0.05% as a method
for the treatment of insect-infested museum objects. The Royal Mummy Collection at
the Egyptian Museum is stored in sealed glass cases with an oxygen-reduced inert
atmosphere of nitrogen at low relative humidity which suppresses both biological
activity and oxidation in proteinaceous material [8]. In other cases, an atmosphere
with high concentration of carbon dioxide about 60% is used to eliminate insect
plagues in museums [9, 10].
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In these modified and sealed atmospheres, it is of great importance to monitor the
gas mixture composition, in order to maintain the gases proportion and detect small
breaches or holes or its modification by bacterial activity. In some cases, this
monitoring is accomplished by means of invasive methods such as the circulation of
gas samples through pumps or needles to a gas analyzer and its later return to the
sealed case [11, 12]. Nevertheless, this strategy is lately being replaced by non-
invasive methods that maintain intact the sealing of the package or storage. This has
the advantage that no package has to be sacrificed and therefore, it has an
advantageous economic impact. These techniques are gaining great diffusion in the
sector of intelligent or smart packaging of food and beverages. Intelligent packaging
is an extension of the communication function of traditional packaging. It
communicates information to the consumer based on its ability to sense, detect, or
record external or internal changes in the product’s environment. Examples include
time—temperature indicators (TTI), gas leakage indicators, ripeness indicators, toxin
indicators, biosensors, and radio frequency identification tags [13].

For the transmission to the user of the information regarding the atmosphere
conditions inside the package, electronic circuitry is often included in the envelope
[14, 15]. Radio frequency identification (RFID) has been adopted as a major
technology for the development of tags included or impressed on the packaging for
the reading of the gas sensors and the transmission of the data to a remote RFID
reader [16-18]. This technology presents the advantage of allowing the design of
passive circuits that obtain the required power supply for the operation of the
electronics from the near field generated by a remote RFID reader when it is
approached to the tag [19, 20]. Therefore no battery is used in these tags, reducing
the cost and extending its autonomy. Nevertheless, passive tags based on RFID
require the inclusion of a large size antenna, usually screen-printed which limits the
integration of the circuit. Moreover, the user needs an external RFID reader for its
operation. In the last few years, these RFID passive tags have been combined with
alternative sources of energy harvesting, specially solar energy, with the aim of
maintaining the sensors working while there is no communication with an external
RFID reader, or to increase the power supply for the whole system [21, 22]. Still, these
designs are yet dependent on the presence of an external RFID reader and the
integration of an antenna for wireless communication and energy harvesting.

In this work we describe a passive tag for gases determination based on optical
chemical sensors that can be used in sealed environments. Unlike the mentioned
designs based on RFID technology for data transmission and energy harvesting, the
tag presented here is powered by means of two miniaturized solar cells. To the
authors” knowledge, this is the first report of a passive tag for gas concentration
measurement where the power supply relies only on light energy harvesting, and no
other source of power supply such as batteries or near field energy harvesting is used,
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as it happens in the tags where RFID protocol is implemented. The results of the gas
measurement are visually transmitted to the user through a simple colour code. This
is done by means of colour light-emitting diodes (LEDs) that are activated to inform
whether the monitored gas concentration is below or above a programmed limit.
Therefore, this system acts as a threshold detector, which is enough for most of
applications in the mentioned field.

The use of the proposed system can be extended for the determination of any gas if
a corresponding chemical sensor with optical response, luminescent or colourimetric
isincluded. In order to evaluate the performance of the proposed architecture, in this
work two different tags based on this scheme and using both luminescent and
colourimetric sensors have been developed for the monitoring of oxygen and carbon
dioxide, two of the main gases employed in modified atmosphere techniques [23, 24].

2. Experimental

2.1. Reagents and materials

2-Hydroxyethyl cellulose (HEC, average Mv ~90,000), meta-cresol purple sodium salt
(MCP), glycerin, sodium bicarbonate, tetrahydrofuran (THF), platinum
octaethylporphyrin (PtOEP), and polystyrene (PS, average MW 280 000; Tg, 100 °C;
GPC grade) were all sourced from Sigma—Aldrich Quimica S.A. (Spain). As reflective
layer white duct tape from 3M (Minnesota, USA) was used.

The tag is directly printed on 75 um thick polyethylene naphthalate (PEN, Kaladex
PEN Film, Dupont Teijin Films, Japan). This substrate was chosen because of its high
optical transmission in the visible spectrum and good adherence. The screen-printing
machine was a Serfix III (Seglevint S.L., Spain). The screen used to fabricate the
single-layer pattern has a mesh density of 120 nylon threads per centimeter (T/cm).
The conductive silver-based ink is CRSN 2442 (Sun Chemical Corporation, New
Jersey, USA). After printing, the pattern was sintered at a constant temperature of
120°C for 5 min. To assemble the chips and external components to the substrate, a
two-step process was carried out. First, the chips and silver pads were interconnected
using the conductive resin H20E (Epoxy Technology, Inc., Massachusetts, USA).
After this, the conductive resin was cured in an oven at 120 °C for 20 minutes.

2.2. Instruments and software

The electrical characterization of the system was carried out using the following
laboratory instrumentation: a mixed signal oscilloscope (MSO4101, Tektronix,
Oregon, USA), an 81/2-bit Digital Multimeter 3158A (Agilent Technologies,
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California, USA), a 15 MHz waveform generator 33120A (Agilent Technologies), a
Precision Impedance Analyzer 4294A and an impedance probe kit (42941A) (Agilent
Technologies), a DC power supply E3630A (Agilent Technologies) and a balance
DV215CD (Ohaus Co., New Jersey, USA). A user interface made in Visual Basic was
used in a computer for calibration purposes.

The standard mixtures for instrument calibration and characterization were prepared
using N2 as the inert gas by controlling the flow rates of the different high purity
gases Oz, COz and N2, entering a mixing chamber using a computer-controlled mass
flow controller (Air Liquid Espafia S.A., Spain) operating at a total pressure of 760
Torr and a flow rate of 500 cm? min-.

2.3. System description
2.3.1. Membranes preparation

Sensing membranes containing luminophore for Oz were prepared from a cocktail
that contains 100 mg of PS dissolved in 1 mL of freshly distilled THF, using an
ultrasonic bath, and 0.5 mg PtOEP. The sensor preparation consists of the casting on
one side of the support with 20 uL of cocktail A. After that, the support was left to
dry in darkness in a desiccator that had a saturated THF atmosphere for 1 hour at
room temperature [25].

Sensing membranes for CO2 were prepared from a cocktail containing 12.5 mg of
HEC, 1.4 mg MCP, 2.25 mg NaHCOs and 37.5 mg glycerin all dissolved in 1 mL of
water, using an ultrasonic bath. The sensor preparation consists of the casting on one
side of the Mylar support with 20 uL of cocktail B. After that, the support was left to
dry in darkness in a desiccator for 6 h at room temperature.

2.3.2. Description of the instrument

The novel architecture consists of a small electronic tag screen printed on a flexible
substrate of dimensions 38 x 19 mm?2. This tag is intended to be attached on the
external surface of the sealed case that contains the modified atmosphere to be
monitored, or it can even be directly printed on the envelope of the package. The
optical gas sensor is printed or deposited on the inner surface of the cage or container,
aligned with the sensing electronics. This measurement technique has been
previously described by the authors [19]. As explained above in the Introduction
section, the objective of this work is to develop a flexible screen printed passive tag
that does not require the use of RFID technology for the communication with the
user. The benefits of this approach are the elimination of the large-size antenna
needed in this protocol and an easier interaction with the user because it does not
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require an external RFID reader to power the tag and obtain the data. This implies
that any non-expert user can read the information provided by the tag. The approach
followed in this work for generating the power supply of the prototype is based on
light energy harvesting. The whole design is based on the specification that the
system is powered through two mini solar cells model CPC1824 (IXYS Integrated
Circuits Division, California, USA). Each cell provides an output of 4 V and a current
up to 100 pA at direct sunlight (6000 lux), according to the manufacturer
specifications. Nevertheless, it has been proved that a bright light with intensity
higher than 6000 lux produces an output current up to 250 uA, value that depends
on the intensity of the incident light and the load applied to the cells.

Figure 1 shows the electrical characterization of a single solar cell in terms of output
current | and power P versus output voltage V when it is illuminated by the light
source used in this study. The light source is a 5 watt compact LED hand torch that
contains a white LED model CREE XPG R5 (Cree, Inc. North Carolina, USA). This
device generates a white light with an intensity of 400 lumen. The maximum
available output power under these conditions is achieved at the Maximum Power
Point (MPP), which in this case is 0.8 mW at 3.7 V. Due to the selection of components
of ultra low power consumption the maximum power required for our tag is around
1.5 mW. Therefore, at least two solar cells must be included in the design to generate
a maximum power of 1.6 mW. When these two cells are arranged in parallel
configuration, the output voltage of the structure is 4V, and the supplied current is
190 pA, which is very close to the MPP, as it can be seen in Figure 1.
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Figure 1. Electrical characterization of a single solar cell illuminated in the tests conditions.
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The sensing module of the system is composed of an excitation LED and a high
resolution digital colour detector. The LED must be selected according to the
application of the system, i.e., the chemical sensor used to measure a given gas. If the
sensor presents luminescent response, that is, it emits a luminescence when it is
excited at a given wavelength, the LED is chosen to excite at this particular excitation
wavelength. If the sensor used is a colourimetric one, i.e. it shows colour variation
with the concentration of the gas, the LED selected is white.

A digital colour detector is used to register the optical response of the chemical
sensor. The model used in this design is the 511059-02DT (Hamamatsu Photonics,
Japan), which is an I>C interface-compatible colour detector sensitive to red (Apeak=615
nm), green (Apeak=530 nm), blue (Apeax=460 nm), and infrared (Apeak=855 nm) radiation.
It outputs detected results as 16-bit digital data for each colour. Besides its high
resolution and compatibility, it has been selected over other detectors used in
previous works [19, 26] due to its very low power consumption (250 uW in operation
mode), which makes this device optimal for passive designs. The output of the colour
detector is serially sent as digital words to the microcontroller model PIC16LF1703
(Microchip Technology Inc., Arizona, USA). This device is selected because of its
extreme low-power features such as an operating current in the range of
microamperes. A temperature sensor model MCP9700A (Microchip Technology Inc.)
is included in the design. This sensor presents an accuracy of +1°C and a very low
current consumption of 6 HA. A temperature sensor is necessary when the chemical
sensor used in a given application presents temperature drifts that have to be
corrected by the microcontroller [27].

Both the colour detector and the microcontroller are digital components, so they are
not affected by variations in the power supply provided by the solar cells that can
arise from changes in the intensity or angle of the incident light, as long as the voltage
and current are enough to allow their operation. The temperature sensor is an analog
device, but it shows a stable output that is not affected by variations in the power
supply, as long as it remains above 2.3 V to keep the sensor activated. The only device
that could produce a misreading of the gas concentration if variations in the output
voltage and current of the solar cells are produced is the excitation LED. The intensity
of the light emitted by this LED affects the response of the optical chemical sensor
when it is luminescent type, or directly the measurement of the colour detector when
the sensor presents a colourimetric response. The emission of the excitation LED
must be stable, but it depends on its polarization current and voltage. Therefore, a
voltage reference consisting of a Zener diode is included in the design, configured in
parallel to the excitation LED, as it is shown in Figure 2.
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Figure 2. Polarization of the excitation LED

The Zener diode is reverse polarized, establishing a voltage drop of Vz from anode
to cathode of the excitation LED. This voltage drop must match the required
polarization voltage for the excitation LED, so both Zener and LED diodes must be
designed to be complementary. With the structure depicted in Figure 2, variations in
the output voltage caused by the solar cells are absorbed by the serial resistance,
while variations in the output current are absorbed by the Zener diode. In that way,
the polarization of the excitation LED remains fully stable.

green and red LEDs Zener diode excitation LED colour detector

solar cells

substrate

microcontroller temperature sensor

Figure 3. Photography showing the different smart tag components. The white circle indicates
the region where the sensing membrane is placed.
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Figure 3 presents a photography of a generic developed tag based on the described
scheme. As it has been explained above, the selection of the excitation LED and the
associate Zener diode depends on the specific application of the tag, and more
particularly, on the optical gas sensor included in the system. The rest of the
components are common to any tag developed following the presented architecture.

When the sensing module performs a measurement, the data regarding the colour
detection and temperature are received by the microcontroller, where the calibration
curves are previously stored. The microcontroller generates an estimation of the gas
concentration based on these data and the result is compared to a pre-established
threshold that determines whether the concentration is correct inside the sealed
environment or not. The microcontroller activates the green or red LED to inform the
user about the result of this measurement, therefore making unnecessary the
presence of a wireless data transmission protocol such as RFID.

3. Results and Discussion

The measurement platform described in the previous section has been applied to the
determination of two common gases in modified atmospheres, namely oxygen and
carbon dioxide. The system is able to monitor only one gas, hence two different tags
have been developed in order to measure Oz and CO2. The gas sensors employed
present different optical responses; therefore the configuration of the tags must be
distinct, as it is explained below.

In the case of Oz, a chemical sensor based on luminescence quenching of the complex
PtOEP is used. This sensor has a long lifetime, the long term stability of luminophore
membranes shows a phosphorescence decreases by some 20% after 210 days [27] and
a low price of 3,2-103 € per sensing membrane.

This luminophore produces an emission at the wavelength of 645 nm corresponding
to red region of the visible spectrum when it is optically excited at 537 nm, which
corresponds to green light [28]. An excitation LED model SMP2-UPGC (Bivar Inc.,
California, USA.) with peak emission at 536 nm is used due to its low power
consumption. For a direct polarization voltage of 2.5 V, this LED requires a low
current of only 40 uA. The corresponding Zener diode used to fix the polarization of
the excitation LED to 2.5 V according to Figure 2 is the model LM285-2.5-N (Texas
Instruments, Texas, USA) which is reverse polarized with a small current of 20 pA.
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Figure 4. Sensing set-ups showing the excitation and reading devices of the Oz sensor (A) and
CO2 sensor (B).

The emitted luminescence of the oxygen sensitive luminophore in response to the
optical excitation is captured with the colour detector as it is schematized in the
Figure 4A. The output digital word corresponding to the red component of the colour
detector is a direct measurement of the intensity [26] when the system is optically
isolated. The internal filters of the colour detector avoid the influence of the excitation
green light on the measurement of the luminescence emitted by the oxygen sensor,
since the output of this device corresponding to the incident red light is only affected
by this luminescence. The intensity of this luminescence under stable optical
excitation is attenuated when the concentration of the surrounding oxygen increases,
as it is shown in the Figure 5A.

A B
0% O2 100% O2 0% CO2 100% CO2
Figure 5. Optical response of the Oz (A) and CO: (B) sensors.
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This system has been calibrated in the full range 0-100%, with 6 replicas at room
temperature (21°C) for each concentration. For data acquisition, the microcontroller
programmer model Pickit 3 (Microchip Technology Inc.) is configured in debugger
mode and used to obtain the colour measurements. The results are shown in Figure
6, where logarithmic scale in the vertical axis is used for a better visualization of the
data. Error bars are included in the graphic but they are too small to be appreciated.
The intensity is directly taken as the red coordinate reading from the colour detector
when a stable optical excitation is applied.
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Figure 6. Calibration curve of the system with the Oz sensor.

As it was expected, the measured data can be fitted to a potential curve in the form
[24, 26] I = a-[O2]f, with a = 16136.42 and P = -0.5894, being the coefficient of
correlation, R2=0.9958.

The CO: sensor is based on the acidity of this molecule [29]. The sensor contains an
acid-base indicator (MCP) showing an optical response in the form of colour
variations when the concentration of the surrounding CO: changes. The colour of this
sensor varies from dark blue to yellow when the concentration of carbon dioxide
raises from 0 to 100% as it is shown in Figure 5B. This sensor has been proved to be
stable for 9 months [30]. It also has a very low cost of 5-105 € per sensing membrane.
The advantages of using of water-based sensors instead of the widely used organic-
based sensors for CO: are their less toxicity and higher stability since quaternary
ammonium salts are not used [25]. These characteristics gain great importance
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especially for food industry applications. The drawback of CO: water-based sensors
compared to organic-based sensors is the higher response times [30].

Since the response of this sensor is colourimetric, the measurement protocol is
slightly different than the previous case. Figure 4B presents the arrangement of the
sensing module in the case of colourimetric sensors. Here the excitation LED used is
white, considering that the parameter to be determined now is the colour of the
membrane. The model of the LED used is LW-QHS8G (OSRAM Licht AG, Germany),
which can be polarized at 2.5 V with a low current of 30 uA. Being the polarization
voltage the same as the one in the configuration for the oxygen sensor, the same Zener
diode is used. Since the excitation and detection devices are placed on the same side
of the tag, the colour measurement is carried out by reflection of the emitted white
light. As it is depicted in the Figure 4B, a reflective layer is attached to the gas
sensitive membrane. This layer consists simply of a white porous adhesive paper that
allows the flux of gas through it. Using this configuration of the tag, the CO:2 sensor
has been calibrated in the full range 0 to 100%. To quantify the colour variation of the
membrane, an intensity parameter has been defined from the values of the R, G and
B coordinates given by the colour detector [31]:

I =R +G? 1 B2 (1)

Figure 7 presents the data obtained in the calibration process.
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Figure 7. Calibration of the system with the CO: sensor.
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In this case, the measured data can be again fitted to a potential curve in the form I =
a-[CO2]?, being now o = 1506.12 and = 0.0828, and R? = 0.9955.

The resolution of this system can be obtained from the potential curves found in the
fitting of the experimental data, taking derivatives in both sides of the equation and
approximating these derivatives to increments [28]. By doing so, the obtained
expression for the resolution is:

Al 2)

where X is the concentration of Oz or CO:z and Al is the error or uncertainty in the
determination of the intensity I. This intensity is defined as the value of the red
component of the detected light in the case of the oxygen sensor.

Therefore, for this case, Al = AR is the resolution in the quantification of the R
coordinate. In the case of the carbon dioxide sensor, the intensity is defined as
expressed in Equation 1. The uncertainty in the determination of this intensity is
calculated by taking derivatives again:

R G B
Al = —AR + —AG + —AB 3)
I I I
In the ideal case where no external source of error in the measurement of the gas
affects the response of the system, the errors AR, AG and AB are given by the
resolution of the colour detector, that is, 1/216=15-10¢ arbitrary units since this device
codifies the measured light in 16-bits words. In practice, the response of the system
is affected by small instabilities of the concentration in the gases mixture surrounding
the gas sensor, temperature drifts, etc. The experimental resolution in this study is
calculated by taking the errors AR, AG and AB as the standard deviation of the
measurements for six replicas, which take values in the range 0.5 to 2 arbitrary units.
These uncertainties are much higher than the used in the theoretical study; therefore
significative differences in the theoretical and experimental resolutions are expected.

The limit of detection (LOD) was obtained using the standard criteria: LOD = yb + 3sb,
where yb is the average blank signal and sb is the standard deviation of the blank,
which is determined using at least 10 replicas. Table 1 presents the obtained values
of resolution and LOD for both study cases. As it can be seen, very good specifications
are achieved with the presented system. In particular, the low values of the LOD in
oxygen and carbon dioxide, 170 ppm (0.017%) and 720 ppm (0.072%) respectively,
make the developed tag optimal for its use in the determination of the concentration
of these gases in sealed environments such as microclimate boxes or MAPs.
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Table 1. Resolution and LOD of the two tags.

Theoretical resolution  Experimental resolution

Gas (ppm) (ppm) LOD (ppm)
1.3x10° (at 1%) 6.4 (at 1%)

02 1.6x107 (at 21%) 100 (at 21%) 170
3.4x102 (at 100%) 2057 (at 100%)
1.4x10° (at 0.5%) 93 (at 0.5%)

CO: 2.2x102 (at 15%) 1416 (at 15%) 720
1.5x10 (at 100%) 9594 (at 100%)

In these cases, the O: concentration can be reduced up to a 0.05%, and the CO:z2 is
usually maintained above 2%. The limits achieved with the presented system cover
these values more than enough, so a high resolution threshold detector can be
implemented with the proposed tag for any application in modified atmospheres
controlling.

4. Conclusions

In this work the architecture of a full passive tag for the detection of gas threshold
concentration in sealed environments is presented. The power supply is provided by
means of two mini solar cells that are able to harvest light energy from solar radiation
or from a bright artificial light source such as a hand torch. The selection of very low
consumption components for the measurement electronics allow the use of this
power source, with a total power consumption below 1.6 mW. The determination of
the gas concentration is based on chemical sensors with optical response that is
registered through a high resolution digital colour detector. This system has been
evaluated for the measurement of two gases Oz and COz, by means of two different
developed tags, although any gas sensor showing optical response can be used.
Results show that a high experimental resolution of 6.4 and 93 ppm in the best case,
and a low limit of detection of 170 and 720 ppm for oxygen and carbon dioxide
respectively, are achieved using both luminescent and colourimentric sensors. A
threshold of gas concentration can be programmed in the microcontroller, and the
system generates an optical output through green and red LEDs to inform the user if
the monitored gas inside the package or cage is below of above this limit.

To the best of our knowledge, this is the first report on an electronic system with these
characteristics which does not require the use of a RFID protocol for data
transmission and energy harvesting, relying the power supply only on light energy
harvesting. The use of this tag covers a wide range of applications in different areas
where the monitoring of gases composition in modified atmospheres is required.
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Abstract

In this work we present a full-passive flexible multi-gas sensing tag for the
determination of oxygen, carbon dioxide, ammonia and relative humidity readable
by a smartphone. This tag is based on NFC technology for energy harvesting and
data transmission to a smartphone. The gas sensors show an optic response that is
read through high-resolution digital colour detectors. A white LED is used as the
common optical excitation source for all the sensors. Only a reduced electronics with
very low power consumption is required for the reading of the optical responses and
data transmission to a remote user. An application for Android operating system has
been developed for the power supplying and data reception from the tag. The
responses of the sensors have been calibrated and fitted to simple functions, allowing
a fast prediction of the gases concentration. Cross-sensitivity has been also evaluated
finding that in most of the cases is negligible or easily correctable using the rest of the
readings. The election of the target gases has been due to their importance in the
monitoring of modified atmosphere packaging. Resolutions and limits of detection
measured are suitable for such kind of application.

¢ Reprinted (adapted) with permission from Escobedo, P.; Erenas-Rodriguez, M. M.; Lépez-
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The control of the conditions for food and beverage preservation in packaging
systems has been widely studied in the last decade. The importance of guaranteeing
the safe condition of the food, protecting it from external contamination, has led to
an increasing interest of the companies in intelligent packaging technologies as well
as the presence of this kind of systems on the markets. The research carried out on
this subject has provided some innovations such as smart and active packaging,
modified atmosphere packaging (MAP), and edible films/coatings.! Smart packaging
is a system that allows the monitoring of the properties of packaged foods and its
environment, communicating their state to the manufacturer, retailer and consumer.?
Active packaging includes additives or components that have an active participation
in the preservation of the food and beverage. MAP is used as a technique to modify
the environmental conditions inside the packaging in order to introduce some gas or
gas mixtures to avoid the spoilage of the contained food."?* Some of the traditional
MAP technologies use nitrogen flushing, vacuum packaging and carbon dioxide
injection.# In recent studies, different gases have been introduced in the modified
atmosphere such as argon for fruits and vegetables,® or carbon monoxide and high
oxygen concentrations for red meats.” MAP technology is often combined with smart
packaging in order to inform the user if the atmosphere within the package suffers
any modification due to small breaks in the envelope that might produce the spoilage
of the content.

For the reading and transmission to the user of the information regarding the
atmosphere conditions inside the package, electronic circuitry is often included in the
envelope.®® This electronics should be small size and low-power consumption.' In
this field, radio frequency identification (RFID) and more recently near field
communication (NFC) has been adopted as a major technology for the development
of tags included or impressed on the packaging for the reading of the gas sensors and
the transmission of data to a remote RFID/NFC reader.!"3 This short-range radio
technology presents the advantage of allowing the design of passive circuits that
obtain the required power supply for the operation of the electronics from the near
field generated by a remote reader, such as an NFC-enabled mobile device, when it
is approached to the tag.!#!> Therefore no battery is used in these tags, reducing the
cost and enabling autonomous operation.

In the recent years, many passive RFID tags with sensing capabilities conceived for
monitoring the status of food in smart packaging have been reported.!¢17 Most of
them are based on gases detection inside the package.’®1? Recently, the availability of
NFC-enabled mobile devices such as smartphones has avoided the necessity of a
specific RFID reader for data collection from the RFID tags. As a consequence, the
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smart packaging based on this technology is being lately oriented to this protocol for
data transmission.?0?! Previous work of the authors presented the implementation of
passive tags conceived to be used in smart packaging for the monitoring of gases
concentration in modified atmospheres.'#2? In these papers, we proved the feasibility
of the development of low cost battery-free electronics systems based on optical
sensors for the control of the gases commonly presented in modified atmosphere
composition and the rapid detection of the envelope damages that can alter this
composition producing the content spoilage.

In this paper we propose a passive tag for multi-gas sensing based on RFID/NFC
technology for energy harvesting and data transmission with new sensing
capabilities: the number of gas sensors has been incremented to four. Furthermore,
we have developed an Android application that allows in-situ measurement of the
four gases concentration using an NFC-enabled mobile phone. The analysed gases
used for evaluating the status of the inner modified atmosphere are oxygen and
carbon dioxide, which are two of the main gases used in MAPs.?% The other two gas
sensors measured by our prototype are aimed to detect and quantify the presence of
ammonia and humidity, two magnitudes that can reveal the spoilage of the food.2628
The detection of these four gases is based on the use of chemical sensors with optical
response. This approach allows a physical separation of the sensors, which can be
placed inside the package in contact with the inner atmosphere, whereas the reading
and processing electronics remain on the outside of the package. In addition, a
temperature sensor is included in order to compensate the temperature drifts of the
gas sensors, as well as to evaluate temperature variations of the environment than
could also affect the content.?

Experimental Section

Reagents and materials

The chemicals used for the preparation of the sensing cocktails are: tributyl
phosphate (TBP), o-nitrophenyloctylether (NPOE), a-naphtholphthalein, crystal
violet, bromophenol blue sodium salt, 5,10,15,20-tetrakis (pentafluorophenyl)-
21H,23H-porphine palladium(ll) (PdTFPP), tetraoctylammonium hydroxide
(TOAOH), cetyltrimethylammonium bromide (CTAB), ethanol, toluene, acetone,
butyl acetate, polystyrene, ethyl cellulose, cellulose acetate, and nafion 5%WT. All
the reagents used are analytical-reagent grade purchased from Sigma-Aldrich
(Madrid, Spain).

The tag is screen printed on flexible substrate, specifically on 100 um thick
polyethylene naphthalate (PEN, Kaladex PEN Film, Dupont Teijin Films, Tokyo,
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Japan), using silver conductive ink model CRSN 2442 (Sun Chemical Corporation,
Parsippany, New Jersey, USA). PEN film was chosen because of its high light
transmittance of 87% and good adherence. The screen-printing machine was a Serfix
III (Seglevint S.L., Barcelona, Spain). The screen used to fabricate the single-layer
pattern has a mesh density of 140 nylon threads per centimeter (T/cm). After printing,
the pattern was sintered at a constant temperature of 120 °C for 5 min in a convection
oven (Venticelll Medcenter Einrichtungen Gmbh, Planegg, Germany). After
sintering, four circles to contain the four sensing membranes were screen printed
using vinyl matt ink (Areny Color SL, Alicante, Spain) on the other side of the tag.
These circles act as barriers to prevent the membranes from spreading. Finally, to
assemble the chips and external components to the substrate, a two-step process was
carried out. First, the chips and silver pads were interconnected using the conductive
resin H20E (Epoxy Technology Inc., Billerica, Massachusetts, USA). After this, the
conductive resin was cured in the hot air oven at 120 °C for 20 min.

Instruments and software

The electrical characterization of the system was carried out using the following
laboratory instrumentation: a mixed signal oscilloscope (MSO4101, Tektronix,
Oregon, USA), an 8 1/2-bit Digital Multimeter 3158A (Agilent Technologies, Santa
Clara, California, USA), a 15 MHz waveform generator 33120A (Agilent
Technologies), a Precision Impedance Analyzer 4294A and an impedance probe kit
(42941A) (Agilent Technologies), a DC power supply E3630A (Agilent Technologies)
and a balance DV215CD (Ohaus Co., Parsippany, New Jersey, USA). The standard
mixtures for instrument calibration and characterization were prepared using N2 as
the inert gas by controlling the flow rates of the different high purity gases Oz, COz,
NHs and N2, entering a mixing chamber using a computer-controlled mass flow
controller (Air Liquid Espafia S.A., Madrid, Spain) operating at a total pressure of 760
Torr and a flow rate of 500 cm3 min-1. Advanced Design Simulator (ADS, Agilent
Technologies, Santa Clara, California, USA), a software based on the momentum
method, has been used for the design and simulation of the printed antenna. To
implement the Android application in the mobile phone, Android Studio 2.1.2 was
chosen as the integrated development environment (IDE).

System description
Membranes preparation
The composition of the different sensing membranes and their preparation depends

on the analyte that is going to be detected as well as the quantities of each one. The
carbon dioxide sensing cocktail is prepared by the mixture of 64 uL of TBP, 320 uL
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of solution of 4.7 mg of a-naphtholphthalein in 4.27 mL of toluene/ethanol (80/20),
58.3 mg of ethyl cellulose in 1 ml of toluene and 600 uL of TOAOH.30 Ammonia
sensing cocktail is composed by 40 mg of cellulose acetate, 2 mg of bromophenol blue
sodium salt, 37 mg of NPOE, 4.5 mg of CTAB in 2 mL of acetone.31 Oxygen sensing
cocktail is prepared by the solution of 4.9 mg of PATFPP in 5 mL of polystyrene 60
mg/mL in butyl acetate. Finally, the humidity sensing cocktail is prepared by the
mixture of 1.27 mL of a solution of crystal blue 1.75 mM in methanol and 1 mL of
nafion 5%WT.32

Afterwards, 7 uL of each sensing solutions were dropped using a micropipette in the
round designed area for that purpose and let it dry at room temperature for 2 hours
in the darkness. Once the sensing membranes are dried, the tag can be used for the
determination of the four gases.

Description of the passive sensing tag

The proposed architecture consists of a RFID tag printed on a flexible substrate for
the monitoring of four different gases by means of chemical sensors with optical
response. The system is fully passive, therefore no battery is needed to supply the
prototype. Instead, the power supply is obtained from the energy harvested from the
near electromagnetic field induced by an external RFID reader. In this case, the reader
is an NFC-enabled mobile phone. Since the system is battery-free, it has been
designed using very low consumption devices. Figure 1 shows a block diagram of
the proposed system.

antenna ﬂ
4 gases
sensing module
[ 4 '\"
micro- Temp. | RFID RF power supply
controller | | | sensor | chip - . | =
Data transmission

Figure 1. Block diagram of the complete system.

The analysis of the concentration of these gases is based on optical chemical sensors
that are disposed on the inner face of tag in form of membranes. These membranes
are optically excited and their optical responses are registered and related to the
concentration of the objective gases. The printed interconnections and the required
electronics for excitation and reading of the gas sensors and the data transmission is
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attached to the external face of tag, therefore the sensing membranes are the only
elements that can be placed inside the package.

The sensing module is presented in the scheme of Figure 2. It consists of four gas
sensors disposed in form of round membranes. These sensors are excited using a
common white light-emitting diode (LED) situated in the centre of the sensing
membranes (Figure 2(A)). In this way, the four sensors are excited together. For the
reading of the optical response of the gas sensors, a digital colour detector is situated
on the external surface of the flexible substrate directly facing each sensing
membrane (Figure 2(B)).

sensing membranes white LED
AN PR o e colour detector
/ R \
I ]
1 1
PR Lol A e Ny ]
white J \ Y ! substrate (PEN) ——« e —x p—_
1 1
: : /
\ 1
———————————— sensing membrane reflective layer

reflected light

Figure 2. Bottom view (A) and lateral view (B) schemes of the sensing module.

In order to ensure that the emitted white light reaches by reflection the sensing
membrane, a reflective layer permeable to gases consisting of white duct tape from
3M (St. Paul, Minnesota, USA) is placed covering each membrane and part of the
white LED. The optical response of each membrane, luminescent or colourimetric, is
registered by the corresponding colour detector.

Figure 3 presents the complete system. A wide-surface diffused white LED model
ASMT-MYHO0-NDFO00 (Avago Technologies, San José, California, USA) is used as the
common optical excitation for the four sensing membranes. This LED has a very low
power consumption of only 0.8 mW. The colour detector used in this design is the
511059-02DT (Hamamatsu Photonics, Hamamatsu, Japan), which is an I2C interface-
compatible digital detector sensitive to red (Apeak=615 nm), green (Apeak=530 nm), blue
(Apeak=460 nm), and infrared (Apeak=855 nm) radiation. The measured incident
radiation is codified in four words of 16 bits, one for each colour. Besides its high
resolution, it has been selected due to its very low power consumption of 250 uW,
which makes this device optimal for passive designs.
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microcontroller white LED sensing membranes

RFID chip colour detectors NFC antenna PEN

Figure 3. Photography of both sides of the developed tag.

The digital outputs of the four colour detectors are directly transmitted by means of
the I2C bus to the microcontroller model PIC16LF1703 (Microchip Technology Inc.,
Chandler, Arizona, USA), which also presents very good features regarding low
power consumption. In this application, the consumption of the whole system is 8.5
mW in operation mode. The RFID chip is a device which integrates a radio-frequency
(RF) interface that allows a wireless communication with an external RFID reader.
The model selected here is the SL13A (IDS Microchip AG, Switzerland, since 2012
acquired by AMS AG, Unterpremstdtten, Austria), which is a widely-used interface
for the development of RFID/NFC tags.?*%® This device is compliant with the
ISO15693 RFID standard. It is also compatible with Android near-field
communication (NfcV standard). This component can be powered from the
electromagnetic field induced in the antenna by the external reader, which makes it
suitable for the development of passive tags. The SL13A integrates an on-chip 8kbit
EEPROM and a built-in temperature sensor. In addition, this device is able to power
supply the rest of the circuitry with a voltage output of 3.4 V and a maximum current
of 4 mA, that is, a maximum power of 13.2 mW, which is enough for this application.
The antenna is a custom-designed screen printed inductor. Resonance is achieved at
wo = VLC, being about 25 pF the capacitance of the RFID chip at the frequency of
interest, 13.56 MHz. Thus, the inductance value required for the resonation of the
system at the frequency of 13.56 MHz is about 5.5 pH. The designed printed inductor
has seven turns and dimensions of 65 mm x 40 mm, being 500 um the width of the
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conductor and the interspacing between the lines. The frequency response of the
antenna as well as the resonant frequency of the full system antenna-RFID chip has
been evaluated. The measured values of inductance and quality factor at the
frequency of interest are 5.32 uH and 1.43, respectively. The impedance of the tag
reaches a value of 817 Q at the resonant frequency, in this case 13.68 MHz. Although
this value is not exactly the desired working frequency of 13.56 MHz, it is valid for a
wireless operation following the ISO15693 protocol specification.

Android application

An Android application has been developed to use an NFC-enabled smartphone as
the external reader for the sensing tag. The application has been designed and tested
against API23. However, to support different Android versions, the lowest API level
compatible with the application is API 16. The application user interface consists of
several text fields showing information about the tag identification number, current
temperature, values of each colour detector and gases concentration computed from
these values.

19V, 01157

FID Multigas Sensor Tag

E036000000000001
Temperature: 241 °C

Sensor 1: NH,| |Sensor 2: CO,
R: 02A9=681 R: 0561=1377
G: 026B=619 G: 0649=1609

B: 0120=288 B: 02F8=760

Sensor 3: RH Sensor 4: 0,.

R: 0286=646 R: 0390=912
G: 04AB=1195 G: 0236=566
B: 016A=362 B: 012 L

MEASURE

Figure 4. Smartphone running the Android application.
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When the smartphone is approached to the tag, it is detected, the Android application
is started and the system is powered up. After this, the white LED switches on, the
microcontroller sequentially reads the digital outputs of the four colour detectors by
means of the I2C (Inter-Integrated Circuit) protocol and it computes the different
gases concentrations. Then, the microcontroller saves all these measurements using
the SPI (Serial Peripheral Interface) protocol on specific locations of the RFID chip’s
non-volatile memory. These memory locations are accessed by the Android
application through the NFC interface using the ISO 15693 NFC protocol, and the
results are displayed on the screen of the smartphone, as shown in Figure 4. This
whole procedure takes 812 ms to complete. The application also gets the temperature
value measured by the RFID on-chip temperature sensor. The explained procedure
is repeated each time the user clicks on the Measure button of the application user
interface.

Results and Discussion

The multi-gas sensing tag has been applied to monitor the concentrations of oxygen,
carbon dioxide, ammonia and humidity. The concentration of Oz in a MAP is very
low, usually ranging from 0.05% to 2%, while the CO: is flushed into the package to
obtain a high concentration above 60%.22 The concentration of ammonia will depend
on the spoilage status of the food and it is found in low concentrations in the order
of tens of ppm.* The relative humidity of the MAP can take both low and high values
depending on the application.?”%”

The four gas sensors show an optical response to the presence of the corresponding
gas, being the response of the Oz sensor luminescent and the response of the rest of
the sensors colourimetric. Previous work of the authors proved the feasibility of the
structure shown in Figure 1(B) for the reading of the optical response of sensors both
luminescent or colourimetric.?2 There, a white LED was used as optical source for
colourimetric sensors, and a specific LED for the excitation of luminescent sensors
that require an optical source of a certain wavelength. In this work, we have been
able to use a common white LED for the excitation of all sensors by means of a
redesign and optimization of the sensing area. The spectrum of this LED contains the
wavelengths necessary for the excitation of the luminescent sensor.

Stability of the power supply

The power supply of the tag provided by the RFID/NFC chip SL13A from the
electromagnetic energy harvesting has been evaluated in order to prove its stability
and analyze its possible influence on the response of the digital colour detectors.
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Figure 5. Output signals of the colour detector over time.
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Two external parameters can affect the stability of the regulated voltage generated
by the SL13A: the powering time and the position of the smartphone when it is
approximated to the tag antenna. Since the SL13A chip requires an induced
electromagnetic field in the antenna high enough to provide the regulated power
supply, not every position of the smartphone is able to activate the tag. When it is
adequately placed, only a small displacement is allowed to avoid the deactivation of
the system. Within this accepted range of positions of the smartphone, the voltage
output of the SL13A presents a drop of 5% of its nominal value. Since the colour
detector is a digital device that can be powered with a voltage from 2.25 to 3.6 V this
variation in the power supply has no effect on the output signals, according to
manufacturer.

The influence of the powering time on the response of the colour detector is depicted
on Figure 5. This graphic shows the measurements of a stable incident light taken
every 5 seconds from the moment of activation of the tag by the smartphone up to 5
minutes. Each point in the curves is calculated as the mean value of six replicas, and
the error bars are obtained as the standard deviation of these replicas.

As it can be seen, some fluctuation of the measured values is present. Nevertheless,
the dispersion of the data is very low with a maximum value of 0.25%, which is below
the maximum error obtained in the determination of each measurement from the set
of six replicas. Therefore, this fluctuation is assumed to be produced by uncertainty
inherent to the colour detector rather than due to the powering time.

System calibration

The multi-gas sensing tag has been calibrated obtaining the response of the different
gas sensors to variations in the concentration of the corresponding sensed gas. The
measurements are carried out when the tag is powered by the smartphone.

Figure 6A presents the calibration curve of the oxygen sensor. The response of the
sensor is characterized by the intensity of the emitted red radiation that reaches the
colour detector. This radiation corresponds to the luminescence generated by the
complex PATFPP when it is optically excited.?® The output data word of the colour
detector corresponding to red light is a direct measurement of this luminescence. The
mean of 6 replicas at room temperature (21°C) is taken as the representative data for
each concentration. An offset signal in the output of the colour detector is induced by
the light emitted by the excitation white LED. Nevertheless, since it is a constant
interference, it can be easily compensated or included in the calibration curve. As it
was expected, the fitting equation is a potential function in the form I = a-[O2]F.%
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Figure 6. Calibration curves of the gas sensors.

The other three sensors are colourimetric-type. That means that the sensing
membranes show a colour shift when the concentration of the surrounding target gas
varies. Figures 6B to 6D show the calibration and fitting curves of the CO2, NHs and
humidity sensors, respectively. The response of these sensors is quantified by means
of the colour intensity parameter given by*:

I =+R?+ G? + B? I

where R, G and B are the red, green and blue components of radiation measured by
the digital colour detector, respectively. For the calibration curve of the COz and NHs
sensors, the intensity is fitted directly to a prediction function which is used to
generate a value of the corresponding gas concentration from the colour
measurements. Nevertheless, the data obtained from the calibration of the humidity
sensor must be further processed to generate a simple fitting function as it is shown
in Figure 6D, where a normalized value of the colour intensity in the form log(lo/I) is
presented, being o the intensity measured for 0% relative humidity. Oxygen, carbon
dioxide and relative humidity are calibrated in the full range 0 to 100%. Ammonia is
measured from 0 to 0.35 %.

From the fitting functions presented in Figure 6 some technical specifications such as
resolution and limit of detection (LOD) can be obtained. The resolution is calculated
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by taking derivatives in both sides of the equation and approximating these
derivatives to increments*!:

of M)

AX = TA[ 2)
where X is the concentration of gas, f(I) is the corresponding fitting function and Al
is the error or uncertainty in the determination of the intensity I, which is taken as
the standard deviation of the replicas made during the calibration processes. The
LOD was obtained using the standard criteria: LOD = y» + 3sb, where yb» is the average
blank signal and sv is the standard deviation of the blank, which is determined using
at least 10 replicas. Repeatability of the measurements is quantified through the
coefficient of variation (CV) of the signal, defined as the ratio between the standard
deviation of a set of replicas and its mean value.

Table 1 shows the results of the resolution, LOD and repeatability obtained for the
four gas sensors. As it can be seen, these specifications allow the use of the developed
tag for the monitoring of the selected gases taking into consideration the usual ranges
found in MAPs.

Table 1. Technical specifications of the sensing tag.

Gas Concentration (%) Resolution (%) CV (%) LOD (%)
0 1.9-104 0.09
Oz 2 9.4-102 0.09 1.3-103
20 9.1-10! 0.81
5 7.4-102 0.21
CO2 50 9.4-101 0.13 0.23
100 3.8 0.07
1.5-102 3.3-103 0.71
NH: 5.0-102 2.0-103 0.22 7.9-10+4
3.5-101 1.6-1071 0.25
15 0.8 0.21
RH 45 1.1 0.24 1.8

90 0.1 0.44
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Cross-Sensitivity

The possible interferences of the gases in the response of the selective sensors have
been evaluated. For this purpose, the maximum variation of the output signal of the
sensors in the presence of the rest of gases is obtained for a fixed concentration of the
target gas. In addition, the influence of the temperature on the response of the
selective sensors has been also quantified as the variation of the output signal to an
increment of 25 °C. Table 2 shows the obtained results.

As it can be seen, the interference produced by the gases on the response of the other
gases selective sensors is very low, below the 3%, and the maximum deviation of the
signal is always obtained when the interfering gas is present in a very high
concentration near the 100%, which is not a realistic case in MAPs. This implies that
in a practical case the cross-sensitivity can be neglected. There is only one exception,
the influence of the ammonia on the response of the humidity sensor. The maximum
variation of the output signal of this sensor is above 21%. This means that an
important interference is produced by this gas and it should be corrected when the
determination of the gases concentration is carried out from the readings of the
Sensors.

Table 2. Cross-sensitivities between the sensors of the tag.

Selective sensor Interferent Signal variation (%)

CO2 (100%) 0.2
o NH: (100%) 2.2
©:(0%) RH (90%) 24
T 14.1
02 (100%) 2.8
o NH: (100%) 2.1
€02 (0%) RH (90%) 0.1
T 2.6
02 (100%) 1.9
CO:2 (100%) 2.9

NHs (0%
» (0%) RH (90%) 1.7
T 1.8
Oz (100%) 04
COz2 (50%) 0.7

RH (35%
(35%) NH; (100%) 21.1

T 2.3
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On the other hand, the temperature shows a strong influence in the response of the
oxygen sensor, which is a well-known effect.#? The reading of the oxygen sensor
should be also corrected with the value of the temperature;* that is the reason for
using a RFID chip with a built-in temperature sensor.

Conclusions

In this work, a passive multi-gas sensing RFID/NFC tag is presented for the
determination of a high number of parameters (oxygen, carbon dioxide, ammonia,
relative humidity and temperature) that are readable with a smartphone. The gases
concentrations are determined by means of chemical sensors with optical response.
The tag response to the different gases concentrations has been calibrated, obtaining
very good values for resolution, repeatability and limit of detection. This makes the
proposed system suitable for its use in smart packaging applications. Cross-
sensitivity has been also evaluated, obtaining an interference below the 3% in all cases
with few exceptions, where the measurements are easily corrected by software in the
microcontroller from the full set of readings.

The tag is completely passive and the required power supply for its operation is
harvested from the near field generated by an NFC-enabled mobile phone. In this
application, the power consumption of the tag is only 8.5 mW in sensing mode.
Thanks to the use of digital colour detectors for the reading of the chemical sensors’
response, the system is robust against fluctuations in the power supply. In addition
to powering the system up, the mobile phone is used to collect and display the results
on a custom Android application in less than one second. The wireless
communication between the tag and the phone is achieved via the ISO 15693
standard. The use of a smartphone as exciter/receiver instead of a specific RFID
reader allows the operation of the tag by any non-expert and non-trained user. This
tag can be applied to a wide range of applications in modified atmospheres where
the monitoring of gases composition is required, or in smart packaging applications
where the control of the conditions for food and beverage preservation needs to be
guaranteed.
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Abstract

Here, we present a technique for the determination of the gaseous oxygen
concentration inside packed food. It is based on the use of a luminescent membrane
sensitive to Oz that is optically excited and read by a smartphone. The flash of the
smartphone along with an optical filter is used as the light source for the optical
stimulation of the membrane. The luminescence generated, which is quenched by the
surrounding gaseous oxygen, is registered by the rear camera of the same device. The
response parameter is defined by combining the registered intensities at two different
wavelength ranges corresponding to the emission and the absorption peaks of the
sensitive membrane. Thanks to this novel response parameter, the sensitivity is
increased and, more importantly, the thermal dependence of the membrane is
significantly reduced. This approach allows the use of a luminescent O2-sensitive
membrane for intelligent packaging with no need of any associated electronics for its
excitation and reading. This means that an oxygen sensor is developed, where a
luminescent compound acts as an indicator, therefore combining the advantages of
both schemes, that is, the simplicity and reduced cost of indicators with the high
sensitivity and accuracy of selective sensors.

Index Terms: Intelligent packaging, oxygen sensing, optical sensor, luminescent
membrane, smartphone, Android™ application.

I. Introduction

Along with its primary objective of containment and transportability, the main aim
of packaging is the protection and preservation of food and beverage from external
contamination. Thanks to the presence of an appropriate packaging, the content can
be prevented from deterioration, its shelf life is extended and its quality and safety
preserved. In the last decades there has been an increasing interest regarding research
and development of new technology in food and beverage packaging, due to the
growing requirement from the final consumers to receive a guarantee of freshness,
quality and safety of the product.

Three major strategies have been followed in order to add new functionalities to
packaging systems: active and intelligent packaging (AP and IP), edible
films/coatings and modified atmosphere packaging (MAP) [1]. Active packaging
allows incorporation of additives, such as gas scavengers or temperature and
moisture controllers among others to enhance the quality and sensory aspects of
packaged foods [2]. Intelligent packaging is oriented to gather information related to
the status of the content, and transmit it to the consumer [3]. Edible films are defined
as thin layers of materials that can be consumed and provides barriers to moisture,



Pablo Escobedo Araque 161

oxygen and solute movement for the food [4]. MAP may be defined as an active
packaging method in which an altered atmosphere is created in the headspace, which
retards chemical deterioration while simultaneously delays the growth of spoilage
organisms [5]. One of the most important parameters to sense in intelligent
packaging and MAP is the concentration of gaseous oxygen within the package, since
oxygen is the main cause of food spoilage [6], [7]. The presence of an atmosphere
with some elevated concentration of Oz (above 2%) facilitates processes such as
promotion of microbial growth, lipid oxidation, protein decomposition, and
discoloration [8]. In IP and MAP there are two main technologies for monitoring the
analytes of interest: indicators and sensors [9]. Indicators are molecules that displays
an optical effect with a specific analyte such as oxygen [10]. They can be disposed as
two-dimensional membranes, aimed to provide direct information about the
presence and/or concentration range of a substance. For oxygen determination, many
indicators have been developed following this principle. Some of them are designed
to react to the mere presence of oxygen, showing a color drift in this case [11], while
others present a wide color displacement related to the oxygen concentration, thus
allowing a qualitative detection of the oxygen [8], [12]. In this last case, the color
difference should be significant for different concentrations to prevent the
misreading of the consumer. Another type of optical oxygen indicators are those
based on a luminescent response. In such systems, the luminescence generated by an
optically excited luminophore is related, in terms of intensity or lifetime, to the
concentration of the surrounding molecular oxygen [13]. These indicators also
provide qualitative information about the oxygen concentration within the package
[14], [15]. The drawback of luminescent indicators is that they require an external
light source. Sensors are more complex systems or devices that include control and
processing electronics, interconnection network and software. A sensor contains one
or more detectors that generate a signal proportional to the monitored analyte or
magnitude. This signal is processed and transmitted as information to a user or
consumer, thus providing quantitative data. Oxygen sensors are able to provide the
value of the oxygen concentration with very high resolution [16]-[18].

In the last two decades there has been a great effort to adapt or create oxygen sensors
that are suitable to be included in intelligent packaging [8], [19]-[21]. The most
promising oxygen sensors are based on luminescent detectors, following the same
operation principle than the luminescent-based indicators. They offer fast responses,
do not consume any analyte and present high sensitivity and accuracy. Many
examples of oxygen sensors for intelligent packaging have been proposed based on
this type of sensors [22]-[27]. The main drawback in all cases is that they require the
presence of a light source, a light detector, processing and communication electronics
and powering. This leads to a whole circuitry that must be included in the package
in a process that becomes very expensive and complex. As a consequence, the
inclusion of full sensing capabilities in intelligent packaging may result prohibitive.
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In previous works the authors proposed some designs for gas sensing including
oxygen [23], [28], [29]. These prototypes are based on passive flexible tags that
generate power supply from energy harvesting, therefore they are suitable to be used
as sensors in intelligent packaging and MAPs. Nevertheless, they are still complex
and expensive. In this work, we present a new approach in which the luminescent
oxygen sensor is simplified by removing the whole electronics, thus reducing it to a
single oxygen sensitive membrane. The optical excitation of this membrane is carried
out by the application of the flash light of a smartphone along with an optical filter
at a fixed distance, and the emitted luminescence is registered in a photography taken
with the rear camera of the smartphone. Similar schemes can be found in the
literature but using optical fibers as an alternative to the free-space orientation of the
proposed sensor [30], [31]. The processing capabilities of this device allow the
evaluation of the intensity of this luminescence, thus generating an accurate
prediction of the inner oxygen concentration. In this way, the sensitive membrane is
treated as an indicator since no electronics are used, but it maintains its sensor
characteristics. The system offers the advantages of both schemes: the simplicity and
very low cost of an indicator together with the high sensibility and accuracy of a
sensor. Moreover, the scan of the luminescent membrane using the camera of the
smartphone removes the subjectivity of the consumer in the reading of the provided
information.

II. Materials and Methods

A. Reagents and Materials

Platinum octaethylporphyrin complex (PtOEP), 1,4-diazabicyclo[2.2.2] octane
(DABCO, 98%), tetrahydrofuran (THF) and polystyrene (PS, average MW 280,000,
Tg: 100 °C, GPC grade) were all supplied by Sigma—Aldrich Quimica S.A. (Madrid,
Spain). The gases Oz and N2 (>99%) were supplied in gas cylinders by Air Liquide
S.A. (Madrid, Spain).

B. Instruments and Software

In order to calibrate and characterise the proposed system, standard gas mixtures
were prepared using nitrogen as inert gas and oxygen, controlling the different
percentages using mass flow controllers (Iberfluid, Barcelona, Spain), work pressure
1 atm and flow rate 5 NI-min-1.

For the monitoring of freshness in pork meat, a thermostatic chamber, with a lateral
hole for the connection to a computer and gas tubing entrance, made possible to
maintain a controlled temperature between =50 °C and +50 °C with an accuracy of
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#0.1 °C for thermal characterization. A heat sealer PFS-300MM Electric Impulse
Sealing Machine C. (Media w.s. trade S.L. Barcelona, Spain), high barrier bag material
BB3055 specific for meat products were obtained from Sealed Air (Seville, Spain) and
a CheckPoint — Handheld Gas Ana-lyzer (O2/COz) Dansensor A/S (Rennedevej 18,
DK-4100 Ringsted, Denmark) was used as reference method for O2 measurement
inside meat packages.

The smartphone used in this work was the Samsung Galaxy S7. This smartphone
features a 12-megapixel rear camera with an f/1.6 aperture, focal length of 26mm,
optical image stabilization and autofocus. The Android™ version running on the
device was 7.0 Nougat, which corresponds to Application Programming Interface
(API) level 24.

C. Sensing Membrane Preparation

The cocktail for the preparation of the oxygen-sensitive membrane was made by
dissolving 0.5 mg of PtOEP and 12 mg of DABCO in 1 ml of a solution of 5% (w/v) of
PS in freshly distilled THEF. The sensitive membrane was cast by placing a volume of
20 pL of the cocktail on an inert support using a spin-coater at 180 rpm under ambient
atmospheric conditions. After the deposition, the sensing membranes were left to dry
in darkness in a THF atmosphere for at least 1 h. The obtained membranes were
homogeneous, transparent and pink colored. When they are not in use, they must be
kept in darkness to extend their lifetime.

D. System Description

The proposed system is composed of two elements: the oxygen sensitive membrane
that is attached to the inner surface of the food package, in contact with the inner
atmosphere; and a smartphone used to excite the membrane and register the emitted
optical signal generated through a programmed application, as it is schematised in
Figure 1.

The flash light is turned on and the device is placed at a fixed distance of the
membrane. This light contains the wavelength required for the optical excitation of
the sensitive membrane. To reduce optical interference with the rest of wavelengths,
an optical filter is attached to the flash light of the smartphone. The filter is a non-
commercial 50 um-thick green plastic film. Several films with different green tones
have been tested until achieving the maximum transmittance at the desired
wavelengh. Under stable excitation, the generated luminescence presents an
intensity that is proportional to the concentration of the surrounding oxygen. In this
situation, the smartphone takes a photograph of the excited membrane and processes
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it to obtain a value of the emitted intensity. An accurate prediction of the oxygen
concentration inside the package is computed from this emitted intensity value [17].

siariphione flash light light filter

N

O2 sensitive membrane

camera package surface

fixed distance

Fig 1. Scheme of the system used to sense Oa.

E. Android Application

A custom developed Android application allows the user to obtain the oxygen
concentration by simply approaching the phone to the oxygen sensitive membrane.
The application user interface consists of a single white reference circle that is
superimposed onto the camera preview. Firstly, the application automatically turns
the camera flash light on to excite the membrane. When the camera is aimed at the
circular membrane, the application is able to detect it and distinguish it from the
background. In order to take the photograph, the user must match the reference on-
screen circle with the detected membrane. When both shapes match, a photograph is
automatically taken and saved. In this way, the distance between the phone camera
and the sensitive membrane is always identical and fixed, so that the same conditions
from calibration are achieved. The next screen of the application shows the taken
photograph and computes the average red (R), green (G) and blue (B) components
inside the detected membrane. After the image processing, which takes less than two
seconds, the oxygen concentration computed from these RGB components according
to the previous calibration is displayed on the screen, as shown in Figure 2. Finally,
the application saves the processed photograph along with the obtained results to the
phone internal memory.
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Oxygen detector app

R:
G:

Fig 2. Screenshot of the developed Android application.

The application has been designed using the integrated development environment
(IDE) Android Studio 2.3.3. It has been developed and tested against AP124 (Android
7.0), although it is compatible with different Android versions as the lowest
supported APIlevel is API 18 (Android 4.3). The algorithms developed to accomplish
the detection and processing tasks are based on computer vision OpenCV 3.1.0
Android library. This application is extendable to any Android-based device
(smartphone and tablet). For other mobile operating systems, the application should
be translated into their appropiate programming language.

II1. Results and Discussion

For the determination of O2, a chemical sensor based on luminescence quenching of
the complex PtOEP is used. When this luminophore is optically excited at the
wavelengths of 380 and 532 nm, it produces a luminescent emission in the red region
of the spectrum with a peak at 645 nm [17]. Figure 3 presents the normalized emission
spectrum of this luminophore together with the spectrum of the filtered flashlight of
the smartphone.

As it can be seen, the filtered excitation light presents a maximum at the wavelength
of 529 nm, which fits almost perfectly with the absorbance peak of the luminophore.
Therefore, assuming that the system is optically isolated, only the green light of the
filtered source and the red luminescence emitted by the oxygen sensitive membrane
have influence on the registered photograph.
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Fig 3. Normalized emission spectra of the luminophore and emitted light of the smartphone
flashlight with external filter.

Figure 4 shows an example of the response of the system. Here the original and false-
color images of an oxygen sensitive membrane immersed in atmospheres with
different oxygen concentrations are depicted. As it is expected, the intensity of the
red luminescence decays when the oxygen concentration is increased [32].

(a) (b) (c) (d) ()

Fig 4. Oxygen sensitive membrane (a) and false-color processed images under growing oxygen
concentrations 0%, 30%, 50% and 100% (b-f).

A. System Characterization

The sensing membrane based on PtOEP(PS) has been widely used for oxygen
detection, and it is well known that it shows no cross-sensitivity to carbon dioxide or
humidity; nevertheless, the temperature has a strong influence on its response.
Therefore, this membrane has to be fully characterized by analysing the emitted
luminescence at different oxygen concentrations and temperatures. With this aim,
two independent calibrations have been carried out. On the one hand, a calibration
of this membrane in the full oxygen range 1-100% at room temperature (20°C). On
the other hand, a calibration over the temperature range from 0 to 40°C at open air
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oxygen concentration (20.9%). In both cases 6 replicas for each concentration are
taken. The obtained results are presented in Figures 5 and 6, respectively.

Normalized intensity

0 20 40 60 80 100
02 (%)

Fig 5. Calibration and fitting curves for O2 at room temperature using different intensity
quantification parameters.

In previous works, the intensity of the luminescence generated by the oxygen
sensitive membrane was quantified by means of the red component of the image [17],
[28] from the red-green-blue (RGB) space, since it corresponds purely to this
luminescence assuming that the system is optically isolated from external light. In
other cases, a combination of this R component and the corresponding to the
wavelength of the optical source for the excitation has been proposed [23], since it
can reduce the influence of small fluctuations of the source. In this work, other
parameters for the quantification of the image intensity are evaluated and shown in
the Figures 5 and 6. The considered parameters are the R component, thus only
including the intensity of the emitted luminescence; the G component, which
provides information about the absorbance of the membrane, is also affected by the
concentration of the surrounding oxygen; and two relationships derived from these
components: the R/G ratio and the R-G difference, where the information about the
emitted and absorbed intensities are combined.

From the results shown in Figure 5, it can be observed that the fitting curve of the
normalized intensity to the oxygen concentration, whichever parameter is selected to
be representative of the intensity of the image, responds to a potential equation of the
form I = a-[O2]3. Nevertheless, the wider signal variation in the full range of Oz is
obtained for the parameter R-G, which means that improved sensitivity is obtained
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if this parameter is used to quantify the intensity of the image. For this case, the fitting
curve expression is:

I
I = 7= 1.0057 [0,] 76 (1)
0

where [ is the intensity given by R-G in the processed image, o the intensity at the
minimum oxygen concentration and I» the normalized intensity. The coefficient of
correlation of this fitting curve is R? = 0.9947.

——R

0.98 -=-G
0.96 ——R/G
——R-G
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Fig 6. Calibration curves of temperature at open air using different intensity quantification
parameters.

From the curves presented in Figure 6, it can be concluded that the intensity of the
image calculated as intensity of the luminescence (R), absorbance (G) or a
combination of these two magnitudes (R/G, R-G) decays with temperature. This is a
common effect in luminescence sensors that has been widely explained in the existing
literature [17], [33], [34]. Nevertheless, the published studies show that the influence
of the temperature on the response of the luminescent membrane is not well-defined
but it shows a behaviour that is not monotonically decreasing and therefore it cannot
be fitted to a simple function [35], as it is confirmed by the curves depicted in Figure
6. Therefore, it is difficult to carry out a thermal compensation of the response of the
sensitive membrane since there is no accurate fitting expression for this dependence.
In addition, a thermal compensation requires the presence of a temperature sensor.
In this work, this sensor is not available since our aim is to avoid any electronics from
the envelope, and the current smartphones do not include it. In view of this situation
and in the light of the curves of Figure 5, the R-G parameter is the most suitable to
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represent the image intensity since it has the lowest variation with temperature,
which is limited to 2.1%, while the variation of the rest of parameters is above 5%.
Consequently, we can assume that the error in the determination of the R-G
parameter is 2.1% in the worst case and no further thermal compensation is required.

In summary, from the calibrations presented in Figures 5 and 6, the novel intensity
parameter defined as R-G, where information about luminescence and absorbance is
combined, is used to relate the image of the sensitive membrane to the oxygen
concentration. This parameter offers advantages such as increased sensitivity and
less temperature dependence.

The resolution of the system can be obtained from Equation (1) taking derivatives in
both sides of the equation and approximating them to increments [23]. By doing so,
the obtained expression for the resolution is:

L )1/3
A0, = OL[?—IAI" @)

where Al is the error in the determination of the normalized intensity I,,, which is
taken as 2.1% because of the temperature influence as explained above. In this case,
the average obtained resolution for the prediction of the oxygen concentration is 30%.
If the package is kept at a constant temperature as it happens in the storage of foods,
the thermal drift is minimized, and the error in its determination is given by the
accuracy of the system. This parameter is taken as the standard deviation of the
replicas taken for each measurement of Figure 5, obtaining a value of 0.31%, which
leads to a resolution of 4.4% of the predicted oxygen concentration.

B. Case Study

The proposed system has been applied to the monitoring of freshness in pork meat.
It is known that the concentration of oxygen in a sealed package containing the meat
is related to the bacterial activity [36]. Therefore, a measurement of the inner O:
concentration provides direct information about the state of the content. For this
experiment raw pork was purchased fresh, 500 g packaged inside an Oz impermeable
bag, and sealed using the impulse bag sealer. Two identical oxygen membranes have
been used, one inside the packed fresh pork and the other one as reference outside
the package.

The objective of the reference membrane is to show that the changes in the response
of the internal membrane are not produced by external variations but only by the
modification of the internal atmosphere. Figure 7 shows the analysed package.
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Fig 7. Pork meat in a sealed package where internal and external sensitive membranes have
been attached.

This package has been stored in a controlled-temperature environment at 4°C for a
week. During this time, measurements of the internal oxygen concentration have
been carried out by using the gas analyser as well as the proposed system. 6 replicas
for each measurement were taken. Figure 8 presents the obtained results. In Figure
8-A the evolution of the normalized intensity parameter R-G in both external and
internal sensitive membranes is depicted. As it can be seen, the response of the
reference membrane remains constant, while the corresponding to the sensing
membrane grows over time. The variation of the signal generated by the internal
membrane is processed and translated into variation in the predicted oxygen
concentration within the package, as it is shown in Figure 8-B, where it is compared
to the direct oxygen measurements obtained with the gas analyser. As it was
expected, the oxygen concentration decays over time as a result of the bacterial
activity. The predicted values of oxygen obtained with the novel system are in good
concordance with the direct measurements taken using the reference method.

IV. Conclusion

In this work a novel approach for oxygen determination in intelligent packaging is
proposed. In the presented scheme, an oxygen sensitive membrane with luminescent
response is attached to the inner surface of the packed food. A smartphone is used
for simultaneous excitation and reading of the membrane, thus avoiding the
necessity of any additional electronics integrated in the envelope to complete the
oxygen sensor. This leads to a system where the sensitive membrane acts as an
indicator since no other elements in the package are required to provide information
about the oxygen concentration.
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Fig 8. Response of the internal and external membranes (A) and oxygen concentration within
the package (B).

Moreover, the system also has the advantage of providing qualitative information,
that is, accurate predictions of the oxygen concentration inside the package, as a full
sensor. An easy-to-use Android app has been developed to take a photograph of the
membrane at a fixed distance. The application also processes it in order to obtain the
colorimetric information about the intensity of the luminescence and the absorbance
of the membrane. These magnitudes are combined to define a new intensity
parameter that is related to the oxygen concentration. This parameter shows
improved sensitivity and immunity to thermal drift. The system has been applied to
the monitoring of pork meat freshness sealed in a package and stored into a
temperature-controlled environment. The results show that the developed system is
able to provide accurate information about the oxygen concentration inside the
package, information that is directly related to the bacterial activity and therefore to
the state of meat.
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5. Conclusions and future work

This research has focused on the design, development and validation of sensor
systems primarilly based on the use of printing technologies on flexible substrates as
the key fabrication process. Below is included a summary of the main conclusions
and future work of the contributions of this thesis:

1. Two sintering methods, thermal and electrical sintering, have been studied and
compared as post-printing treatments in terms of electrical and RF performance.
Regarding thermally sintered printed patterns, we have demonstrated that lower
resistivity values are achieved if the heating treatment is done with temperature
step rather than temperature ramp. In both cases, resistivity decreases with
heating temperature. For the same sintering time, resistivity shows about 67%
decrease when final temperature is 200 °C compared to the final temperature of
100 °C. The best resistivity value of 9.4 pf) - cm, which is approximately six times
the value of bulk silver resistivity, was achieved with a temperature step of 200
°C. The results are in good agreement with the expected resistivity values
reported in the datasheet of the conductive ink. Electrical sintering was tested to
overcome the limitations of thermal sintering, particularly the long sintering
times. With this sintering method, we succeeded in improving the resistivity
values down to 5 pQ) - cm, which is only 3.3 times higher than that of bulk silver.
In this case, we reached the lower limit for resistivity specified in the conductive
ink datasheet. RF performance of printed microstrip lines was also tested to
study the potentiall impact of the sintering method at high frequencies. Our
investigations into this area suggest that sintering type, thermal or electrical, does
not affect the RF behaviour of the printed lines, since the obtained transmission
loss parameter has a similar trend in both cases.

2. Another fabrication approach to achieve flexible systems, consisting of
conductive textile transfer, has been employed to develop a UHF RFID tag
compatible with textile manufacturing. We have simulated, designed,
manufactured and tested a circularly polarized antenna attached to a flexible
substrate as a first step to transfer to fabric. Attainable read ranges above 2 m
have been achieved on the whole frequency range (800 MHz — 1 GHz) for all tag
orientations thanks to a circulary polarized antenna. We have adquired new
knowledge in the field of the transfer of conductive patterns onto fabric and in
antenna design from the stay in the Technical University of Tampere.
Nevertheless, further work can be done to achieve better matching between the
chip and antenna impedances so as to extend reading distance beyond the
obtained limits. In addition, considering the textile character of the tag, further



176 Printed sensor systems on flexible substrate

research could be undertaken to account for the influence of the human body on
the electromagnetic properties of the antenna.

A screen-printed passive chipless system for relative humidity sensing based on
a parallel LC resonator structure has been developed. Sensing strategy is based
on the change in the resonance frequency of the LC circuit when exposed to
different levels of humidity. A relative humidity range from 10% to about 90%
has been tested. We have obtained satisfactory preliminary results showing a
very regular trend, nearly linear, in the resonance frequency change with relative
humidity. Further investigation needs to be carried out to complete this study,
but we have found a substantial change of around 685 kHz in the resonance
frequency between both relative humidity limits. Given the flexible character of
the system, this design could be directly used as a humidity sensor for smart
packaging applications if an analog reader capable of measuring the resonance
frequency is employed. Next steps will be the enhancement of this frequency
shift and the development of the wireless reader for this LC-based humidity
measurement system.

An NFC-based smartphone-based sensor platform has been developed to act as
dose reader system with potential application in the field of in-vivo dosimetry in
radiotherapy treatments. We have succeeded in reducing the main uncertainty
source, the thermal drift, by using a bipolar buffer. To do so, the commercial
PMOSEFET used as dosimeter and the bipolar transistors have been biased at
appropriate drain and collector currents respectively, achieving a reduction of
the thermal coefficient of 65 % in average. A custom-developed Android
application has been designed to control the measurement process and the data
storage. To test the NFC reader unit, a comparison with a previously developed
dose reader of our research group (Carvajal et al, 2016) was carried out,
obtaining average sensitivities of (4.75 + 0.15) mV/Gy and (4.85 + 0.08) mV/Gy,
respectively. The results are in good agreement except for the uncertainty, which
is higher for the NFC reader although still acceptable for dose measurements. In
any case, a previous calibration would be required for accurate dose
measurements.

Four passive printed sensor systems on flexible substrate have been developed,
capable of detecting and monitoring parameters such as temperature, light or
different gases concentrations. The four works have been published and
constitute the thesis by compendium of publications. In the first one, a passive
screen-printed UHF RFID tag with multiple optical sensor capabilities has been
designed (Escobedo, Carvajal, et al., 2016). The tag provides a spectral fingerprint
of the incident electromagnetic radiation, from ultraviolet to infrared. The tag has
been validated as a proof of concept by means of two procedures. Firstly, using
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several standard illuminants to detect different light conditions. Secondly,
through reflective colour-sensing measurements. A potential application
consisting of detecting the ripeness of a banana from immature to overripe has
been proposed and validated. Therefore, the tag could be used in the field of
smart packaging applications.

6. Inthe second paper of the compendium, a full passive tag for the detection of gas
threshold concentration in sealed environments has been reported (Escobedo, de
Vargas-Sansalvador, et al., 2016). In this case, the system harvests the necessary
energy by means of two mini solar cells. The platform, which has been screen
printed on flexible PEN substrate, has been evaluated for the measurement of
oxygen and carbon dioxide. Two different tags based on chemical sensors with
optical response to these gases have been developed. We have obtained a high
experimental resolution of 6.4 and 93 ppm in the best case, and a low limit of
detection of 170 and 720 ppm for oxygen and carbon dioxide, respectively. The
obtained results prove that the tag has the potential to be used in modified
atmosphere packaging applications.

7. In the third publication, a passive smartphone-based NFC system for multigas
sensing has been presented (Escobedo et al., 2017). The tag, which has been
screen-printed on flexible substrate, can detect and monitorize four different
gases: oxygen and carbon dioxide, which are commonly used for evaluating the
status of inner modified atmospheres; and humidity and ammonia, which are
aimed to detect the spoilage of food. A custom Android application has been
developed to power the system up and read the measurements from the tag. The
tag response to the different gases concentrations has been calibrated. Resulting
values of resolution, limits of detection and cross-sensitivity are compatible with
smart packaging applications.

8. The last paper of the compendium lies in the field of smartphone-based optical
sensor platforms, where a novel approach for oxygen determination in intelligent
packaging has been proposed. In the presented system, an oxygen sensitive
flexible membrane with luminescent response is attached to the inner surface of
packed food. A smartphone is used for simultaneous excitation and reading of
the membrane, thus avoiding the necessity of any additional electronics
integrated in the envelope to complete the oxygen sensor. An easy-to-use
Android app has been developed to take a photograph of the membrane at a
fixed distance. The application processes the taken photograph in order to obtain
the colorimetric information about the intensity of the luminescence and the
absorbance of the membrane. These magnitudes were combined to define a new
intensity parameter related to the oxygen concentration. This parameter showed
improved sensitivity and immunity to thermal drift. In particular, the proposed
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system has been applied to the monitoring of freshness in sealed pork meat, since
it is known that oxygen concentration in a sealed package containing meat is
related to the bacterial activity. The obtained results show that the developed
system is able to provide accurate information about the oxygen concentration
inside the package, information that is directly related to the bacterial activity
and therefore to the state of meat.
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