Y
FAN

~\
</

New generation of interactive platforms
based on novel printed smart materials

Sérgio Abilio Pereira Goncalves

UMinho | 2021

! 7\
N7
I~ \_/

Universidade do Minho
Escola de Engenharia

Sérgio Abilio Pereira Goncalves

New generation of interactive platforms
based on novel printed smart materials

novembro de 2021






7\
\_/

I'\

Universidade do Minho
Escola de Engenharia

Sérgio Abilio Pereira Goncalves

New generation of interactive platforms
based on novel printed smart materials

Tese de Doutoramento

Programa Doutoral em Engenharia

Eletronica e de Computadores

Area de Instrumentacdo e Microssistemas Eletronicos

Trabalho efetuado sob orientacao de

Professor Doutor Pedro Sérgio Oliveira Branco
Professor Doutor Senentxu Lanceros-Méndez
Professor Doutor José Gerardo Vieira Rocha

novembro de 2021



DIREITOS DE AUTOR E CONDICOES DE UTILIZACAO DO TRABALHO POR
TERCEIROS

Este é um trabalho académico que pode ser utilizado por terceiros desde que respeitadas as regras
e boas praticas internacionalmente aceites, no que concerne aos direitos de autor e direitos conexos.

Assim, o presente trabalho pode ser utilizado nos termos previstos na licenca abaixo indicada.

Caso o utilizador necessite de permissdo para poder fazer um uso do trabalho em condicdes nao
previstas no licenciamento indicado, devera contactar o autor, através do RepositoriUM da Universidade

do Minho.

Licenca concedida aos utilizadores deste trabalho

Atribuicao
CC BY

https://creativecommons.org/licenses/by/4.0/

Assinado por: SERGIO ABILIO PEREIRA
GONCALVES
Num. de Identificacdo: 13239557


https://creativecommons.org/licenses/by/4.0/

ACKNOWLEDGEMENTS

| am grateful to my adviser Dr. Pedro Branco for his guidance on this project and his creative ideas.
My special tanks to Dr. Senentxu Lanceros-Méndez for the technological support on this research and for
all the supporting moments which were essential in giving me determination towards the next objective.
Additionally, | would like to express my gratitude to Dr. José Gerardo Rocha.

| also want to thank Nélson Pereira and Nélson Castro for the nice partnership and for helping to
develop several electrical systems. And likewise, for Vitor Correia, Pedro Costa, Carlos Costa and Jivago
Nunes.

It is my intention to thank to both engagelLab and ESM research group members for always providing
me with a comfortable environment where | could work, socialize and have fun. | also am very grateful to
Armando Ferreira who really helped me toward the final steps of my PhD.

My special thanks to Jodo Pedro Ferreira and José Gomes Dias. They were a great inspiration in
several moments for sharing their points of view, for guiding me into improving my arguing skills, for all
the philosophical conversations, and for the emotional support on my weaker moments.

Quero expressar a minha gratiddo aos meus parls € irmaos, pois nunca me abandonaram mesmo
quando estava errado ou fui mais duro com eles. Sempre confiaram nas minhas capacidades, foram
quem mais contribuiu para todas as oportunidades da minha vida e a quem todo o meu sucesso devo.

And the last intention of this list of thankfulness goes to the most recent person that entered my
intimate life, yet contributing significantly to the person I am and to whom | purposely wrote this paragraph
with a particular vocabulary with the intent of whetting the craving for English. | highly appreciate all those
moments shared together, the concern and admiration for my work, the eagerness in trying to understand
it despite the difficulty, the patience to endure the bad moments, and also for the caused deviations and
distractions from my objectives... because they are also part of the run.

Smiling, open-minded, faithful, intense, amorous.

This project was supported by FCT - Fundacao para a Ciéncia e a Tecnologia, within the doctorate
grant with reference SFRH/BD/110622/2015, by POCH - Programa Operacional Capital Humano, and
by EU - European Union.

¢9 REPUBLICA Fundagio . PORTUGAL
PORTUGUESA | sencoraon FC I para s Cénca poc,t!\'; "'2020

UNIAO EUROPEIA

Fundo Social Europeu



https://www.portugal.gov.pt/pt/gc21/area-de-governo/ciencia-tecnologia-e-ensino-superior
https://www.fct.pt/
https://ec.europa.eu/esf/home.jsp?langId=pt
https://www.portugal.gov.pt/pt/gc21/area-de-governo/ciencia-tecnologia-e-ensino-superior
https://www.fct.pt/
https://ec.europa.eu/esf/home.jsp?langId=pt
https://www.portugal.gov.pt/pt/gc21/area-de-governo/ciencia-tecnologia-e-ensino-superior
https://www.fct.pt/
https://ec.europa.eu/esf/home.jsp?langId=pt
https://www.portugal.gov.pt/pt/gc21/area-de-governo/ciencia-tecnologia-e-ensino-superior
https://www.fct.pt/
https://ec.europa.eu/esf/home.jsp?langId=pt
https://www.portugal2020.pt/
https://www.portugal.gov.pt/pt/gc21/area-de-governo/ciencia-tecnologia-e-ensino-superior
https://www.fct.pt/
https://ec.europa.eu/esf/home.jsp?langId=pt
https://www.poch.portugal2020.pt/en/

STATEMENT OF INTEGRITY

| hereby declare having conducted this academic work with integrity. | confirm that | have not used
plagiarism or any form of undue use of information or falsification of results along the progress leading
to its elaboration.

| further declare that | have fully acknowledged the Code of Ethical Conduct of the University of
Minho.



ABSTRACT

The last decade was marked by the computer-paradigm changing with other digital devices suddenly
becoming available to the general public, such as tablets and smartphones. A shift in perspective from
computer to materials as the centerpiece of digital interaction is leading to a diversification of interaction
contexts, objects and applications, recurring to intuitive commands and dynamic content that can
proportionate more interesting and satisfying experiences.

In parallel, polymer-based sensors and actuators, and their integration in different substrates or
devices is an area of increasing scientific and technological interest, which current state of the art starts
to permit the use of smart sensors and actuators embodied within the objects seamlessly. Electronics is
no longer a rigid board with plenty of chips. New technological advances and perspectives now turned
into printed electronics in polymers, textiles or paper. We are assisting to the actual scaling down of
computational power into everyday use objects, a fusion of the computer with the material. Interactivity
is being transposed to objects erstwhile inanimate.

In this work, strain and deformation sensors and actuators were developed recurring to functional
polymer composites with metallic and carbonaceous nanoparticles (NPs) inks, leading to capacitive,
piezoresistive and piezoelectric effects, envisioning the creation of tangible user interfaces (TUIs). Based
on smart polymer substrates such as polyvinylidene fluoride (PVDF) or polyethylene terephthalate (PET),
among others, prototypes were prepared using piezoelectric and dielectric technologies. Piezoresistive
prototypes were prepared with resistive inks and restive functional polymers. Materials were printed by
screen printing, inkjet printing and doctor blade coating. Finally, a case study of the integration of the

different materials and technologies developed is presented in a book-form factor.

Keywords: Interactive books, polymer sensors and actuators, printed electronics, smart materials,

TUL



RESUMO

A ultima década foi marcada por uma alteracdo do paradigma de computador pelo subito
aparecimento dos Zablets e smartphones para o publico geral. A alteracdo de perspetiva do computador
para 0s materiais como parte central de interacao digital levou a uma diversificacdo dos contextos de
interacdo, objetos e aplicacdes, recorrendo a comandos intuitivos e conteldos dinamicos capazes de
tornarem a experiéncia mais interessante e satisfatoria.

Em simultaneo, sensores e atuadores de base polimérica, e a sua integracdo em diferentes
substratos ou dispositivos € uma area de crescente interesse cientifico e tecnoldgico, e o atual estado da
arte comeca a permitir o uso de sensores e atuadores inteligentes perfeitamente integrados nos objetos.
Eletronica ja nao € sindénimo de placas rigidas cheias de componentes. Novas perspetivas e avancos
tecnoldgicos transformaram-se em eletronica impressa em polimeros, téxteis ou papel. Neste momento
estamos a assistir a reducdo da computacao a objetos do dia a dia, uma fusdo do computador com a
matéria. A interatividade esta a ser transposta para objetos outrora inanimados.

Neste trabalho foram desenvolvidos atuadores e sensores e de pressdo e de deformacdo com
recurso a compostos poliméricos funcionais com tintas com nanoparticulas (NPs) metalicas ou de base
carbonica, recorrendo aos efeitos capacitivo, piezoresistivo e piezoelétrico, com vista a criacdo de
interfaces de usuario tangiveis (TUIs). Usando substratos poliméricos inteligentes tais como fluoreto de
polivinilideno (PVDF) ou politereftalato de etileno (PET), entre outos, foi possivel a preparacdo de
protétipos de tecnologia piezoelétrica ou dielétrica. Os prototipos de tecnologia piezoresistiva foram feitos
com tintas resistivas e polimeros funcionais resistivos. Os materiais foram impressos por serigrafia, jato
de tinta, impressao por aerossol e revestimento de lamina docfor blade. Para terminar, é apresentado
um caso de estudo da integracao dos diferentes materiais e tecnologias desenvolvidos sob o formato de

um livro.

Palavras-chave: Eletronica impressa, livros interativos, materiais inteligentes, sensores e

atuadores poliméricos, TUL.
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permission from John Wiley and Sons.

Multiplex design mutual-capacitance sensor. Reprinted from (Ho et al., 2009),
SID Symposium Digest of Technical Papers, vol. 40(1), copyright © 2009
Society for Information Display, with permission from John Wiley and Sons.

Diamond-shaped mutual-capacitance matrix. Only one driving electrode is
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Multi-hand and gesture recognition prototype, using few capacitive sensors.
Republished with permission of ACM (Association for Computing Machinery),
from Proceedings of the SIGCHI Conference on Human Factors in Computing
Systems, (Grosse-Puppendahl, Braun, et al., 2013), copyright © 2013 ACM.

t-books prototype, (a)an adventure book with cards that are (b/ placed in slots
and detected through capacitive sensing. Republished with permission of ACM
(Association for Computing Machinery), from Proceedings of the 11th
Interational Conference on Interaction Design and Children, (Sylla, Goncalves,
Branco, et al., 2012), copyright © 2012 Authors.

Multi-layer screen-printed capacitive touch buttons and sliders on a PET film. The
traces made of silver paste, and the touch sensing areas are transparent PEDOT
for backlight illustration upon finger touch. Reprinted from (Fan et al., 2017),
copyright © 2017, IEEE.

Diagram of force sensing capacitive touchscreen. Reprinted from Sensors,
vol. 75(11), (W. Kim et al., 2015), copyright © 2015 by the authors, under
Creative Commons BY 4.0 license
(https://creativecommons.org/licenses/by/4.0).

Schematic illustration of a flexible proximity and pressure sensing film. Reprinted
by permission from Springer Nature: Springer Nature, Nano Research,

vol. /{11), “Dual functional transparent film for proximity and pressure sensing”,
(B. Zhang et al., 2014), copyright © 2014, Tsinghua University Press and
Springer-Verlag Berlin Heidelberg.

Transparent and flexible interdigitated capacitive sensor. Republished with
permission of |OP Publishing, Ltd., from Flexible and Printed Electronics, (Nair et
al., 2019), vol. 44), copyright © 2019 I0P Publishing Ltd.; permission conveyed
through Copyright Clearance Center, Inc.
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Deformable touch button with spacers and an air gap. Reprinted from (Kisi¢ et
al., 2017), copyright © 2017, IEEE.

Diagram of breathing sensor attached to the user’s waistbelt. The inset image
represents the constitution of the sensor. Reprinted from (S. W. Park et al.,
2017), copyright © 2017, IEEE.

Capacitive sensing for detection of gas slogs inside a liquid-flowing micropipe.
Adapted from Sensors, (Ji et al., 2014), vol. 14(12), copyright © 2014 by the
authors, under Creative Commons BY 4.0 license
(https://creativecommons.org/licenses/by/4.0).

Schematic representation of a dielectric elastomer generator (DEG) for water
wave energy scavenge. Republished with permission of IOP Publishing, Ltd.,
from Smart Materials and Structures, (Moretti et al., 2018), vol. 2/3),
copyright © 2018 IOP Publishing Ltd.; permission conveyed through Copyright
Clearance Center, Inc.

Paper printing: (a) Interdigitated capacitive sensor printed by direct ink writing
(DIW) techniqgue on paper substrate; (6) The sensor fully printed. Reprinted with
permission from (R.-Z. Li et al., 2014), copyright © 2014, American Chemical
Society.

Electrostatic printed actuator for paper robot. Reprinted from (Shigemune et al.,
2017) copyright © 2017, IEEE.

Developed prototype for capacitive sensing with PUA/ITO composite film.
Reprinted from Composites Science and Technology, vol. 199, (Mendes-Felipe et
al., 2020), copyright © 2020 Elsevier Ltd. All rights reserved.

Algorithm implemented to acquire the measurements from the self-capacitive
sensor, with self-calibration. Reprinted from Composites Science and
Technology, vol. 199, (Mendes-Felipe et al., 2020), copyright © 2020 Elsevier
Ltd. All rights reserved.

Waveform acquired by the microcontroller from the developed PUA/ITO
capacitive sensor. Reprinted from Composites Science and Technology, vol. 199,
(Mendes-Felipe et al., 2020), copyright © 2020 Elsevier Ltd. All rights reserved.

lllustration of the geometry used for the capacitive touchscreen from (a) front
view and (b) perspective view. Reprinted from Sensors, vol. 1/12), (Nunes et
al., 2017), copyright © 2017 by the authors, under Creative Commons BY 4.0
license (https://creativecommons.org/licenses/by/4.0).
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Developed touchpad prototype, attached to a multitouch capacitive controller.
Reprinted from Sensors, vol. 1/412), (Nunes et al., 2017), copyright © 2017 by
the authors, under Creative Commons BY 4.0 license
(https://creativecommons.org/licenses/by/4.0).

Circuit implemented: (a/a microcontroller stablishes communication between
the computer and (b/ the capacitive controller. Reprinted from Sensors,

vol. 7/112), (Nunes et al., 2017), copyright © 2017 by the authors, under
Creative Commons BY 4.0 license
(https://creativecommons.org/licenses/by/4.0).

Performance of the system: (a/fitting a curved surface; (6) with 5 mm glass
overlay; (c) capacitance distribution map, using the glass overlay. Reprinted from
Sensors, vol. 1/{12), (Nunes et al., 2017), copyright © 2017 by the authors,
under Creative Commons BY 4.0 license
(https://creativecommons.org/licenses/by/4.0).

Demonstration of recognition of objects with conductive elements, based on
number of touching points and distance between them. Reprinted from Sensors,
vol. 7/12), (Nunes et al., 2017), copyright © 2017 by the authors, under
Creative Commons BY 4.0 license
(https://creativecommons.org/licenses/by/4.0).

P(VDF-TrFE-CFE) dielectric deformable capacitive sensor: a) screen printed silver
electrodes, doctor blade coated P(VDF-TrFE-CFE) and molded PDMS cap;

b) pressure sensor operation, and c) bending sensor operation. Reprinted from
Polymer, vol. 214, (Pereira et al., 2021), copyright © 2020 Elsevier Ltd. All
rights reserved.

(a) Readout circuit for the capacitive sensor with a microcontroller and a
Bluetooth module; (b) flowchart of the execution of the microcontroller. Reprinted
from Polymer, vol. 214, (Pereira et al., 2021), copyright © 2020 Elsevier Ltd. All
rights reserved.

Demonstration of (g)the pressure sensor and (b/ the bending sensor. Data
acquired during user manipulation of (c)the pressure sensor and (d) the bending
sensor. Reprinted from Polymer, vol. 214, (Pereira et al., 2021),

copyright © 2020 Elsevier Ltd. All rights reserved.

Performance of the pressure sensor: (a/ linearity and repeatability over
50 cycles. Reprinted from Polymer, vol. 214, (Pereira et al., 2021),
copyright © 2020 Elsevier Ltd. All rights reserved.
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copyright © 2019, American Chemical Society.
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Reprinted from Structural Health Monitoring (SHM) in Aerospace Structures, (T .-
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structures”, pp. 175-212, copyright © 2016, with permission from Elsevier.

A BaTiO3 unit cell: (a) isometric projection, (6/front view. The structure is not
symmetrical due to the Ti** and O2- ions. Republished with permission of John
Wiley & Sons - Books, from (Callister & Rethwisch, 2010), “Material science and
engineering: An introduction”, 8th edition, copyright © 2010, 2007, 2003, 2000
John Wiley & Sons, Inc.; permission conveyed through Copyright Clearance
Center, Inc.
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Reprinted from Journal of the Mechanics and Physics of Solids, vol. 55(10),
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behavior of ferroelectric ceramics”, pp. 2106-2141, copyright © 2007 Elsevier
Ltd., with permission from Elsevier.
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Ferroelectric domains in a BaTiO3 micrograph by transmission electron
microscopy (TEM). Reproduced from Dol TPoMS, University of Cambridge, “Full
Record for Micrograph 199" , Prof. W. E. Lee, copyright © 2002 University of
Cambridge, under Creative Commons BY-NC-SA 2.0 UK license
(https://creativecommons.org/licenses/by-nc-sa/2.0/uk/).
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Typical P-E hysteresis loop for PVDF and P(VDF-TrFE). Reprinted from (Chen et
al., 2010), Journal of Applied Polymer Science, vol. 116(6), copyright © 2010
Wiley Periodicals, Inc. with permission from John Wiley and Sons.

Apparatus for poling of ferroelectric polymer materials: (a) contact poling and

(b) corona poling. Reprinted from 7hAin Solid Films, vol. 516(15), (Marshall et al.,
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films”, pp. 4679-4684, copyright © 2007 Elsevier B.V., with permission from
Elsevier.
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PVDF. Reprinted from Procedia Manuftacturing, vol. 10, (Tarbuttona et al., 2017),
copyright © 2017 The Authors, Published by Elsevier B.V., under Creative
Commons BY-NC-ND 4.0 license
(https://creativecommons.org/licenses/by-nc-nd/4.0).
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2013), copyright © Taylor & Francis Group, LLC.
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(Reis et al., 2010), copyright © 2010, IEEE.
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copyright © 2016, IEEE.
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buttons and (q) bend sensing. Republished with permission of ACM (Association
for Computing Machinery), from Proceedings of the 2016 CHI Conference on
Human Factors in Computing Systems, (Rendl et al., 2016), copyright © 2016
ACM.
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Wearable sensor array for pulse wave velocity (PWV) measurement: (a) concept
based on PVDF sensors, and (b) fabricated sensors. Reprinted from (Katsuura et
al., 2017), copyright © 2017, IEEE.

Piezoelectric film sensors from TE Connectivity for vibration sensing (a/ with
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PVDF sensor array: (a) schematic and (6)implemented of the real. Reprinted
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copyright © 2018, The Authors, under Creative Commons BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/).
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(Q. Lietal., 2019), copyright © 2019 by the authors, under Creative Commons
BY 4.0 license (https://creativecommons.org/licenses/by/4.0).
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(a) schematic and (b real implementation. Republished with permission of IOP
Publishing, Ltd., from Measurement Science and Technology, (Cui & Zhao,
2021), vol. 3211), copyright © 2021 |0OP Publishing Ltd.; permission conveyed
through Copyright Clearance Center, Inc.
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copyright © 2017, IEEE.
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written permission of IOP Publishing, Ltd., from Japanese Journal of Applied
Physics, (Tajitsu, 2016), vol. 55(4S), copyright © 2016 The Japan Society of
Applied Physics.
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Displacement of an ionic liquid/PVDF when a voltage is applied on the film.
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permission from Elsevier.
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Reprinted from Ceramics International, vol. 41, (Shan et al., 2015), “Novel
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Group S.r.l., with permission from Elsevier.
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thermal energy harvesting. Reprinted from (Gusarov et al., 2015),
copyright © 2015, IEEE.
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VuME (V). Republished with permission of IOP Publishing, Ltd., from Smart
Materials and Structures, (Lasheras et al., 2015), vol. 24(6), copyright © 2015
[OP Publishing Ltd.; permission conveyed through Copyright Clearance Center,
Inc.
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Society.
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Equivalent model of a piezoelectric sensor: (a/ representation of an ideal
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source represented by equivalent controlled current source. Reprinted with
permission from (S. Goncalves, Serrado-Nunes, et al., 2019b), copyright © 2019
American Chemical Society.

Piezoelectric sensor connected to a charge amplifier with a BPF in () single-
ended signaling and (b) differential signaling. (@) Adapted with permission from
(S. Goncalves, Serrado-Nunes, et al., 2019b), copyright © 2019 American
Chemical Society.

Piezoelectric transducer connected to the 3.5 mm audio jack.
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“Growth is an endlessly iterative process.
When we learn something new, we don't go from “wrong” to “right.”
Rather, we go from wrong to slightly less wrong.
And when we learn something additional, we go from slightly less wrong to slightly
less wrong than that, and then to even less wrong than that, and so on.
We are always in the process of approaching truth and perfection without actually

ever reaching truth or perfection.” !

(Mark Manson)

1 Quote from p. 117 from The Subtle Art of Not Giving a F*ck by Mark Manson, copyright © 2016 by Mark Manson. Courtesy of HarperCollins Publishers.






1. INTRODUCTION

The revolution of digital devices in the last decade, particularly with smartphones and tablets
suddenly becoming available to the general public, completely changed the traditional keyboard and
mouse interface. A wave of developments within the human-computer interaction (HCI) field, riding on
paradigms such as ubiquitous computing, tangible user interfaces (TUIs) and physical computing lead to
a very recent perspective of a computer fused with the material (Ishii et al., 2012). The phenomenon was

predicted by Weiser (1991) who started his article in the Scientific American magazine with:

“The most profound technologies are those that disappear. They weave

themselves into the fabric of everyday life until they are indistinguishable from it. "1

(Mark Weiser)

He further continued by stating that computers were still a very recent technology in terms of
humankind presence, but that in the future computation and computer interaction will be so ubiquitous
that their presence will not be identifiable anymore. Just like writing once was such a new technology that
required tremendous effort to operate such as making ink or baking clay, but that nowadays it has fused
with our quotidian in newspapers, street signs, graffiti, or even in the candy wrapper (Weiser, 1991).

Digital technology is seamlessly woven within materials, displaying information through shape, color
and texture (Coelho & Maes, 2009; Coelho & Zigelbaum, 2011), sensing interaction floors, walls,
multitouch surfaces or textiles, enabling diverse and radically new forms of interactivity ranging from TUIs
(Ishii & Ullmer, 1997), to organic user interfaces (OUIs) (Holman & Vertegaal, 2008) and computational
composites (Vallgdrda & Redstrom, 2007), among others.

The technological scaling down of the computer electronics and the availability of a number of novel
material possibilities, such as conductive ink, conductive thread and fabric, electroactive materials, shape-
memory alloys (SMAs), among others, lead to the exploration of materials embedded in paper, textiles or
polymers with computational behaviors (Boem & Troiano, 2019). Some examples of such technology are
the Electronic Popables, a paper book that integrates traditional pop-up mechanisms with thin, flexible,
paper-based electronics (Qi & Buechley, 2010); Shutters, a fabric-made curtain with individually controlled
louvers for information display and ventilation and daylight incidence control (Coelho & Maes, 2009); and

Keppi, a compressible pressure sensor stick for self-reporting of pain intensity on patients (Adams et al.,

1 Reproduced with permission. Copyright © 1991 SCIENTIFIC AMERICAN, Inc. All rights reserved. Homepage: www.scientificamerican.com
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2018). Pressure detection is being introduced as the third dimension of user control, in addition to touch
and location, using technologies such as piezoelectric, piezoresistive or capacitive (Dempsey et al., 2015).

Regarding material developments, polymers and polymer composites have been target of important
advances recently. Composite materials is a class of materials composed by several constituent materials
with different properties so that the combination of them results in a new material with properties that
cannot be observed in any of the materials individually (Vallgdrda & Redstrom, 2007). In turn, there is
also a classification of smart materials, which represents a material or composite capable of changing
one or more properties when in presence of a stimulus (Harrison & Ounaies, 2002).

With focus on the development of smart materials, a great deal of effort has been devoted to smart
polymer-based materials, understanding, modifying, processing and characterizing (P Costa et al., 2017;
Dias et al., 2015; P. Martins et al., 2014; Pedro Martins & Lanceros-Méndez, 2013; L. Wu et al., 2014).
They present important characteristics such as flexibility, transparency, lightweight, low-cost and
durability, among others. Polymer composites can also be tailored to exhibit smart response, such as
dielectric, triboelectric, piezoelectric, pyroelectric, magnetostrictive or magnetoelectric, among others. All
these have made of polymer composites one of the bases of the latest generation of physical interfaces
(Vyas et al., 2012; Wessely et al., 2016).

In simultaneous, strong advances have also recently occurred in smart and functional materials
based on the inclusion of nanoparticles (NPs), such as carbon nanotubes (CNTs), metallic NPs, magnetic
NPs, or others, in order to improve the active response of materials (Georgakilas et al., 2007; Paiva et
al., 2010). Piezoelectric, piezoresistive, magnetic and magnetoelectric properties, among others, have
thus been developed to reach specific target applications (P. Costa et al., 2015; P. Martins et al., 2013,
2014; Pedro Martins & Lanceros-Méndez, 2013).

The tailoring of smart materials’ properties for printing applications is, nevertheless, a very recent
field and just few smart materials for printed technologies exist yet. There are suitable conductive,
semiconductive and dielectric inks (H. F. Castro et al., 2014), which properties still deserve
improvements.

Some examples of base technologies used in the development of polymer application interfaces are
piezoelectric (Rendl et al., 2016), piezoresistive (Y.-J. Yang et al., 2008), pyroelectric (Rendl et al., 2012),
capacitive (Grosse-Puppendahl et al., 2017), among others, promising enormous future developments in

transforming computer interaction ubiquitous, along with sensors and actuators, of course.



Polymer composites allow for increased tangibility, as referred by Follmer et al. (2012):

“Malleable and organic user interfaces have the potential to enable radically
new forms of interactions and expressiveness through flexible, free-form and

computationally controlled shapes and displays.”

(Sean Follmer et al.)

Therefore, this work aims to evolve the state of the art by interconnecting materials and interaction,
integrating new printed smart and functional materials, such as conductive inks and piezoelectric
materials, among others, with interaction technologies. Electric circuits printed on polymers is still a

brand-new field where innovations are increasingly expected and needed.

1.1. CONTEXT AND MOTIVATION

Probably, there is no simpler way to classify today’s computer interaction experience with the user

than as Ishii et al. (2012) did:

“Humans have evolved a heijghtened ability to sense and manipulate the
physical world, yet the digital world takes little advantage of our capacity for hand-

eye coordination.”?

(Hiroshi Ishii et al.)

Traditional user interaction with computers through keyboard, mouse and screen lack many
experience factors for our mind to grasp on, requiring much effort from our brain (Schmidt, 2017). It is
not surprising the appearing of new paradigms that consider physical intuitive interactions as interfacing

with computers (Ratti et al., 2004). Virtualization has never been present in our genesis up until

1 Republished with permission of ACM (Association for Computing Machinery), from “Jamming user interfaces: Programmable particle stiffness and sensing
for malleable and shape-changing devices”, (Follmer et al., 2012), copyright © 2012 ACM; permission conveyed through Copyright Clearance Center, Inc.

2 Republished with permission of ACM (Association for Computing Machinery), from /nteractions, vol. 191), “Radical Atoms: Beyond Tangible Bits, toward
transformable materials”, (Ishii et al., 2012), copyright © 2012 ACM; permission conveyed through Copyright Clearance Center, Inc.
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computers appeared. Maybe that is the reason why we can easier recall the position of the pages in our
notebook than in a digital file.
The difficulty of creating forms of interaction that are intuitive has been identified by (Cartwright et

al., 2001):

“Using representations requires the availability of interfaces that work, and
ones that work with different “representation machines” and with different users.
The challenge is fo provide flexible access to increasingly powerful geospatial (and

related) representation software.” !
(William Cartwright et al.)
In a caricature of the problem in Figure 1.1, the cartoonist Dan Piraro poses the implicit question of

how do traditional inanimate objects such as books and digital technology relate to each other, and how

are users (in)capable to differentiate it.

BIZARRO.COM Facebook con/ BizarroComice

[ think thote are Lroken web diteg.
No matter how many timeg you
click the pictureg, nothing

Figure 1.1. Ironic illustration of the fusion of interfaces. Reproduced from bizarro.com,
3-19-15, copyright © 2015 Dan Piraro, by written permission.

1 Reprinted from Cartography and Geographic Information Science, vol. 281), “Geospatial information visualization user interface issues”, (Cartwright et al.,
2001), Rights managed by Taylor & Francis.

4 November 2021


https://www.bizarro.com/

Prior to the current project, the candidate had experience in the development of TUIs within the
research team of engagelab!, from University of Minho, and had several scientific papers published
relating the development of new TUIs for children to playfully engage in narrative games and enhance
their speech and storytelling capabilities (Sylla, Goncalves, Branco, et al., 2012, 2013; Sylla, Goncalves,
Brito, et al., 2012, 2013). The research team was target of some prizes, from which two stand out
particularly: the ACE 2012 Gold Creative Showcase Award, in Kathmandu, Nepal (Porto Canal, 2012),
and the World Technology Award 2013 for the category of Entertainment, in New York (Centro
ALGORITMI, 2013).

Moreover, when the candidate integrated another research team, ESM? (Electroactive Smart
Materials Group), also at University of Minho, acquired experience in the development of printed
electronics using electroactive and smart polymer materials for sensors and actuators, as well as learning
the screen-printing technique. During this period, there was the prospect of visiting BCMaterials® (Basque
Center for Materials, Applications & Nanostructures) in Bilbao, Spain, to gain experience with inkjet
printing. This surely was another reason of motivation towards the polymer-topic research. And, in fact,
an internship in this institution took place during the current PhD project.

These two research experiences allowed for the candidate to get in touch with the state of the art of
each of the areas and the gap between them, to know experts in the field and acquire their knowledge,
and were essential in identifying the statement of the problem and to trace a solution.

Therefore, the current project is supported by multidisciplinary teams, working on interaction
technologies, electronics and materials. Several technologies were implemented with different materials,
always envisioning the initial problem of interaction. At the end, a case study is presented as form-factor
of aggregation of technologies.

Several projects were sources of inspiration for the current work. But one in particular was more
motivational than the rest: Bridging Book, developed by the lab team (A. C. Figueiredo, Pinto, Branco, et
al., 2013; Pinto et al., 2013). It consists in a printed book that works in conjugation with a tablet,
showcasing the support for new interactions and the deep integration of interaction design and materiality.
For better understanding, watch the video showcase* (A. C. Figueiredo, Pinto, Zagalo, et al., 2013).

This project represents strong scientific and technological innovation, as well as potential for

technology transfer.

1 engagelab official website: http://engagelab.org
2 ESM official website: https://esmg.pt
3 BCMaterials official website: https://www.bcmaterials.net

4 Demo video also available at: https://vimeo.com/engagelab/bridgingbook
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1.2. OBJECTIVES

The objectives of the current project were to explore, develop and incorporate new printed smart
materials, such as conductive inks, piezoresistive inks and piezoelectric materials, among others, into
digital platforms, as well as to develop new printable interaction platforms that could be explored in a
proof-of-concept.

Regarding the development of novel materials oriented for applications, the first objective was to
develop printable sensors and actuators based on capacitive, piezoelectric and piezoresistive materials,
namely:

- The development of strain and deformation sensors based on polymer composites with
specific fillers such as carbonaceous filler and/or metallic nanoparticles (NPs);

- The development of electronic sensors and actuators based on electroactive composites.

- The development of green solutions for sensors, using natural polymers/fibers, such as
paper,

- The development of electronic solutions to interface printed devices.

It is to notice that several of the responsive materials were developed within the research team and
that the main focus was the development of devices with printable inks (by screen printing and/or inkjet
printing, among others).

The second main objective was the integration of materials and digital technology through interaction
design methodology. The approach was to rely on off-the-shelf devices such as computers, smartphones
or tablets combined with piezoelectric, piezoresistive and capacitive embedded materials to create
sensors and actuators.

The third main objective was the development of hybrid physical/digital solutions as proof of concept
showcasing the deep integration between devices and materials. This allowed for conceptualization,
design and testing of interactive materials, leading to a proof-of-concept demonstrator.

Given the amount of work and the expected innovations, most of the effort will be devoted to the first

objective.



1.3. SCIENTIFIC PUBLICATIONS

In the context of the current project there were published several documents, in a total of 10 journal
articles, 2 conference posters and 1 cover artwork, listed in Table 1.1, Table 1.2 and Table 1.3,
respectively.

Complete list of publications of the candidate can be accessed in the ORCID record of the candidate.!

Table 1.1. List of published journal articles.

Journal publication

Pereira, N., Goncalves, S., Barbosa, J. C., Goncalves, R., Tubio, C. R., Vilas-Vilela, J. L., Costa, C. M.
& Lanceros-Mendez, S. (2021). High dielectric constant poly(vinylidene fluoride-
trifluoroethylene-chlorofluoroethylene) for capacitive pressure and bending sensors. Polymer,
214, 123349, https://doi.org/10.1016/].polymer.2020.123349

Dios, J. R., Gonzalo, B., Tubio, C. R., Cardoso, J., Goncalves, S., Miranda, D., Correia, V., Viana, J.
C., Costa, P., & Lanceros-Méndez, S. (2020). Functional piezoresistive polymer-composites
based on polycarbonate and polylactic acid for deformation sensing applications.
Macromolecular Materials and Engineering, 2000379.
https://doi.org/10.1002/mame.202000379

Reizabal, A., Goncalves, S., Pereira, N., Costa, C., Perez-Alvarez, L., Vilas, J. L., & Lanceros-Mendez,
S. (2020). Optically transparent silk fibroin/silver nanowire composites for piezoresistive
sensing and object recognitions. Journal of Materials Chemistry C.
https://doi.org/10.1039/D0TC03428B

Mendes-Felipe, C., Barbosa, J. C., Goncalves, S., Pereira, N., Costa, C. M., Vilas-Vilela, J. L., &
Lanceros-Mendez, S. (2020). High dielectric constant UV curable polyurethane acrylate/indium
tin oxide composites for capacitive sensing. Composites Science and Technology, 199,
108363. https://doi.org/10.1016/j.compscitech.2020.108363

Costa, P., Goncalves, S., Mora, H., Carabineiro, S. A. C., Viana, J. C., & Lanceros-Méndez, S. (2019).
Highly sensitive piezoresistive graphene-based stretchable composites for sensing applications.
ACS Applied Materials & Interfaces, 11(49), 46286-46295.
https://doi.org/10.1021/acsami.9b19294

Goncalves, S., Serrado-Nunes, J., Oliveira, J., Pereira, N., Hilliou, L., Costa, C. M., &
Lanceros-Méndez, S. (2019). Environmentally friendly printable piezoelectric inks and their
application in the development of all-printed touch screens. ACS Applied Electronic Materials,
1(8), 1678-1687. https://doi.org/10.1021/acsaelm.9b00363

1 Sérgio Goncalves “ https://orcid.org/0000-0002-3189-863X
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Journal publication

Reizabal, A., Goncalves, S., Brito-Pereira, R., Costa, P., Costa, C. M., Pérez-Alvarez, L., Vilas-Vilela, J.
L., & Lanceros-Méndez, S. (2019). Optimized silk fibroin piezoresistive nanocomposites for
pressure sensing applications based on natural polymers. Nanoscale Advances, 1(6), 2284-
2292. https://doi.org/10.1039/C8NA00417J

Dios, J. R., Garcia-Astrain, C., Goncalves, S., Costa, P., & Lanceros-Méndez, S. (2019). Piezoresistive
performance of polymer-based materials as a function of the matrix and nanofiller content to
walking detection application. Composites Science and Technology, 181, 107678.
https://doi.org/10.1016/j.compscitech.2019.107678

Costa, P., Nunes-Pereira, J., Pereira, N., Castro, N., Gongalves, S., & Lanceros-Mendez, S. (2019).
Recent progress on piezoelectric, pyroelectric, and magnetoelectric polymer-based energy-
harvesting devices. Energy Technology, A7), 1800852.
https://doi.org/10.1002/ente.201800852

Nunes, J. S., Castro, N., Goncalves, S., Pereira, N., Correia, V., & Lanceros-Mendez, S. (2017).
Marked object recognition multitouch screen printed touchpad for interactive applications.
Sensors, 1/112), 1-9. https://doi.org/10.3390/s17122786

Table 1.2. List of conference posters.

Conference poster

Goncalves, S., Pereira, N., Correia, V., & Lanceros-Méndez, S. (2019, March 19-21). Multifouch
printed touchscreens based on piezoelectric polymers [Poster presentation]. LOPEC 2019,
Munich, Germany. http://program.lopec.com/#!contentsessions/36021

Castro, N., Goncalves, S., Nunes, J. S., Pereira, N., Correia, V., & Lanceros-Méndez, S. (2017,
February 21-22). Development of printed interactive surfaces based on electroactive polymers
[Poster presentation]. Printed and Flexible Electronics Congress 2017, London, United
Kingdom. http://www.globalengage.co.uk/electronics/prl7.html#posters

Table 1.3. List of published artwork journal covers.

Artwork cover

Goncalves, S., Serrado-Nunes, J., Oliveira, J., Pereira, N., Hilliou, L., Costa, C. M., & Lanceros-
Méndez, S. (2019). ACS Applied Electronic Materials, 1(8) [Cover image].
https://pubs.acs.org/pb-assets/images/_journalCovers/aaembp/aaembp_v001i008-3.jpg
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1.4. OUTLINE OF THE THESIS

In the scheme of Figure 1.2 is represented the structure of the organization of this document.

Introduction to the problem
Chapter 1

I

Development of new
interactive user interfaces
Chapter 2

v

Tangible user interfaces (TUIs)
Chapter 2.1

L Polymer film materials

Chapter 2.2

Piezoresistive films

Piezoelectric films Chapter 5
Capacitive films Chapter 4
Chapter 3
oY
Deﬁ\o“f’“a"t
Crgptet®

Conclusions and future work
Chapter 7

Figure 1.2. Scheme of the thesis structure.

Each of the several chapters address a specific subject, namely:

- Chapter 1 introduces the inspiration for the current project and the urge for new interactive
interfaces, referring polymer films as means to attain it. The research goals are indicated
and it is listed the produced scientific publications.

— Chapter 2 presents the literature review relatively to the user interfaces and the solution to
improve interfaces through tangible user interfaces (TUIs). It is also presented the literature
review relative to polymer films with printed electronics, available materials and printing

techniques.
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Chapter 3 introduces polymer film sensors based on capacitive sensing, mentioning relevant
literature for single and multitouch surfaces, particularly those implemented polymer films.
Next, it is showed the implemented systems for touch sensing, as well as the obtained
results and conclusions.

Chapter 4 is relative to the piezoelectric polymer film sensors and actuators. It is presented
a brief historical context and the relationship between dielectric, piezoelectric, pyroelectric
and ferroelectric materials. It is presented the methods for poling ferroelectric materials.
Furthermore, it is explained the designed systems for piezoelectric sensor and actuators.
Chapter 5 addresses piezoresistive materials, discussing the corresponding literature in the
creation of sensors for touch, bending, deformation and multitouch surfaces. It is explained
the developed systems and their implementation, along with the obtained results.

Chapter 6 shows the application of the developed capacitive, piezoelectric and piezoresistive
materials into a demonstrator, which is a hybrid book, exposing the tangibility of the interface
and the potential for new exploitations.

Chapter 7 presents conclusions of the developed work and points out future implementa-
tions and improvements.

Chapter 8 lists the supporting bibliography of the document.

Chapter 9 contains the appendices.



2. INTERACTION AND MATERIALS

The first part of this chapter presents the relevant state of the art of human-computer interaction
(HCI) and the urge of tangibility in the design of (future) interfaces. The concept of tangible user interfaces
(TUIs) has been long introduced, but a lack of smart materials and designs has limited the tangibility of
devices (Ishii et al., 2012). For this reason, representative works on TUIs have been scattered over the
last decade or so, and the emergence of novel forms of interface concepts has been somewhat stagnated,
since visions published more than two decades ago are still deemed futuristic (Holman & Vertegaal, 2008;
Ishii, 2008; Ishii et al., 2012; Ishii & Ullmer, 1997; Weiser, 1991).

Smart and electroactive polymer films with printed electronics represent a high potential for tangible
materials to exhibit digital properties through a seamless technology. The advantages of such materials
lie in the low-cost manufacturing, flexibility, physical robustness and lightweight, among others, which has
led to an increase in applications as sensors and actuators (Briand et al., 2011; Song et al., 2014).The

second half of this chapter focuses on those polymer film materials and fabrication techniques.

2.1. INTERFACES OF INTERACTION

The traditional interface based on display with keyboard and mouse was long questioned about how
good this modality was for us to manipulate information (Ishii & Ullmer, 1997; Weiser, 1991). Digital
technology often takes little advantage from the humans’ ability to sense and manipulate physical objects
(Ishii et al., 2012; Ishii & Ullmer, 1997; Schmidt, 2017). A wave of developments within HCI field, riding
on paradigms such as ubiquitous computing, TUIs, physical computing and organic user interfaces (OUI),
led to a very recent perspective of a computer fused with the material (Ishii et al., 2012).

The rigidity imposed by graphical user interfaces (GUIs) made researchers pursue new and more
natural modalities of HCI. In the nineties, Mark Weiser introduced the concept of ubiquitous computing,
suggesting that computer interaction must evolve and that the computer should stop being a box on a

desk and become something we can carry to the beach, and something that vanishes into a digital
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chalkboard wall (Weiser, 1991). Moreover, he defends that the computer must become invisible to the
user.

Then, Hiroshi Ishii came along. It is not possible to talk about TUIs without saying the name of this
professor of Massachusetts Institute of Technology’s (MIT). The shared vision from the passage of GUIs
to TUIs and beyond, alongside with his vast supporting work, makes Ishii a pilar of TUIs field. Ishii and
Ulimer (1997) took on the Weiser's concept of the ubiquitous computer and published the notion of
tangibility of digital objects. The approach suggests new design topologies for interfaces to allow users to
directly grasp and manipulate the bits and pixels with bare hands (Ishii, 2008; Ishii & Ullmer, 1997).
Consequently, the proposed approach envisioned three main measures: the transformation of ordinary
architectural surfaces (walls, desktops, ceilings, doors, windows, etc.) into active interfaces; the coupling
of everyday use objects (cards, books, models, etc.) with pertaining digital information; and the use of
ambient media for background as cyberspace interface (sound, light, airflow, water movement, etc.) (Ishii

& Ullmer, 1997). But, ultimately, TUIs means more than that.

2.1.1. Tangible user interfaces (TUIs) and beyond

Nowadays, TUIs is synonym of physical manipulation of objects loaded of digital information, and
geolocation awareness of those objects (Ishii, 2008). This is based on the fact that humans have
developed sophisticated skills to manipulate the physical environment they live in, doing specific actions
such as carrying an object from a point to another. But GUIs require an abstract capability to manipulate
information in a way that cannot be found anywhere else in nature (Ishii, 2008; Ishii et al., 2012). A study
conducted by Xie et al. (2008) to compare children’s performance and enjoyment in games using a
physical user interface (PUI), a TUl and a GUI found no difference in the reported enjoyment, but the
game using the GUI took more time for users to complete than for the PUI and the TUL.

In TUIs, the possibility of executing physical operations in specific objects allows for a more
immersive experience. Digital information gets physical forms. Physical objects can be used to control
information or to represent information (Ishii, 2008). This is explained by the diagram in Figure 2.1.

The sudden spread of touchscreens in smartphones and tablets in the last decade worked as a push
to new forms of interaction. By freeing some of the rigidity of the traditional GUI, applications quickly
immerged that transformed it into a TUI, such as Flexibles, a set of physical objects to be used with a

tablet (Schmitz et al., 2017), depicted in Figure 2.2. Touch interfaces are now starting to consider
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New generation of interactive platforms based on novel printed smart materials

pressure sensing along with touch multitouch position, using piezoelectric, piezoresistive or capacitive

technologies (Dempsey et al., 2015).

e.g. building model

input/

output e.g. video projection
of digital shadow

: /output
control Iﬂ

tangible
representation

physical

. representation
digital

digital information

Figure 2.1. Representation of tangible user interfaces (TUIs). Republished with permission
from ACM (Association for Computing Machinery), from Proceedings of the Znd
Interational Conference on Tangible and Embedded Intferaction, “Tangible Bits:
Beyond pixels”, (Ishii, 2008), copyright © 2008 ACM; permission conveyed through
Copyright Clearance Center, Inc.

Figure 2.2. Flexibles: tangible objects to use in a tablet. Republished with permission of
ACM (Association for Computing Machinery), from Proceedings of the 2017 CHI Con-
ference on Human Factors in Computing Systems, “Flexibles: Deformation-aware 3D-

printed tangibles for capacitive touchscreens”, (Schmitz et al., 2017),
copyright © 2017 ACM; permission conveyed through Copyright Clearance Center, Inc.

Ishii et al. (2012) make a very interesting and self-explanatory analogy of the evolution of interfaces,
representing digital technology as an iceberg, in Figure 2.3. A GUI is something similar to interacting with
a sunken iceberg only through the surface of the water, or, if we must, giving commands through a

keyboard and mouse while the information is shown on a screen. Likewise, a TUI, which foresees direct
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manipulation of physical objects, can be thought of as if the iceberg has its tip out of the water, allowing
the user to interact directly with some part of it more intuitively, while the remaining digital world stays
hidden under beneath. Advances in materiality interaction tend to expose that digital world into more
physical and natural interfaces, as if the iceberg is rising from the depths and becoming completely
manipulable, something that the authors call Radical Atoms. It contemplates a new hypothetical

generation of materials capable of changing appearance (color, texture) and shape (Schmidt, 2017).

GUI 5™ TUl ™" RADICAL ATOMS

THE PHYSICAL WORLD

THE DIGITAL WORLD

a) A graphical user interface only lets b) A tangible user interface is like an iceberg: ¢) Radical Atoms is our vision for the future of
users see digital information through a There is a portion of the digital that interaction with hypothetical dynamic
screen, as if looking through the emerges beyond the surface of the water — materials, in which all digital information has
surface of the water. We interact with into the physical realm — that acts as physical manifestation so that we can
the forms below through remote physical manifestations of computation, interact directly with it — as if the iceberg
controls such as a mouse, a keyboard, allowing us to directly interact with the “tip had risen from the depths to reveal its
or a touchscreen. of the iceberg.” sunken mass.

Figure 2.3. Iceberg metaphor — from (a) GUI (painted bits) to () TUI (tangible bits) to
(c) Radical Atoms. Republished with permission of ACM (Association for Computing
Machinery), from /nteractions, vol. 191), “Radical Atoms: Beyond Tangible Bits, toward
transformable materials”, (Ishii et al., 2012), copyright © 2012 ACM; permission
conveyed through Copyright Clearance Center, Inc.

In an interview with Anne Roudaut, Kasper Hornbaek, and Hiroshi Ishii it becomes evident the
presence that shape-changing interfaces will take in the future of TUIs (Schmidt, 2017). Some authors
have made efforts to attain such goals (Coelho & Maes, 2009; Coelho & Zigelbaum, 2011; Ou et al.,
2016), but more material developments are necessary for a broader availability of materials to facilitate
the design of applications.

Since nearly the beginning of computers’ age that computers are not only of use during design and
simulation of composite materials, but they also take major role during execution in dynamically
controlling such materials. Some authors even defend that computational power itself is a constituent of

composites (Vallgarda & Redstrém, 2007). The understanding that the computational power can be used

14 November 2021



in conjugation with electrical properties, optical properties, tensile properties, thermal properties,
deformations, etc. highlights the fact that computers have other modalities to present information other
than through screens (Vallgarda & Redstrom, 2007).

Meanwhile, an intertwined more advanced topology for interfaces arises up. We live in a world of
“blobjects” (contraction of “blob” and “object”), word for an object tool with smooth curves and no sharp
edges. These are the types of objects that we find in nature, not flat screens, and they advocate that user
interfaces should be based on such objects, creating organic user interfaces (OUIs). The concept of OUls
emphasizes on the employment of non-planar displays, often capable of changing form (Shaer &
Hornecker, 2010, sec. 10.2). Holman and Vertegaal (2008) present the following comparison that gives

us a glimpse of tomorrow’s idea of computation:

“For example, the leaves of plants form resilient solar panels that bend rather
than break when challenged. They are not just flexible to adapt to their environment,
they also grow and adjust shape to maximize solar efficiency. Computers may one

day do just that "1

(David Holman & Roel Vertegaal)

That results in the concept of the computer fused with the material, and altogether will be a form of

user interface.

2.1.2. Some examples of applications

The Mark Weiser's vision of ubiquitous computing (Weiser, 1991) in which he defends that the
computer must become more and more invisible to the user, has made researchers to create platforms
with virtual touchscreens that can be applied to any surface regardless of size, using cameras and
projectors (Soleimani et al., 2011), or mid-air gesture recognition, using capacitive and acoustic
technologies together (Braun et al., 2016).

Grosse-Puppendahl, Berghoefer, et al. (2013) have presented a prototype which they named

OpenCapSense, consisting in a toolkit for capacitive sensing for easy user interface configuration. The

1 Republished with permission of ACM (Association for Computing Machinery) from Communications of the ACM, (Holman & Vertegaal, 2008), vol. 51(6),
copyright © 2008 ACM; permission conveyed through Copyright Clearance Center, Inc.
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authors present four case-study scenarios, namely a gesture recognition platform, a wearable device
capable of monitoring muscle activity or identifying user actions such as drinking, a fall detection floor,
and a smart couch capable detecting posture, depicted in Figure 2.4. Pohl et al. (2015) followed up on
the interactive couch and used it as form of control over the environment solely based on the user’s

posture, such as turning lights on for reading, playback music to relax, turn the television on, and so on.

Figure 2.4. Smart couch, capable of recognizing different postures. Reprinted from
(Grosse-Puppendahl, Berghoefer, et al., 2013), copyright © 2013, IEEE.

To achieve similar operations, Schoessler et al. (2015) instead relied on cable control to grant
interaction, in a project they called Cord Uls, shown in Figure 2.5. The cables were equipped with pressure
sensors to detect user actions such as touch, sliding, pinching, stretching, swinging, kinking, swinging,

etc.. For example, tightening a knot in the cord changes intensity of the lamp, or pulling the Universal

Serial Bus (USB) cable performs safe-removal.

(@) () (c)

Figure 2.5. Cord Uls prototype that allows to control devices through the cable
interaction: (a) knot detection for light intensity control, (b) clamp pression
to put computer to sleep, and (c) kink cable to power energy off. Republished

with permission of ACM (Association for Computing Machinery), from Proceedings of
the Ninth International Conference on Tangible, Embedded, and Embodied Interaction,
(Schoessler et al., 2015), copyright © 2015 ACM; permission conveyed through
Copyright Clearance Center, Inc.
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The following project is a true advance in technology, combining material science, electronic sensing
techniques and interaction. Yang Zhang et al. (2017) proposed Electrick, a low-cost system capable of
transforming any surface in a touch surface, whether it is small or large, flat or not. The authors rely on
conductive materials such as polymer films, coatings or paints, but mostly carbonaceous ink spray to
apply on the desired surface. Then, using electrodes distributed regularly around the edges of the surface,
an electronic scanning system detects the finger touches, based in tomography, in a manner that
resembles mutual-capacitance matrix sensing (described in section 3.1.2.2. Mutual-capacitance). In
Figure 2.6 is shown a guitar prepared by Electrick. The touch buttons and sliders can be virtually placed
on any position of the surface. Prior to use, the system requires the user to setup the sensitive locations,

since every surface must be calibrated to overcome the lack of homogeneity of the conductive deposition.

Figure 2.6. Electrick: a low-cost technique to assess touch input on objects or surfaces,
even in non-flat ones. lllustration shows a guitar that was sprayed with
carbonaceous ink to create touch buttons and sliders. Republished with
permission of ACM (Association for Computing Machinery), from Proceedings of the
2017 CHI Conference on Human Factors in Computing Systems, (Yang Zhang et al.,
2017), copyright © 2017 ACM; permission conveyed through Copyright Clearance
Center, Inc.

TUIs have been used for educational purposes, allowing for better comprehension of hard-to-
understand concepts. One of such examples is the platform propose by Schneider et al. (2013) for
neuroscience learning. The authors identified difficulties in visualizing and understanding complex
multidimensional relationships between brain regions even by students of the area, a followed a TUI
approach for a less constrained system and that can also encourage wider exploration. The built prototype
consisted on a tabletop with a projector and a camera underneath the table, shown in Figure 2.7. A
replica of the brain is manipulated on the table. It is possible to deconstruct and reconstruct it, as well as
manipulate it. The camera underneath the table tracks the position of each brain regions. Then, the

projector creates an augmented reality layer by showing the connections between each part of the brain.
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2. Interaction and materials

The authors claim that students who engaged in the platform interaction outperformed those who used

traditional book reading learning method.

Figure 2.7. BrainExplorer, a TUI for neuroscience teaching and learning. Reprinted from
(Schneider et al., 2013), copyright © 2013, IEEE.

The technological scaling down of the computer electronics and the availability of a number of novel
material possibilities, such as conductive ink, conductive thread and fabric, shape-memory alloys (SMAs),
among others, lead to the exploration of materials embedded in paper or textiles with computational
behaviors. One example of such technology is Electronic Popables from Qi and Buechley (2010), a paper
book that integrates traditional pop-up mechanisms with thin and flexible paper-based electronics, as
shown in Figure 2.8. The construction of the book seeks blending electronics invisibly with paper through
the creation of switches, sensors and actuators while keeping circuitry as thin as possible. It combines
the use of copper tape, conductive fabric and conductive paint with light-emitting diodes (LEDs), magnets,
magnetic paint, SMAs, piezoresistive elastomers, and other electronic components. Energy is usually
provided by a small circuit containing a battery, which attaches magnetically to the book in a specific slot.
According to the authors, the differential factor from Electronic Popables to the majority of the similar
projects is that the development of Electronic Popables focuses on a stand-alone paper book, which grants

it some advantage by its autonomy.
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Figure 2.8. Electronic Popables: an electronic pop-up book. Republished with permission of
ACM (Association for Computing Machinery), from Proceedings of the Fourth
International Conference on Tangible, Embedded, and Embodied Interaction, (Qi &
Buechley, 2010), copyright © 2010 ACM; permission conveyed through Copyright
Clearance Center, Inc.

Nonetheless, the use of a computational system can come out with some benefits too, as Wegrzyn
(2012) demonstrated in his diploma project where he presented Elektrobiblioteka! (in Polish,
Electrolibrary in English), a physical book with printed circuits with conductive ink. It detects when the
book is opened and in what page and a computer adds hybrid functionality to the book, displaying
complementary information to the book’s content. Attached to the book is a microcontroller that detects
the page through mechanical switches, and in some cases, also the finger touches in specific spots. That
information is sent to the computer via USB, which triggers actions on the screen of the computer.

It has been noticed that page detection in hybrid books is an important feature, but the existence of
wires and cables coming out of the book might end up creating an undesired notion of complexity for an
object best-know for simplicity. This issue was successfully overcame by Figueiredo, Pinto, Branco, et al.
(2013) in their project Bridging Book through the incorporation of thin magnets in the book sheets that
can be read by the tablet’s internal compass. The book and the device must be placed next to each other,
as shown in Figure 2.9, and as the user flips the pages, the tablet updates content, requiring no batteries
or wires. The digital device provides further interaction with the user, particularly designed for educational
purposes (A. C. Figueiredo, Pinto, Branco, et al., 2013; A. C. Figueiredo, Pinto, Zagalo, et al., 2013; Pinto
etal., 2013).

1 Elektrobiblioteka presentation video: https://vimeo.com/prtscr/elektrobiblioteka
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Figure 2.9. Bridging Book, a hybrid book that combines a physical book with an iPad.
Republished with permission of ACM (Association for Computing Machinery), from
Proceedings of the 2014 Workshops on Advances in Computer Entertainment
Conference, (Sylla et al., 2014), copyright © 2014 ACM; permission conveyed through
Copyright Clearance Center, Inc.

Masunaga et al. (2017) implemented Navigation Book, an interface for physically manipulating page
navigation in a digital book. The interface is based on a physical book, which commands the digital book
to display the same page than it is opened in the physical one, allowing the user to perform intuitive
operations otherwise not possible in digital books such as inserting the finger among pages to keep a
temporary bookmark, back-and-forth page flipping without losing attention, randomly opening a page,
bookmarking a page by folding its corner, or half-flipping a page to take a peek on the next one, among
others. The implementation of the system uses Quick Response (QR) codes printed on the corner of each
page of the book to identify its page number, and a camera to recognize the current page.

Electronics have also been embedded in educational touch-and-feel books. Moorthy et al. (2017)
present Hello World prototype, a metaphor for children having their first contact with an interactive book.
It consists in a textile touch-and-feel with embedded electronic circuits, including LEDs, light sensors and
acoustic actuators, among others, as visible in Figure 2.10. The aim of the project was to keep children
using their senses enthusiastically and while keeping motivated to explore. Very similarly, Posch (2021)
also introduces Crafting Stories, a touch-and-feel book with increased interaction, containing elements

such as a furry cat with vibration to simulate a real cat when the children pet it, among others.
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Figure 2.10. Hello World book prototype, a textile touch-and-feel book with embedded
electronics (two dots in the firefly are a light sensor, and stars are LEDs).
Reprinted from Moorthy et al. (2017) with permission, copyright © 2017
Owner/Author.

On the other hand, Flexibles (previously shown in Figure 2.2) are deformable objects that can interact
with a tablet's touchscreen, adding deformation awareness to passive objects (Schmitz et al., 2017). The
objects are three-dimensional (3D)-printed, containing embedded conductive structures for touchscreen
identification via capacitive coupling effect. The objects can recognize deformations such as pressing,
squeezing or bending. The authors developed three interactive application examples. One of the
examples, called Angry Trees, is a game where two users fight against each other throwing fruits by
bending and releasing their own tree. The system takes into account the orientation and position of the
trees.

Another good project of demonstration of TUIs is the work presented by Villar et al. (2018), Zanzibar.
It consists in a mat capable of detecting the objects placed on it and their location. It uses capacitive
sensing to detect the objects and hover gestures, and Near-Field Communication (NFC) over a large area
to identify the pieces. The authors present different case scenarios, one of them the Movie Maker, shown
in Figure 2.11, which allows the user to create a shooting scene with tangible objects. The objects are
passed to the computer, generating a 3D construction of the set-up scenario. After using, it is possible to
simply wrap the entire mat and carry it around, since the mat is composed by two outer layers of fabric
with two inner layers of flexible substrates: a stretchable NFC antenna array and a flexible printed circuit
board (PCB) capacitive layout. This prototype has been designed as a toy for children storytelling as they

play with the objects, but other uses are possible.
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Figure 2.11. Project Zanzibar: a flexible mat capable of detecting objects placed on it via
NFC, and their location via capacitive sensing. Republished with permission of
ACM (Association for Computing Machinery), from Proceedings of the 2018 CH/
Conference on Human Factors in Computing Systems, (Villar et al., 2018),
copyright © 2018 ACM; permission conveyed through Copyright Clearance Center, Inc.

The design of projects for the construction of the narratives for storytelling by children has also been
including TUIs, as it was particularly noticeable in the works developed by in the project TOK (Sylla,
Branco, & Coutinho, 2011; Sylla, Branco, Coutinho, et al., 2011), where an initial setup of pre-made
cardboards helped children creating a story, later developed into a hybrid system complimented by an
electronic platform called t-books (Sylla, Angelo, et al., 2011; Sylla, Goncalves, Brito, et al., 2012, 2013).
Figure 3.14 shows the t-books prototype.

Similarly, t-words follows the blocks concept for the creation of narratives and language exploitation
(Sylla, Gongalves, Branco, et al., 2012, 2013). It comprises a set of blocks where children can record
sounds. The blocks are attachable to each other magnetically, which triggers the playback of the recorded
sounds according to the order that they are associated. A sequence of t-words blocks is shown in Figure
2.12.

TUIs can be employed in nearly every area fields. A new prototype named Keppi for medical science
can help the health of those suffering from chronical pain by more precisely reporting it to the healthcare
provider. Keppi is a TUI for patients to self-report pain levels by the means of a pressable device that they
hold on their hands and measures the amount of force exerted (Adams et al., 2018). The stronger the
pain, the higher the natural contraction the patient’s muscles. A photograph of the device and its internal
diagram representation are shown in Figure 2.13. The device is deformable, containing a thick layer of
rubber, but the top cap is rigid and holds a battery and a Bluetooth Low Energy (BLE) communication

module, so there is no wiring connecting to the device.
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Figure 2.12. t-words: a set of audio record and playback blocks for language
exploitation. Reprinted by permission from Springer Nature, Creativity in the Digital
Age, (Sylla et al., 2015), copyright © 2015, Springer-Verlag London.
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Figure 2.13. Keppi: (a) TUI for self-reporting pain and (5) schematic representation of
the device. Republished with permission of ACM (Association for Computing
Machinery), from Proceedings of the 2018 CHI Conference on Human Factors in
Computing Systems, (Adams et al., 2018), copyright © 2018 ACM; permission
conveyed through Copyright Clearance Center, Inc.

Another project in the health domain is the work presented by Rus et al. (2014) which consists in a
system to recognize bed postures using capacitive sensing. The system is targeted to elderly people to
prevent prolonged bad bed postures and therefore avoid further health complications such as the
decubitus ulcer. The proposed approach was a grid of crossed wires to be placed on top of the mattress,
below the bedsheets.

The concept of organic user interfaces (OUls) presupposes the use of non-planar displays to present
information to the user (Holman & Vertegaal, 2008; Shaer & Hornecker, 2010, sec. 10.2). OUls are
strongly linked to the shape changing interfaces. One example of such approach is the kinetic window
display of Shutters by Coelho and Maes (2009). It consists in a fabric surface of levered windows

electrically controlled with shape-memory alloy (SMAs). Figure 2.14 shows a fabric prototype and the
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detail of the levered window. It can be of use for efficient light control in buildings or for shadow image
projection.

Nevertheless, in a more recent work, Coelho and Zigelbaum (2011) improved Shutters by trying a
more generic approach, by using thick fabric and foamy parts together with SMAs, which permitted
operations such as elongations and compressions in specific places that resulted in bends and twists,
therefore transforming the object into something more complex with dynamic shape. Figure 2.15 shows
Surflex, one of the developed prototypes. A process somewhat related to origami. However, as the authors
pointed out, the power requirements of the SMAs are considerably high, making their untethered use

impractical.

(@) ()
Figure 2.14. Shutters: (a) kinetic shadow window display and (b) detail of the levered
windows using SMAs. Republished with permission of ACM (Association for
Computing Machinery), from Proceedings of the 3rd International Conference on
Tangible and Embedded Interaction, (Coelho & Maes, 2009), copyright © 2009 ACM,;
permission conveyed through Copyright Clearance Center, Inc.

= \ e
Figure 2.15. Surflex: transformable and programmable physical surface. Reprinted by
permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
Personal and Ubiquifous Computing (Coelho & Zigelbaum, 2011), copyright © 2010,
Springer Nature.

24 November 2021



A similar shape-changing device based on paper was implemented by G. Wang et al. (2018), as
shown in Figure 2.16. The electric layout is printed on paper with a fused filament fabrication (FFF) 3D
printer, using conductive polylactic acid (PLA) filament. The conductivity of the filament is provided by
graphene particles, which expands when heated. The bilayer actuator relies on the Joule heating of the
conductive PLA filament to get deformed when an electric current flows through the printed filament.
Additionally, the system also implements capacitive touch sensing, and self-angle detection based on the
resistance change of the filament, which broadens the range of applications, including paper robots,

artistic demonstrations, pop-up book mechanisms and volumetric transformation, among others.
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Figure 2.16. Paper-based actuators: (a) single actuator and (b) four actuators in the legs
of a robot. Republished with permission of ACM (Association for Computing
Machinery), from Proceedings of the 2018 CH/I Conference on Human Factors in
Computing Systems, (G. Wang et al., 2018), copyright © 2018 ACM; permission
conveyed through Copyright Clearance Center, Inc.

Relatively to the actuation mechanism, Ou et al. (2016) pursued a different approach in their project
aeroMorph to achieve performance as a shape-changing material, with recourse to airflow and inflatable
materials. A specifically pre-designed pattern of air canals in a polymer sheet defines how the polymer
behaves and what shape it acquires when getting inflated. Figure 2.17 displays the classical crane-shaped
origami molded by aeroMorph. In comparison with Shutters and Surflex, aeroMorph lacks the ability to

control individually each of the hinges, limiting the possibilities for different shapes.
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Figure 2.17. aeroMorph: a crane origami using pneumatic actuation. Republished with
permission of ACM (Association for Computing Machinery), from Proceedings of the
29th Annual Symposium on User Interface Software and Technology, (Ou et al., 2016),
copyright © 2016 ACM; permission conveyed through Copyright Clearance Center, Inc.

Furthermore, Purnendu et al. (2021) also achieved similar type of operation, but employing

electrohydraulic actuators, and which are low-power and require no external fluid supply source.

2.2. SMART POLYMERS AND PRINTED ELECTRONICS

So far, the different forms of user interaction have been discussed and specific applications from the
user’s point of view have been presented. Now we will focus on how those platforms are made in terms
of materials and technical engineering, particularly using smart polymers films and the recent science
field of printed electronics.

Larger-sized tangible user interfaces (TUIs) often rely on ordinal non-responsive mechanical
materials, or structural materials (e.g., mechanical switches) (Qi & Buechley, 2010; Sylla, Gongalves,
Branco, et al., 2012). But thin film devices for TUIs must rely on the intrinsic properties of the materials
themselves, such as piezoresistive, piezoelectric, dielectric or magnetoelectric properties, among others
(Dempsey et al., 2015).

For terminology, materials can be classified in several categories. For example, functional materials,

smart materials and electroactive materials, as shown in the diagram of Figure 2.18.
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Figure 2.18. Electroactive materials as a subgroup of smart materials.

Functional materials are materials that exhibit native chemical and physical properties, which are
altered by external factors from the surrounding environment, such as pressure, temperature, electric or
magnetic field, pH, etc. However, functional materials might or might not be predictable in how they
change towards a stimulus. Some examples of functional materials are, piezoelectric, ferroelectric, or
ferromagnetic materials, superconductor or metallic conductors (Z. L. Wang & Kang, 1998, Chapter 1).

Smart materials are functional materials that exhibit a large change of their properties when
submitted to the external stimulus, and producing a predictable outcome (Harrison & Ounaies, 2002).
Most of smart materials are actually result of an engineering process for an intended purpose, but some
smart materials exist naturally as well (Z. L. Wang & Kang, 1998, Chapter 1). All the smart materials are
functional materials. Some examples of smart materials are piezoelectric, pyroelectric, thermoelectric,
piezoresistive, chromatic, shape-memory or magnetorheological materials.

Electroactive materials are a subset of smart materials with the specification that they must produce
a significant change in size or shape when the external stimulus is electrical (Lantada, 2012, sec. 3.3.4).
Some examples of electroactive materials are dielectric, piezoelectric or magnetoelectric materials, or
some ionic composites.

Smart and electroactive materials are often the base of sensors, allowing changes in the environment
to be converted to electrical signals. It is not uncommon for the principles that these materials work on
to be reversible, such as the piezoelectric or magnetoelectric. Therefore, actuators can also be produced

(Tzou et al., 2004).

2.2.1. Why polymers?

Additive manufacturing of polymer-based sensors and sensor matrices is seeing an increasing
number of applications due to the cost-effective production and the capacity for large-scale production,

which represents a great potential (Song et al., 2014). Polymer films can be printed with conductive inks
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through printing techniques without significantly impacting on the polymer properties. Printed electronics
using polymer substrates possess a series of advantages such as flexible, thin, bendable, lightweight, low-
cost, transparent and wearable, among others (Briand et al., 2011). An example of the potential of printed
polymer films is shown in Figure 2.19, where a polymer sensor matrix is perfectly wrapped around an
endoscope to detect its real form when inside the body during endoscopy. Therefore, it is expected that

the market for these materials will continue to grow (Briand et al., 2011).

Figure 2.19. Example of the versatility of polymer films: Sensor matrix wrapped around
an endoscope.

Many applications have surged recently recurring to polymer films, ranging from sensors (S. Khan,
Lorenzelli, et al., 2015), to actuators (Correia et al., 2019), circuits (H. F. Castro et al., 2014), batteries
(C. M. Costa et al., 2019), among many others.

However, despite being target of intense research in the recent years, the fabrication of printed
polymer films is still not a simple process. The quality and functionality of manufactured prototype circuit
films highly depends on three major components (Gerard & Desmulliez, 2012): the printing technique,
the inks used, and the substrate. In the detail of Figure.2.20, for instance, are shown some flaws that
have occurred in the printing of an inductor via inkjet printing using silver ink on a polyethylene

terephthalate (PET) substrate.
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Figure.2.20. Detail of a faulty inductor due to inkjet printing inaccuracies using silver ink
on a PET substrate.

As an example, it is possible to identity the cuts in the conductive vertical traces, caused by the
mechanical imprecision of the printer; the formation of small ink droplets in the horizontal traces, possibly
indicating that the solvent of the ink is taking too long to dry out, giving the ink time to move due to
superficial tension; and the merge of some horizontal traces, probably as a result of the interaction
between the surface tension of the substrate with the ink’s, i.e., hydrophobic behavior.

Adding to that, the connection of the film with the external electronics is often problematic (Nunes
et al.,, 2017). The films are generally not solderable, and mechanical terminals must guarantee good
contact without scratching the conductive layer. The use of conductive glues or tapes can be useful to
overcome this problem.

Thus, next will be presented a brief review of some important printing techniques for prototyping,
some accessible inks and substrates, as well as some solutions for terminal contacts of printed polymer

films.

2.2.2. Printing techniques

The use of printing techniques has been a contribution for the development of flexible electronics.
Many polymer printing techniques exist for both prototyping and industrial production, such as screen

printing (Suikkola et al., 2016), inkjet printing (de Gans et al., 2004), spray printing (Reale et al., 2015),
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bar-coating (also known as doctor blade) (Berni et al., 2004), among many others (Huang & Zhu, 2019;
S. Khan, Lorenzelli, et al., 2015; Rim et al., 2016). The constant pursuit towards the much desired of
fully printed electronics has led to the maturation of inks and their properties for the different printing
techniques, namely to the development of conductive, semiconductive and dielectric inks, among others,
enabling the fabrication of inkjet-printed transistors (H. F. Castro et al., 2014), sensors with integrated
signal conditioning filters (H. F. Castro et al., 2016), audio circuits (Street et al., 2020), screen-printed
piezoelectric matrices (Rendl et al., 2012, 2014), electrochromic displays (Xuan Cao et al., 2016), etc.
Projects often recur to a combination of several printing techniques to print different layers in different
materials (Ko et al., 2007; Krebs, 2009). In Table 2.1 are shown some comparative technical
specifications of the more commonly used printing techniques for prototyping, which are going to be

explained next.

Table 2.1. Comparison of the technical specifications of some printing techniques
used in prototyping.

Characteristic Screen Inkjet Spray Doctor blade
Maximum Resolution (um) 30-100 15-100 10-100 N/A
Wet thickness (um) >10 >1 >1 10 - 500
Ink viscosity p (Pa-s) 0.5-5  0.002-0.025 0'10(1)_ <0.1
Ink surface tension y (mN/m) 38 - 47 15 -25 @ @
References (1) (2) (3) (4)

@ Not a strict parameter.

(1) (Aleeva & Pignataro, 2014; S. Khan, Lorenzelli, et al., 2015; Subramanian et al., 2008)

(2) (Aleeva & Pignataro, 2014; Hosel et al., 2013; S. Khan, Lorenzelli, et al., 2015)

(3) (Guo et al., 2014; Jang et al., 2006; Y. Khan et al., 2020; Krebs, 2009; X. Zhao et al., 2017)
(4) (Berni et al., 2004; Darcovich & Kutowy, 1988; Y. Khan et al., 2020; Krebs, 2009)

2.2.2.1. Screen printing

Screen printing is the most used and mature printing technology for electronic applications. It started
to be used in the beginning of the 20 century (Aleeva & Pignataro, 2014), and it contemplates a screen
mask with the desired layout to be printed. A squeegee presses against the screen and forces ink through

the mask and onto the substrate, as shown in Figure 2.21. The mask consists in a mesh made of nylon
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or stainless steel fibers, usually with 30 to 200 threads per cm, which defines the maximum resolution

of the printed pattern (Aleeva & Pignataro, 2014).

Squeegee

Ink
\ { Mask
Printed / W
image : Substrate

Figure 2.21. Screen-printing apparatus. Adapted with permission from (S. Goncalves, Serrado-
Nunes, et al., 2019b), copyright © 2019 American Chemical Society.

Inks prepared for screen printing must have high viscosity and surface tension because the ink has
to be freestanding in the mesh until it gets pushed down by the squeegee. Inks with low surface tension
would be dripping from mesh and low viscous inks would excessively spread in the substrate
(Subramanian et al., 2008). Many of inks for screen printing actually come in the form of a paste.
However, this can have an impact on the performance of the ink, especially in conductive and
semiconductive inks composed of nanoparticles (NPs) because, to increase viscosity, it is usually added

a polymer binder, which can degrade or destroy the ink behavior (Subramanian et al., 2008).

2.2.2.2. Inkjet printing

Inkjet printing, on the other hand, is a novel and complex system for printing. It consists of a nozzle
that moves over the substrate, while pushing the ink down in little droplets, creating the desired pattern.
Figure 2.22 shows the inkjet-printing apparatus. This process can easily print at 300 dots per inch (dpi),
and can reach up to 1200 dpi at the mechanical level (Krebs, 2009). Although, the theoretical resolution
during the printing process does not mean that the final printed pattern is the same resolution, because

ink might spread after landing on the substrate.
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Figure 2.22. Inkjet-printing apparatus.
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Inkjet ink must be highly tuned in terms of viscosity and surface tension (Aleeva & Pignataro, 2014).
The output of the nozzle is microperforated, thus the ink must have very low viscosity to exit the nozzle
properly, and simultaneously possess low surface tension to not stick to the nozzle tip, but not to the
point where it starts dripping, yet still facilitating the formation of droplets. There is also a constraint for
high volatility of one or more of the solvents of the ink for so that it dries out quickly in the landing place
and to not move on the substrate due to surface tension (Krebs, 2009). Usually, inkjet printers are
equipped with a controllable heating printing head which allows to adjust the viscosity of the ink, and
substrate bed that can also be heated for quicker solvent evaporation (de Gans et al., 2004).

Inkjet printers can be designed to operate in one of two different modes: drop-on-demand (DOD) or
continuous operation (Aleeva & Pignataro, 2014; Krebs, 2009). In continuous operation, the nozzle
evacuates ink droplets at a constant pace during the whole printing, and to create the desired pattern, an
electric field deviates the jet into a reservoir, preventing the ink from landing on the substrate. On the
other hand, in DOD the nozzle transducer is actuated only when desired. It is a less ink consuming
method and more versatile since it can use non-electrostatic inks, but might be more faulty due to

clogging, jet variation and ink flow related to start and stop events (Krebs, 2009).

2.2.2.3. Spray printing

The spray coating technique has been widely used in the painting industry, but recently it started to
be used in the context of printed electronics, and together with a pre-designed mask it has been possible
spray printing (Guo et al., 2014; Jang et al., 2006). It consists of a high-pressure gas that exits a nozzle
at very high speed, and forming a fine aerosol before landing on the substrate, as presented in Figure
2.23. As the gas leaves the nozzle at high speed, it picks ink particles from a reservoir that land spread
on the substrate. A mask is firmly attached to the substrate to create the desired printing pattern (X. Zhao
et al.,, 2017).

The ink for spray printing should be designed to allow pulverization and leveling off on the substrate,
and then the evaporation of one or more solvents turns the ink solid or partially solid (Krebs, 2009). One
of the main advantages of this technique is the possibility to be applied on almost any surface, either
smooth or rough (X. Zhao et al., 2017). Nevertheless, in the final result it can be very hard to obtain a
smooth surface, and the wet thickness is mostly uncontrollable with precision (Krebs, 2009). Thicker
depositions are attained through longer exposition time (Reale et al., 2015). lrregularities in the dispersion

can also pose a challenge in homogeneity.
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Figure 2.23. Spray-printing apparatus. Adapted with permission from (S. Goncalves, Serrado-
Nunes, et al., 2019b), copyright © 2019 American Chemical Society.

Another large advantage of this method is that the ink preparation can be fairly simple because the
range for viscosity and surface tension is wide (Krebs, 2009). The mask and the used ink set the precision
of this technique, which is typically about 100 um (Guo et al., 2014), but it is possible to reach up to
10 um (T. Zhao et al., 2017).

2.2.2.4. Doctor blade coating

Bar coating, often referred to as doctor blade technique, is a method for the creation of thin films
and membranes, originally developed in the 1940’s (Berni et al., 2004). This system works by depositing
an arbitrary amount of ink on the substrate, often using a reservoir, and then swiping longitudinally a
blade over the substrate at a fixed distance, as demonstrated in Figure 2.24, usually in the 10 to 500 um
range (Krebs, 2009). This is a coating method, not a printing method. Consequently, it is not possible to

create any pattern in the resulting film (S. Goncalves, Serrado-Nunes, et al., 2019b).

Blade

/ Ink
Printed
. -
image Substrate

Figure 2.24. Doctor blade coating apparatus. Adapted with permission from (S. Goncalves,
Serrado-Nunes, et al., 2019b), copyright © 2019 American Chemical Society.

Contrarily to the expected, the wet layer thickness in doctor blading is not the same as the doctor

blade gap because the wet layer is sheared by the interaction of the doctor blade with the ink, especially
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for lower thicknesses (Berni et al., 2004; Krebs, 2009). In fact, several factors also affect the wet
thickness such as the ink viscosity, surface tension of the ink and the substrate, speed of the passage,
solvent volatility, among others. In practice, the real wet thickness is about 60 % to 70 % of the doctor
blade gap (Berni et al., 2004; Darcovich & Kutowy, 1988).

The ink constraints for this method in terms of viscosity and surface tension are not very important,

although inks are generally low viscous, with viscosity lower than 100 Pa-s (Y. Khan et al., 2020).

2.2.2.5. Final remarks on printing techniques

Many printable inks require post treatment in order to attain the designed electrical properties,
including temperature curing (Dearden et al., 2005; S. Gongalves, Pereira, et al., 2019), ultraviolet (UV)
radiation exposition (Rajan et al., 2016) or solvent evaporation at room temperature (Dehsari et al., 2017;
S. Goncalves, Pereira, et al., 2019), among other more radical approaches such as X-ray exposition (H.-
T. Tung et al., 2012). It is a process necessary for two main reasons: solvent evaporation, and, in
nanoparticles (NPs) ink, to sinter metal particles. In traditional NPs ink, a non-conductive material binds
the conductive particles, i.e., a ligand. Normally, high-temperature annealing or UV exposure are needed
to reach suitable conductivity values (Minari et al., 2014). Nevertheless, new inks have been formulated
that require no annealing by the use of new types of ligand materials that facilitate the contact between
metal NPs at room temperature (Minari et al., 2014).

To achieve a smooth surface in the print usually it is required a long recovery time to allow the ink
to move. However, when the substrate presents hydrophobic behavior overall or locally due to irregular
surface tension or surface contamination, the ink might form little cuts in traces, resulting in faulty
imprints (Aleeva & Pignataro, 2014). Nevertheless, a study by (C. S. Lee et al., 2003) indicates that the
surface of the substrate, namely polyvinylidene fluoride (PVDF), can be treated with ion assisted reaction
(IAR) to make the surface of PVDF hydrophilic, which highly increases the adhesion between the film and
the ink. This grants better durability of electrodes.

2.2.3. Inks for printing technologies

There exist some suitable inks in the market for the more basic electrical behaviors such as
conductive, dielectric and resistive inks (Aleeva & Pignataro, 2014; Rim et al., 2016), but the continuous

research on those fields is also allowing for the creation of more complex mechanisms, as is the case of
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transistors (H. F. Castro et al., 2014), solar cells (Krebs, 2009; Reale et al., 2015) or phosphorescent
components (Jung et al., 2012), among others. Inclusively, there are inks and polymer composites
developed for self-healing printed electronics (J. Kim et al., 2017; Q. Zhang et al., 2018).

The formulation of smart inks results from a mixture of a solvent and active particles, such as silver
for conductive inks, carbon for resistive or polyimide (Pl) for dielectric (Subramanian et al., 2008),
together with other minor components to stabilize the ink, improve printability of adhesion, among others.
Thus, a binder can be used to control the viscosity of the ink, especially in inks for screen printing
(Subramanian et al., 2008). Surfactants are also used to prevent agglomeration in NPs-based inks (W.
Wu, 2017).

The polymer binder has a very important role in the development of stretchable inks, because it is
the binder who dictates the form how smart particles attach and connect to each other (Mohammed &
Pecht, 2016). Therefore, it is not unusual for stretchable inks to be composed of two or more binding
polymers. The same study also suggests that using only silver nanospheres increases conductivity and
reduces the sintering temperature, in comparison with other metal powders, but ohmic stability during
stretching is lost. This has been overcome by the use of a mixture of silver flakes with large and fine
diameters, whereas the large particles promote conductivity during stretching, and smaller particles also
improve conductivity while reducing sintering temperature (Mohammed & Pecht, 2016). This concept is

illustrated in Figure 2.25.

Un-stretched State

Small Flakes
(Avg. 2um) \./

Large Flakes P I
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Bimodal Silver Flakes...un-stretched state...lower resistance
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Large Flakes

(Avg. 10um;\
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L~
- 4
Small Flakes
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Figure 2.25. Bimodal flake distribution maintaining ohmic connectivity during
stretching — a conceptual approach. Reprinted from (Mohammed & Pecht, 2016),
with the permission of AIP Publishing, copyright © 2016 Authors.
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The use of nanotubes instead of simple NPs is often an option in the formulation of differentiated
inks, such as silver nanowires (SNWSs) in transparent inks, or carbon nanotubes (CNTSs) in piezoresistive
inks. The interaction between the long conductive chains can make it change resistance under stress (P.
Costa et al., 2015), or facilitate the creation of transparent inks (Reizabal et al., 2020).

Table 2.2 lists a bunch of commercial inks with different properties for conductive, resistive and

dielectric functions.

Table 2.2. Example of some commercial inks for printing.

NovaCentri Poly-Ink Nanopaint Sigma- Creative
ovaCentrix - i
Characteristic HPS-21LV!  Pol B'yoW'reZ PR 21nk3 Aldrich Materials
- 1 1 -
y 736465°  125.17M°
Type of ink Conductive Conductive Piezoresistive Conductive Dielectric
Active material  Silver NPs SNWs CNTs Silver NPs (not provided)
Matte,
Color Silver Clear Black Silver
colorless
Substrates Plastics, glass Plastics Plastics, glass Porous plastics Plastics, glass
Printing Screen Screen, inkjet, Screen, doctor Inkiet Screen
method doctor blade blade ]

Resistivi 10.4 - 33.8
esistivity p 900 x 10°  (not provided) 11 x 10 71x 1012

(Q2:m) x 10-9
Dielectric
N/A N/A N/A N/A 4.3
constant cr
60 min 30s 10 min ,
Post-treatment 100 -150°C 1 min@ UV

@ 80 °C @110 °C @60 °C

When developing an ink for printed electronics, the choice for the solvent is also very important since
it directly controls the rheological properties of the ink (W. Wu, 2017). Many inks use highly hazardous
solvents, such as toluene (Gerard & Desmulliez, 2012) or N,N-dimethylformamide (DMF) (C. S. Lee et
al., 2003), but environmental concerns have been giving significance to environmentally friendly solvents

such as water-based inks. Yet, the elaboration of water-based inks for application on plastic films is a

1 NovaCentrix official website: https://www.novacentrix.com

2 Poly-Ink official website: http://www.poly-ink.fr

3 Nanopaint official website: https://nanopaint-tech.com

4 Sigma-Aldrich official website: https://www.sigmaaldrich.com

5 Creative Materials official website: http://creativematerials.com
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limited one, resulting in poor wetting print due to the high surface energy of the water when compared to

the plastics’ (W. Wu, 2017).

2.2.3.1. Post-printing treatments

Printed polymer inks with NPs usually require subsequent treatments to attain the desired electrical

properties, due to three main reasons;
- The presence of solvent in the printed ink;
- The inexistence of a tridimensional polymeric network, only non-interconnected monomers;
- The lack of interconnection between NPs.

Thus, inks normally suffer thermal treatments after being printed, which are curing and sintering
treatments (Huang & Zhu, 2019; W. Wu, 2017).

The curing process is a form of heat treatment that works as chemical reaction accelerator. Its main
purpose is to foment the change of the chemical structure of the composite from dispersed monomers
into a tridimensional polymeric network chain, also often referred to as polymerization (Callister &
Rethwisch, 2010, sec. 15.22), and represented in Figure 2.26. It also has a second purpose of easing
solvent evaporation. This gives the ink mechanical strength, makes it adhere stronger onto the substrate
and makes it more flexible. Thermal curing can be achieved with different techniques such as traditional
oven heating, ultraviolet (UV) and infrared (IR) exposure, laser, radiation curing, electron beams,
radioactive curing, ultrasonic heating, electrical and magnetic heating, among others (Abliz et al., 2013).
Nevertheless, curing is a polymer treatment, not a NPs treatment, and alone does not endow any

substantial electrical properties due to the lack of conductive paths in the ink nanostructure.

"\*
’4
L

Uncured Moderately cured Completely cured

Figure 2.26. Creation of polymer network during curing.

The sintering process creates conductive necks between the metal NPs as shown in Figure 2.27 (W.
Wu, 2017). Similarly to the curing process, despite sintering being a thermal process, the thermal

treatment can be achieved not just using a traditional oven, but also through several treatment techniques,
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depending on the formulation of the ink, such as UV or IR light exposure, laser sintering, plasma,
microwave and electrical or chemical sintering techniques, among others (Rajan et al., 2016; W. Wu,
2017).

The treatment of metallic nano inks in terms of electrical conductivity is called sintering. The sintering
treatment is also a thermal treatment that consists in the heating of the ink up to the point where the

outer layers of the NPs fuse with of their neighbors’, below the melting point, creating conductive paths.
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Figure 2.27. Fusion of particles during sintering process (room temperature (RT), low
temperature (LT), high temperature (HT)). Republished with permission of Royal
Society of Chemistry, from Nanoscale, vol. 422), (W. Wu, 2017), “Inorganic
nanomaterials for printed electronics: A review”, copyright © 2017 The Royal Society of
Chemistry; permission conveyed through Copyright Clearance Center, Inc.

Curing and sintering are both post-printing thermal treatments, but they differ in the temperature
magnitude and process duration. It is also possible to obtain inks with different thermal-induced
treatments for curing and sintering. However, in many inks, particularly in NPs inks with low sintering
temperature (< 150 °C), curing and sintering often take place at the same time. For this reason, there
is a misconception between curing and sintering, and the “curing” term usually englobes both curing and

sintering treatments.
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2.2.4. Flexible substrates

Flexible polymer films are the base of flexible electronics. The substrate limits the adhesion of the

printed ink and the curing possibilities. Also, the properties of the substrate determine the applicability of

the system, in terms of transparency and curvature radius (Rim et al., 2016).

Many polymer films exist for flexible electronics, being the polyimide (PI) film among the most used

ones, more known as Kapton film. Kapton film is much used by the industry in the fabrication of flexible

PCBs. It has a high usable temperature, which is a major advantage, but the low transparency, intrinsic

color and high manufacturing cost give room for the selection of alternative types of films (Rim et al.,

2016). Prototype applications often recur to other substrates such as PET (W. Kim et al., 2015) or

polyethylene naphthalate (PEN) (H. F. Castro et al., 2014) due to the low production cost and

transparency, or PVDF and its copolymers in piezoelectric systems (S. Khan, Dang, et al., 2015; Rajeev

et al.,, 2020). In Table 2.3 are listed some polymers used in flexible electronics alongside with their

characteristics.

Table 2.3. Specifications of some flexible substrates (Pedro Costa, Nunes-Pereira, et al., 2019;
L. Hu et al., 2019; A Nathan et al., 2012; Ramadan et al., 2014; Rim et al., 2016; Y Wang et
al., 2010; P. Yang et al., 2014).

Maximum . . Piezoelectric
. . Dielectric .
Material deposition constant &r coefficient Color
temperature (°C) ds3s (pC/N)

Polyimide (PI) 220 -275 3.4 N/A Orange
Polyethersulfone (PES) 190 - 230 4.1 N/A Light yellow
Polycarbonate (PC) 125 2.8 N/A Clear
Polyethylene 150 - 160 4.2 N/A Clear
naphthalate (PEN)
PET 120 3.3 N/A Clear
P(VDF-TrFE) 100 12 38 Clear
PVDF 90 12 24 - 34 Clear

A proper choice of the substrate must consider the final application, the adhesion of the ink to be

printed, and the curing and sintering temperature of the ink. The combination of the chosen ink and

substrate must ensure that the substrate can endure the curing and sintering processes, as well as to be
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resistant to the solvents present in the ink. Other requirements for substrates normally include low cost,
moisture resistance, and, not so often, good thermal conduction and low coefficient of thermal expansion
(CTE) (A Nathan et al., 2012).

The maximum usable temperature of the substrates shown in Table 2.3 is linked to the glass
transition temperature, Tg, of the polymer. The glass transition temperature is a limit occurring in many
amorphous polymers, always below the melting temperature, Tm, at which the polymer begins transiting
from a solid and hard state to a softer and possibly gummy state, and thereupon acquiring a new form
and not recovering to the original one anymore. Non-stretchable polymer films for flexible electronics are
used well below Tg, but stretchable polymers such as elastomers are used above Tg (Ellingford et al.,
2020). Furthermore, the maximum usable temperature of piezoelectric polymer substrates! are also
restrained by the Curie temperature, Tc, which is the temperature at which the material loses the
permanent magnetization and polarization. This effect is explained in section 4.1.4. Ferroelectrics.

Available piezoelectric film substrates for practical uses are mostly restrained to PVDF and its
copolymers and terpolymers, such as poly(vinylidene fluoride trifluoroethylene) (P(VDF-TrFE)),
poly(vinylidene  fluoride-co-chlorotrifluoroethylene)  (P(VDF-CTFE)),  poly(vinylidene  fluoride-co-
hexafluoropropylene) (P(VDF-HFP)), poly(vinylidene fluoride-trifluoroethylene-chlorotrifluoroethylene)
(P(VDF-TrFE-CTFE)), from which PVDF and P(VDF-TrFE) are the most well studied and used in applications
(Pedro Costa, Nunes-Pereira, et al., 2019). The cost of production of these materials is still relatively high,
having commercial PVDF and P(VDF-TrFE) films seen a significant drop in production cost over the recent
years.

More recently, pushed by environmental concerns towards the use of plastics and versatility of
applications, natural materials have been more and more studied, such as cellulose (Hoeng et al., 2016)
or silk (Tulachan et al., 2014), among others. The potential of paper substrates for flexible electronics
has enabled applications such as transistors and batteries (Ferreira et al., 2011), sensors, antennas and
circuits (Tentzeris, 2013), and piezoelectric applications (Sappati & Bhadra, 2018). This comes up with

the potential for reduced environmental impact and recyclable electronics (A Nathan et al., 2012).

1 Piezoelectric material is explained in section 4.1.2. Piezoelectrics.
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2.2.5. Terminals

The terminal joints between the polymer film and the external electrical circuit is a reason of concern
by nature. Polymer materials usually are not solderable and the thin conductive layers restrain the
insertion of mechanical terminals (Measurement Specialties Inc., 1999; Nunes et al., 2017). In more
extreme situations solutions have inclusively passed by the use of wireless intercommunication (Ageyeva
etal., 2019).

Typical commercial solutions for interconnecting rigid electronics with polymer films in prototyping
are based on clincher connectors (Nunes et al., 2017), conductive glues (M. Martins et al., 2012; Mendes-
Felipe et al., 2020; Suikkola et al., 2016), and z-axis conductive adhesive tape (Reizabal et al., 2020),

among others, each with its pros and cons, as shown in Table 2.4.

Table 2.4. Comparison between connecting the terminals.

z-axis conductive

Characteristic Clincher Conductive glue ]
adhesive tape
Flexible No No Yes
Resistance of
Very low Low Low
contact
Thickness Large Thin Very thin
Supports flat cable Yes No Yes
Pitch 2.54 mm - Yes
Mechanical p v d Good
strength oor ery goo 00
Rough materials Yes Yes No
Bad contacts Very susceptible Not susceptible A little susceptible
Conducting traces , ,
) i , , Requires ultra-flexible
Notes might crack during Might be reactive

o cables
crimping

2.2.5.1. Clinchers

Connecting clinchers is a type of connector that pierces the substrate and clamps onto the
conductive paths. It is a versatile option that can be used on flexible printed circuit boards (PCBs), printed
polymer films or even fabric. It requires a specific clamping tool, usually supplied by the manufacturer.

The major downside of this connector is that, as it pierces the substrate, it might crack the conductive
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traces weakening the joint’s conductivity and often resulting in bad connections (Nunes et al., 2017).
Also, due to the same reason, it is a connector not recommended if the film is going to be moving or
bending. If connected properly, this type of connector presents very little electrical resistance because of

the metal-to-wire contact. In Figure 2.28 is shown a Clincher Flex Connector from Amphenol ICCL.

Figure 2.28. Clincher connector.

2.2.5.2. Conductive glue

Conductive glues are mostly used when connecting single terminals, since the precision and size of
the contact are rough and limited to manual application and viscosity of the glue. Nevertheless, precision
and size of the contacts can be enhanced through the use of the screen-printing technique (Bare
Conductive, 2017). In fact, using screen-printing technique it is not only possible to make the connections
but also print an entire film panel. Some projects use anisotropic conductive paste (ACP) to bond
electronic components directly to a printed polymer film (Street et al., 2020).

Conductive glues use a polymer binder material in conjunction with conductive material particles,
e.g., carbon (Figure 2.294) or silver (Figure 2.294), and a solvent. However, the presence of the solvent

has a potential for reacting with the printed material creating unexpected results.

1 Amphenol ICC official website: https://www.amphenol-icc.com
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(@) ()
Figure 2.29. Connections made with (3) conductive carbon glue and () conductive silver
glue.

In this type of connection, the resistance of the connection highly depends on the glue formulation,
but it is usually low, at about of a few dozen Q or less. The glue must dry before become conductive. The
major advantage of conductive glues is the mechanical strength of the contact, which is strong. On the
other hand, the downside of most conductive glues is that they become rigid once dried. However, flexible
conductive glues have also been developed, at the cost of lower conductivity (L. Wang et al., 2018).

As example of commercial conductive glues there is Colloidal Silver from Agar Scientific!, Electric

Paint from Bare Conductive?, or Wire Glue?.

2.2.5.3. z-axis conductive tape

A type of electrically conductive adhesive transfer tape (ECATT) is the z-axis conductive adhesive
tape, that has the particularity of being conductive only in the z-axis direction, i.e., along its thickness,
without conducting sideways. This is the major advantage of this type of material because material can
be deposited over an entire row of pins without short-circuiting parallel pins (3M, 2009). It is one of the

neatest methods for connecting polymer films, as shown in Figure 2.30.

Figure 2.30. Connection made with zaxis conductive adhesive tape.

1 Agar Scientific official website: https://www.agarscientific.com
2 Bare Conductive official website: https://www.bareconductive.com

3 Wire Glue official website: http://www.wireglue.us
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The thickness of the connection is minimal, and the connection is flexible, ideal to connect printed
polymer films with flexible flat cables (FFCs) or PCBs (J.R. Dios et al., 2019). The connection can be
better secured with a sealing material such as epoxy resin or adhesive tape.

This type of z-axis ECATT is composed of small conductive particles, usually metal particles, that are
large enough to make vertical contact with each other, but slightly separated horizontally. When pressed
against a surface, it reinforces the vertical connection. Therefore, one downside of this connection is that
it is not constant in terms of electrical conductivity, which usually sits around at a dozen Q, just similar
to conductive glues. Conductive particles can be copper, nickel, carbon, or, the most used, silver, as is

the case of 3M 97031,

2.3. CONCLUSIONS

This chapter presents a literature review for the current project, explaining the initial problem of
interfaces, the need of TUIs in the future designs, and the possibility of smart polymers with printed
electronics to be the solution.

An introduction of the different forms of interface with the user has been presented, explaining that
the GUI is giving way to other more intuitive forms of interaction such as TUIs, shape-changing interfaces
or OUls. An exhaustive literature review was made on the state of the art, showing several applications,
their forms of interaction, types of sensors and actuators used, and functioning methodology.

Then, the use of polymer films with printed electronics was proposed in the development of new
interfaces, namely smart or electroactive polymers. The advantages of such materials was listed, and the
necessary processes in the production of sensors and actuators: a review on some printing techniques
(screen printing, inkjet printing, spray printing, doctor blade coating); a review on some existing inks for
printing (conductive, resistive, dielectric) as well as the post-treatments needs (sintering, curing); a review
on some substrates available in the market for dielectric and piezoelectric operation; and a review on the

terminals to perform the electric interface between printed polymer films and rigid electronic circuits.

1 3M official website: https://www.3m.com
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3. CAPACITIVE FILMS

Capacitive sensing is a technology that uses the capacitive coupling effect between materials in order
to detect proximity, touch and/or pressure (D. Wang, 2014). Its range of applications is quite large.
Besides the well-known digital devices brimming capacitive touchscreens (Davison, 2010; Kwon et al.,
2018; Schmitz et al., 2017), other applications also comprise gesture recognition (Kellogg et al., 2014),
liquid level sensing (D. Wang, 2014), pressure sensors (Joo et al., 2017; Mclntosh et al., 2006), distance
sensors (Zaitsev et al., 2019), vibration sensors (Y. Wu & Huang, 2018), humidity sensors (Hajian et al.,
2019), electrostatic actuators (Tausiff et al., 2020), energy harvesters, (Moretti et al., 2018, 2020), virus
biomarkers (Cecchetto et al., 2017), pH sensors (Arefin et al., 2014), gas/liquid measure (Ji et al., 2014),
and radio frequency (RF) tuning (Achenbach et al., 2014), and so on. Among the reasons for the popularity
of capacitive sensors are their versatility, easy manufacturing, and also the low-power requirements
(Hussaini et al., 2018).

It is a technology that appeared in the 1970s-80s for touch detection, along with several other
concurring technologies such as resistive sensing, light interruption, or surface acoustic waves (SAWSs),
among others (Buxton, 2010). More recently, in digital devices, capacitive touchscreens came as
replacement of resistive touchscreens, and nowadays it is possible to find capacitive touchscreens in
almost every daily use equipment, such as in laptops, smartphones, smartwatches, tablets, televisions
(TVs), automobiles, laundry machines, and so on (Du, 2016; Walker, 2012).

Capacitive sensing has been gaining popularity over other technologies, e.g., optical detection, in
applications that require contactless sensing, such as proximity and gesture detection, liquid level sensing
or material analysis (D. Wang, 2014). Its main advantages lies in being a low cost technology, the ability
to sense large distances with small sensors, and high resolution (D. Wang, 2014).

With the advent of the smartphones, the market and applications for capacitive touchscreens have
highly grown, especially since the launch of the iPhone® by Apple in 2007 (Luo et al., 2012; Walker,
2012).

Traditional transparent capacitive touchscreens are typically rigid, constituted by a transparent
substrate such as glass or acrylic, and transparent electrodes, usually made of a very thin layer of indium
tin oxide (ITO) which is highly conductive. However, the ITO deposition technology is expensive and new
replacing printing solutions are being researched (W. Kim et al., 2015; Ma et al., 2015).

Nonetheless, there is also an increasing demand for opaque capacitive touchscreens for applications

such as touchpads (Choi et al., 2011), keyboards (Y.-C. Tung et al., 2015), proximity buttons (Kaneswaran
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& Arshak, 2009), position tracking surfaces (Grosse-Puppendahl, Braun, et al., 2013; Valtonen et al.,
2012), and pen-shaped haptic devices (Tian et al., 2017). Opaque capacitive sensors are often built-in
the printed circuit board (PCB) using the copper or aluminum layers (Hong et al., 2013).

However, advances in printed electronics and materials now allow for printed flexible capacitive
sensing films, by using a polymer substrate with printed conductive ink (Molina-Lopez et al., 2012;
Rivadeneyra et al., 2015). Capacitive sensing films are going to be further discussed.

This chapter is mostly covered by the publications of the candidate (N. Castro et al., 2017; Mendes-
Felipe et al., 2020; Nunes et al., 2017; Pereira et al., 2021).

3.1. CAPACITIVE SENSING PRINCIPLE

Capacitive sensing is based on the capacitive coupling effect, which represents the electrical
capacitance between conductors (Du, 2016). Two parallel conductive plates as shown in Figure 3.1 form

an electrical capacitance, capable of storing electric charge.

s
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[

Figure 3.1. Schematic representation of a parallel plate capacitor.

The capacitance C (F), given by:

lw
C= £r€07 (3.1)

where €0 = 8.8541878128(13) x 10-12 (F/m) is the permittivity of vacuum, er is the dielectric
constant of the material between the plates, and I (m), w (m) and d (m) are the length, width and distance

of the plates, respectively (Callister & Rethwisch, 2010, sec. 18.18). The stored charge in the capacitor
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Q (C) can be calculated as function of the capacitance C (F) and the voltage differential developed across

plates V (V):
Q=Cv (3.2)
The energy stored in the capacitor E (J) is given by:
E = %CV2 (3.3)

However, Equation (3.1) does not take into account the fringing effect that occurs on the outside of
the parallel plates, as shown in Figure 3.2, due to the difficulty of modeling this effect (D. Wang, 2014).
In common capacitive applications, the fringing effect can be neglected, but capacitive sensors often rely

on it to operate.
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Figure 3.2. Electric field in a capacitor.
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Capacitive sensors can consider the change of any of the variables from the Equation (3.1) to take
measurements, such as the deformation of the plates (Mclntosh et al., 2006), the deformation of the
dielectric (S. W. Park et al., 2017), or the alteration of the dielectric to another material (Ji et al., 2014).
Nevertheless, the fringing effect is the most used one in practical applications, e.g., in capacitive touch,
proximity and gesture detection sensors, liquid level sensing and material analysis (D. Wang, 2014).

Capacitive touch sensing can be divided in two categories: surface capacitance and projected
capacitance. Projected capacitance can be further subcategorized in self-capacitance and mutual

capacitance. These technologies are going to be explained next.

3.1.1. Surface capacitance

Surface capacitance technology consists in the creation of a uniform electric field between some
electrodes, usually four, over the surface of a panel. Surface capacitance touch panels are made of a

rigid substrate material, usually glass, with a layer of conductive material deposited on the glass, as
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shown in Figure 3.3, being the electrodes placed on the corners of the panel (Akhtar et al., 2017; Walker,
2012). Itis not uncommon for systems based on this technology to also implement a linearization pattern

to correct the inherent nonlinearity of dispersion of the electric field (Bauman, 2007; Walker, 2012).
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Figure 3.3. Surface capacitance panel for touch detection. The human finger draws
current from the electrodes due to capacitive coupling, allowing to
triangulate the touch position.

Surface capacitance touchscreens apply an AC (alternating current) voltage on the electrodes and
measure the current on each electrode, comparing it with the baseline of when the touchscreen is not
touched, to determine the touch location (Akhtar et al., 2017; Walker, 2012, 2014). The system requires
a very stable reference to ground to set the threshold for touch or no touch events. Thus, for the
application of surface capacitance touchscreens in mobile devices, a system using reversing ramped field
capacitive (RRFC) technology was developed (Walker, 2012, 2014), consisting in alternating pin functions
with symmetry.

Surface capacitance devices require simple controllers and need less electric power than other
capacitive technologies, but they suffer from limited resolution and the inability for multitouch detection,
being this last one the reason why they never took off as application for tablets and smartphones, and

ultimately, the cause of their decline (Akhtar et al., 2017).

3.1.2. Projected capacitance

In projected capacitance touch (PCT), electrodes can function as transmit or as receive. The transmit

sends out an electric signal that is sensed by the receive. To evaluate human hand or object proximity, it
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is measured the amount of time that the signal takes to travel from the transmit to the receive, or the
amount of current flowing in the circuit, which varies according to the environment (Zimmerman et al.,
1995).

PCT can be categorized according to the form of operation, as shown in Figure 3.4. There are several
forms of operation of projected capacitive sensing, namely the loading, shunt, receive, and transmit
modes (Grosse-Puppendahl et al., 2017; Grosse-Puppendahl, Braun, et al., 2013; Zimmerman et al.,

1995).
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Figure 3.4. Capacitive sensing techniques. The dashed line represents the limit
between the sensor, on bottom, and the external environment, on top.
Republished with permission of ACM (Association For Computing Machinery), from
Proceedings of the 2017 CHI Conference in Human Factors in Computing Systems,
(Grosse-Puppendahl et al., 2017), copyright © 2017 ACM; permission conveyed
through Copyright Clearance Center, Inc.
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PCT can also be classified in terms of signal source as active or passive (Grosse-Puppendahl et al.,
2017). In active capacitive sensing, the transmit pin exists physically in the device. But, in the arising
concept of passive capacitive sensing, the system relies on external and ambient electric fields, such as
power lines, appliances, Wi-Fi and other radio signals for the transmit function. It is a less reliable method,
but that requires minimal power and infrastructure (Grosse-Puppendahl et al., 2017).

The performance of PCT in noisy environments can be compromised, thus, a shield layer is usually

applied, at the cost of less sensitivity (Cleary, 2019).

3.1.2.1. Self-capacitance

In loading mode, the transmit and receive are actually the same electrode, operating with alternating
functions. For this reason, this is known as self-capacitance.

This system operates by applying an electric charge on the electrode, and measuring the amount of
time it takes to stabilize. Conductive bodies nearby change the recovering time, as shown in Figure 3.5

(Barrett & Omote, 2010; Grosse-Puppendahl et al., 2017; Grosse-Puppendahl, Braun, et al., 2013).

Send pin Receive pin

Figure 3.5. Self-capacitance sensor operation circuit. Reproduced from arduino.cc website,
copyright © 2020 Arduino, under Creative Commons BY-SA 3.0 license
(https://creativecommons.org/licenses/by-sa/3.0).

Self-capacitance is the most common type of capacitive single-touch button sensors due to its
robustness, easy application and cheap manufacturing. For multiple touch buttons, it is possible the
implementation of individual multi-pads, as indicated in Figure 3.6. However, as the amount of pads
increases quadratically with the dimension, it becomes impractical for larger touch panels (3M, 2013;

Luo et al., 2012).
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Figure 3.6. Self-capacitance multi-pad touchscreen.

Interpolation between adjacent self-capacitance electrodes can be attained using specific electrodes’
shapes that promote finger touch crossover on two or more electrodes simultaneously (Cleary, 2019).
Figure 3.7 compares the implementation of non-interpolating and interpolating electrodes. The

interpolated design allows to gradually swipe the finger from one electrode to the other.

(@) (b)
Figure 3.7. Self-capacitive electrodes: (a)two non-interpolated electrodes and (b) two
interpolated electrodes.

Matrices are implemented using electrodes arranged in rows and columns in two separated

conductive layers, as illustrated in Figure 3.8.

.Real touch ‘ Ghost touch
Figure 3.8. Self-capacitance matrix made of rows and columns, causing the perception
of ghost touches during simultaneous touches.
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To improve performance of self-capacitance matrices, systems normally use enhanced patterns such
as the diamond pattern or the flower pattern (Cleary, 2019), among others, increasing electrode
overlapping by finger, reducing the electrode overlapping between each other, permitting best
interpolation, and reducing noise susceptibility. However, as the electrodes are sensed individually with
reference to ground, multitouch detection is not possible due to the appearing of ghost touches (3M,

2013; Barrett & Omote, 2010).

3.1.2.2. Mutual-capacitance

In mutual-capacitance, always two electrodes are necessary, one driving an electric signal and the
other sensing it (Cleary, 2019; Ho et al., 2009). In this topology there is no ground referencing. A touching
finger overlaps the two electrodes, facilitating the passage of electric charge, as shown in Figure 3.9. The
capacitor between electrodes Cps is low, and the capacitors Cpr and Csr increase when a finger is placed

nearby.

C/ Sensing node
Charge Sensing
circuit

Figure 3.9. Theoretical model of mutual-capacitance sensors. Reprinted from (Ho et al.,
2009), S/D Symposium Digest of Technical Papers, vol. 4(1), copyright © 2009
Society for Information Display, with permission from John Wiley and Sons.

Several layouts can be employed for mutual-capacitance, such as interdigitated, serpentine, spiral,
or meandered electrodes, among others (Ho et al., 2009; Rivadeneyra et al., 2015). In Figure 3.10 are
shown two possible layouts for mutual-capacitance single sensors. It is also possible to implement
interpolation in mutual-capacitance sensors using multiplex design, as observable in Figure 3.11, which

highly increases the resolution of the measurements, ideal for sliders or touchscreens (Ho et al., 2009).
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Driving electrode
Driving electrode Sensing electrode
Sensing electrode
(a) (b)
Figure 3.10. Example of mutual-capacitance sensors: (3) Square pad and
(b) interdigitated pad. Reprinted from (Ho et al., 2009), S/D Symposium Digest of

Technical Papers, vol. 40(1), copyright © 2009 Society for Information Display, with
permission from John Wiley and Sons.

Sensing electrode Driving electrodes
A,
(4 A )
T [ ™ 1T
I S — I N —

Figure 3.11. Multiplex design mutual-capacitance sensor. Reprinted from (Ho et al., 2009),
SID Symposium Digest of Technical Papers, vol. 40(1), copyright © 2009 Society for
Information Display, with permission from John Wiley and Sons.
Mutual-capacitance matrices measure the intersections between electrodes individually, which
allows for multitouch detection. For this reason, mutual-capacitance matrices is the most used technology
nowadays in touch sensing (Du, 2016).
The most common type of geometry for mutual-capacitance matrices is the diamond shape, shown

in Figure 3.12 (Akhtar & Kakarala, 2014; Barrett & Omote, 2010).

Driving electrodes <> )

% Sensing electrodes

Figure 3.12. Diamond-shaped mutual-capacitance matrix. Only one driving electrode is

transmitting at a time, and the sensing electrodes sense the capacitance
towards that electrode.
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This layout features minor intersecting electrodes and maximum electrode area exposed to finger
touch. Nevertheless, many other patterns exist, such as the sunflower (Cleary, 2019), or the diamond
outer frame (Peng, 2019), among others (Akhtar & Kakarala, 2014; Harley & Orsley, 2009; Hoch &
Badaye, 2017), some of them patented.

3.2. APPLICATIONS WITH CAPACITIVE POLYMER FILMS

For years, capacitive sensing required rigid and non-transparent materials. Touchscreens in tablets
and smartphones banalized transparent capacitive devices in the last decade, but the concept of a flexible
capacitive touchscreen is still mostly an unheard concept for the general public (Y. Khan et al., 2020).

Grosse-Puppendahl, Braun, et al. (2013) presented a rigid platform for hand detection and gesture
recognition, as shown in Figure 3.13. It uses projected mutual capacitance technology, employing shunt
mode measurements, and has several large round electrodes: eight driving electrodes located in the
device's edges, and two sensing electrodes in the center. According to the authors, the main advantage

of this prototype is the small number of sensors necessary.

: Interaction
VoI_umetrlc Space
objects model
body parts

® 9 @

Figure 3.13. Multi-hand and gesture recognition prototype, using few capacitive sensors.
Republished with permission of ACM (Association for Computing Machinery), from
Proceedings of the SIGCHI Conference on Human Factors in Computing Systems,
(Grosse-Puppendahl, Braun, et al., 2013), copyright © 2013 ACM.
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Similarly, Sylla, Goncalves, Brito, et al. (2012) also presented a prototype called t-books to identify
different block pieces using capacitive sensors, for educational purposes. The system consists in a book
with slots in its pages, and an electronic board on the back cover, as visible in Figure 3.14. The user
inserts cardboards with capacitive tags in the slots, which attach to the electronic circuit magnetically,
allowing it to detect what card has been inserted. The information of the placed cards is then sent to a
computer where it triggers actions based on which card has been inserted, and allows children to create
their own narratives. It uses self-capacitance measurements, with several sensors per slot. The
combination of the activated sensors indicates which card has been inserted on it, and, contrarily to the
previously presented gesture recognition prototype (Grosse-Puppendahl, Braun, et al., 2013), here hand
detection from accidentally touching the sensors is not useful, thus that is filtered out by the use of a

checksum.

(b)
Figure 3.14. t-books prototype, (a) an adventure book with cards that are () placed in
slots and detected through capacitive sensing. Republished with permission of
ACM (Association for Computing Machinery), from Proceedings of the 11th
International Conference on Interaction Design and Children, (Sylla, Goncalves, Branco,
et al., 2012), copyright © 2012 Authors.

The field of flexible printed electronics now allows researchers to develop non-rigid smart materials
for electronic sensing based on capacitive technology (J. Kim et al., 2017; Nunes et al., 2017). The two
prototypes presented before are perfect examples of rigid platforms that would highly benefit from printed
and flexible electronics: in the gesture recognition prototype (Grosse-Puppendahl, Braun, et al., 2013),
using the same topology, it would be possible to sensorize any surface, even non-planar ones, and in the
t-books prototype (Sylla, Goncalves, Branco, et al., 2012, 2013) it would eliminate the need for the thick
back cover of the book, and the sensors could be easily fitted inside the pages of the book seamlessly.

The work conducted by Fan et al. (2017) shows the result of multi-layer screen-printed capacitive

sensors on a PET film using silver paste for the opaque electrodes and poly(3,4-ethylenedioxythiophene)
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3. Capacitive films

(PEDQT) for the transparent ones, as shown in Figure 3.15. Several designs were implemented, such as
single buttons, matrix buttons, and linear and radial sliders. To achieve multi-layer, the top and bottom
layers were printed on the same side of the PET film intercalated with a UV-curable dielectric ink layer.
Since the produced films were intended to be used with backlight illustration for user feedback on touch,

the sensing areas were printed with PEDOT, a blueish transparent ink.

Figure 3.15. Multi-layer screen-printed capacitive touch buttons and sliders on a PET
film. The traces made of silver paste, and the touch sensing areas are
transparent PEDOT for backlight illustration upon finger touch. Reprinted
from (Fan et al., 2017), copyright © 2017, IEEE.

To achieve high transparency in commercial touch devices, electrodes are usually made of ITO,
deposited in a glass substrate (Ho et al., 2009; Ma et al., 2015), but the use of ITO is becoming more
and more expensive because both the slow manufacturing process based on lithography and the drop in
indium reserves, not to mention the toxicity of indium (Ma et al., 2015). Also, ITO is susceptible to
deformation, which restricts its range of applications to rigid devices (Ma et al., 2015).

To counteract these, the work presented by W. Kim et al. (2015) proposed the use of single-walled
carbon nanotubes (SWCNTSs) instead of ITO to take advantage of the SWCNTSs' flexibility. Their prototype
envisioned the creation of a capacitive multitouch touchscreen capable of detecting the force applied on
each touch. Instead of relying on the fringing effect, an elastic silicone gel material was used as dielectric
to separate the two conductive layers, which gets deformed when a finger presses it. In Figure 3.16 is
shown the layers composing the device. The bottom layer is made of glass with transparent and
conductive columns printed on it, and in the top layer a PET substrate with printed rows. The authors
claim to have attained a transmittance of the transparent SWCNT electrodes of 85 %, and a 25 %

variation in capacitance when applying 500 gf on the touchscreen over a 3 mm diameter tip.
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Receive line ( 19 Active line + 1 Ground line)
Dimension of channel (Length/Width: 52.85/4.35 mm

Transparent Electrode
on PET film

Force Sensing layer
(elastic material)
with thickness of 1.4 mm

=) ransparent Electrode

on Glass

Transmit line ( 11 Active line + 1 Ground line)
Dimension of channel(Length/Width): 87.4/4.39 mm

*Gap between channels : 0.02 mm
*Active touch area of touchscreen: 52.85 x 87.4mm

Figure 3.16. Diagram of force sensing capacitive touchscreen. Reprinted from Sensors,
vol. 75(11), (W. Kim et al., 2015), copyright © 2015 by the authors, under Creative
Commons BY 4.0 license (https://creativecommons.org/licenses/by/4.0).

Nevertheless, B. Zhang et al. (2014) also came up with a similar prototype to achieve dual operation,
proximity and pressure sensing, but using transparent silver nanowires (SNWs) electrodes. The diagram
of the designed film composite is visible in Figure 3.17. The same principle was used for the dielectric,
made of an elastic layer of polydimethylsiloxane (PDMS). The optical transmittance of the developed film

was 77 % at the worst point.

Elastic PDMS

PET substrate

Silver nanowires network electrode
Figure 3.17. Schematic illustration of a flexible proximity and pressure sensing film.
Reprinted by permission from Springer Nature: Springer Nature, Nano Research,
vol. /11), “Dual functional transparent film for proximity and pressure sensing”, (B.
Zhang et al., 2014), copyright © 2014, Tsinghua University Press and Springer-Verlag
Berlin Heidelberg.
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3. Capacitive films

Figure 3.18. Transparent and flexible interdigitated capacitive sensor. Republished with

permission of IOP Publishing, Ltd., from Flexible and Printed Electronics, (Nair et al.,
2019), vol. 4(4), copyright © 2019 IOP Publishing Ltd.; permission conveyed through
Copyright Clearance Center, Inc.

Nair et al. (2019) have developed a new ink formulation based on SNWs which was used in the
fabrication of an interdigitated capacitive touchpad, envisioning flexibility and transparency, as shown in
Figure 3.18. The ink was prepared for an unconventional printing method: direct ink writing (DIW), a 3D
printing technology, very similar to 3D fused filament fabrication (FFF) printing, which can create 3D
structures by depositing ink, layer after layer (Yubai Zhang et al., 2019). The prototype consisted of three
layers. The bottom layer was a PET film, the middle layer was the printed SNW ink, and the top layer was
composed of PDMS. When bending the device, the PET layer suffers compressive stress and the PDMS
layer tensile stress. According to the authors, this construction facilitates the device to recover the original
shape. The authors claim to have achieved a level of transmittance of 94 %.

When compared to traditional physical touch buttons, capacitive touch buttons lack the ability to
provide feedback to the user that the button has been pressed. However, the approach pursued by Kisi¢
et al. (2017) might be on the way to solve this issue. It does mutual-capacitance measurements between
two electrodes that are separated by an air gap. When the user pushes against the touch button, the top
electrode deflects itself as shown in Figure 3.19, bringing the two electrodes closer together, while the
user gets a slight sensation that the button has been pushed. The substrate polymer used in this prototype
was polyimide (PI) film. The electrodes had 2 cm of diameter and were inkjet-printed with silver
nanoparticles (NPs) ink. The spacer was simply made by stacking 3 PI films with open holes attached
with glue, resulting in a total thickness of 700 um. The author executed performance measurements on
the developed device and found out that the response fitted a linear approximation with sensitivity of

4.14 pF/mm.
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Figure 3.19. Deformable touch button with spacers and an air gap. Reprinted from (Kisi¢ et
al., 2017), copyright © 2017, IEEE.

A fragility of touch sensors, by nature, is the mechanical stiffness of the electrodes, especially the
bendable ones. Continuous bending operation or systematic hitting the sensor with fingers might cause
the electrodes to degrade over time, affecting the performance of the sensor. To face this problem, Q.
Zhang et al. (2018) have created a conductive self-healing polymer that could fit flexible circuits and
wearables. The polymer is highly flexible and can achieve an efficiency of up to 98 % after 48 h of
thermal treatment at 25 °C. The authors show two demonstrations: first with an LED by deliberately
damaging one of its terminals, and second with a capacitive sensor. In both case scenarios the system
recovered from the damage and became functional again.

So far, most attention was given to touch sensors. But capacitive technology goes much beyond,
such as the humidity sensor developed by Hajian et al. (2019). It is a fully printed flexible sensor based
on fluorinated graphene (FG) as active humidity sensitive material. A silver-based ink was screen-printed
on Pl substrate with interdigitated electrodes, and then the FG solution was drop-casted on top of the
electrodes. The sensor produced a capacitance change of more than 300 % for levels of relative humidity
between 20 % to 70 %. Nevertheless, in other works more patterns have also been investigated such
as the serpentine, spiral or meandered electrodes using the humidity susceptibility of the Pl substrate
itself (Rivadeneyra et al., 2015).

Capacitive sensors have also found their way into wearable devices. The work presented by Park et
al. (2017) contemplates the creation of a capacitive film sensor for a wearable respiration monitoring
system. The sensor is worn in the waistbelt of the user’'s waist to measure the exerted pressure on it
during inhale and exhale movements, as shown in Figure 3.20. The sensor is composed by a dielectric
elastomer and two flexible electrodes. The dielectric elastomer was a 36 % porous polybutylene adipate

terephthalate (PBAT), more known under the brand name Ecoflex, and the flexible electrodes were made
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of PDMS with SNWs and carbon fibers for increased conductivity. The result is a very flexible device that
could fit the waistbelt and be compressed when the pressure increases without the risk of breaking or
cracking. The signal measured from the sensor was filtered by a 20 Hz low-pass filter, following to an
instrumentation amplifier, then converted to digital and analyzed in a computer. The researchers were
able to successfully identify the breathing frequency, inhales, exhales and the intentional holding breath

moments in several subjects.

Flexible

 Porous

/ Ecoflex
20 mmx20 mmx4 mm :

&

Electrode

Figure 3.20. Diagram of breathing sensor attached to the user’s waistbelt. The inset
image represents the constitution of the sensor. Reprinted from (S. W. Park et
al., 2017), copyright © 2017, IEEE.

Other applications of capacitive films can be based on changing the dielectric material, allowing to
measure measure a pipe, for example. Thus, Ji et al. (2014) have designed a capacitive film system to
measure the amount of air bubbles existing in a flowing liquid inside a micropipe. The capacitive
electrodes are placed around the pipe, and the fluid acts as dielectric, as demonstrated in Figure 3.21.
When a gas slog passes the sensing area, the dielectric permittivity of the mean decreases, resulting in
lower capacitance of the sensor. The system is composed by two sensors to detect the velocity of the gas
slog inside the pipe. Prior to use, it is necessary to perform calibration of each sensor for empty and full
case scenarios, since the mutual capacitance between electrodes extremely low.

Nonetheless, dielectric elastomers can also be used in capacitive energy harvesters (Moretti et al.,
2020) as is the case of the dielectric elastomer generator (DEG) built by Moretti et al. (2018) to scavenge

electrical energy from water waves in oceans, as shown in Figure 3.22.
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Figure 3.21. Capacitive sensing for detection of gas slogs inside a liquid-flowing
micropipe. Adapted from Sensors, (Ji et al., 2014), vol. 74(12), copyright © 2014 by
the authors, under Creative Commons BY 4.0 license
(https://creativecommons.org/licenses/by/4.0).
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Figure 3.22. Schematic representation of a dielectric elastomer generator (DEG) for
water wave energy scavenge. Republished with permission of IOP Publishing, Ltd.,
from Smart Materials and Structures, (Moretti et al., 2018), vol. 2/3),
copyright © 2018 IOP Publishing Ltd.; permission conveyed through Copyright
Clearance Center, Inc.

The DEG is constituted by a highly flexible polyacrylate film with a pair of carbon grease-coated
electrodes. DEG systems work by combining the preloading of the DEG's capacitor with stretch
movements. Initially, the DEG is stretched and some charge is loaded into its capacitor. Then, when the
DEG returns to the unstretched state with the same pre-loaded charge Q (C) distributed on a smaller
capacitance C (F). The voltage V (V) rises accordingly to Equation (3.2), which results in a higher energy
stored in the capacitor, E (J), due to the quadratic relationship between voltage V and energy E in

Equation (5.1). Elastomer energy harvesters often use a flyback circuit, or a dual active bridge to attain

that (Moretti et al., 2020).
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For a long time that the use of paper as substrate in printed electronics has been a very tempting
alternative to the other polymers, for being environmentally friendly and of low-cost production. The
experiments conducted by R.-Z. Li et al. (2014) allowed the prototyping of paper-based capacitive touch
pads by direct ink writing (DIW) technique. The large amount of conductive ink deposited through the
needle on paper enables the ink to easily fill in the roughness of the paper and form conductive traces.
Figure 3.23 shows a capacitive sensor printed by DIW on paper. Vella et al. (2019) have also proposed

the imprint of capacitive sensors directly on the 3D objects without the need for a film substrate.

(@) (b)
Figure 3.23. Paper printing: (a) Interdigitated capacitive sensor printed by direct ink

writing (DIW) technique on paper substrate; (b) The sensor fully printed.
Reprinted with permission from (R.-Z. Li et al., 2014), copyright © 2014, American
Chemical Society.

An older idea by Mazzeo et al. (2012) but still valid nowadays proposes the implementation of
capacitive touch pads out of ordinary metalized paper used in packaging, e.g., in beverages, and therefore
making use of the existing aluminum foil in the cardboard. To create the electrodes and the electric
connections, a laser cuts the aluminum in the respective regions of the in the cardboard. This can give
discardable packaging a new life that otherwise would end up in the trash.

Though not much usual, some electrostatic actuators have been developed. One of such examples
is the paper robot developed by Shigemune et al. (2017), shown in Figure 3.24. It consists is in sheet of
paper where an interdigitated pattern was inkjet-printed with silver ink. Then, a water-based ink was also
printed on the paper to induce self-folding of the paper into the desired 3D curved L-shape. When applying
a strong electric field between the electrodes, it causes the robot to slightly straighten up, and, due to the
uneven form of the robot, the longer segment pushes the other forward, resulting in the locomotion of
the robot. To produce electrostatic actuation, the robot was powered by an AC 2.83 kV, and to enhance
the robot’s velocity it was operated at 100 Hz. Each pulse creates a micromovement, but the fast-

alternating electric field made the robot travel up to 56 mmin 15 s.
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10 mm

Figure 3.24. Electrostatic printed actuator for paper robot. Reprinted from (Shigemune et
al., 2017) copyright © 2017, IEEE.

3.3. EXPERIMENTAL WORK

Three different prototypes were prepared based on the capacitive technology:
- Atouch sensor made of a resin/ITO composite (Mendes-Felipe et al., 2020);
- A diamond-patterned mutual capacitive matrix, printed on a PET substrate with silver ink (N.
Castro et al., 2017; Nunes et al., 2017);
- A pressure and bending sensor based on the deformable dielectric poly(vinylidene fluoride-
trifluoroethylene-chlorofluoroethylene) (P(VDF-TrFE-CFE)) (Pereira et al., 2021).

These prototypes are going to be discussed next.

3.3.1. Polyurethane acrylate/ITO composite touch sensor

prototype

UV-curable polymers and polymer composites are growing interest in the scientific community.

Polyurethane composites, in combination with zinc oxide, have demonstrated excellent antibacterial
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properties, in special for Escherichia coli and Bacillus subtilis (J. H. Li et al., 2009). However,
polyurethane acrylate (PUA) has been rarely investigated with respect to its dielectric properties.

In this work, a PUA composite was developed with the inclusion of indium tin oxide (ITO) for
capacitive sensing, using UV-curing, and requiring no solvents or high temperature procedures.

The development of this prototype resulted in a scientific publication (Mendes-Felipe et al., 2020),

and a video demonstration was submitted along with the document, available as supplementary material®.

3.3.1.1. Materials and sample preparation

UV-curable PUA resin was acquired from SPOT-A Materials, reference SPOT-E. ITO nanoparticles
(NPs) with size between 20 to 70 nm were purchased from SkySpring Nanomaterials, Inc., with a purity
of 99.99 %. Sample cleaner 2-propanol with 99.5 % of purity was used from Alfa Aesar.

The ITO nanoparticles (NPs) were mixed with the PUA resin to obtain a concentration of 25 wt.%,
placed in an ultrasound bath (ATU ATM model ATM3L) for 3 h at 30 °C, and then stirred for 2 h at room
temperature. The solution was bar-coated on a glass substrate, and then cured on a UV chamber (Honle
UV America, Inc., reference UVACUBE 400) for 90 s with a 1000 W/m2 irradiation exposure. The
composite was peeled off from the glass and cleaned with the 2-propanol. The produced film was 200 pum
thick. Two pairs of gold electrodes were deposited on the sample, two electrodes on each side and
overlapping each other, forming two capacitors, as shown in the inset of Figure 3.25. The electrodes were
circular with 5 mm of diameter, and were sputter-coated using equipment Quorum Q150T SC502.

PUA is transparent, but ITO is blueish, which makes the sample to lose transparency with the
increase in the concentration of ITO. The prepared sample was nearly opaque due to the concentration
of 25 wt.% (transmittance of 1 %), but in turn the dielectric constant becomes higher (er = 33). Further

characterization of the composite is available in (Mendes-Felipe et al., 2020).

3.3.1.2. Electrical circuit

The terminals of the sample were created by two strips of aluminum foil, which were attached to the
gold electrodes using Electric Paint from Bare Conductive. The device was properly isolated with adhesive
tape to prevent fingers from directly touching it.

The implemented circuit to read the capacitance of the sensor was a very simple one, for

convenience. Instead of relying in an analog-to-digital converter (ADC) (Tan et al., 2021), a high-value

1 Link of the demo video available as supplementary material: https://www.sciencedirect.com/science/article/pii/S0266353820316961#mmc1
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resistor was used (10 MQ) to limit the rate of charge of the of the sensor’s capacitor, and this way,
determining if it was being touched or not. This is the same technique as used in self-capacitance sensors.
Two digital pins of a microcontroller are connected, one acting as source, and the other as sensing, as

visible in Figure 3.25.

10MO

SO‘CG MA

Sensing
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Figure 3.25. Developed prototype for capacitive sensing with PUA/ITO composite film.
Reprinted from Composites Science and Technology, vol. 199, (Mendes-Felipe et al.,
2020), copyright © 2020 Elsevier Ltd. All rights reserved.

The electric circuit was composed by a microcontroller (Microchip ATmega328P) running at 16 MHz
and with 5V supply. The microcontroller was connected to a computer via USB, but since the
microcontroller has universal asynchronous receiver-transmitter (UART) interface, in between was
inserted a USB to UART converter (FT232RL from Future Technology Devices International Ltd. (FTDI)).
An LED in series with a 330 Q resistor was used to provide user feedback.

The diagram of Figure 3.26 shows the algorithm used to calculate the state of the sensor. Initially,
the pin of the microcontroller acting as sensing is connected to ground to completely discharge the sensor.
Then, it changes to high-impedance state, and the pin operating as source rises to 5 V level, providing
the electrical charge to charge up the sensor through the resistor. During this process, the sensing pin is
closely monitoring its state until it detects that it has changed from /owto Aigh level. The elapsed time for
that to happen determines the capacitance of the sensor. Yet, to measure the time, instead of setting a
timer in the microcontroller running, it was used a pooling method, incrementing the variable Count
endlessly. The result of Count will not be time itself, but proportional to time. In fact, the resulting value
will change with the frequency of the microcontroller, or even with the selected pin of the microcontroller
as operating as sensing. To reduce noise susceptibility, this operation is executed 50 times and the values

of Count simply added.
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Figure 3.26. Algorithm implemented to acquire the measurements from the self-
capacitive sensor, with self-calibration. Reprinted from Composites Science and
Technology, vol. 199, (Mendes-Felipe et al., 2020), copyright © 2020 Elsevier Ltd. All
rights reserved.

To cancel the effect of Count being only proportional to the real charging time of the sensor, two
variables called Min and Max keep tracking of the minimum and maximum values obtained. After the
user has touched and released the sensor for at least once, the Min variable will contain the obtained
value of Count for when the sensor is not being touched, and the Max variable the value for when

being touched. A simple mathematical operation allows to remove the offset of Count and convert it to
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a scale from 0 to 1, allowing the microcontroller to perform self-calibration during execution. It is
considered a touch if the obtained value is higher than 0.5. To data log the measurements, this value is
further converted to the range from 0 to 255 (range of a byte) and sent to the computer by the UART

interface of the microcontroller.

3.3.1.3. Results and discussion

Based only on the implemented system, it was not possible to indicate capacitance of the sensor.
Instead, the system acquired a waveform of amplitudes with arbitrary units (a. u.) resulting from the
touching and releasing events by the user, as shown in the plot of Figure 3.27. It is easily identifiable the

peaks, corresponding to the user touching the sensor.

by ——

ﬁﬁ"hh il

Amplitude / a. u.
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Figure 3.27. Waveform acquired by the microcontroller from the developed PUA/ITO
capacitive sensor. Reprinted from Composites Science and Technology, vol. 199,
(Mendes-Felipe et al., 2020), copyright © 2020 Elsevier Ltd. All rights reserved.

The demonstration of the functioning of the system is furnished as supplementary material of the
respective publication (Mendes-Felipe et al., 2020)1.

Despite of the toxicity of ITO, which future developments might consider replacing, the developed
PUA/ITO film sensor is a step on the development of environmentally friendlier materials, recurring to UV

curing and additive manufacturing, without the use of solvents or high temperature processing.

1 Link of the demo video available as supplementary material: https://www.sciencedirect.com/science/article/pii/S026635382031696 1#mmc1

67


https://www.sciencedirect.com/science/article/pii/S0266353820316961#mmc1

3.3.1.4. Conclusions

In this work, a material based on the photopolymer PUA resin was developed, with the inclusion of
ITO with a concentration of 25 wt.%. The prepared solution was UV-cured, involving no high temperature
annealing. When compared with the PUA alone, the developed material presented high dielectric constant
er = 33 at the trade of loss of transparency. An electric circuit based on self-capacitance technology was
implemented to perform capacitance measurements on the sensor, for human touch applications. The
system worked flawlessly, presenting high reproducibility and performance, which demonstrates the good

application of the developed material as a new solvent-free for coatings with electronic sensing.

3.3.2. Flexible capacitive touchpad prototype

The objective of this prototype was to demonstrate the applicability of a low-cost fabrication method
for the development of a flexible touchpad matrix capable of multitouch detection. Therefore, it was
created a flexible touchpad made of a PET film with conductive silver ink printed on it by screen-printing
technique. To achieve multitouch, it was employed the mutual-capacitance technology for the sensing
circuit. Nevertheless, if one wants to use this prototype with self-capacitance technology, it is only
necessary to change the developed electronic circuit, since the sensing matrix can be interchanged
between both technologies. The fabricated capacitive matrix was of 220 um thick, containing
10 rows x 15 columns. Upon finger touch, a variation of 30 -50 pF was obtained.

The development of this prototype resulted in a scientific publication (Nunes et al., 2017), and a

video demonstration was submitted along with the document, available as supplementary material®.

3.3.2.1. Materials and methods

There exist many pattern geometries for capacitive matrices, as was previously discussed (Akhtar &
Kakarala, 2014). For this work, the diamond pattern was chosen. It consists of two layers of conductive
material arranged in a diamond-like structure (Cleary, 2019; Ma et al., 2015). A dielectric film material
was used, with rows printed on one side and columns on the other, providing capacitance intersection

which allows to determine the touch location due to the capacitance change when a conductive material

1 Link of the demo video available as supplementary material: https://www.mdpi.com/1424-8220/17/12/2786/s1
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such as the human fingers is close to the matrix. In Figure 3.28 is shown the layout of designed matrix,
10 rows x 15 columns, with an area of 102 x 67 mm. Each of the squares of the electrodes has a side

of 4 mm, which is adequate for fingertip detection.

Transparant - PET Substrate
Silver pattern Bottom Print
Sitver pattern Top Print

Thicknesses

(@) ()
Figure 3.28. lllustration of the geometry used for the capacitive touchscreen from (a)
front view and (b) perspective view. Reprinted from Sensors, vol. 1/12), (Nunes
et al., 2017), copyright © 2017 by the authors, under Creative Commons BY 4.0
license (https://creativecommons.org/licenses/by/4.0).

To print the conductive layout, silver ink is a suitable solution because of the low-temperature
necessary for currying and sintering, as well as the good conductivity of the final imprint. The ink selected
for this work was the HPS-21LV ink from Novacentrix!, prepared for screen printing. The used substrate
was Melinex with 100 um of thickness from Lohmann Technologies UK Ltd.2, a PET film with treatment
for better ink adhesion. The thermal treatment of the printed material was performed in a JP Selecta
oven, model 2005165. The screen-printing apparatus was homemade, and the polyester mesh used for

screen printing had 62/64 threads/cm.

3.3.2.2. Touchpad fabrication

The touchpad was screen-printed on both sides, one side at a time. First, the top of the layer was
printed with silver ink, and to prevent shrinkage of the PET film during thermal annealing, it was only
dried for 6 h at room temperature. Then the same procedure was performed for the bottom layer of the
polymer with the aid of guiding marks. Once printed, the composite film was heated to 120 °C for 30 min

to cure and sinter the ink.

1 Novacentrix official website: https://www.novacentrix.com

2 Lohmann Technologies UK Ltd. Official website: https://www.lohmann-tapes.co.uk
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Next, a clincher connector was inserted with 25 terminals and pitch of 2.54 mm, from Amphenol
FCI! with reference 65801-125LF. Finally, a layer of ordinary adhesive PET was applied on each side of
the film as protection against scratches and oxidation. The appearance of the developed sensing film is

shown in Figure 3.29.

Figure 3.29. Developed touchpad prototype, attached to a multitouch capacitive
controller. Reprinted from Sensors, vol. 1/12), (Nunes et al., 2017),
copyright © 2017 by the authors, under Creative Commons BY 4.0 license
(https://creativecommons.org/licenses/by/4.0).

The overall thickness of the printed film was 220 um, and it is such a flexible device that can easily

fit on any curved surface without getting damaged.

3.3.2.3. Capacitive detection circuit

The developed matrix can be used for self-capacitance or mutual-capacitance sensing. It is the
external electrical circuit whose dictates the mode of operation. However, self-capacitance is limited to
single touches, while mutual-capacitance is capable of multitouch detection (Walker, 2012). Capacitive
controllers detect an AC signal based on its amplitude (Baglio et al., 2004) or frequency (Pintér & Dénes,
2015). To measure the capacitance of all of the intersections between rows and columns it is necessary
a multiplexing system, allowing to access one intersection at a time. This task is eased through the use
of a commercial capacitive controller integrated circuit (IC). It was chosen the 1QS550 from Azoteq Ltd.,
a capacitive controller IC capable of analyzing 10 rows x 15 columns. The typical circuit recommended
by the manufacturer is shown in Figure 3.306. The digital interface of communication of the 1QS550 is
Inter-Integrated Circuit (I12C), which was connected to the microcontroller dsPIC33F128GP804 from

Microchip Technology Inc., shown in Figure 3.30a.

1 Amphenol FCl official website: https://www.amphenol-icc.com
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Figure 3.30. Circuit implemented: (2) a microcontroller stablishes communication
between the computer and (b) the capacitive controller. Reprinted from
Sensors, vol. 1/{12), (Nunes et al., 2017), copyright © 2017 by the authors, under
Creative Commons BY 4.0 license (https://creativecommons.org/licenses/by/4.0).

The interface of communication of the microcontroller to the computer was UART, therefore a USB
to UART converter was included, which was the FT232RL from FTDI. Also, since the used microcontroller
needs a 3.3 V supply, but the USB provides 5V level, the conversion of level was performed by an
LM3940 voltage regulator from Texas Instruments Inc.

The circuit was assembled in two different PCBs, according to the modules shown in Figure 3.30a

and b, so that the microcontroller could be bypassed and the programmer CT210A-S from Azoteq Inc.

could be directly connected to the 1QS550 integrated circuit.

3.3.2.4. Results and discussion

To assess the performance of the system, it was necessary to perform the calibration of the matrix,
using the software tool provided by Azoteq Ltd. together with the CT210A-S programmer. The system
presented a suitable response, but it was noticed that the capacitive controller would easily saturate when
the fingers touched the film. By adding a separator on top of the film with a few mm, such as a glass, the
precision was greatly improved. Figure 3.31a shows the system working with the matrix fitting the curved
border of a table and in Figure 3.314the matrix with a 5 mm glass overlay.

The used capacitive controller is capable of reading up to 5 simultaneous touches. The scanning
frequency of the matrix is 100 Hz, though it decreases with each touch, to the lowest of 88 Hz with
5 touches. The initial capacitance for every of the 150 points is roughly of 40 pF, and a variation of
30 -50 pF is found on the touches, which gives a good sensitivity range for the capacitive controller.

Despite the designed matrix had 10 rows x 15 columns, the capacitive controller implements
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interpolation between traces, resulting in an actual resolution of 2304 x 3584 points, which is about

36 point/mm. This allows high precision measurements.

(@) ()
Figure 3.31. Performance of the system: (3)fitting a curved surface;(b) with 5 mm glass
overlay; (c) capacitance distribution map, using the glass overlay. Reprinted
from Sensors, vol. 1/(12), (Nunes et al., 2017), copyright © 2017 by the authors,
under Creative Commons BY 4.0 license
(https://creativecommons.org/licenses/by/4.0).

The connector using the clincher proved to be a critical point of failure of the whole system, probably
because the clincher punctures through the film and cracking the silver ink deposition. The connector
had to be stabilized and placed in a way that it would not move while utilizing the system. In this situation,
the glass overlay also gave improved mechanical stabilization of the contacts.

Furthermore, to be used as a demonstrator, a C# application was also developed to show the
capacitive touchpad capability in detecting objects with conductive elements shown in Figure 3.32, based

on the number of touching points and the distance between them.
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Figure 3.32. Demonstration of recognition of objects with conductive elements, based on
number of touching points and distance between them. Reprinted from
Sensors, vol. 1/(12), (Nunes et al., 2017), copyright © 2017 by the authors, under
Creative Commons BY 4.0 license (https://creativecommons.org/licenses/by/4.0).

3.3.2.5. Conclusions

[t has been presented the fabrication of a low-cost printed capacitive matrix on a flexible PET film
with an overall thickness of 220 um. The diamond pattern was printed in both sides with silver ink through
screen printing. A capacitive controller IC was used to acquire the touches from the matrix, sending the
data to a microcontroller via 12C, and then to a computer via USB. The matrix had
10 rows x 15 columns, and the capacitive controller was capable to reach a resolution of
2304 x 3584 points through interpolation, at a scanning frequency of 100 Hz. Each point showed a
capacitance below 40 pF with no touch, and a 30 -50 pF capacitance change on finger touch.

To conclude, the capability of the capacitive matrix to fit on curved surfaces was demonstrated, as
well as the possibility to detect, not only human fingers, but objects with conductive materials as well,

which contributes for the possibility of implementing TUIs with flexible multitouch sensing areas.
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3.3.3. Deformable P(VDF-TrFE-CFE) dielectric prototype

The objective of this prototype was to create sensors capable of reading the real finger pressure
instead of the estimated pressure based on the area of finger contact (Nunes et al., 2017) and to avoid
the usually slow-to-recover piezoresistive sensors (Pedro Costa, Goncalves, et al., 2019) by creating
dielectric deformable sensors that do not rely on the fringing effect.

The terpolymer P(VDF-TrFE-CFE) is a dielectric non-ferroelectric material that exhibits high dielectric
constant, er = 40, and excellent mechanical properties, which makes it suitable for capacitive sensing
applications. In this work, pressure and deformation sensors were fabricated using P(VDF-TrFE-CFE), on
a PET substrate. The P(VDF-TrFE-CFE) dielectric film was prepared by solvent casting technique, and the
sensors were assembled using bar-coating and screen-printing techniques. The respective signal
conditioning electronics was designed, and measurements were broadcasted via Bluetooth.

Performance tests were completed on the sensors and curves of linearity and repeatability were
traced. The good response obtained and the reproducibility potential of this technology represents an
advance in polymer film materials for electronic applications.

The development of this prototype resulted a scientific publication (Pereira et al., 2021). Demo video

is also available in the footnote link?.

3.3.3.1. Materials and sample preparation

The P(VDF-TrFE-CFE) (62.5/29/8.5 mol.% of VDF, TrFE and CFE, respectively) was acquired from
Piezotech, with reference RT-FS, and the DMF solvent was furnished by Merck. PET film with 100 um of
thickness was acquired from DuPont (Melinex ST506), and silver ink was supplied from Novacentrix
(Metalon HPS-021LV). The utilized PDMS silicone elastomer used was obtained from DOW (reference
SYLGARD™ 184 Silicone Elastomer Kit). Screen-printing apparatus was homemade, and used meshes
were 100/105 threads/cm with 55 um gaps. Used oven was a JP Selecta 2005165, and the hot-
pressing apparatus was a VERSAPRESS FC480.

The preparation of the solution was made by dissolving P(VDF-TrFE-CFE) powder in DMF with a
concentration of 15 wt.% and stirred for 2 h. The solution was deposited on a glass substrate through
doctor blade coating with a 50 um spacer. Then, it underwent a three-phase thermal treatment to fully

evaporate solvent: 10 min at 210 °C in an oven, followed by 2 h at 90 °C, and then 15 days at room

1 Link of the demo video: https://youtu.be/jevyGvolLrE

74


https://youtu.be/jevyGvo1LrE

New generation of interactive platforms based on novel printed smart materials

temperature. Lastly, the produced P(VDF-TrFE-CFE) film was peeled off from the glass. Further

characterization of the prepared samples is available in (Pereira et al., 2021).

3.3.3.2. Sensor fabrication

A PET film was used to support the sensor, as shown in Figure 3.33. First, it was screen-printed a
1 cm diameter circular shape on the substrate with silver ink to create the bottom electrode, along a
2 cm straight line for the terminals. The imprint was annealed in the oven for 60 min at 80 °C.
Afterwards, the P(VDF-TrFE-CFE) film was overlaid on the PET substrate on top of the cured electrode and
adhered by hot pressing for 15 min at 100°C. The top electrode was also screen-printed, and again the
whole device was put in the oven for 60 min at 80 °C to cure and sinter the top electrode. The whole
sensor was 127 um thick: 100 um for the PET film, 20 um for the dielectric, and 7 um for the electrodes

(3.5 um each).

b)

Pressure

Molding: PDMS

Doctor Blade: P(VDF-TrFE-CFE)

c)

Screen Printing: Silver

Figure 3.33. P(VDF-TrFE-CFE) dielectric deformable capacitive sensor: a) screen printed
silver electrodes, doctor blade coated P(VDF-TrFE-CFE) and molded PDMS
cap; b) pressure sensor operation, and c) bending sensor operation.
Reprinted from Polymer, vol. 214, (Pereira et al., 2021), copyright © 2020 Elsevier
Ltd. All rights reserved.

Bending sensor was covered with a protective piece of ordinary adhesive PET tape to prevent

oxidation. But for the pressure sensor it was fabricated a 2 mm-thick elastic cap in PDMS through molding
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process, using a 3D-printed polylactic acid (PLA) mold made by fused filament fabrication (FFF). This
elastic cap creates the sensation of a press button to the user, while protecting the device from scratches.
The terminals were printed parallel to each other, facilitating the application of a conductive z-axis
tape (3M 9703) and a 1 mm-pitch flexible flat cable (FFC).
Contrarily to the two previous presented prototypes, this sensor does not rely on the fringing effect
happening between the electrodes and human fingers. Instead, it takes into account the variation of the
thickness of the dielectric (Figure 3.3354) and the alteration of the overlapping area between electrodes

(Figure 3.33¢), according to Equation (3.1).

3.3.3.3. Electric circuit

The implemented circuit to read this type of sensors was very simple, similar to as implemented in
the first prototype (section 3.3.1). The instrumentation is done by the digital interface of the
microcontroller (UC), recurring to a resistor in series with the capacitive sensor, as shown in Figure 3.34a.
A high-value resistor (1 MQ) limits the rate at which the capacitor charges. The principle of operation is
that the time the sensor takes to charge up depends on its capacitance. The sequence of execution of
the microcontroller is shown in the flowchart of Figure 3.344. Instead of sending every single sample
acquired, an overall addition of each 50 measurements was made to stabilize the signal and reduce
noise. The value returned by the variable Count is proportional to the capacitance measured, in arbitrary
units. Since this system sets a counter in the microcontroller in pooling mode, the produced Count
value will also change with the clock speed of the microcontroller.

The used microcontroller was a Microchip ATmega328P running at 12 MHz, powered at 5 V level.
To broadcast the measurements of the sensor, the microcontroller was connected to a Bluetooth module
(HC-06) via UART. The Bluetooth module was also supplied with 5 V, but its UART interface operated in
the 3.3 V logic, thus, a voltage divider made of a 10 kQ and a 20 kQ resistors was placed on the receive
data (RXD) of the Bluetooth module to convert the 5 V signal into 3.3 V. The opposite was not necessary
because the microcontroller is tolerant to 3.3 V logic. The baud rate of the communication was set to

9600 bps.
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Figure 3.34. (a)Readout circuit for the capacitive sensor with a microcontroller and a

Bluetooth module; (5) flowchart of the execution of the microcontroller.
Reprinted from Polymer, vol. 214, (Pereira et al., 2021), copyright © 2020 Elsevier
Ltd. All rights reserved.

3.3.3.4. Results and discussion

Since the system makes the data available through Bluetooth, a smartphone was connected to plot
the response of the sensors, using an application developed in Qt 5. The sensors were tested manually
by a user executing pressure and bending operations, as shown in Figure 3.35a and b, respectively. The
plots of the capacitance of the sensors for pressure and bending are shown in Figure 3.35¢ and ¢,
respectively.

The amplitude transmitted by Bluetooth has arbitrary units, as visible in the scale on the screen of
the smartphone. To convert that arbitrary amplitude to the capacitance shown in the plots, the sensor
was replaced by an ordinary fixed-value capacitor, and the received constant value by Bluetooth was noted
down to serve as the conversion factor.

When the sensor is pressed, the elastic dielectric layer is compressed and the electrodes are brought
closer together, therefore the capacitance drops. When bending, the same happens, but due to a
compressive force on the PET film and a tensile force on the elastomer. This cannot squeeze the dielectric
as much as pressing, thus it is expected a smaller change in the capacitance. Also, during normal
operation of the bending sensor, that difference of compressive and tensile forces causes the elastomer

to become slightly longer than the substrate, which facilitates the separation between them. In practical
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terms, the capacitance shows a descendent tendency in first few bending operations, as seen in Figure

3.35d.
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Figure 3.35. Demonstration of () the pressure sensor and (b) the bending sensor. Data
acquired during user manipulation of (c) the pressure sensor and (d) the
bending sensor. Reprinted from Polymer, vol. 214, (Pereira et al., 2021),
copyright © 2020 Elsevier Ltd. All rights reserved.

The theoretical value of the capacitance of the sensors, calculated through Equation (3.1), is
=~ 1.4 nF, but the real measured capacitance with the sensors at rest is somewhere between 60 to
100 pF, which is explained by the loss of adherence of the dielectric to the substrate and the existence
of tiny air bubbles stuck in between the bottom electrode and the dielectric, particularly due to the rough
finish of the silver ink’s surface. However, when pressed, the sensors can get up to 500 pF or more,
which is more than a third of the theoretical value. When heavily and quickly pressed by the user, the
pressure sensor shows a little delay to recover, which is linked to the dielectric remaining bit more adhered

to the substrate than usual.
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The pressure sensor was submitted quantitative and cyclic tests with testing equipment (autograph
universal testing machine Shimadzu AG-IS, and multimeter Agilent 34401A), and in Figure 3.36a and b
are shown obtained curves for linearity and repeatability, respectively. The force applied in the sensor

F (N) is distributed all over the area of the sensor.
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Figure 3.36. Performance of the pressure sensor: (a) linearity and repeatability over
50 cycles. Reprinted from Polymer, vol. 214, (Pereira et al., 2021), copyright © 2020
Elsevier Ltd. All rights reserved.

The rate of change of the capacitance over its initial value AC/ Co fits a linear curve with the increase
of the applied force F (N), and the sensor shows a sensitivity of 0.03/kPa. For the testing conditions, the
sensor showed no memory effect. The developed pressure sensor does not require stretching prior to
use, unlike some piezoresistive sensors (Pedro Costa, Goncalves, et al., 2019; Pruvost et al., 2019).
Further, the sensitivity of the developed pressure sensors is better than other PDMS composites with a
thin PET isolating layer (Pruvost et al., 2019) or electrospun PVDF nanofiber membrane with CNTs (X.
Yang et al., 2019).

The developed sensors can be processed from solution melt and printing techniques, and taking into
account the excellent response potential of this technology, a proof-of-concept matrix was also fabricated
using the same methodology as the pressure and bending sensors developed, shown in Figure 3.37.

It produced very similar results to the pressure sensor when reading individual points, with the
difference that the electrodes were smaller, and, in order to the keep the same time constant, the series

resistor was changed to 10 MQ.
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Figure 3.37. Proof of the concept matrix with elastomer P(VDF-TrFE-CFE) dielectric.
3.3.3.5. Conclusions

Pressure and bending sensors were prepared based on deformable dielectric using P(VDF-TrFE-CFE)
terpolymer. The polymer film material was prepared by solvent casting, and the fabrication of the sensors
was supported on a PET substrate, recurring to printing techniques. The electronic circuit designed to
acquire the sensors were just a high-value resistor in series with the sensor, and connected to the digital
pins of a microcontroller. Readout values from the sensors were broadcast via Bluetooth and plotted in a
smartphone. The sensors presented excellent performance in terms of linearity and repeatability, and due
to that factor, a matrix was also manufactured, envisioning future applications. This prototype enables

the implementation of TUIs with proportional pressure sensing buttons.
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4. PIEZOELECTRIC FILMS

Piezoelectric materials are a class of materials that shows an electrical charge displacement when
the material is deformed, resulting in the appearing of a voltage and/or current (Callister & Rethwisch,
2010, sec. 18.25). It is a reversible process, meaning that a piezoelectric material when subjected to an
electric stimuli will also deform itself (T.-B. Xu, 2016).

This electrical property is interesting for the development of sensors, actuators (Dias et al., 2015)
and energy harvesters (S. Li & Lipson, 2009; Nunes-Pereira et al., 2018). Some applications range from
touchscreens (Reis et al., 2010), microphones (Ramadan et al., 2014), loudspeakers (C. S. Lee et al.,
2003; Street et al., 2020; Sugimoto et al., 2009), bending and vibration sensors (Rendl et al., 2016,
2014), strain sensors (T. Wu et al., 2020), IR sensors (Scheipl et al., 2009), etc.

The brothers Pierre Curie and Jacques Currie first discovered piezoelectricity in 1880 when
experimenting with some natural minerals, namely tourmaline, topaz, sphalerite, quartz, calamine and
boracite (Pedro Costa, Nunes-Pereira, et al., 2019; Curie & Curie, 1880), and also Rochelle salt
(Andrusyk, 2011; Kao, 2004, sec. 4.1). During the World War Il, in 1941, barium titanate (BaTiO3) was
developed, the first non-natural piezoelectric material, and in 1952 lead titanate zirconate (PZT) was
engineered (Jaffe & Berlincourt, 1965). Figure 4.1 shows some PZT discs still at use nowadays.
Applications for PZT range from vibration, pressure or acceleration sensors, to acoustic and ultrasonic
transducers, ignition sparkers and gas lighters, actuators for lenses and mirror positioning systems (King

et al., 1990), and printing heads (Ricoh Europe PLC, 2016), among others.

Figure 4.1. Some PZT piezoelectric diaphragms for acoustic transducers.

Piezoelectricity was also reported in polymers, such as poly(vinyl chloride) (PVC), and poly(methyl
methacrylate) (PMMA) (Greaves & Lamb, 1971), but in 1969, a new piezoelectric material was discovered
by Heiji Kawai named polyvinylidene fluoride (PVDF), which presented a piezoelectric coefficient about
ten times higher than the other polymers, and with important properties such as good chemical stability,
transparency, flexibility and physical robustness (Pedro Costa, Nunes-Pereira, et al., 2019; Fukada, 2000;
Kawai, 1969). In Figure 4.2 is shown the aspect of a piezoelectric PVDF polymer film.
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Figure 4.2. A piezoelectric PVDF polymer film with six silver ink printed electrodes.

Since then, piezoelectric polymers were a target of large research to enhance their properties and
piezoelectric response, from which copolymers and terpolymers of PVDF were developed, with particular
emphasis to poly(vinylidene fluoride trifluoroethylene) (P(VDF-TrFE)) that appeared in the late 1970'’s,
among others (Higashihata et al., 1981; Yagi et al., 1984; Yagi & Tatemoto, 1979). Nowadays, both the
homopolymer PVDF and the copolymer P(VDF-TrFE) have been broadly used for applications, ranging
from sensors (Katsuura et al., 2017; Rendl et al., 2016, 2014), to actuators (Dias et al., 2016; Frecker
& Aguilera, 2003), ultrasonic transducers (M. S. Martins et al., 2017), audio transducers (Reis et al.,
2010; Street et al., 2020; Sugimoto et al., 2009), energy harvesters (Dutta et al., 2018; Nunes-Pereira
et al., 2018; Rajeev et al., 2020), biomaterials (Ribeiro et al., 2015), and energy storing systems (C. M.
Costa et al., 2019), among others (Pedro Costa, Nunes-Pereira, et al., 2019; Heywang et al., 2008, sec.
6).

This chapter is covered by the publications of the candidate (Pedro Costa, Nunes-Pereira, et al.,
2019; S. Goncalves, Pereira, et al., 2019; S. Goncalves, Serrado-Nunes, et al., 2019b). The artwork
displayed in Figure 4.3 was published as cover of the journal American Chemical Society (ACS) Applied

Electronic Materials (S. Gongalves, Serrado-Nunes, et al., 2019a).
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Figure 4.3. Artwork published as cover of the volume 1, issue 8 of the journal ACS
Applied Electronic Materials'. Abstract image depicts a piezoelectric
material and a screen-printed layout, capable of detecting the finger touch.
Reproduced with permission from (S. Goncalves, Serrado-Nunes, et al., 2019a),
copyright © 2019, American Chemical Society.

1 Available online at: https://pubs.acs.org/toc/aaembp/1/8
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4.1. ORIGIN OF PIEZOELECTRICITY IN MATERIALS

Piezoelectric materials are electrical insulators by nature. Within insulators, several subgroups exist,
namely dielectrics, piezoelectrics, pyroelectrics and ferroelectrics, according to the diagram of Figure 4.4.
All of these directly influence the piezoelectricity of materials (Pedro Costa, Nunes-Pereira, et al., 2019;

Jiangyu Li et al., 2013). Therefore, they are going to be explained in the following.

Ferroelectric
Pyroelectric

Piezoelectric

Dielectric
Insulator

Figure 4.4. Diagram of relationships between insulator, dielectric, piezoelectric,
pyroelectric and ferroelectric materials.

4.1.1. Dielectrics

Dielectric materials are not ordinary insulators. They suffer polarization when subjected to an electric
field. This is a consequence of the presence of electric dipoles in the material (Callister & Rethwisch,
2010, sec. 2.7). As an example, the uneven shape of a water molecule makes it highly polar, as shown
in Figure 4.5. Thus, it can be represented as a dipole, for simplicity. Since the dipoles have freedom of
movements, they become aligned to an external electric field E, as demonstrated in Figure 4.6, resulting
in an increase of the dielectric permittivity er. Many dielectrics lose polarization when the external electric

field is removed. Yet, some retain part of it — they are ferroelectric materials, explained in section 4.1.4.

+

5+

Figure 4.5. Schematic representation of a polar molecule: (3) charges in a water
molecule; (b) simplified representation of a dipole.
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Figure 4.6. Representation of the dipoles of a dielectric material: (3) in the absence of
an electric field, the dipoles are randomly aligned to the minimum energy
state, but when an electric field E crosses through the dielectric
material (54), the dipoles will tend to get aligned with that electric field.

Dielectric materials are very usefull on the manufactoring of capacitors because they easily propagate
the electrid field through it, allowing capacitors to have higher capacities and/or smaller size (Y Wang et
al., 2010). The capacitance of a capacitor can be calculated by any of the Equations (3.1) or (3.2). Table

4.1 shows a list of some dielectric polymers, together with their main functional characteristics.

Table 4.1. Comparison of the properties of some dielectric polymers. Reprinted from (Y
Wang et al., 2010), copyright © 2010, IEEE.

. ] Maximum Breakdown Energy
. Dielectric .
Material temperature strength Epr density n
constant cr
Twmax (°C) (MV/m) (J/m3)
Biaxially oriented 29 105 720 5
polypropylene (BOPP)
PET 3.3 125 570 1-15
Polycarbonate (PC) 2.8 125 528 05-1
Polyphenylene-sulfide (PPS) 3 200 550 1-15
Polyimide (PI) 3.4 250 300 1-1.5
PVDF 12 125 590 2.4
P(VDF-CTFE) 13 125 620 25
P(VDF-HFP) 15 125 700 25
P(VDF-TrFE-CFE) 52 125 400 10
Aromatic polyurea 4.2 200 800 12
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4.1.2. Piezoelectrics

The piezoelectric effect is the capacity of certain dielectric materials to generate an electric field
E (V/m) upon the application of an external deforming force F (N). The physical rearrangement of the
dipoles inside the material causes the electric charges to migrate inside the material, and, if the material
is polarized, some charge differential Q (C) builds up at the surface of the material, as exemplified in
Figure 4.7 (Callister & Rethwisch, 2010, sec. 18.25; Ramadan et al., 2014; Rendl et al., 2012).
Furthermore, the converse piezoelectric effect is also true: the application of an external electric field on

a piezoelectric material produces a deforming force (Q. Li & Wang, 2016; Ramadan et al., 2014).

Figure 4.7. The direct and converse piezoelectric effects: exerting a force F on a poled
piezoelectric material produces an electric charge variation Q, or vice-
versa.

The displaced charge Q (C) on a piezoelectric material is given by:
Q=dyF (4.1)
where F (N) is the applied force on the material and dij (C/N) is the piezoelectric constant of the
material. The i subscript indicates the direction in which the charge builds up, and j subscript the direction
of the applied force, according to the convention shown in Figure 4.8 (Mishra et al., 2019; T.-B. Xu, 2016;
Zhu, 2010). In this notation, the z-axis is always made coincident with the direction of positive polarization
of the material.
Through the application of electrodes on the surface of a piezoelectric material it is possible to extract
the accumulated charge in the surface. The voltage generated on the electrodes of a piezoelectric material

can be calculated using Equation (3.2) or (4.1).
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3 Example:

dij — Piezoelectric coefficient

L—» Force direction
6 Charge displacement direction

Polarization direction

1

Figure 4.8. Correspondence between axis and directions for piezoelectric elements.
Reprinted from Structural Health Monitoring (SHM) in Aerospace Structures, (T.-B. Xu,
2016), “7 - Energy harvesting using piezoelectric materials in aerospace structures”,
pp. 175-212, copyright © 2016, with permission from Elsevier.

The electromechanical coupling factor kij is an indicator in piezoelectric materials that specifies the
efficiency of the mechanical-to-electrical transformation, or vice-versa (Pedro Costa, Nunes-Pereira, et al.,
2019). Piezoelectric polymers present lower piezoelectric coefficient than some piezoelectric ceramic
materials, and also lower stability for higher temperatures, but a whole bunch of other properties give
piezoelectric polymers great advantage, such as flexibility, transparency, stretchability, softness and light
weight (Pedro Costa, Nunes-Pereira, et al., 2019).

Table 4.2 lists some piezoelectric ceramics and their properties, and Table 4.3 some polymers. Most
piezoelectric polymers only present a d31 piezoelectric coefficient, which limits the type of applications to
3D. However, PVDF and PVDF copolymers stand out from the remaining piezoelectric polymers for

exhibiting higher piezoelectric coefficient, and in the d33, as observable in Table 4.4.

Table 4.2.  Properties of some piezoelectric ceramics (C) and single crystals (SC)
(Pedro Costa, Nunes-Pereira, et al., 2019; Jaffe & Berlincourt, 1965).

Piezoelectric coefficient

. Electromechanical Dielectric
Material .
ds1 (pC/N) ds3 (pC/N) coupling factor k33 constant cr
BaTiO3 (C) -115 483 0.5 3000
PZT (C) -274 590 0.75 1000
PMN-PT (SC) -100 2000 0.9-0.94 5000
PZN-PT (SC) -1400 1400 0.92-0.94 6800
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Table 4.3. Properties of some piezoelectric polymers. Reprinted with permission from
(Pedro Costa, Nunes-Pereira, et al., 2019), copyright © 2019 WILEY-VCH Verlag GmbH

& Co. KGaA, Weinheim.

Material Piezoelectric coefficient Electromechanical coupling Dielectric
d31 (pC/N) factor k31 constant er

Polyurea <10 _ ~ 4
Nylon-7 17 0.054 -
Nylon-11 14 0.049 _
PAN 2 0.01 38
PVDCN/VAc 10 0.05 3
PPEN - _ .
PVC 0.5-5 0.001 10
PVAc - _ 6.5

Pl <5 _ 4

Table 4.4. Piezoelectric properties of polymers from the PVDF family (Pedro Costa,
Nunes-Pereira, et al., 2019; P. Martins et al., 2014).

Piezoelectric coefficient

Material
ds1 (pC/N)
PVDF 8-12
P(VDF-TrFE) 12
P(VDF-CTFE) -
P(VDF-HFP) 30
P(VDF-TrFE-CTFE) -

Additionally, Fulay and Lee (2016)

properties.
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Electromechanical Dielectric
ds3 (pC/N) coupling factor k33 constant cr

-24 --34 0.2 6-12
-38 0.37 18
-140 0.39 13
-24 0.36 5.6
- 0.28 80

make an extensive list of piezoelectric materials and their



4.1.3. Pyroelectrics

Pyroelectricity is the ability of some piezoelectric materials of suffering an electric charge variation
when the temperature of the material changes over time (Pedro Costa, Nunes-Pereira, et al., 2019).
The second law of thermodynamics limits the theoretical maximum of thermal energy that can be

converted to work, through the Carnot efficiency ncarnot:

Ncarnot = 1—— (42)

where Tu and Tc (K) are the temperature of the hot and cold states, respectively (Pedro Costa,
Nunes-Pereira, et al., 2019). However, the pyroelectric energy conversion is very ineffective due to the

energy necessary to actually heat the material. So, the real efficiency 7 is given by:

T 2
n= Zk Ncarnot (4.3)

where k2 is the thermoelectric coupling factor (Q. Li & Wang, 2016).
The pyroelectric coefficient p (C/m2/K) relates the generated electric charge Q (C) with the
temperature variation by:
Q=pA(T—T) (4.4)
in which A (m2) is the area of the overlapping electrodes, and Ti and Tt (K) are the initial and final
temperatures of the pyroelectric material, respectively (Bowen et al., 2014).
Table 4.5 shows some pyroelectric materials and their properties, and Bowen et al. (2014) present

a more detailed list of pyroelectric materials.

Table 4.5. Some pyroelectric materials and their properties (Bowen et al., 2014).

Pyroelectric coefficient Thermoelectric

Waterial p (HC/m2/K) coupling factor k2
PVDF -27 0.001194
P(VDF-TrFE) 50/50 -40 0.001310
P(VDF-TrFE) 80/20 -31 0.002023
PZT -380 0.006752
BaTiO3 -200 0.000452

89



4.1.4. Ferroelectrics

Ferroelectricity is the capability of some materials to retain polarization in the absence of an external
electric field, which can be reversed through the application of an opposed external electric field (Callister
& Rethwisch, 2010, sec. 18.24; Fulay & Lee, 2016, sec. 10.1). This is caused by the lack of mobility for
of the dipoles (Fulay & Lee, 2016, sec. 10.1.1).

For better understanding, let us take the example of barium titanate (BaTiO3), which structure is
shown in Figure 4.9. Due to the attractive and repulsive forces between ions, the titanium ion (Ti4*) cannot
assume a center position in the unit cell (Callister & Rethwisch, 2010, sec. 18.24; Fulay & Lee, 2016,
sec. 10.1.1). Therefore, each unit cell must adopt one of the six possible configurations from Figure 4.10,

resulting in the corresponding polarization P.

oo |

0.403 nm O—i————_/?:@\\o O 0;0.009 nmo

/@————, ______ = 0.006 nm Y.
oo OO0

|<—O.398 nm—>|10'398 nm
O it O Ba+ O 0% O O O
(@) (b)

Figure 4.9. A BaTiO3 unit cell: (3)isometric projection, (b)front view. The structure is
not symmetrical due to the Ti4* and 02- ions. Republished with permission of

John Wiley & Sons - Books, from (Callister & Rethwisch, 2010), “Material science and

engineering: An introduction”, 8th edition, copyright © 2010, 2007, 2003, 2000 John
Wiley & Sons, Inc.; permission conveyed through Copyright Clearance Center, Inc.

However, when a ferroelectric material is heated above the Curie temperature Tc, mobility of dipoles
is reestablished, and it becomes centrosymmetric and nonpolar (Fulay & Lee, 2016, sec. 10.1.1). Table

4.6 presents the Curie temperature of some ferroelectric materials.
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Figure 4.10. Six different structures for BaTiO3, resulting in six spontaneous
polarizations P. Reprinted from Journal of the Mechanics and Physics of Solids,
vol. 55(10), (Mehling et al., 2007), “Phenomenological model for the macroscopical
material behavior of ferroelectric ceramics”, pp. 2106-2141, copyright © 2007
Elsevier Ltd., with permission from Elsevier.

Below the Curie temperature Tc, the interaction between adjacent unit cells propitiates the
emergence of domains, where groups of dipoles become mutually aligned. This is called spontaneous
polarization (Callister & Rethwisch, 2010, sec. 18.24). In Figure 4.11 it is visible the electric domains in
a BaTiO3 micrography.

Table 4.6. Comparison of the main properties of some ferroelectric materials. Adapted
from “Handbook of active materials for medical devices: Advances and applications”,
(Lantada, 2012), copyright © 2012 by Taylor & Francis Group, LLC, reproduced with

permission of Taylor and Francis Group LLC (Books) US through PLSclear.

Material Density (g/cm3) Curie temperature Tc (°C) Type
Silica (Si02) 2.7 570 Ceramic
Lithium Niobate (LiNbO3) 4.6 1200 Ceramic
BaTiO3 5.7 140 Ceramic
PZT 7.4 300 Ceramic
PVDF 1.8 80-100 Polymer
P(VDF-TrFE) 1.8 100 - 160 Polymer
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4. Piezoelectric films

Figure 4.11. Ferroelectric domains in a BaTiO3 micrograph by transmission electron
microscopy (TEM). Reproduced from DolTPoMS, University of Cambridge, “Full
Record for Micrograph 199" 1, Prof. W. E. Lee, copyright © 2002 University of
Cambridge, under Creative Commons BY-NC-SA 2.0 UK license
(https://creativecommons.org/licenses/by-nc-sa/2.0/uk/).

Domains often cancel each other’s out, but through a poling process it is possible to induce

polarization at a macroscopic level.

4.1.4.1. Poling of ferroelectric materials

Unpoled materials have a domain structure that resembles Figure 4.12a. By the application of an
external direct current (DC) electric field E, domains will suffer fusion and reorientation (Hartono et al.,
2016; Kamel & de With, 2008), as shown in Figure 4.1256. For certain high electric fields, below the
breakdown strength, it is even possible to obtain a single domain, as represented in Figure 4.12¢ (Fulay
& Lee, 2016, sec. 10.1.2). When the external electric field is removed, ferroelectric materials retain part
of their domains and respective polarization, as in Figure 4.124d. This is called reminiscing polarization
(Hartono et al., 2016).

The poling cycle can be described in a hysteresis graph that plots the polarization of the material
P (C/m2) as function of the external electric field E (V/m), as shown in Figure 4.13 (Chen et al., 2010).

There are several techniques for poling ferroelectric materials, such as contact poling (Marshall et
al., 2008), corona poling, (Marshall et al., 2008), corona poling with stretching (Kaura et al., 1991),
surface poling (Ting et al., 2013), simultaneous stretching and static electric poling (SSSEP) (Huan et al.,
2007), electric poling-assisted additive manufacturing (EPAM) (C. Lee & Tarbutton, 2014), liquid contact
poling (Tang et al., 1997), among others. The apparatus of contact and corona poling are shown in Figure

4.14, which are two of the most commonly used techniques for polymers.

1 Downloaded from: https://www.doitpoms.ac.uk/miclib/full_record.php?id=199
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> R
High E E=0
Poled to saturation Reminiscing polarization
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Figure 4.12. Representation of the domains and their polarities in a ferroelectric
material: (a) unpoled material at rest, (5) external electric field causes
partial polarization of the material, (c) saturation, (d) reminiscing
polarization after external electric field has been removed.

150
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Figure 4.13. Typical P-E hysteresis loop for PVDF and P(VDF-TrFE). Reprinted from (Chen et
al., 2010), Journal of Applied Polymer Science, vol. 116(6), copyright © 2010 Wiley
Periodicals, Inc. with permission from John Wiley and Sons.

In contact poling, electrodes are placed in the material, either by direct contact, conductive ink
printing, or using a conductive liquid. Then, a high DC voltage differential is applied between the electrodes
to polarize the material (Marshall et al., 2008; Tang et al., 1997). Vacuum or an insulating fluid are often

used to prevent electric arc (Ramadan et al., 2014).
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Figure 4.14. Apparatili for poling of ferroelectric polymer materi{a:s: (a) contact poling
and (b) corona poling. Reprinted from 7hin Solid Films, vol. 516(15), (Marshall et
al., 2008), “Corona poling of highly (001)/(100)-oriented lead zirconate titanate thin

films”, pp. 4679-4684, copyright © 2007 Elsevier B.V., with permission from Elsevier.

Corona poling, on the other hand, comprises a corona discharge which ionizes the air particles and
deposits electric charges directly on the surface of the material (Marshall et al., 2008; R. S. Martins et
al., 2014). It is necessary to heat the air to enable the corona discharge, which also increases dipole
mobility (Ramadan et al., 2014).

Either way, the created electric field must be higher than the coercive field of the material, which
usually is in the range of 50 to 120 MV/m for PVDF and about 100 MV/m for P(VDF-TrFE) at room
temperature, but it gets lower when the material is heated (R. S. Martins et al., 2014; Tsutsumi et al.,
2005).

The existence of non-polar phases in PVDF also determines whether it is polarizable or not. PVDF
crystalizes into the non-polar a-phase, but it must be stretched first to induce phase transformation to the
polar B-phase (Arrigoni et al., 2020). Surprisingly, P(VDF-TrFE) directly crystallizes into a polar phase, and
no non-polar phases of P(VDF-TrFE) have been reported (Arrigoni et al., 2020).

A method for simultaneous stretching and static electric poling (SSSEP) of PVDF has been reported
(Huan et al., 2007; Kaura et al., 1991), and, based on a 3D fused filament fabrication (FFF) printer, it
has also been developed electric poling-assisted additive manufacturing (EPAM), as visible in Figure 4.15
(C. Lee & Tarbutton, 2014; Tarbuttona et al., 2017). Unpoled a-phase PVDF is fed to the nozzle, but the
high electric field applied while extruding, crystalizing and stretching results in a mostly poled S-phase
printed PVDF (Hartono et al., 2016; Tarbuttona et al., 2017).

To simplify manufacturing process of poling, Ting et al. (2013) reported surface poling, involving only
single-layer electrodes using an interdigitated pattern, as shown in Figure 4.16, for applications such as

bending sensors. However, the polarization is weaker.
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Figure 4.15. 3D-printing PVDF using an FFF printer with EPAM technique: the filament
feed is unpoled PVDF in the a-phase, but the printed filament is mostly

[B-phase poled PVDF. Reprinted from Procedia Manufacturing, vol. 10, (Tarbuttona et
al., 2017), copyright © 2017 The Authors, Published by Elsevier B.V., under Creative
Commons BY-NC-ND 4.0 license
(https://creativecommons.org/licenses/by-nc-nd/4.0).
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Figure 4.16. Surface poling using interdigitated pattern electrodes. Reprinted from (Ting et
al., 2013), copyright © Taylor & Francis Group, LLC.

4.2. APPLICATIONS BASED ON PIEZOELECTRIC POLYMER FILMS

Only a handful of polymers are known to be piezoelectric, from which PVDF, PVDF copolymers and

terpolymers stand out due to interesting characteristics such as flexibility, robustness, low weight, heat
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resistance, etc., and, the most important, high piezoelectric coefficient (P. Martins et al., 2014). Some
examples of applications range from multitouch surfaces, to energy harvesting systems, acoustic
transducers or motion sensors (Ramadan et al., 2014). Nevertheless, the piezoelectric coefficient of PVDF
and PVDF copolymer films can be improved by modification of the composite for specific target
applications, as is for energy harvesting (L. Wu et al., 2014).

There exist several prototypes of piezoelectric polymer solutions, ranging from sensors, to actuators,
energy harvesters, and there are some commercial products as well. Next there will be presented some

examples of applications.

4.2.1. Sensors

More than a decade ago, Reis et al. (2010) proposed the use of piezoelectric elements in the
development of touchscreens with a glass surface, using acoustic pulse recognition to determine the
location of finger touch, as shown in Figure 4.17. Sensors made of PVDF film sense the vibrations of

created by the fingers when touching the glass.

(X2.y2)
I
(:1 :}’1) ry rs °
(x.y) (X3,¥3)
Iy
TyTb (X4,Ya)

Figure 4.17. Calculation of the touch position using four piezoelectric sensors. Reprinted
from (Reis et al., 2010), copyright © 2010, IEEE.

However, besides just the touch location, piezoelectric materials have been proposed to account for
the force of the touch, giving the user a 3D form of interaction (S Gao et al., 2016). Figure 4.18 shows
one of the proposed approaches. However, the technical challenges that such touch panels pose in terms

of unstable force-voltage responsivity and in isolating the signals due to crosstalking issues have kept

piezoelectric sensors away from touchscreens (Shuo Gao & Wu, 2019).
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Panel Glass

Piezoelectric

PET

Colour Filter Glass

Figure 4.18. Piezoelectric-based touchscreen. Reprinted from (S Gao et al., 2016),
copyright © 2016, IEEE.

In the search for new forms of interaction with digital devices, Rendl et al. (2016) fabricated a foldable

display cover named FlexCase, that can used together with a smartphone, as shown in Figure 4.19.

10mm}_H6.3mm
b

Display Active Area 87 mm
Display 104 mm

(b)

() (@)
Figure 4.19. FlexCase consists in (a3) an electrophoretic display with (b) a piezoelectric
matrix underneath, for extended user interaction with a smartphone using
(c) touch buttons and (d) bend sensing. Republished with permission of ACM
(Association for Computing Machinery), from Proceedings of the 2016 CHI Conference
on Human Factors in Computing Systems, (Rendl et al., 2016), copyright © 2016
ACM.

The system is composed by an e-paper display with a matrix of 3 x 5 piezoelectric polymer sensors

under beneath. The display works as a dynamic keypad, updating its menu accordingly to the content
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4. Piezoelectric films

displayed in the smartphone. The piezoelectric sensors can detect individual pressure, or be used globally
to determine film bending, using a film bending reconstruction algorithm. Applications include increased
experience e-paper reading and interaction, 3D manipulation in applications and games, or easier copy-
and-paste handling.

Piezoelectric sensors have been prepared for wearable devices, such as the pulse wave velocity
(PWV) sensor designed by Katsuura et al. (2017). The device is intended for use in the human’s wrist, as
shown in Figure 4.20a. It is composed by a PVDF sensor array (Figure 4.206) that can measure the blood
pumping and determine its velocity based on the time that the blood pulse takes to reach each of the
sensors. Since measuring the blood pressure is sensitive by nature, the authors introduced 1 mm-thick
silicone pads between each piezoelectric sensor and the skin, and in the back of the sensor they created

a small air cushion on the back of the piezoelectric film composite to reduce noise and improve readability.
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Figure 4.20. Wearable sensor array for pulse wave velocity (PWV) measurement:
(a) concept based on PVDF sensors, and (b) fabricated sensors. Reprinted
from (Katsuura et al., 2017), copyright © 2017, IEEE.

Vibration sensors have been commercially available by TE Connectivity! using PVDF films for simple
prototyping, as visible in Figure 4.21. These sensors consist in a piece of poled PVDF film with silver ink
electrodes printed on its surfaces. They are flexible and can withstand high shock overload, and can be
dotted with or without mass, depending on the frequency of response and sensitivity desired. These
sensors are primarily used to detect continuous vibration or impacts, presenting below 1 % non-linearity,

and high sensitivity.

1 TE Connectivity official website: https://www.te.com.
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Figure 4.21. Piezoelectric film sensors from TE Connectivity for vibration sensing
(a) with mass and (b) without mass.

Lu et al. (2018) created a 4 x 4 piezoelectric strain sensor array using PVDF polymer film, as shown
in Figure 4.22. Aluminum was deposited on both sides of a 50 um-thick PVDF film, which underwent
photolithography and wet etching processes to create the electrodes according to a mask. The area of
each electrode was 1.4 mm2. A PDMS substrate functioned as a stiff support where the prepared PVDF
was placed. The matrix disposition of the electrodes was done by creating conductive traces for rows and
columns, and terminal wires were connected with silver glue. A PDMS layer was applied on each side of
the device as packaging, providing protection, and helping to distributing pressure homogeneously.
According to the authors, all of the 16 sensors showed similar performances, with a precision of
2.9 mV/kPa, being able to reach up to 300 mV with a delay lower than 2 ms after pressure being

applied, making it a ultra-fast and ultra-sensitive strain sensor.

(@) (b)
Figure 4.22. PVDF sensor array: (a) schematic and (5) implemented of the real. Reprinted
from Nanoscale Research Letters, vol. 13(1), “Ultra-sensitive strain sensor based on
flexible poly(vinylidene fluoride) piezoelectric film”, (K. Lu et al., 2018),
copyright © 2018, The Authors, under Creative Commons BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/).

To increase output power and sensitivity, J.-H. Lee et al. (2015) designed a pyramidal micropattern

on the surface of a P(VDF-TrFE) film. Without increasing the d33, the authors were able to generate up to
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5 times larger output when compared to flat films. To prove their achievements, the presented work
mentioned the creation of self-powered pressure sensors.

Q. Lietal. (2019) applied a piezoelectric sensor on the measurement of the velocity of fluids without
affecting the fluid’s velocity. It consisted in a PVDF film sensor placed parallel with the flow in a pipe, as
shown in Figure 4.23. The pipe had a diameter of 16 cm, and the PVDF sensor had dimensions of
14 x 10.8 cm. A simulation was performed to assess how the turbulence affected the sensor, and the
results validated by experimentation. The obtained voltage generated by the PVDF film was proportional
to the flow velocity, which demonstrated the applicability of the designed system.

Piezoelectric sensors have also been used in buildings structural health monitoring systems, such
as the projected system by Cui & Zhao (2021) to detect strain damages in beams, using groups of PVDF

film sensors, as shown in Figure 4.24.
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Figure 4.23. PVDF sensor for fluid velocity measurement. Reprinted from Sensors, vol. 197),
(Q. Lietal., 2019), copyright © 2019 by the authors, under Creative Commons BY 4.0
license (https://creativecommons.org/licenses/by/4.0).
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Figure 4.24. Piezoelectric combined sensors for cantilever damage identification:

(a) schematic and (5) real implementation. Republished with permission of IOP
Publishing, Ltd., from Measurement Science and Technology, (Cui & Zhao, 2021),
vol. 3A11), copyright © 2021 I0P Publishing Ltd.; permission conveyed through

Copyright Clearance Center, Inc.
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The resonant frequency of each beam of a building changes when that beam is deformed or is
cracked, and the sensors, despite the authors do not specify the electronic system to read the sensors,
reckon the deformation of the beam based on the resonant frequency. The system uses natural building
vibrations as excitation for the sensors. The PVDF sensors were coated with aluminum to create the
electrodes, and wire terminals were cold-pressed on the film. The authors claim to be able to detect not

only a damaged beam, but the location of the damage as well.

4.2.2. Actuators

In terms of actuators, the most common form of use of piezoelectric polymer materials is for sonic
and ultra-sonic reproduction, due to weak physical response of PVDF polymer and PVDF copolymers at
low frequencies (C. S. Lee et al., 2003; M. Martins et al., 2012; M. S. Martins et al., 2017; Street et al.,
2020; Sugimoto et al., 2009). Piezoelectric actuators outperform electromagnetic ones in low powers
(Uchino, 2008). Nevertheless, some projects have been able to use piezoelectric polymers with other
materials in order to create slow-motion actuators (Correia et al., 2019; Dias et al., 2015; Mejri et al.,
2016).

Casset et al. (2017) presented a P(VDF-TrFE) film loudspeaker, using multiple actuators with
different diameters, as shown in Figure 4.2554. The substrate was a PEN foil, as visible in Figure 4.254,
with 125 um of thickness, and the piezoelectric film was 4.7 um. The electrodes were
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) with 800 nm. The P(VDF-TrFE)
polymer was annealed for 120 s in an infrared oven at 135 °C.

The resonant frequency was 993 Hz, and the device was driven with an audio signal of 70 V. The
authors refer that the system produces satisfying audio and music, with a performance of 35 dB at 1 m

away from the sensor.
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Figure 4.25. P(VDF-TrFE) film loudspeaker: (a)topology and (b) implemented system.
Reprinted from (Casset et al., 2017), copyright © 2017, IEEE.

In another project, Street et al. (2020) developed a bimorph piezoelectric polymer speaker with an
increase in loudness when compared to single layer polymer speakers. The designed prototype included
two speakers for comparison: a single layer speaker and a bimorph speaker comprising two speakers
bonded back-to-back, using P(VDF-TrFE). This prototype has been entirely made in flexible materials,
recurring to printing techniques, as visible in Figure 4.26. The substrate was a layer of polyimide (PI) and
the electrodes were made of gold. Contrarily to many other applications, this speaker operated mainly
through the piezoelectric coefficient d31, which causes the film to expand laterally when in a presence of
a voltage along its thickness. However, as the substrate has difficulty in accompanying the P(VDF-TrFE)
film during the expansion, it creates an asymmetry that converts the expansion into a plane-motion,

creating sound.

Figure 4.26. Bimorph P(VDF-TrFE) speaker with flexible and printed electronics.
Reprinted from (Street et al., 2020), copyright © 2020 IEEE.
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An ultrasonic system for underwater communication with capability of reaching up to 1.5 MHz was
designed by M. S. Martins et al. (2017), using two PVDF films as acoustic actuator. Figure 4.27 shows
the actuator glued to a semicircular shape metal. The device was powered by a 12 V supply, and when
a signal with frequency of 1 MHz was applied on it, it produced an output higher than 130 dB with a
power consumption of 37.5 mW. This proves the applicability of the piezoelectric actuator in underwater
communication systems. The project developed by Wu et al. (2020) has also attained similar results, but

with higher resonant frequency.

Figure 4.27. PVDF film actuator glued to a curved stainless-steel surface for high
frequency acoustic underwater communication. Reprinted from (M. S. Martins
et al., 2017), copyright © 2017, IEEE.

An interesting form of actuation using piezoelectric polymer films is through haptic devices, capable
of providing mechanical feedback to the user when the finger is touching the device (Emgin et al., 2019;
Van Duong et al., 2019; S. H. Yoon et al., 2019). The device created by S. H. Yoon et al. (2019) is a
flexible multilayer piezoelectric composite, as shown in Figure 4.28, composed of 25 layers of PVDF
stacked upon each other, for increased vibration. The device had an active area of 12 mm x 14 mm with
2 mm of thickness, prepared by screen-printing technique. The haptic actuator could be powered up to
400 V, but the authors found that users were able to identify haptic sensations with a voltage as low as
150 V. Several types of waves and frequencies were tested, such as sine, square and sawtooth waves,

with frequencies of 160 Hz and 430 Hz.
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Figure 4.28. HapSense: (a) a flexible haptic device (b) composed by 25 layers of PVDF

film. Republished with permission of ACM (Association for Computing Machinery),
from Proceedings of the 32nd Annual ACM Symposium on User Interface Software and
Technology, (S. H. Yoon et al., 2019), copyright © 2019 ACM.

Polylactic acid (PLA) is a biodegradable polymer (Curry et al., 2018) which does not show
piezoelectricity, but the two chiral isomers poly-L-lactide acid (PLLA) and poly-D-lactide acid (PDLA) do.
Moreover, PLLA films present spontaneous polarization, thus no poling treatment is necessary (Tajitsu,
2016). Recurring to PLA material, Tajitsu (2016) created a piezoelectric actuator with PLLA and PDLA. A
new approach for the fabrication of PLLA film was developed which reached a shear piezoelectric
coefficient of 16 pC/N, about three times higher than for conventional PLLA films. Gold electrodes were
deposited on the surfaces of the PLLA film, and a demonstration of the applicability of the material was
showed by making a plastic ball with mass of 3.2 g spin on the top of a rolled PLLA film, shown in Figure
4.29. A sine wave with amplitude of 250 V was applied on the electrodes, which caused the film to
propagate a surface acoustic wave, resulting in the ball spinning at different velocities and directions,
depending on the frequency applied. A maximum speed of 200 revolutions per minute (rpm) was attained
at a driven signal of 12 kHz.

Additionally to this experiment, the author attempted an improve in the performance of the developed
actuator, by using a PDLA/PLLA multilayer film. Due to chirality, PLLA and PDLA exhibit piezoelectric
constants with opposite signs, and the author took advantage of that particularity by stacking up to
200 layers. Each layer was 14 pm-thick, composed by a PDLA film with aluminum electrode on bottom
and a PLLA film with aluminum electrode on top, forming a pair of electrodes with a PDLA/PLLA bimorph
composite in between. This time, a laptop with mass of 2.1 kg was placed on top of the PDLA/PLLA
multilayer actuator, and it started rotating with when a sine wave with 12.8 kHz and 150 V peak-to-peak.

This system was tested for 20 h with the laptop maintain a constant speed of 100 rpm.
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Figure 4.29. PLLA film actuator, spinning a plastic ball on the top end face. Republished by
written permission of IOP Publishing, Ltd., from Japanese Journal of Applied Physics,
(Tajitsu, 2016), vol. 55(4S), copyright © 2016 The Japan Society of Applied Physics.

To create slow motion actuators using piezoelectric materials, Mejri et al. (2016) combined PVDF
particles with ionic liquid, creating a film that bends accordingly to the applied electric field. The
functioning of the system lies on the principle that anions have larger size than cations, and when the
ions are sorted due to an external electric field, the film experiences a deforming force. The result is

visible in Figure 4.30.

SR

Figure 4.30. Displacement of an ionic liquid/PVDF when a voltage is applied on the film.
Reprinted from Journal of Non-Crystalline Solids, vol. 453, (Mejri et al., 2016), “Effect
of anion type in the performance of ionic liquid/poly(vinylidene fluoride)
electromechanical actuators”, pp. 8-15, copyright 2016 Elsevier B.V., with permission
from Elsevier.
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4.2.3. Energy harvesters

Piezoelectricity has been used in nanogenerators to produce electrical energy from mechanical
sources, and piezoelectric energy harvesters (PEHs) have been increasing in the area of small electronics,
mainly because of flexibility, robustness and easier to fabricate, when compared to traditional piezoelectric
ceramics. Applications for PEHs range from wind energy harvesting (S. Li & Lipson, 2009), to biomedical
devices (S. Yoon & Cho, 2014; Yu et al., 2016), rain power energy harvesters (Rajeev et al., 2020) or
wearable devices (Dutta et al., 2018), among others (Pedro Costa, Nunes-Pereira, et al., 2019).

In a prototype presented by Mahanty et al. (2017) it has been developed a flexible sponge-like
nanogenerator, based on P(VDF-HFP) film, etched by zinc oxide (ZnO) nanoparticles (NPs), without any
poling treatment due to the self-poling chemical structure of P(VDF-HFP). The device presents high
sensitivity of 1 uV/Pa and is demonstrated for a self-powered wireless device.

In another project, a PEH device was developed by Shan et al. (2015) to scavenge energy from a
moving fluid, as shown in Figure 4.31. The prototype used a piezoelectric beam (M8514-P2!, Smart
Material Corp.) made of aligned rectangular piezoceramic fibers, also known as a macro fiber composite
(MFC). Though this is not a polymer, due to its microstructure composition, it has reached a nearly
polymer behavior in terms of flexibility. The MFC was attached to a PVC beam in order to adjust the
damping ratio and resonant frequency. For a water speed of 0.5 m/s, this system has reached a peak

power of 1.32 uW and a power density of 1.1 mW/m2.
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Figure 4.31. Piezoelectric energy harvester made of PVDF to extract energy from water

vortex. Reprinted from Ceramics International, vol. 41, (Shan et al., 2015), “Novel
energy harvesting: A macro fiber composite piezoelectric energy harvester in the water
vortex”, pp. S763 - S767, copyright © 2015 Elsevier Ltd. And Techna Group S.r.l., with
permission from Elsevier.

1 See the product in manufacturer catalogue: https://www.smart-material.com/MFC-product-P2.html
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The combination of piezoelectric with other effects has been used for increased energy harvesting.
For example, Rajeev et al. (2020) fabricated a device to scavenge piezo and triboelectric energy from rain
droplets, yielding 16 V and 15.4 nA with a device with area of 2.25 cm2, and X. Wang et al. (2016) for
wearable applications. On the other hand, Gusarov et al. (2015) combined the piezoelectric and
pyroelectric effects to increase the thermal energy harvested by a device, using two shape-memory alloy
(SMA) stripes attached to a PVDF film to better thermally deform the PVDF film, as shown in Figure 4.32,
resulting in electrical energy obtained not only by the pyroelectric effect itself, but also through the
piezoelectric effect subsequent from the deformation induced by the SMAs. The material must be
configured with additive polarities for both effects for maximum energy scavenge, contrarily to touch and
hover sensors (Rendl et al., 2012). The authors report that the output voltage of this system was increased

by 75 % when compared to the PVDF film alone, and the output energy was also increased by 200 %.

PVDF NIT1

Cuiel

Figure 4.32. Schematic drawing of the PVDF film with two SMAs for piezoelectric-added
thermal energy harvesting. Reprinted from (Gusarov et al., 2015),
copyright © 2015, IEEE.

Another type of energy harvesting devices are magnetoelectric (ME) transducers. ME composites
have a piezoelectric and a magnetostrictive materials (Pedro Costa, Nunes-Pereira, et al., 2019). A
magnetostrictive material is a smart material that suffers a deforming force when in presence of a
magnetic field. Through the physical coupling of the magnetostrictive material with a piezoelectric
material, a ME device can convert changing magnetic fields into electric charge, as shown in Figure 4.33.
Both are reversible effects, therefore ME composites can be of interest in sensors and actuators as well.
ME energy harvesters can operate as wireless power supply for devices, gathering energy from mobile
base stations, Wi-Fi routers, radio and TV transmitters, among others (Pedro Costa, Nunes-Pereira, et al.,

2019).
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Figure 4.33. Schematic representation of the energy-harvesting process for a
magnetoelectric device. Weak electromagnetic signals deform the
magnetostrictive material, which deforms the piezoelectric material and
produces an output voltage Vme (V). Republished with permission of IOP
Publishing, Ltd., from Smart Materials and Structures, (Lasheras et al., 2015),
vol. 24(6), copyright © 2015 IOP Publishing Ltd.; permission conveyed through
Copyright Clearance Center, Inc.

Zaeimbashi et al. (2021) created an ultra-compact ME energy harvester for implantable medical

devices, with size of 250 x 174 um. The magnetostrictive layer was iron-gallium-boron, and the

piezoelectric layer aluminum nitride. The device was conceived with two resonant frequencies, one at

2.51 GHz to scavenge energy from radio frequency (RF) communication, and another at 63.6 MHz for

neural recording. Additionally, the authors also implemented transmit and receive communication

wirelessly, at a fixed distance of 8 mm.
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4.3. EXPERIMENTAL WORK

One prototype was prepared based on the piezoelectric technology:

- A PVDF piezoelectric film prototype for touch and bending sensing, and audio reproduction
(N. Castro et al., 2017; S. Goncalves, Pereira, et al., 2019; S. Goncalves, Serrado-Nunes,
et al., 2019b).

This prototype is going to be discussed next.



4.3.1. Piezoelectric sensing and audio transducer prototype

The objective of this prototype was to use PVDF films in the creation of sensors and actuators
recurring to the piezoelectric effect, through printing technologies. In this work it is demonstrated the
fabrication of a device using a PVDF film with printed electronics. Electrodes and terminals were screen-
printed with silver nanoparticles (NP) ink. An array with six squares was used for touch and bending
sensors, as well as for audio reproduction. The implemented circuits were analyzed, and the results
presented.

This work is covered by a journal article (S. Goncalves, Serrado-Nunes, et al., 2019b) and two
conference posters (N. Castro et al., 2017; S. Gongalves, Pereira, et al., 2019). Accompanying the journal
article, a video demonstrating the system in operation is also available in the supporting information

section of the publication!.

4.3.1.1. Materials

To prepare a PVDF piezoelectric film device, commercial poled PVDF film with 110 um of thickness
was acquired from Measurement Specialties (now TE Connectivity) with reference 3-1003352-0.
Conductive silver NPs ink for screen printing was purchased from Novacentrix with reference Metalon
HPS-021LV. The screen-printing mesh used was from Sefar, with 65 threads/cm, and a homemade
screen printer was utilized to print the layouts. Thermal treatment of materials was performed on a JP
Selecta 2005165 oven. Digital multimeter used to take measurements was a Fluke 117. Piezoelectric

coefficient of PVDF films d33 was measured with an APC YE2730A instrument.

4.3.1.2. Touchpad fabrication

An array with six squares of 4 cm2 organized in 2 rows was used for the layout of the device, as
shown in Figure 4.34, for screen printing. First, the bottom layer was printed on a PVDF film with silver
ink and dried for 6 h at room temperature. Then, the top layer was printed, and the film was put in the
oven for 1 h at 80 °C. The bottom layer was not immediately cured because the PVDF film gets slightly
deformed during the process, which would make the aligning of the top layer impossible. Figure 4.35

shows the printed device after leaving the oven.

1 Link of the demo video: https://pubs.acs.org/doi/suppl/10.1021/acsaelm.9b00363/suppl_file/el9b00363_si_002.mp4
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Figure 4.34. Layout of the array with 6 squares for screen printing (light green is bottom
layer, gray is top layer, and dark green is both). Reprinted with permission from
(S. Gongalves, Serrado-Nunes, et al., 2019b), copyright © 2019 American Chemical
Society.

.

Figure 4.35. Aspect of the PVDF film with silver NP printed electrodes and terminals.

Electrical measurements on the printed film were performed to evaluate quality of the printed circuit,
and once everything was confirmed to be fine, a layer of adhesive PET film was applied on each side of
the film except on the terminals, to protect the silver ink from corrosion and oxidation, as well as to
prevent direct electrical contact with the electrodes. Finally, clincher connecters were inserted (Amphenol

FCI 65801-012LF), perforating the PVDF film.
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4.3.1.3. Model of the sensors

It is often seen a piezoelectric device just generically represented as in Figure 4.364. According to
Equation (4.1), the displaced charge in a piezoelectric device is proportional to the force exerted on it.
Therefore, a piezoelectric device behaves not as a voffage source nor a current source, but a charge
source, as represented in Figure 4.36 6 by Qp (C) But, since the current flowing on a circuit is the derivative
of charge over time, we can represent the piezoelectric device as controlled current source, as presented
in Figure 4.36¢. The overlapping electrodes create a capacitance, which can be represented by capacitor
Cp (F), and the wiring and terminals create an impedance, represented here by the resistor Rp (Q).
Instead of a current source, it is also possible to use a voltage source through the Thévenin's theorem,

but it would result in @ more complex controlled voltage source.

Rp
— e
E Ip — d_tp <T> _ Cp
Y L ®
(@) (b) ()

Figure 4.36. Equivalent model of a piezoelectric sensor: (3) representation of an ideal
piezoelectric device;(b) real piezoelectric device works as charge source,
with electrodes creating a capacitance Cp and terminals a resistance Rp;

(c) charge source represented by equivalent controlled current source.
Reprinted with permission from (S. Goncalves, Serrado-Nunes, et al., 2019b),
copyright © 2019 American Chemical Society.

Together, capacitor Cp and resistor Rp create a low-pass filter (LPF), according to the transfer

function of the piezoelectric device Hp(s) in the Laplace complex domain s:

_ Qout(s) 1 1

Q) S 4q’ ~ CuR, (4.5)
Wp

Hy(s)

where Qp(s) is the displaced electric charge, Qout(s) the total electric charge capable of leaving the
piezoelectric device through the terminals, and wp (rad/s) the cutoff frequency of the LPF (Alexander &
Sadiku, 2001, Chapter 14). Details about the calculation of the transfer function are available in

Appendix A.1.
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4.3.1.4. Electrical circuit for sensing

Several topologies exist for reading piezoelectric sensors, but the most common are the voltage
mode amplifier and the charge mode amplifier (Karki, 2000). The first configures the sensor in open-
circuit and is used when the amplifier is very close to the sensor because of susceptibility to noise, and
the later drives the sensor to a short-circuit, a more complex type of circuit, but useful when the amplifier
and the sensor are apart. Differential signaling is another improvement that can significantly reduce noise
(Bartolome, 2010).

In this work, it was decided to use the charge mode amplifier with a band-pass filter (BPF) to block
both electrostatic DC noise and the 50/60 Hz grid noise. In Figure 4.37ais shown the used circuit with
single-ended signaling. Differential signaling mode was also experimented, as visible in Figure 4.37 6. Due
to the very high gain of this circuit and input current concerns, the chosen operational amplifier was

MCP6021 from Microchip.

Ri
[ ]

(a) (b)
Figure 4.37. Piezoelectric sensor connected to a charge amplifier with a BPF in
(a) single-ended signaling and (b) differential signaling. (3) Adapted with
permission from (S. Goncalves, Serrado-Nunes, et al., 2019b), copyright © 2019
American Chemical Society.
In the single-ended signaling circuit, the capacitor Ci integrates the signal from the piezoelectric

sensor, and the amplifier converts it to voltage, therefore the output voltage Vout is proportional to the

generated charge by the piezoelectric sensor Qp. Resistor Ri together with capacitor Ci create a high-pass
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filter (HPF). And the other pair constituted by resistor Rr and capacitor Cr create a low-pass filter (LPF),

resulting in a band-pass filter (BPF). The transfer function Hpfi(s) of this circuit is given by:
Vout(s) _ SRi
Qp(s) (L ) S S 1q)

b (l)p+1 ((1)f+1)((1)1+1)

1 1 1

~

Hpsi (s) =
(4.6)

TR, TTCRY YT OR
where wp, wf and wi (rad/s) are the cutoff angular frequencies of the filter of the piezoelectric
sensor, the LPF on the input, and the HPF of integration, respectively. To obtain the cutoff frequencies

fo, feand fi (Hz) is simply done by solving the equation:

w = 2nf (4.7)
The gain A (V/C) of the circuit is given by:
A= ! 4.8

The negative sign indicates signal inversion. The transfer function of the circuit Hpfi(s) has three
poles, and can be decomposed in three parts, Hp(s), Ht(s) and Hi(s). Further explanation can be found
in Appendix A (Alexander & Sadiku, 2001, Chapter 14).

The power supply of the circuit Vecc was 5 V provided by a USB port. To avoid using dual power
supply, the Vec/2 was given as reference for the operational amplifier, so, the output voltage Vout is
averaged at 2.5 V.

For the differential signaling circuit, the same transfer functions still apply, but attention must be
paid to make both pins of the piezoelectric sensor to feel the same impedance. Therefore, the following
conditions must be verified:

_ _ R G
Rf1—sz—7, Ciq —Ciz—i,

The input filter resistor Re has to be split in two, and the integration Ri Ci pair was duplicated to the

Ri1 = Rjp = 2R; (4.9)

bottom pin of the piezoelectric sensor. The integration now is done by two capacitors (Ci1 and Ciz), and
as they are in parallel from the sensor’s point of view, their capacitance must be halved, and the same
happens with resistors (Ri1 and Ri2), so their value must be twice as high.

A total of six identical circuits were replicated to simultaneously read the six sensors. A Microchip
ATmega328P microcontroller was used, with a clock frequency of 8 MHz. Each of the outputs of the
amplifiers was connected to a channel of the ADC of the microcontroller. The ADC was configured to

acquire 8-bit samples at a rate of 7,300 samples per second (sps) (approx. 1.2 ksps for each channel).
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The acquired data was then sent via UART at a baud rate of 115,200 bps and converted to USB (using
an FTDI FT232RL) and connected to a computer where a Java graphical application displayed and stored

the data.

4.3.1.5. Electrical circuit for actuating

The use the converse piezoelectric effect in a PVDF film actuator, it is necessary to apply higher
voltage signals, particularly in smaller film transducers. Street et al. (2020) used 40 V in a bimorph
P(VDF-TrFE) acoustic transducer, and Sugimoto et al. (2009) used only 9 V, but in an Ad-sized PVDF film.

In this project, to keep up with simplicity, the audio source was the 3.5 mm audio jack from a tablet,
smartphone or computer. Connecting it directly to the PVDF film would result in an inaudible sound
reproduction. So, a mini-transformer was used, with relation of 1:38 (HAHN reference BY 201 0142), as

shown in Figure 4.38.

]

i

1:38
Figure 4.38. Piezoelectric transducer connected to the 3.5 mm audio jack.

However, this approach can overload the audio output from the device, limiting the output power
applied to the piezoelectric actuator. To improve efficiency, it is possible to insert an amplification module

after the 3.5 mm audio jack, but as the system exhibited satisfactory response without it, it was not used.

4.3.1.6. Results and discussion

Before screen printing the layout in the PVDF film, the d33 coefficient was measured, which
was -23 pC/N. After printing the layout on a PVDF film and curing the ink, the d33 obtained
was -21 pC/N, which means that the thermal annealing did not depole the PVDF film. It was measured
the electrical resistance between each of the electrodes and their terminals. The minimum registered
value was 2.3 Q for each pair of electrodes, and the maximum was 11.0 Q. Next, the capacitance of
each sensor was measured, which was between to 590 to 610 pF. The obtained value for capacitance
is higher than expected, which was attributed to fact of the PVDF being poled (Bhunia et al., 2016), but

the manufacturer of the PVDF film does not publish the dielectric constant of the material.
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The parameters considered for touch and bending sensors are listed in Table 4.7.

Table 4.7. Considered parameters for the filters of the touch and bending
piezoelectric sensors.

Sensor Ry GCp RR G R Ci  fp (LPF) fi (HPF) fi (LPF) |A] (V/C)
Touch 11Q 610pF 480 kQ 33nF 100 MQ 300 pF 242 MHz 5-3Hz 9.9Hz 190 dB

Bending 11Q 610pF 2MQ 33nF 1.5GQ 660pF 24.2MHz 0.16 Hz 2.4Hz 184 dB

The saturation frequency of the developed piezoelectric sensor is very high (24.2 MHz). The circuit
for touch detection was projected with higher gain since the displaced charge on touch is usually lower.
For the touch sensor, the implemented BPF had a band gap between 5.3 Hz to 9.9 Hz, while the bending
sensor has a slower response, and therefore, the chosen band gap was between 0.16 Hz to 2.4 Hz. The
Bode plot of the circuits was calculated based on the transfer function Hpfi(s) in terms of amplitude

| Hpfi(s)| and phase shift ¢ (Alexander & Sadiku, 2001, Chapter 14), as observable in Figure 4.39.

Touch sensor circuit
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Figure 4.39. Bode plot of the transfer function for touch and bending sensor circuits: (a)
amplitude and (b) phase shift of touch sensor; (c) amplitude and (d) phase
shift of bending sensor.
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In most applications, the differential signaling circuit has improved noise rejection, compared to
single-ended signaling. However, in this specific case, the single-ended signaling circuit has one
advantage: since one of the electrodes of the PVDF film is directly connected to the voltage reference of
2.5V, if this electrode is facing towards the side of user interaction, it can be used as shield for the
human finger. This is not possible in the differential signaling topology, and, as the human finger is closer
to one of the electrodes, it unbalances the common mode noise rejection. This has been confirmed by
the experimental results, driving the operational amplifier to saturation when touching the sensor with a
finger. For this reason, only the single-ended signaling results are shown next.

The narrow passing-band of the touch sensing circuit creates a response composed by pulses, as
shown in Figure 4.40a. When the user presses the sensor, it destabilizes the charge in the piezoelectric
sensor, storing that energy in the integrating capacitor, but that charge immediately drains through the
parallel resistor. When the user releases the sensor, the same happens but with inverse polarity. Figure

4.40p shows several touch and release events. The intensity of the touch can be determined by the peak

value.
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Figure 4.40. Touch sensor’s response: (a) single press and release event, and
(b) sequence of several touches with different forces.

In the bending sensor a different approach was followed because the bending of the film can be
slower or faster, more intense or weaker. It was attempted to increase the time constant of the HPF,
giving the user time to unbend the sensor meanwhile. This is the reason why the cutoff frequency of the
HPF was set so low. This is visible in Figure 4.41, where it is distinguishable the HPF cutoff from the user
unbending the sensor. It has been noticed that the amplifier easily reaches saturation when bending the
sensor more sharply. Increasing the capacitance of the integrating capacitor could easily solve this, as
well as reducing amplifier drift rate. However, it comes at a cost of less accuracy.

Acquiring data from all of the sensors of the array simultaneously showed some crosstalking due to

the vibration of the whole film when pressing only one of the sensors. This is shown in Figure 4.42, where
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New generation of interactive platforms based on novel printed smart materials

the PVDF film is side by side with the computer’'s screen displaying the readout of the sensors. A
demonstrating video is also available in the supporting information section of the publication (S.

Goncalves, Serrado-Nunes, et al., 2019b)!.
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Figure 4.41. Bending sensor’s response.

Figure 4.42. Sensor array by the side of the computer’s screen during one touch and
release event on one of the sensors.

Relatively to the sound reproduction, all the piezoelectric devices were driven together, using the
3.5 mm audio jack from a computer as source, with the signal amplified in voltage through the
transformer.

The PVDF was slightly curved to operate as a diaphragm (Sugimoto et al., 2009). Sharp beeps and
instrumental music were clearly audible. Voice reproduction got distorted but still understandable. In
Figure 4.43 is shown the spectral performance of the developed device, and it is visible the weak response
on the low frequency. The best response was around 7 kHz. Measurements were taken with a smartphone

approximately 7 cm away from the film.

1 Link of the demo video: https://pubs.acs.org/doi/suppl/10.1021/acsaelm.9b00363/suppl_file/el9b00363_si_002.mp4
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Figure 4.43. Acoustic performance of the PVDF film.

Additionally, an improve in the quality of the reproduced sound was achieved by using more than
one transformer simultaneously. Placing up to three transformers in parallel significantly reduced

distortion and increased volume of the reproduced voice.

4.3.1.7. Conclusions

This work described the fabrication of piezoelectric sensors and actuators based on PVDF films and
printed electronics. Electrodes were printed using silver ink by screen-printing technique, creating an array
of six transducers.

It has been developed the mathematical model for the devices to operate as sensors, and a circuit
based on a charge amplifier and a LPF was proposed. A variation of the charge amplifier was also studied
for differential signaling, but it proved to be not as effective as the single-ended signaling. The sensors
were prepared for touch and for bending operations, being the BPF set to 5.3 -9.9 Hz and
0.16 - 2.4 Hz, respectively. Noise was mostly eliminated from the sensors and it was possible to detect
pressing and releasing events along with their intensity, as well as bending and unbending directions.

The developed piezoelectric film was also used for acoustic reproduction, being connected to the
audio jack of a computer and then to an elevating transformer to amplify the voltage applied on the
electrodes. For the acoustic vibration to reach audible volume, it was necessary to bend the piezoelectric
film lightly, in other to make it act as a diaphragm. Music was possible to hear, but voice got slightly
distorted because the piezoelectric film showed good response only to higher frequencies, particularly
higher than 1 kHz, being the best response registered at around 7 kHz. Piezoelectric sensors and are
promissory for the development of TUIs since they are being considered as an augmenting technology for
capacitive touch displays (Arokia Nathan et al., 2019), and piezoelectric actuators for haptic systems,

such as to aid visually impaired people (W. Yang et al., 2021), among others.
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5. PIEZORESISTIVE FILMS

The piezoresistive effect is the variation of the electrical resistance of a material when suffering a
deformative force (W.-T. Park, 2012). It is a phenomenon first reported by William Thomson in 1856
(Barlian et al., 2009) in iron and copper under elongation, and only in 1938 the first piezoresistive sensor
was developed (Barlian et al., 2009). A half century later, progress in piezoresistivity have been mostly
focused on silicon strain gauges and microelectromechanical system (MEMS) devices (Barlian et al.,
2009).

Nowadays, piezoresistivity involves a much broader range of materials, including polymer
composites, such as elastomers (Georgopoulou & Clemens, 2020), foams (Panahi-Sarmad et al., 2020),
fibers (Irfan et al., 2021), paper (Ren et al., 2012), fabric (Castano & Flatau, 2014) or natural polymers
(Wan et al., 2021), among others.

Flexible and stretchable piezoresistive materials can be classified in three categories: conductive
polymer composites, porous conductive materials, and architected conductive materials (Jing Li et al.,

2020). These materials are illustrated in Figure 5.1.

Conductive polymeric composite ~ Porous conductive material ~ Architected conductive material
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Figure 5.1. Schematic representation of the different forms of piezoresistivity. Reprinted
from Journal of The Electrochemical Society, vol. 16/3), (Jing Li et al., 2020),
copyright © 2020 The Authors(s), under Creative Commons BY 4.0 license
(https://creativecommons.org/licenses/by/4.0).
Conductive polymeric composites are constituted by a blend of stretchable polymers with conductive
materials, so that the deformation of the composite leads to a rearrangement of the connection between
the conductive materials, changing resistivity (Jing Li et al., 2020). Porous conductive materials have a

specific microscopic 3D-structure of conductive materials that adjusts the conductive paths when under
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stress (Jing Li et al., 2020). And architected conductive materials possess a macroscopic mechanical
architecture that facilitates the electrical contact between different composite layers (Jing Li et al., 2020).

The most common types of applications for piezoresistive materials are force, pressure and
deformation sensors (T. Yang et al., 2017), requiring properties that traditional piezoresistive silicon or
metal-based sensors lack, despite of higher accuracy and sensibility, and that polymer composites can
provide, in particular, flexibility and stretchability (B. F. Goncalves et al., 2016). Other advantages are low-
cost fabrication, the possibility for tailoring the properties of the composites according to specific
requirements, and the easy integration into devices (Amjadi et al., 2016; B. F. Goncalves et al., 2016).

Increasing demanding fields of application of piezoresistive polymers range from building structure
monitoring (Das & Saha, 2018), to human motion monitoring (Y. Hu et al., 2018), biomedical applications
(Y. Lu et al., 2019), robotics (Stassi et al., 2014), wearables (T. Yang et al., 2017), or user touch
interfacing (Yue & Moussa, 2018), among others (Saggio et al., 2015).

Carbonaceous nanofillers are the most studied type of fillers in the development of piezoresistive
polymer composites (Chung, 2020; Ke et al., 2021), namely CNTs, multi-walled carbon nanotubes
(MWCNTs) (M. Wang et al., 2017), carbon nanofibers (J.-Z. Xu et al., 2014), graphene (Liu et al., 2017)
or carbon black nanoparticles (Nalon et al., 2020). Nevertheless, other less investigated fillers include
silver nanowires (SNWs) (Ahmed et al., 2019), silver nanoparticles (Shen et al., 2020) or iron oxide
nanoparticles (Vipulanandan & Mohammed, 2015), among others.

The sensitivity of a piezoresistive material is determined by the gauge factor (GF), which correlates
the electrical resistivity variation of the material with the mechanical strain. The GF of a piezoresistive

material is given by:
AR/R
F = /
€

(5.1)

in which AR/R is the resistance change ratio and ¢is the mechanical stain (Barlian et al., 2009).
The gauge factor of piezoresistive metal foil strain gauges is about 2 (N. Hu et al., 2013), but it can reach
up to 100 or more in polymer/CNT composites (Ke et al., 2018), due to the high stretchability of polymer
composites.

The polymer base material is responsible for many of the properties of the composite. There has
been applications using several types of polymer materials, such as thermosets (Bouhamed et al., 2017;
Xiaohan Cao et al., 2017; Yanlei Wang et al., 2018), thermoplastics (P Costa et al., 2016; Tsonos et al.,
2015) or thermoplastic elastomers (B. F. Goncalves et al., 2016; Liu et al., 2017), among others, each

attaining different properties in terms of sensitivity, linearity and hysteresis, stretchability, biocompatibility

120



and even self-healing. Given the functionality of these polymer composites, efforts have been made for
the introduction of these materials into low-cost industrial manufacturing processes (Duan et al., 2020).
This chapter is mostly covered by the publications of the candidate (Pedro Costa, Gongcalves, et al.,

2019; J.R. Dios et al., 2019; Jose R Dios et al., 2020; Reizabal et al., 2019, 2020).

5.1. APPLICATIONS BASED ON PIEZORESISTIVE POLYMER FILMS

One of the first applications of piezoresistive polymeric composites, and that has been largely
industrialized, is the development of electrostatic and electromagnetic shielding (Panahi-Sarmad et al.,
2020), such as the material under the registered trademark Velostat (also known as Lingstat), often used
in packaging of electrostatic sensitive devices. However, in this type of applications, the piezoresistive
effect is not actually interesting, but rather the conductive capacity of the material.

Pointner et al. (2020) presented a project named Knitted RESi, based on a piezoresistive yarn, which
resulted in a stretchable and robust textile due to the knitted structure. Using intersecting yarns, the
system is able to detect pressure applied on the intersections, operating in the same principle as force-
sensing resistors (FSR)s.

Another project using conductive fabric is the smart carpet, developed by Zhou et al. (2017). It
consists of a three-layer assembly, with metallic fibers woven intro polyester substrate for top and bottom
layers, and a CarboTex layer in the middle layer, which is a carbonated polymer fabric. The designed
prototype has dimensions of 1.8 x0.8 m, and is arranged in 120 rows x54 columns for piezoresistive
sensing. In Figure 5.2 is shown the prototype that can be easily placed under a normal carpet. The
objective of this system is to monitor people waking on the device and to identify them based on the
individual steps and morphing footprint. The system was tested with 13 participants, attaining an

identification success rate of 76.9 %.
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5. Piezoresistive films

(@) ()
Figure 5.2. Piezoresistive sensing carpet: (a)fabric-based sensor and (b) operating
under a real carpet. Reprinted from (Zhou et al., 2017), copyright © 2017, IEEE.

The previously mentioned prototype Keppi (in section 2.1.2) for self-reporting of user pain (Adams
et al., 2018) has found an interesting way to embed a piezoresistive sensor, by using conductive foam
and copper electrodes in the inner section of the device (see Figure 2.13), preventing the device from
being excessively deformed and presenting erroneous response, as happened in their first prototype, due
to placing the piezoresistive sensor more close to the surface.

B. F. F. Goncalves et al. (2017) developed a method for the fabrication of water-based piezoresistive
sensors, based on the thermoplastic poly(vinyl alcohol) (PVA), a water-soluble polymer. The authors
reinforced the polymer with multi-walled carbon nanotubes (MWCNTSs) to achieve piezoresistivity. To test
the developed composite, a conductive layout with interdigitated areas was printed on a PVA substrate
where the piezoresistive ink was deposited, through screen-printing and spray-printing techniques. The
authors achieved a gauge factor of 3.

Damalerio et al. (2018) recurred to piezoresistive sensors made of carbon paste for early
extravasation detection during intravenous cannulation, using non-invasive methods. Extravasation during
intravenous cannulation might happen when the injected fluid into a vein leaks, leading to swelling of the
skin. Fabricated devices as the ones shown in Figure 5.3 are attached to the skin in the likely region for
the extravasation to happen, being able to detect the swelling of the skin. An initial prototype made of
gold electrodes was designed, but the expensive fabrication prevents the devices to be discardable. The
following approach used carbon paste that was screen-printed directly on a flexible medical adhesive film.
The devices are disposable and look like the normal hospital adhesives, except the wire for the terminals,

being not very difficult their use in hospital environment.
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Figure 5.3. Non-invasive piezoresistive sensors for extravasation detection during
intravenous canulation. Reprinted from (Damalerio et al., 2018), copyright © 2018,
IEEE.

Intead of printing single sensors, H. F. Castro et al. (2018) developed a fully printed Wheatstone
bridge, as shown in Figure 5.4, suitable for strain sensing applications. A PET substrate was used, where
silver nanoparticles ink was printed. The authors developed a piezoresistive ink based on styrene-&
(ethylene-co-butylene)-Hstyrene (SEBS) with MWCNTs nanofillers. After being fabricated, the sensor
presented no repeatability, but after 50 bending cycles, the sensor sharted showing a linear response

with the apllied pressure.
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Figure 5.4. Printed Wheatstone bridge with piezoresistive sensor. Reprinted from Additive
Manuiacturing, vol. 20, (H. F. Castro et al., 2018), “Printed Wheatstone bridge with
embedded polymer based piezoresistive sensors for strain sensing applications”,
pp. 119-125, copyright © 2018 Elsevier B.V., with permission from Elsevier.

Other devices have also been designed and simulated using piezoresistive polymer materials, such
as in accelerometers (Verma & Ansari, 2019) or particles detection systems. The work developed by
Agarwal et al. (2018) consists in a cantilever system capable of detecting fatty acid-binding protein. The
piezoresistive cantilever gets deformed due to the molecular adsorption-induced surface stress in the
presence of specific antibody-antigen, as represented in Figure 5.5. The fabricated microcantilever had a
size of 220 x110 pym, and was made of SU-8 epoxy and carbon black. According to the authors, the

obtained piezoresistive response was proportional to the concentration of the fatty acid-binding protein.
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Surface stress

No antibody-antigen interaction=> No surface stress
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Figure 5.5. Fatty acid-binding protein detection cantilever sensor: (3) no particles
detected and (b) deflection caused by particles. Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature, Applied
Nanoscience, vol. 85), “Detection of heart-type fatty acid-binding protein (h-FABP)
using piezoresistive polymer microcantilevers functionalized by a dry method”, (Agarwal
et al., 2018), copyright © 2018, Springer-Verlag GmbH Germany, part of Springer
Nature.

S, — Passivation layer

In the user interaction field, Hwang et al. (2019) reported a transparent sensing device capable of
distinguish between touch and pressure, using capacitive and piezoresistive technologies, respectively. It
contains an array of 4 x 4 sensors, allowing to create several command buttons. The device can be
applied in wearable electronics or stretchable displays. In Figure 5.6a is shown the touch sensor array

device attached to a human wrist. The device is composed by several layers, as visible in Figure 5.65.

PDMS Encapsulation
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3D Micropatterned
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Figure 5.6. Wearable touch and pressure piezoresistive device: (3) attached to a
human wrist and (5) layers composing the device. Reprinted from NPG Asia
Materials, vol. 11(1), (Hwang et al., 2019), copyright © 2019, The Authors(s), under
Creative Commons BY 4.0 license (https://creativecommons.org/licenses/by/4.0).

The device comprises a 3D microstructure pattern for increased sensitivity and stretchability. The

bottom layer is the substrate that was used as support for the remaining layers. It comprised a
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3D-micropatterned PDMS layer, and then an ultra-thin multilayer sheet of gold/ITO/gold (GIG) to operate
as electrode. A polyurethane (PU) layer acted as dielectric material, and on top of it, a PEDOT:PSS/ionic
liquid electrode. A final layer of PDMS encapsulated the whole device. For the capacitive sensing, it was
taken into account the mutual capacitance between the two electrodes, but the top electrode was actually
piezoresistive too. Therefore, when pressed, it changes the series resistance of the capacitive sensor,
allowing to detect pressure in addition to touch. The authors compared the results of the
3D-micropatterned device with a similar non-micropatterned, and concluded that the 3D micropattern
was responsible for the piezoresistivity of the top electrode, since the planar device showed no
piezoresistivity. To demonstrate that the device worked as intended, an experiment was made with the
user successfully controlling a small remote vehicle with the developed sensor array.

On the other hand, paper is a natural substrate for wearables and human contact. The work proposed
by L. Gao et al. (2019) involves piezoresistive sensors based on a smooth surface nanocellulose paper
substrate. Silver interdigitated electrodes were first printed on it using direct writing technique. The
piezoresistive material was based on porous tissue paper with rough surface, and coated with SNWs,
using dip-drying method. The piezoresistive material was placed on top of the electrodes, and an adhesive
paper encapsulation fixed everything in place. The sensor is shown in Figure 5.7. When pressed, the
conductive microfibers of the tissue paper/SNW are pressed against the interdigitated electrodes,
changing resistance. The produced device is entirely made of green flexible electronics, paving the way

to low-cost disposable sensors for electronic skin.
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Figure 5.7. Schematic of a paper-based piezoresistive sensor. Reprinted with permission
from (L. Gao et al., 2019), copyright © 2019, American Chemical Society.
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5.2. EXPERIMENTAL WORK

Four different prototypes were prepared based on the piezoresistive technology:
- An array of 8 pressure sensors based on the inclusion of CNTs on PVDF, SEBS and
thermoplastic polyurethane (TPU) for walking detection (J.R. Dios et al., 2019);
- A composite based on polylactic acid (PLA) reinforced with CNTs for deformation sensing
applied on an endoscope (Jose R Dios et al., 2020);
- A highly stretchable and sensitive SEBS and graphene-based composite applied on the

fingers of a glove (Pedro Costa, Goncalves, et al., 2019);

A piezoresistive touchpad for drawing and writing digitalization.

These prototypes are going to be discussed next.

Attempts to develop piezoresistive sensors based on natural materials, namely silk fibroin (SF), were
made (Reizabal et al., 2019, 2020), but with rather unexpected results, such as the electrochemical
effect!, which, although it constitutes important scientific advance, was found not to fit in the content of

this thesis, and therefore, is not going to be further discussed.

5.2.1. Walking prototype with an array of PVDF, SEBS and

TPU reinforced with CNTs pressure sensors

The objective of this work was to demonstrate the applicability of different polymer materials for the
fabrication of piezoresistive sensors, namely polyvinylidene fluoride (PVDF), thermoplastic polyurethane
(TPU) and styrene-H-(ethylene-co-butylene)-Hstyrene (SEBS). To provide conductive properties to the
polymers, they were reinforced with CNTs in different quantities. The developed materials were
experimented on a human walking detection sensing device, with each of the fabricated polymer
composite films being integrated in a sensor. As expected, increasing the CNTs concentration increases
the conductivity of the composite. However, it might reduce the piezoresistive effect.

The used polymers had different properties, being PVDF rigid, and TPU and SEBS flexible and
stretchable. Nevertheless, all the polymers were capable of identifying and measuring the walking

movement, although with different piezoresistive responses for the different sensors.

1 Demo video showing the use of the electrochemical effect in SF-based composites: https://youtu.be/IFReleibhDE
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This is work is covered by the publication (J.R. Dios et al., 2019), and a demo video is also available

in the supplementary data of the article!.

5.2.1.1. Materials

SEBS was supplied by Dynasol Gestion S.A. (reference 6110), PVDF from Solvay Inc. (reference
6010), and TPU from Lubrizol (reference Estane 2103-70A). CNTs were furnished by Nanocyl (reference
NC7000). DMF solvent was acquired from Carlo Erba Reagents, and cyclopentyl methyl ether (CPME)
from Scharlau.

Conductive silver ink was obtained from Novacentrix (reference HPS-21LV), and the PET film from
Lohmann Technologies UK Ltd. (reference Melinex with 100 um of thickness). Conductive z-axis adhesive

tape was from 3M (reference 9703).

5.2.1.2. Samples preparation

The green solvent CPME was used for SEBS (B. F. Goncalves et al., 2016), and DMF solvent for
PVDF (Ribeiro et al., 2018) and TPU (Zheng et al., 2017) films preparation. First, the CNTs powder was
mixed with the respective solvent with a ratio of 0.5, 1, 2 and 5 wt.% for PVDF, and 2 and 5 wt.% for
SEBS and TPU. The mixtures were put in an ultrasound bath for 3 h for good CNTs dispersion. Then the
polymers were added to the CNTs solutions: 1 g of SEBS for each 6 mL of CPME; 1 g of PVDF for each
9.5 mL of DMF; and 1 g of TPU for each 7 mL of DMF. The solutions followed a magnetic stir for 2 h at
room temperature. The fabrication of the films was performed by pouring the solutions in a glass and
spread with a doctor blade. Solvent evaporation was done overnight at room temperature for the SEBS-
based composite, and at 210 °C for 15 min for the TPU and the PVDF-based ones. After full solvent dry

out, the obtained thicknesses were between 35 to 80 um.

5.2.1.3. Device fabrication

To test the produced films for piezoresistive operation an array of 8 sensors was created.
Interdigitated patterns were used for the sensors, where a sample of each prepared film were deposited,
as shown in Figure 5.8. Each sensor has an individual terminal and a common terminal. The interdigitated

sensors were 9.3 x 5.5 mm, with a 300 um interdigitated gap.

1 Demo video available in the supporting information of the article: https://ars.els-cdn.com/content/image/ 1-s2.0-5026635381931293X-mmc2.mp4
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B pvDF/CNT-0.5 wt.%
E PVDF/CNT-1 wt.%
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TPU/CNT-Z wt.%
:d TPU/CNT-5 wt.%

1ecm

Conductive Pattern Piezoresistive Matrix
Figure 5.8. Pattern used for the array of piezoresistive sensors. Reprinted with permission

from (J.R. Dios et al., 2019), copyright © 2019 Elsevier Ltd. All rights reserved.
The layout was printed with silver ink on the PET film by screen-printing technique. The film was
placed in the oven for 1 h at 120 °C to cure and sinter the ink. Then, the prepared films were placed
over the interdigitates and secured with tape. To connect the array of sensors with the external circuit, a
flexible flat cable (FFC) was attached to the terminals using the conductive z-axis adhesive tape.
A large piece of polyurethane foam was placed on top of the sensors, together with a 1 cm-thick

plastic board, to make the pressure on the sensors uniform.

5.2.1.4. Electrical circuit

To read the 8 sensors, a current source was implemented with an instrumentation amplifier (IA),

and an analog multiplexer (AMux) to permutate through all of the sensors, as visible in Figure 5.9.
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Figure 5.9. Schematic representation of the electrical circuit implemented to read the
8-sensor array. Reprinted with permission from (J.R. Dios et al., 2019).
Copyright © 2019 Elsevier Ltd. All rights reserved.
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A current source of 1.5 uA (Texas Instruments LM334) ensures a constant current on the sensors,
to granting linearity of the voltage drop. The analog multiplexer (Intersil ISL84781) selects the sensor to
be read, and the instrumentation amplifier (Texas Instruments INA321) amplifies the voltage drop of the
selected sensor, with a gain of 100. The 190 kQ in the negative input of the instrumentation amplifier
instrumentation amplifier ensures that input voltage is higher than the minimum operating voltage. The
used microcontroller (uC) was a Nordic Semiconductor (nRF52832), which controlled the analog
multiplexer selection and acquired the voltage output from the instrumentation amplifier through the
inbuilt ADC at a rate of 100 sps, with 8 bits. The microcontroller sends the acquired data via UART to an
FTDI (FT232X), converting it to USB and connecting to a computer where a Java application plots the
data.

5.2.1.5. Results and discussion

An application as a pressure floor sensor was used to evaluate the developed sensor array, where a

person walks over the sensors, as shown in Figure 5.10.

Figure 5.10. Sensor array in operation as walking detection device.

Sensors were considered to be submitted to the same pressure, due to the foam and plastic board
on top. From the prepared composites, the PVDF-based one was rigid, while the TPU and SEBS were soft
and flexible, and the SEBS was also very adherent to surfaces. In addition, due to the differences in the
wt.% of CNTs, different results were expected for the different sensors.

When the sensors are not being pressed, since they were simply placed on the interdigitated
patterns, their connection with the electrodes is very poor, normally causing the instrumentation amplifier
to saturate (at around 3 V). When pressing the sensors, the contact with between the polymer composites
and the electrodes increases, reducing resistance. Therefore, this prototype does not evaluate the

piezoresistive response of the polymer composites alone, but also the mechanical piezoresistive behavior.
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Figure 5.11 shows the result of the output voltage for the sensors during operation as a walking

detection device. A demo video is also available in the supplementary data of the article! (J.R. Dios et al.,
2019).
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Figure 5.11. Output voltage of the sensors during user operation as a walking detection
device.

In the PVDF-based composite, the CNTs wt.% is particularly noticeable for the 0.5 and 1 wt.%
concentrations. But for the 2 and 5 wt.%, only a slight difference in conductivity is visible. Similar results
show the TPU-based composite sensors. However, for the SEBS-based composite, the behavior was very
different. Due to its adherent property, it is visible that the sensor with 5 wt.% of CNTs never causes the
saturation of the instrumentation amplifier, meaning that composite film never fully detaches from the
electrodes. Probably the same happens with the 2 wt.% one, but as it has lower conductivity, it is still
enough to cause the saturation of the instrumentation amplifier. The lower conductivity of the 2 wt.%
samples is evident because of the negative peaks not as significant as in the 5 wt.% CNTs sample.

Towards these results, it is concluded that any of the developed sensors is suitable to monitor the
walking movements.

In this work, particular emphasis is given to the SEBS-based composite sensor, since the utilized
solvent for this material, CPME, is an environmentally friendly chemical, contributing this work towards

the eco-sustainability (B. F. Goncalves et al., 2016).

1 Demo video available in the supporting information of the article: https://ars.els-cdn.com/content/image/ 1-s2.0-5026635381931293X-mmc2.mp4
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The chemical and mechanical stability of PVDF is higher, but the stretchability of SEBS and TPU is
considerably higher, being PVDF-based composite sensors more indicated for rigid piezoresistive

applications, and SEBS and TPU for flexible ones.

5.2.1.6. Conclusions

Polymeric composite films from rigid (PVDF) to stretchable (TPU and SEBS), with reinforced CNTs
have been studied. The inclusion of CNTs provided materials with electrical properties, allowing the
development of piezoresistive materials.

Polymeric matrix composites from rigid (PVDF) to stretchable (TPU and SEBS) have been studied
reinforced with CNT to provide electrical properties that allow the development of piezoresistive materials.
Different filler contents with 2 and 5 wt.% were experimented for each material. Additionally, for PVDF-
based composite it was used 0.5 and 1 wt.%, too.

An electronic application was developed for human walking detection, consisting in 8 interdigitated
sensing areas, where a different composite film was deposited in each. The implemented system allowed
for measuring all the sensors in real-time, and displaying it in a computer.

Although exhibiting different piezoresistive responses, all the polymers were capable of identifying
and measuring the walking movement of a human.

This work demonstrated the relevance of the integration of the fabricated composite sensors in the

future applications.

5.2.2. Endoscope prototype with PLA reinforced with CNTs

for deformation sensing

The development of polymer-based composites in the last years has led to a whole new generation
of electronic devices, such as sensors, actuators, electromagnetic shielding, energy systems, and self-
healing materials (Chung, 2019). Biopolymers are receiving a growing attention for the lower
environmental impact, such as the polylactic acid (PLA) (Farah et al., 2016) due to the mechanical
properties, environmental stability and biocompatibility (Ning et al., 2018; Scaffaro et al., 2018). PLA can
be functionalized through the reinforcement of specific particles in order to create electroactive devices,

such as sensors (Scaffaro et al., 2018).
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The present work proposes the fabrication of piezoresistive film sensors based on PLA for stretching
detection. Functionalization of the polymer is carried out by the inclusion of CNTs, giving the composite
an electrical behavior.

To assess the functionality of the developed devices, an endoscope is used as a case study, where
the CNTs/PLA sensors are attached to the tip of the endoscope to detect orientation and amplitude of
bending. The variation of the electrical resistance of the sensors is low, thus a robust electronic solution
was developed based on a Wheatstone bridge with a current source and a differential amplifier to
successfully measure the variation of the sensors.

The system was tested and the applicability of the developed sensors to measure the endoscope
during bending was demonstrated. Although the application involving an endoscope can hardly be
considered a user interface nor a TUI, the project is still pertinent since the developed sensors and
electronics can integrate any other type of devices specifically designed for user interfacing, in a very
similar approach as the bend and twist sensor tapes developed by Balakrishnan et al. (1999) or
Dementyev et al. (2015).

This prototype resulted in a journal article (Jose R Dios et al., 2020), and a demo video is also

available in the footnote link®.

5.2.2.1. Materials

PLA was acquired from NatureWorks Ingeo (reference 3052D), and CNTs were purchased from
Nanocyl (reference NC7000). To dissolve the polymer, dichloromethane (DCM) was used, which is an
industrial solvent, and the least toxic of the chlorinated solvents (Tobiszewski & Namies$nik, 2015), not
classified as affecting the ozone according to the Montreal Protocol. Conductive carbon glue utilized was

Electric Paint from Bare Conductive).

5.2.2.2. Sample preparation

A solution consisting in CNTs (6 wt.% relatively to the PLA) dispersed in 8 mL of DCM solvent was
prepared and placed in ultrasound bath for 3 h to achieve good dispersion and deagglomeration of the
CNTs. Then, 2 g of PLA were added to the solution, which was magnetically stirred at room temperature
for 2 h. The polymer film was created by solvent casting technique on a glass and dried for 12 h at

20 °C. After complete solvent evaporation, the resulting film had a thickness between 37 to 47 um.

1 Link of the demo video: https://youtu.be/rh425051tQE

132



5.2.2.3. Device fabrication

The prepared PLA reinforced with CNTs film was tested for bending sensing in the tip of an
endoscope, which can allow the operator to perceive the movements of the endoscope when inside the
patient’s body.

The film was cut in four stripes with dimensions of 35 x 5 mm. Each stripe was attached to the
outer side of endoscope, as shown in Figure 5.19a. For each piezoresistive stripe, two pieces of adhesive
copper foil were glued to the endoscope, and the film stripes were connected to them using the conductive
glue. In the copper foil pieces was soldered a 30 AWG wire, and the wires wrapped around the endoscope

or passed through the interior of it. Figure 5.196 shows the real assemblage.
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Figure 5.12. Endoscope with piezoresistive sensors: (3) schematic representation and

(b) real implementation. (3) Reprinted with permission from (Jose R Dios et al.,
2020), copyright © 2020 WILEY-VCH GmbH.
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After the sensors were placed in the endoscope, measurements to survey the resistance of the
sensors were made and their resistance change during endoscope bending. The obtained value was

between 4.0 to 50 kQ for the initial resistance, with a variation lower than 1 kQ.

5.2.2.4. Electrical circuit

Since the variation of these sensors is very small (lower than 2 %), a more sophisticated electric
circuit was necessary. A current source with a differential amplifier was used, as shown in Figure 5.13.
The constant current source makes the voltage drop in the sensor linear with its resistance. A resistive
Wheatstone bridge provides the offset voltage to the differential amplifier, being amplified only the
resistance change in the sensor. Four equal electrical circuits were prototyped, one for each sensor. The
downside of the developed circuit is the necessity for its physical calibration through the trimmer

potentiometers, which were all multi-turn with 12 turns (84WR100KLF from TT Electronics).
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Figure 5.13. Implemented circuit to measure the resistance of the sensors. Reprinted with
permission from (Jose R Dios et al., 2020), copyright © 2020 WILEY-VCH GmbH.

The circuit was powered with 5V from the USB power. The operational amplifiers used were
Microchip MCP6V02. The circuit was projected to allow at least 0.5 V margin from the supply limits (0.5
to 4.5 V) in the inputs of the operational amplifiers. The voltage in nodes A and B is 4.5 V (by R2 and R3
voltage divider). R1 limits the maximum current in the sensor (to avoid overcurrent), and P1 sets the
current for the constant current source. P2 establishes the voltage to be subtracted from the current
source output (this allows to remove the voltage corresponding to the base resistance of the sensor). And
P3, together with R4, define the gain (G) of the circuit.

The output voltage Vo is linear with the resistance, and is given by:

Vo = Vottset T G * Rsensor (5.2)
in which Rsensor (Q) is the resistance of the sensor, and Vortset (V) and G can be calculated as follows:
Vottset = Vp + kel (Vp—Va), G= B 2"V (5.3)

R, R, R{+P

being Va and Vb the voltages at nodes A and D, respectively.
The tuning of the three potentiometers is very sensitive because of the high gain of the amplifier.
The calibration of the circuit should be performed as follows:
- Bend the corresponding sensor to its maximum resistance position and adjust P1 so that
the voltage in node C reaches 0.5V,
- Unbend the sensor back to its position of minimum resistance, and adjust P2 until voltage
in node D is equal to node C;
— Once again, bend the sensor to its maximum resistance, and adjust P3 until the output
voltage Vo is 4.5 V.
After correctly calibrated, the output voltage Vo will swing between 0.5V (sensor at minimum

resistance) to 4.5 V (sensor at maximum resistance).
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Following the differential amplifier stage, the output voltages of the 4 sensors were connected to a
microcontroller (Microchip ATmega328P) running at 16 MHz. The inbuilt ADC of the microcontroller was
used to acquire samples at a rate of 9.8 ksps and with 8 bits of significance, but averaging each
500 samples to reduce noise. Data was then sent to a computer via a USB to UART converter, where a

Java application showed the data acquired by the sensors in an interactive interface.

5.2.2.5. Results and discussion

To test the developed system, it was set up the endoscope and circuit as visible in Figure 5.14. The
computer displayed the data acquired from the sensors in two different modes: plotting the raw data
(Figure 5.144) and showing a graphical representation of the sensors using rectangles (Figure 5.144), in

which the amplitude registered by each sensor is given by the color of the rectangle.

(@) (b)
Figure 5.14. Endoscope prototype in operation: (a) plotting the output voltage and
(b) showing a graphical representation of the movement. Reprinted with
permission from (Jose R Dios et al., 2020), copyright © 2020 WILEY-VCH GmbH.

A demo video of the system can be watched using the footnote link!.

The output voltages of the circuit relative to each sensor are shown in the graph of Figure 5.15. It is
possible to identify correctly the direction of the movement of the endoscope by analyzing which sensors
are being stretched. Yet, the graph also allows to take conclusions about the calibration of the circuits,
particularly in the case of the sensor S4, which registers a minimum voltage of around 3 V. This indicates
that the tunning for the offset potentiometer is slightly off, which is also the cause of it reaching the

saturation of the amplifier. For the sensor S3, a little less of gain would be enough to prevent saturation.

1 Link of the demo video: https://youtu.be/rh425051tQE
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Figure 5.15. Response of the piezoresistive sensors in the endoscope. Reprinted with
permission from (Jose R Dios et al., 2020), copyright © 2020 WILEY-VCH GmbH.

Nevertheless, despite the complexity, the implemented circuit proved to be very efficient in detecting
the small variations in the resistance of the sensors.

Regarding the sensors, when stretched, the resistance increased quickly, but it was noticeable that
they would not instantly recover when returning back to the unstretched state, as we can see by the
curves of S3 and S4: the rise is much faster than the drop.

Relatively to the physical properties of the sensors, the PLA-based composite sensors were very
fragile and, though being somewhat stretchable, easy to tear. Therefore, to attach them to the endoscope,
it was necessary to choose a proper location where the endoscope did not bend excessively, otherwise
the film stripes would easily tear apart. Also, a fragility of the PLA film is its tendency to wrinkle and get
scratches that weaken the film. For these reasons, the endoscope was not the best application for the
CNTs/PLA film sensors. More suitable applications for this type of sensors are applications involving short
deformations, where full potential can be taken from the precision of these sensors without compromising

their physical integrity.

5.2.2.6. Conclusions

Piezoresistive sensors were fabricated by doctor blade technique through the inclusion of CNTs with
PLA polymer. Four sensors were attached the tip of an endoscope for real-time monitoring of the motion
of the endoscope when inside of a patient’s body. The variation of the electrical resistance of the sensors
was lower than 2 %. An improved version of the resistive Wheatstone bridge was implemented using a
constant current source to linearize the output, and a differential amplifier (a simplified version of the
instrumentation amplifier) to amplify only the variation of the sensors. The tunning of the circuit was
performed for each sensor, and the output voltage was acquired by a microcontroller and sent to a

computer.
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The response of the sensors was suitable, being easy to identify the bending orientation and intensity
of the endoscope. It was noticed a delay in the capacity of the sensors to recover the initial state after
being stretched. However, the developed sensors were fragile and easy to tear, and probably not best
suited for an endoscope application, but to applications involving smaller deformations. An endoscope,
which shows large deformations, is probably best fitted with an elastomer-based composite film.

Nonetheless, the applicability of the developed materials is wide, whether for diagnosis tools or for
user interfacing (which an endoscope certainly is not), in platforms such as 3D bend and twist sensing

tapes (Balakrishnan et al., 1999; Dementyev et al., 2015).

5.2.3. Glove prototype with SEBS and graphene-based

composites for stretch sensing

Carbonaceous composites with tailored electroactive properties enable the creation of high-
performance polymer-based sensors. There is an increasing need for highly stretchable and compressible
piezoresistive materials (Liu et al., 2017, 2016). Applications for polymer piezoresistive polymer-based
materials range from structural health monitoring (Das & Saha, 2018), mechanical and biomedical
applications (Y. Lu et al., 2019; Stassi et al., 2014), wearables (T. Yang et al., 2017), and human and
robotic interface devices (Y. Hu et al., 2018; Trung et al., 2017).

In this work, a composite film based on styrene-bH-(ethylene-co-butylene)-b-styrene (SEBS) with
reduced graphene oxide (rGO) was developed and tested for piezoresistive stretching sensors. SEBS is a
thermoplastic elastomer, so the developed composite shows very high stretchability and piezoresistive
sensibility. Additionally, CPME solvent was used, which is considered to be eco-friendly. To demonstrate
the applicability of the developed composite, a hand glove prototype was implemented, capable of
monitoring the movement of each finger.

This work is covered by the publication (Pedro Costa, Gongalves, et al., 2019). A demo video is also

available in the supporting information of the article!.

1 Demo video available in the supporting information: https://pubs.acs.org/doi/suppl/10.1021/acsami.9b19294/suppl_file/am9b19294 _si_001.mp4
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5.2.3.1. Materials

SEBS copolymer was acquired from Dynasol Elastomers (reference Dyne 108C), rGO with 99 % of
purity was obtained from The Graphene Box, and the used solvent was CPME, furnished by Carlo Erba
Reagents. CPME is considered an environmentally friendly solvent. Conductive glue utilized was Electric
Paint from Bare Conductive). Ultrasonic bath equipment was ATU ATM40-3LCD. Digital multimeter used

was a Fluke 117.

5.2.3.2. Sample preparation

To prepare the sample, rGO was dissolved in 12 mL of CPME with a concentration of 4 wt.%, and
dispersed in an ultrasound bath for 3 h at room temperature. Then, 2 g of SEBS was added to the
solution, and mixed under magnetic stirring for 2 h at 30 °C. Then, the solution was poured on a glass
and a composite film was fabricated by doctor blade technique. After 12 h at room temperature, the
solvent was fully evaporated, the film was peeled off from the glass. It presented a thickness between 30

to 60 pum.

5.2.3.3. Fabrication of the device

The rGO/SEBS composite is very flexible and stretchable due to the elastomeric property of SEBS.
A glove was used for prototyping, to sensorize the fingers. A strip with dimension of 12 x0.8 cm was cut
and attached on the outer side of each of the glove’s fingers, as shown in Figure 5.16. The strips were

properly secured with adhesive black tape.

Connectors

Sensors
Figure 5.16. Glove with rGO/SEBS strip sensors on the fingers. Reprinted with permission
from (Pedro Costa, Goncalves, et al., 2019), copyright © 2019, American Chemical
Society.

To connect film strips to the electric circuit, aluminum foils were attached to the endings of the strips,

with conductive glue. Thin flexible wires attach to the aluminum foils mechanically and connect to the
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external circuit. It is not a robust solution that does not give the user the freedom to move the hand away

freely, but it is sufficient to demonstrate the electrical results.

5.2.3.4. Electrical circuit

These sensors are expected to show a large variation in resistance, since they have an elastomeric
base and are highly stretched in the glove application. Measurements with a multimeter on the terminals
of the sensors indicate an initial resistance around 10 to 20 MQ. Therefore, a simple circuit was
implemented with only a resistor voltage divider, shown in Figure 5.17. A 10 MQ resistor was placed in

series with the sensor, producing an intermediate voltage that is roughly half of the voltage supply.

5V

10 MQ
VOUt

10 nF

Sensor I

Figure 5.17. Electric circuit used to read each sensor. Reprinted with permission from (Pedro
Costa, Goncalves, et al., 2019), copyright © 2019, American Chemical Society.
A 10 nF capacitor was placed in parallel with the sensor to create a low-pass filter (LPF), filtering the

50/60 Hz grid noise and acting as anti-aliasing filter. The cutoff frequency of the LPF filter is given by:

1

feutotf = RC (5.4)

in which R (Q) is the resistance of the sensor in parallel with the 10 MQ, and C (F) is the capacitance
of the capacitor of the filter. Thus, feutoff is between 1.6 to 3.2 Hz, depending on the resistance of the
sensor.

A voltage follower amplifier (Microchip MCP6024) provides impedance isolation. The output voltage
Vout is connected to the analog pins of a microcontroller (Microchip ATmega328P), where the inbuilt ADC
converts data to digital with 8 bits. The microcontroller sends the data to a computer, through a USB to
UART converter (CH340), where a Java application plots the graph of each sensor.

It is important to draw attention to the non-linearity of the measured output voltage. To obtain a linear
measurement, it was used the Ohm's law to estimate the resistance of the sensors based on the read

voltage, by software.
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5. Piezoresistive films

5.2.3.5. Results and discussion

The developed prototype, although with rudimentary assemblage, allowed to read the movement of
the fingers of the user. Figure 5.18 shows the output voltage Vout (V) for each sensor being displayed on

the screen of the computer when the user is interacting with the glove. As expected, the voltage rises

when the finger is bent.

Figure 5.18. User interacting with the glove, and the output voltage of the sensors being
displayed in the screen of the computer.

Based on the voltage, the resistance of the sensors was calculated. In Figure 5.19 is shown the
resistance variation of the sensors during individual finger bending and simultaneous bending of all
fingers. The difference in the maximum value for the sequential to the simultaneous finger bending is

related to the user’s inability to bend the fingers individually as much as when closing the hand, due to

human anatomy.
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Figure 5.19. Resistance measured for each sensor when all fingers are bent
(a) sequentially and (b) simultaneously.
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It is visible that the initial resistance of the sensors is between 20 to 30 MQ, and that the sensors
respond with very large change in the resistance, reaching up to 800 MQ. This provides good sensibility
and allows for very simple circuits. However, the recovery of the sensors after being stretched is not
instantaneous, taking up to minutes to fully reach the initial resistance. This is caused by the slow motion
of SEBS after being elongated. Nonetheless, it is possible to eliminate the slow recovery by software,

comparing the theoretical recovery of the film with the actual measured value.

5.2.3.6. Conclusions

The developed polymer composite with the inclusion of graphene-based material in SEBS showed
excellent properties for sensing materials, such as flexibility, stretchability and resistance variation. The
green solvent CPME was used, a common request in material developments nowadays. The large
piezoresistive response obtained made it easier to do the instrumentation of the sensors with simple
circuits, such as the used resistive voltage divider. The functioning of the material has been demonstrated
in an application involving a glove to determine the bending position of each finger. The downside of the
developed composite sensors was the inability for the sensor quickly recover to the initial resistance value
it has been heavily stretched, sometimes reaching up to minutes.

Nevertheless, the high stretchability of the developed composite and the corresponding acquisition

system are very important in the development of shape-changing sensing interfaces.

5.2.4. Piezoresistive touchpad prototype for drawing and
writing digitalization

In this prototype, the main objective was the demonstration of a proof-of-the-concept of a platform
capable of digitalizing the drawing or writing with a normal pen or pencil, and that could fit in the cover
of a book. Other projects use special pens (Jing et al., 2017; Shintani et al., 2021) or smartphone
cameras (Burie et al., 2015) to digitalize handwriting.

A multi-layer platform was fabricated based on printed electronics and Velostat and EeonTex
piezoresistive films, with an air gap separating the top from bottom layers. It was used the 4-wire touch
technology to read the touch location and pressure. Since this was a proof-of-the-concept platform, it was

projected for single touch detection, which does not allow the user to place the hand on the platform
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while writing or drawing. The produced prototype had an A5-size surface with thickness of 2.3 mm, being
flexible enough to be fitted on the cover of a book.

It was possible to digitalize the user writing or drawing on the piezoresistive platform with a pen, but
the produced system deserves improvements to increase accuracy. This is an important technology to

have available in the development of TUIs, since it can be considered itself a TUI.

5.2.4.1. Materials

In this experiment, the PET film was used was acquired from Lohmann Technologies UK Ltd.
(reference Melinex with 100 um of thickness), silver ink for screen-printing was obtained from DuPont
(reference 5025), and piezoresistive films used were Velostat and EeonTex. Velostat was purchased from
Adafruit (reference 1361) and EeonTex fabric from Sparkfun (reference COM-14111). Polypropylene film
with 500 um of thickness was acquired from Stapes (reference 179418). z-axis conductive adhesive
tape was from 3M (reference 9703).

A JP Selecta oven, model 2005165, was used for thermal treatment. The apparatus for screen

printing was homemade, and the polyester mesh used had 62/64 threads/cm.

5.2.4.2. Touchpad fabrication

To quickly explore the fabrication of this platform, a printed layout from a previous project was used,
which served as a quick proof-of-the-concept of this platform without the need of ordering a new screen
tile. Thus, the geometry used was not optimal. The reused tile was from a large capacitive touchpad with
dimensions of 20 x14 cm, and 19 rows x 27 columns electrodes in the diamond pattern.

First, top and bottom layers were screen-printed on a PET film each, and thermally annealed for
30 min at 120 °C. However, for the 4-wire resistive touchpad topology, only the first and last rows and
columns are used. Thus, a 50 um adhesive film was glued on top of the electrodes to disable them,
leaving just the first and last rows and columns. On them, z-axis conductive adhesive tape was placed so
that a Velostat film could connect the first to the last rows and columns. These are the first three top and
bottom layers shown in Figure 5.20. The Velostat films, due to their resistive characteristic, have the

function of linearly distribute the electric field imposed by the electrodes.
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New generation of interactive platforms based on novel printed smart materials

PET (100 pm)
Printed silver (10 um) EeonTex (800 um)
Velostat (100 um) z-axis conductive
\l | tape (50 um)
Air gap PP (500 um)

Figure 5.20. Layers constituting the piezoresistive platform.

Then, a separator between the top and bottom layers was necessary to build and prevent them from
randomly touching each other. It was achieved by the use of two thick polypropylene (PP) frames, with
thickness of 500 um, and a piezoresistive EeonTex textile in between. The several layers were manually
tensioned and attached to the PP frames with super glue, which kept the correct tension in the top and
bottom layers. Any eventual connection from the top to the bottom layers is very weak, unless the user
intentionally presses it. Finally, 1 mm-pitch flexible flat cables (FFCs) were attached to the printed
terminals using z-axis conductive adhesive tape.

Figure 5.21 shows the assembled prototype.

Figure 5.21. Aspect of the assembled piezoresistive platform.

A sheet of paper is supposed to be placed on top of the platform for the user to write in. It is important
to notice that the used polymer films do not get scratched during the user writing or drawing, which is
particularly important for the PET and Velostat layers, and ensures that the prototype does not quickly

degrade with use.
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5.2.4.3. Electrical circuit

To control the piezoresistive platform, a microcontroller (uC) from Microchip (ATmega328P) was
used. It converts the pressure applied on the piezoresistive platform by the user to digital data, including
coordinates of the touch point and pressure level. The four wires of the platform were directly connected
to the analog pins of the microcontroller, without the need for any extra hardware, as shown in Figure
5.22.The acquired data is then sent to a computer via USB, using a converter CH340. In the computer,

an application in Java draws the read points in real-time.

Piezoresistive matrix
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ATmega328P CH340
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Figure 5.22. Electrical circuit for the piezoresistive platform.

The piezoresistive matrix is operated using a simple principle. Initially, a voltage differential of 5 V is
applied from pin X1 to X2, while pins Y1 and Y2 are set to high impedance state. During this moment,
pin Y1 performs an analog read with the ADC. Since no current flows into or out of the pin, it will pick
the corresponding voltage present on the location where the user is pressing the platform. This gives the
coordinate of the touch in the x-axis. To obtain the coordinate in the y-axis, it is done the same procedure,
the but with the electric field developed across Y1 to Y2.

It is also very important to estimate the pressure exerted on the piezoresistive matrix, because when
the user is not pressing it, it will just read any random point coordinates. Therefore, when pressure is
below a certain threshold, that point is discarded. To measure the pressure, it is developed a voltage
differential of 5 V from X1 to Y1 pins while X2 and Y2 pins are configured to high impedance state. The
difference between the analog read from pin X2 to pin Y2 gives a value inversely proportional to the
pressure.

To reduce noise on detection, each sample sent to the computer is the actually the average of four
samples. Coordinates and pressure transfer to the computer were implemented using 1 byte of data

(0 - 255 range). Coordinates were sent as read, but pressure was calculated using the expression
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255 - (ADC(X2) — ADC(Y2)) to make it proportional to the exerted pressure in the platform, in which

ADC() was the value obtained from the conversion of the ADC.

5.2.4.4. Results and discussion

The fabricated piezoresistive platform is flexible and physically robust, as visible in Figure 5.23, as
proposed in the initial objectives. It can be fitted in the cover or back cover of a notebook, where flexibility

is necessary without compromising the functionality of the system.

Figure 5.23. Flexibility of the piezoresistive platform.

However, the drawing and writing digitalization still deserve improvements. It is possible to correlate
the digitalized image to the original, as seen in Figure 5.24, but the digitalized image is still not very
truthful. It is possible to identify the tendency of the matrix to a specific spot, by the gray blur in the image.
This is the average of the several locations where the top and bottom layers touch, probably due to the
manual assembly of the platform, but also an indicator that the air gap is not being as effective as initially
projected.

Velostat is a very flexible film, showing some stretchability as well. However, it can be deformed
permanently when stretched. And, in fact, it has been noticed that the Velostat film developed wrinkles
after being tensioned and attached to the PET film, making it to become slightly loose. Moreover, the PET
film, which holds the Velostat film, has also turned slightly loose. As a consequence, when the tip of the
pen or pencil slides over the piezoresistive platform, it drags the PET and Velostat films together with it,
which shifts the position of the perceived touch. This is particularly visible in the drawn star on the bottom
left corner, which was the begin and end of the trace done with the pen. In the digitalized shape, the end

did not coincide with the begin, though it did on paper. Same happened on the bottom right corner. When
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the pen changed direction, it pulled the PET and Velostat films in different direction, resulting in

overlapping lines that were not supposed to be overlapped.

(@)
Figure 5.24. Digitalized image using the piezoresistive platform: (a) original drawn by
the user on paper, and (5) result of image digitalized.

Another reason for the distortion of the digitalized image might be linked to the possibly of the sheet
resistance of Velostat do not be uniform. A linearizing conductive pattern constituted by parallel lines
printed on the back of the Velostat film can improve this.

In terms of usability, one major advantage for this platform would be to allow the user to place the

hand on the platform while writing. This can be done by the use of multitouch technology.

5.2.4.5. Conclusions

In this experiment, it has been fabricated a flexible piezoresistive platform based on the 4-wire
technology capable of digitalizing the drawing or writing with a pen or pencil on top of it. The platform
was composed by a stack of different layers, using Velostat and EeonTex piezoresistive films, and others,
and an air gap separating the top and bottom layers, with a total thickness of about 2.3 mm. A
microcontroller was used to acquire the touch locations and pressure, and data was sent to a computer.

The fabricated platform was capable of digitalizing a pressing finger or the tip of a pen or pencil, but
the digitalized image lacks accuracy, which can be overcome by the research of better piezoresistive

materials, the improvement of the air gap separator, and more precise assembly.
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6. CASE STUDY: THE HYBRID BOOK

To demonstrate the integration of the developed materials in a single application, it is proposed the
fabrication of a prototype platform combining the three technologies focused on this thesis: capacitive,
piezoelectric and piezoresistive.

To elaborate a case study prototype, several hypothesis were considered, from flexible game
controllers (Rendl et al., 2014), to flexible tape controllers (Balakrishnan et al., 1999; Dementyev et al.,
2015), wearables (Jones, 2019), hybrid books (Q. Li & Wang, 2016), roll up devices (Gomes et al., 2018),
or wrapping devices (Drogemuller et al., 2021), among others. Yet, the platform that seemed more natural
to employ the developed materials throughout this thesis was the book, since books are a platform where
flexibility is essential, and that have been around for centuries the way we know them today, still with very
little innovations. Nowadays, children usually find traditional physical books alone less interesting than
the digital ones or a combination of the two (Cesario et al., 2016). This grants the opportunity to
revolutionize the traditional physical book, making them more appealing to children by interactivity, just
as in the Electronic Popables (Qi & Buechley, 2010).

Furthermore, a previous project of the lab team named Bridging Book! (A. C. Figueiredo, Pinto,
Branco, et al., 2013; Pinto et al., 2013) consisting in a traditional picture book complemented by a tablet
attained success as hybrid book, resulting in a patent (A. C. P. De Figueiredo et al., 2014). This inspiring
book-form prototype is a representative example of the versatility and possibility of the application of the
developed materials and technologies.

Therefore, a simple hybrid book was developed consisting on a few pages with embedded

electroactive polymer films, as shown in Figure 6.1, which will be presented next?.

1 Demo video of Bridging Book available at: https://vimeo.com/engagelab/bridgingbook
2 Demo video of the developed hybrid book available at: https://youtu.be/vDwr-BfbtHO
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6. Case study: The hybrid book

Figure 6.1. Developed hybrid book demonstrator, with a 1 euro coin for reference.

6.1. CONTEXT AND FEATURES

Different prototypes based on different technologies and applications have been shown throughout
the document. At this stage, it is a necessary to integrate all technologies together in a functional prototype
to demonstrate the coherence and the possibilities of the developed work. The hybrid book seemed the
appropriate application, where the features of the developed materials, such as thinness, lightweight and
flexibility, can be also an advantage.

Some of the previously developed prototypes were selected and adapted for a case study

demonstration. Therefore, a themeless book was designed, composed by white paper sheets, where the
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electroactive printed films were attached to the sheets with tape. Three main sheets composed the book,
one for each technology. Figure 6.2 shows the structure of the hybrid book application. In the first page,
a capacitive matrix sensor was designed, which controls the audio played in the second page using a
piezoelectric film. The last page, the third, was actually the back cover of the book, where a piezoresistive

touchpad was used to digitalize writing and sent to a smartphone via Bluetooth.

Sheet 1 Sheet 2

Capacitive Piezoelectric

Track 5
Track 4
Track 3
Track 2
Track 1

Sheet 3

Piezoresistive *

(BB e o

L

Figure 6.2. Proposed structure for the hybrid book integrating the three technologies
explored in the thesis.

The major effort was placed on the electronic sensors and actuators as form of interaction, and no
effort was placed into miniaturizing the electronic systems to control the sensors and actuators so that
they could fit in the book’s cover or spine, since that is an already standard among the industry through
the use of flexible PCBs and surface-mount technology (SMT) devices, and would pose no improvements
to the state of the art other than from the user interface’s point of view. As a result, from the developed
hybrid book, there were wires and flexible flat cables (FFCs) coming out, connecting to an external

electronic circuit.
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In the first page, the capacitive matrix was divided into 5 buttons, each of them associated with an
audio track. Consequently, when the user touches one of the buttons, the corresponding audio track
starts to play. Touching again the same button stops the playback. Table 6.1 lists the selected audio
tracks. Simplified version of the songs was used, based on the instrumental with only one simultaneous
note, to simplify the playback circuit and data storage. Likewise, instead of harmonical audio sinewaves,
single square waves were generated. Audio data was converted from Musical Instrument Digital Interface
(MIDI) format to note frequencies and durations using the free online tool provided by Andy Tran called

Midi to Arduino!. Furthermore, generated code was manipulated in order to store data in an array.

Table 6.1. Songs associated to the audio tracks.

Track Song Composer
1 A Portuguesa Alfredo Keil
2 Game of Thrones Theme Ramin Djawadi
3 Canon Rock JerryC
4 Super Mario Bros Theme Koji Kondo
5 Himno del Athletic Club  José de Olaizola & Feliciano Beobide

Relatively to the piezoresistive interface, pressure exerted by a finger or pen is digitalized and sent
to a smartphone via Bluetooth, as a form of expansibility of the book’s functionality. Despite research for
multitouch piezoresistive touchpads has been going on, only single-touch were specified for this interface.

Electrical energy for the prototype is supplied by a 9 V battery (6LR61).

6.2. PROTOTYPE FABRICATION

The book was prepared with 2.5 mm-thick bulk cardboard, and cut into two 250 x 283 mm size

panels for the cover. A decorative 50 um-thick polypropylene (PP) adhesive film was used to line the book

1 Midi to Arduino tool website, by Andy Tran: https://extramaster.net/tools/midiToArduino/
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cover. Inside the book, 4 sheets of Ad-sized white paper were glued together with the cover, forming

pages. In some of the pages, printed polymer films were attached with tape, as described in the following.

6.2.1. Capacitive-based film

The fabricated capacitive touchpad was similar to the one described in section 3.3.2, using the same
materials and methodology, with the exception of the imprinted layout and form of connection. The
diamond outer frame pattern (Peng, 2019) was used, which has the same principle of working than the
diamond pattern, but with an empty center. It is a form of economizing silver ink without affecting
performance. The terminals were also upgraded to 1 mm pitch, allowing the connection to an FFC using
z-axis adhesive tape (3M 9703). Figure 6.3 shows the fabricated capacitive matrix. Five stripes of colored

paper were glued to the matrix to help the user identify the defined touch areas.

Figure 6.3. Capacitive matrix attached to a sheet of the book, with colored stripes of
paper to identify the touch areas.

In this context, due to the simplicity of the application, the electronic sensing was performed by self-
capacitance measurements, eliminating the need for a dedicated capacitive controller IC. Instead,
measurements were achieved directly by the digital pins of the microcontroller, and picking only on the

necessary matrix terminals due to the microcontroller’s limited pin availability and computational power.
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6. Case study: The hybrid book

6.2.2. Piezoelectric-based film

The used piezoelectric film actuator for audio reproduction was a PVDF film fabricated through the
same method and materials as described in section 4.3.1. Figure 6.4 shows the piezoelectric film
attached to a book sheet using tape. Only one pair of electrodes were connected, since no significative
improvements were noticed when connecting more than one pair. And, as this prototype was prepared
for a 2.54 mm pitch clincher, two wires were coming out of it. To make the piezoelectric film less visible

to the user, it was incased within two paper sheets.

Figure 6.4. Piezoelectric matrix attached to a book sheet.

6.2.3. Piezoresistive platform

The piezoresistive platform selected to use in the book is the same as described in section 5.2.4.
Since it is less flexible than the others, it was glued to the back cover of the book, as shown in Figure 6.5.
However, instead of a USB connection to a computer, Bluetooth data transfer was used to display the
digitalized writing in a smartphone. Consequently, the used microcontroller was altered to an Espressif

ESP32-WROOM-32U, equipped with internal Bluetooth and Wi-Fi radio communication.
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-

Figure 6.5. Piezoresistive platform attached to the back cover of the book.

6.3. ELECTRICAL CIRCUIT

Figure 6.6 displays the schematic of the electrical circuit implemented in the hybrid book case study.
Two microcontrollers (uCs) were used: a Microchip ATmega328P for the capacitive sensing and
piezoelectric actuation; and an Espressif ESP32-WROOM-32U for the piezoresistive sensing and Bluetooth
communication. It would be possible to perform all the tasks only with the later one, but it would imply to
do carry out the porting of the previously developed code.

In the self-capacitive matrix sensing, one source pin (PD2) was common to all the lines, and
5 sensing pins (PD3 - 7) were used to measure each of the lines. Initially, as indicated in Figure 6.7, all
the pins are reset. A short delay of 1 us ensures the electrodes discharge. Then, the sensing pins are
changed to high impedance state and the source pin is set to 5 V, allowing the matrix electrodes to be
slowly charged through 10 MQ resistors, and while the sensing pins continuously monitor the pins’ state.
Added capacitive loading exerted by a touching finger slows the charging rate. When all the pins of the
matrix have transited to high logic level, it is calculated the amount of time taken. Although the pins are
read using polling, the introduced delay is in the order of hundreds of us, not enough to alter the audio
playback. Due to the noisy nature of capacitive sensing, each capacitive sample takes 200 acquisitions,

and each acquisition is intercalated with audio signal update, as visible in Figure 6.7a.
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Figure 6.6. Implemented circuit for the hybrid book.

On the first 2 s of execution of the microcontroller, it is performed a software calibration of the
capacitive sensors, noting the maximum and minimum values read, and based on that it is stipulated a
baseline for each sensor, and a touch threshold. Moreover, the maximum value continues to be updated
throughout the entire execution of the microcontroller to take into account the real amplitude of the
sensors during touching. To assess touches in the matrix, it is executed a software debouncing by
comparing the signals from all the sensors by their amplitude, and checking if the highest one keeps its
state for 500 ms, at least.

Audio playback is done by hardware, using a timer of the microcontroller, through a pulse-width
modulation (PWM) signal technique, width duty cycle of 50 % and variable frequency. The audio data is
stored as an array of note frequencies and durations, therefore, it does not lock the microcontroller

processing capability.
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Figure 6.7. Flowchart for the Microchip ATmega328P for self-capacitance touch matrix

and piezoelectric sound actuation: (a) overall cycle and (b) single touch
sample acquisition.

Relatively to the piezoresistive sensing matrix, it is a 4-wire touchpad topology, thus it was
implemented a 4-wire data acquisition (NXP Semiconductors, 2008). The flowchart of execution is shown
in Figure 6.8.

To improve stability of measured signals, each sample was determined by the average of
40 acquisitions for the coordinates and 20 for the pressure level, considering opposite symmetrical
measurements.

Data is sent via Bluetooth to a smartphone running Android operating system, where a Java
application reads and displays the acquired points. The communication protocol is based in American
Standard Code for Information Interexchange (ASCIl) characters, in the format described in Table 6.2.
The application running on the smartphone dims the points’ color based on the reported pressure, and

if the value is lower than 100 it does not draw them.
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Table 6.2.

Send X, Y and Pressure
via Bluetooth

Flowchart for the Espressif ESP32-WROOM-32U for the piezoresistive

touch matrix and Bluetooth data transfer.

Packet

[row], [col], [press]
[row], [col], [press]

[row], [col], [press]

Packets of the Bluetooth communication protocol for writing display on a

smartphone.

[ row] is the abscissa of the touch point (0 — 1023)
[col] is the ordinate of the touch point (0 - 1023)

[press] is the pressure of the touch point (0 - 255)




6.4. RESULTS AND DISCUSSION

A demo video of the developed prototype under operation is available in the footnote link!.

The self-capacitance measurements taken on the capacitive matrix are very susceptible to noise,
particularly if any electric charge is present nearby the electrodes, such as electronic equipment,
electrostatic materials or power supply ripple, etc. Notwithstanding, the implemented software method
for data acquisition has also its limitations: the high impedance input of sensing pins might still allow
current to flow into the pin, changing the charge build up rate on the electrodes; due to software
implementation, the microcontroller has a limited timestamp precision of 4 us; and the concurring tasks
executing in the microcontroller at any specific moment. For these reasons, efficient filtering systems had
to be implemented in order to obtain valid measurements.

Figure 6.9 shows the readout data from the self-capacitive sensors after filtering. The baseline is
determined by the minimum sample occurred in the first 2 s, and it is subtracted to the acquired samples.
Then, based on the historic maximum for each sensor, the acquired sample is converted to the same

scale as the other sensors (here shown as an amplitude from 0 - 255).
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