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Resum

La discapacitat visual és una greu amenaca que limita la capacitat de
les persones per comunicar-se. Amb els anys, s’han explorat diverses
propostes tecnologiques basades tan en estimuls auditius com tactils per
aportar solucions reals a la gent que pateix aquest tipus de discapacitat.
Entre les més rellevants destaquen les técniques d’audiodescripci6 i els
dispositius Braille basats en actuacié piezoelectrica, que son els que
actualment es troben al mercat.

A diad’avui, al vell mig de la cursa tecnologica, hi ha una demanda creixent
de comunicaci6 rica i fluida mitjancant el tacte. Tan és aixi que la majoria
interruptors, botons i tecles de gran part dels dispositius electronics del
nostre entorn estan essent substituits per pantalles tactils, afegint barreres
fisiques i augmentant les dificultats de comunicaci6 de les persones cegues.

Noves generacions de materials, principalment els polimers, han despertat
un gran interes en els darrers anys gracies a les seves atractives propietats,
que poden adaptar-se a la carta en funcié de les necessitats. De tots
ells, els elastomers de cristalls liquids, LCE, en sén un clar exemple. Els
LCE tenen la capacitat intrinseca d’auto-organitzar-se a nivell molecular,
desencadenant canvis controlats i totalment reversibles en les seves
dimensions a escala macroscopica, en resposta a diversos tipus d’estimuls
externs; canvis que poden adaptar-se per desenvolupar actuadors capagos
de produir tan esforgos mecanics de traccié com d’empenta.

La recerca presentada en aquesta tesi descriu les principals caracteristiques
dels LCE des del punt de vista de I'enginyeria i discuteix les seves possibles
aplicacions com a actuadors, amb el principal objectiu d’aportar solucions
innovadores als actuals sistemes tactils, a partir del disseny, fabricaci6 i
caracteritzaci6 de diferents actuadors basats en aquests materials i la seva
foto-actuaci6 a partir de llum visible. Propostes que combinen téecniques
de processament de materials i tecnologia de microsistemes per aportar
solucions tecnologiques innovadores cap a una nova generacié d’actuadors

intel ligents.
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Abstract

Visual disability is a serious threat that limits the persons’ ability to
communicate. Over the years several attempts for the development of
technologies based on audio and tactile stimuli have been explored to
provide real solutions to individuals with this disability. Among them,
audio description techniques and Braille devices based on piezoelectric
actuation are the most relevant solutions on the market.

Nowadays, with all the technological improvements, there is a growing
demand for rich communication through touch. Thus switches, buttons
and keyboards of most commonly used electrical devices are being
replaced by tactile displays, adding new physical barriers and increasing
communications difficulties of blind people.

New generation of materials, especially soft polymer composites, have
been of increased interest in the last few years due to their many attractive
properties, which can be tailored on demand to achieve a broad range
of requirements. Liquid-crystalline elastomers, LCE, are a clear example.
Such materials possess the intrinsic ability to self-organize at molecular
level resulting in a controllable and fully reversible change on their
dimensions at macroscale in response to applied external stimuli, which
can be easily adapted to make actuators producing pulling or pushing
forces.

The research presented in this thesis describes the main characteristics of
LCE materials from engineering point of view and discusses their potential
applications as actuators with the main objective to provide innovative
solutions towards current tactile available systems, through the design,
fabrication and characterization of different actuator approaches based on
these interesting elastomeric materials and their photo-induced actuation
using visible light. Novel approaches combining material processing
techniques and microsystems technology to provide original solutions
towards a new generation of smart actuators.
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Introduction

Visual impairment is known as a serious threat that limits and affects the
communication, education and socialization of human beings causing them serious
integration problems in the society. Thus, blind people depend on tactile and
auditory perceptions to sense the world around them; two possible channels to receive
information.

According to the World Health Organization, WHO, there are approximately 30
million of visually impaired people in Europe, number which represents around 10%
of the people with visual disabilities worldwide [1]. These incredible statistics justify
the need for investment in new technologies to provide real solutions to individuals
with this disability.

In this sense, several types of solutions have been developed, although only a few
of them have been marketed, with the main purpose of improving the quality of the
daily life of blind people, helping them in communication tasks through these two
senses. This is the main objective of Tiflotechnology. Thus, different solutions ranging
from simple typewriters and printer machines [2, 3] to computer adapted keyboards
and assisted devices with voice synthesizers [4, 5] can be found, as well as complex
portable equipment for object recognition [6, 7, 8, 9, 10] which usually combines both
tactile and audio stimuli.

From the systems based on audio stimulus, audio description, AD, (which would
be the equivalent to sign language used by deaf people) is the most commonly
used. Firstly proposed by Gregory T. Frazier in 1974, this system consists in an

audio track in which ”a describer inserts spoken words to provide representations of
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information contained in the visual field of the production” [10]. Current examples
of the application of AD include life description in TV and conferences, audio tours
(mainly at public places and museums) and audio books, among others. A relatively
simple solution that has allowed increasing the accessibility to conventional electronic
devices, such as computers and mobile phones, via specific text-to-speech software
(e.g., TexTALK, Emacspeak, Screader), and free access applications. A recent example
of that is “On-The-Bus”, an accessible guiding application for public transportation
usage in cities based on Android operating system developed by MASS Factory, a Spin-
off of the Biomedical Applications and Technologies for Personal Autonomy Group,

GABITAP, from Universitat Autonoma de Barcelona [11] (see Figure 1.1).

Figure 1.1: On-the-Bus application for an accessible guiding in public transportation in
cities. Image courtesy of MASS Factory [11].

On the other hand, there are the systems based on tactile perception. Unlike the
previous ones, such systems are more challenging, not only from the technology point
of view but also from the end users, who need developing the skill to read and decode
the data received through touch by means of Braille system; tactile patterns resulting
in combinations of raised or absent dots [12, 13]. Very basic Braille notions can be
found in appendix A.2 together with its main characteristics to better understand the
difficulties involving Braille-based systems and therefore part of the work developed

within this thesis.



1.1 A bit of history

1.1 A bit of history

Since Louis Braille perfected and standardized a tactile codification system in 1821,
Braille code has been the most used system for blind and visually impaired people to
receive and give written information through touch. In 1829, with the publication of
the first Braille book titled "Method of writing words, music and plain song by means
of dots, for use by the blind and arranged by them”, Louis Braille triggered a strong
interest to develop Braille-based methods and technologies to produce tactile-readable
text worldwide [14]. Thus, before the ends of nineteenth century, various Braille-based
personal typewriter machines were presented, such as Perkins (United States, 1851),
and Frank H. Hall (Jacksonville, Illinois, USA, 1892), as well as some adaptations of
Braille code for specific purposes, such asthe representation of mathematic symbols
and music notation (Abreu system, Spain, 1855) among others. Was in early twentieth
century, when the first printer machines appeared and beside them the first Braille

books. Figure 1.2 depicts some examples of the above mentioned machines.

Figure 1.2: Braille machines from 19th century. German electromagnetic printer machine
from 1938 [3] -left- and Frank H. Hall Braille personal typewriter machine [14] -right-.

The Optacon (Optical-to-Tactile Converter) was probably the first device to put
electronic technology at the service of blind people [5, 15]. Delevoped in 1963 at
Standford University, California, by Prof. John Linvill, Optacon was composed of
a 24-by-6 array of piezoceramic vibrating pins (around 230 Hz of fixed frequency)
equipped with a camera to allow the real-time conversion of printed characters into an

equivalent vibrotactile pattern on a pad under the user’s index fingertip [16]. It was at
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this time when the concept of transitory Braille (i.e., dynamic Braille) emerged leaving
static Braille (paper books and charts) behind.

Few years later, Optacon II was upgraded by a computer interface and by the
function enabling the tactile vibrating display of inkprint shapes of letters from the
computer screen which were coded as ASCII characters, switching from 6 to 8 dot
Braille system and thus allowing up to 256 combinations (previous system was limited
to 64 characters) (see Figure 1.3 -left-). Although its great intrinsic value as a tool
enabling blind people to read printed text directly, however, this device had a very

short life mainly due to is poor performance [5].

Figure 1.3: Commercially available Braille devices from 20th century: Optacon and
Optacon 11 [5, 17].

However, it was not until mid-seventies, in coincidence with the arrival of
computers when the interest of the scientific community on blindness increased
considerably, giving rise to the idea of computerized Braille. Since then, some research
groups started to collaborate with blind associations to apply the new technologies for
the creation of novel communication interfaces. As result, together with the increase
in public awareness of the need for improving the lifestyles of human beings, different

technologies have been developed to produce tactile-readable text.

1.2 Braille devices on the market

The most prevalent commercially available solution for transitory Braille devices
involves systems based on the reversible piezoelectric effect in some crystalline
materials which are able to produce electrical charges resulting from an applied

mechanical force [18]. A modular technology which consist of arrays of 20, 27, 40,
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80, or 2 x 80 modules in parallel, known as Braille lines, where each module represents
a Braille cell (i.e., a single Braille character) [19]. A detailed image in Figure 1.4 -
top- shows a standard Braille cell module in “L” configuration with its corresponding
electronics. Notice that the dimensions of the entire module are very big compared to
the active tactile area around the dots.

This type of actuation system allows the fabrication of sturdy actuators that can
be rapidly switched between ‘on” and “off” states [20, 21], suitable for representing a
few Braille characters and providing a complete range of Braille access products, from
large desktop computer Braille systems up to small, portable devices (see pictures in
Figure 1.4 -bottom-).

One of the first examples of commercially available Braille-based solutions in Spain
(still on the market) was Eco Plus [22]. Supplied by the Spanish national organization
of blind Individuals, ONCE, Eco Plus is a Windows and Linux compatible computer
peripheral based on piezoceramic components which can be coupled to a standard
QWERTY keyboard to combine both text typing and reading [23]. Its large dimensions
(62 cm x 26 cm x 4 cm) and its high weight (4.5 Kg), however, limit its portability,
proving to be a good choice for working in the office or at home but impractical as
portable device as shown in Figure 1.4 -bottom left-.

Following the same operation principle various device versions from different
companies have been emerged with improvements in the aesthetics (materials and
colors), the autonomy of the batteries (> 20 hours of non-stop usage), and especially in
the weight (< 1 kilo) for providing more compact and portable solutions. An example of
these improvements is depicted in bottom right image in Figure 1.4: the Active Braille
40 from ARC technology [24]. Such systems are compatible with all major screen reader
software for Windows and Linux based on AD and allow the convenience of entering
text in Braille with the intuitive functionality of a PC keyboard, even the possibility of
directly typing in Braille by means of the inclusion of keys for this purpose (keys on
top of the Active 40 Braille line in Figure 1.4 -bottom right-).

Among all the advantages, piezoelectric Braille devices offer sturdiness and low
power consumption, as well as enough forces and displacements to guarantee a
correct tactile perception (see appendix A for more information about tactile perception
mechanisms in human fingertips), which make them the best solution since decades
[12, 25, 26].
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Figure 1.4: Current transitory Braille devices based on piezoelectric technology. “L”-
shape Braille cell module with its corresponding electronics -top- with two examples of
Braille devices on the market using such technology: Eco Plus-ONCE Braille keyboard
[23] -bottom left-, and Active Braille 40 from ARC technology [24] -bottom right-.

However, they present some disadvantages. The most common issues reported

are:

e Large dimensions of the actuator (i.e., Braille cell) with a complex structure which
difficult its assembly and scalability, and restrict its packaging to a finite number
of modules arranged in line or in a few rows. Large number of cells complicates

the portability and increases complexity and costs,

e Expensive technology, with prices ranging from €3,500 up to €9,000 even more,
as function of the number of Braille cells and the device functionalities (storage
capacity, external batteries, Bluetooth and USB connections, etc.); prices which

have remained unchanged the last 10 to 20 years [26],

e Abrupt change between on-off states (raising and lowering the Braille dots)

together with too rigid contact elements (i.e., Braille dots),

e Noise. In spite the improvements, they still do not operate completely in silence,
thus making them inconvenient for use as Braille-reading devices in public areas

such as libraries, schools and offices,
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e Poor spatial resolution that limits this technology to only represent text and
few symbols. Graphical information cannot be displayed due to packaging

restrictions,

e Expensive maintenance. If a single pin breaks (frequently due to high lateral
forces produced by the fingers when reading characters) it is necessary to replace

the whole module. Moreover, the lifetime of piezo-driven modules is short,

e Moderate reading speed due to the limitation in the amount of characters

displayed per line and the text refreshing rate,

e Rereading text is not allowed. If necessary, the user should go back and reload

the previous lines (one by one).

Although full-page (6000 to 8000) dots Braille cell functional devices have not been
attained so far [27, 28], a first approach was presented in 2011 by Metec AG company:
the HyperBraille device [29] (see Figure 1.5). Thanks to a novel upright design of
the piezo-driven Braille cells (“I” configuration), it allows higher integration density
resulting in array of 120 x 60 dots. However lower spatial resolution, large dimensions
and high weight (around 5.5 Kg), as well as a very high price (€45,000 to €50,000)

make such option unattractive.

Figure 1.5: Novel piezo-driven technology for the fabrication of high density Braille
device: Hyperbraille [29].

All of these above described current available solutions allow for reading and
writing text as well as simple mathematics and music Braille notation. However, they
do not allow the representation of more complex graphical information due to their

physical limitations for a high density of integration.
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1.3 Non-commercial alternative solutions

Over the years, various technologies have been explored to introduce novel actuators
and mechanisms as alternatives to piezoelectric systems trying to overcome some of
the issues they present. Thus, different actuator technologies have been employed,
leading to pneumatic valves [30], Peltier elements [31], electrodes and motors [32, 33]
among others. From the different materials used for the fabrication of actuators,
shape memory alloys, SMA, [34] and electro- and magneto-rheological, MR, fluids
[12, 27, 35, 36, 37], are of special interest due to its intrinsic characteristics since offer
high deformations (i.e., displacements) and reversibility.

Although these developments deserve attention, most of them commonly suffer
from low actuation speed due to complex mechanisms [13], limiting its expansion
to few characters [38]. Furthermore, low efficiency, poor resolution, complexity, non-
portability and high manufacturing costs besides constant maintenance (short lifetime)
make them impractical for the fabrication of real devices which require repetitive

performance, thus limiting most of them to lab-scale prototypes.

Alternatively, large refreshable Braille devices have been attempted by means of
microtechnology to improve integration and lower cost. As well-known techniques,
silicon microtechnologies offer scalability, batch production of identical elements as
well as integration of multiple modules to achieve large scale devices [39]. Moreover,
micro- and nano-electromechanical systems, MEMS and NEMS, enable integrated
electronic circuitry, thus offering a reduced package to fit Braille requirements.
Attempts to produce tactile devices through MEMS technology have been introduced
so far resulting in a wide range of operation stimuli, e.g., photoelectric [40],
electromagnetic [25, 41, 42] thermoelectric and thermopneumatic [43, 44, 45, 46],
among others. However, none of these prototypes have been commercialized, so
far, presumably due to high cost or low reliability. Figure 1.6 depicts two examples
of different lab-scale proposed alternatives: an electromagnetic vibrotactile display
(Figure 1.6a) and a MR fluid-based system (Figure 1.6b), both of them using MEMS
technology.
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Figure 1.6: Examples of non-commercial alternative solutions for the fabrication of Braille
devices. a) Vibrotactile electromagnetic display arranged in an 8 x 8 dots matrix. Reprinted
with permission from Ref. [37]. Copyright 2010, Elsevier. b) MR fluid system combining
polymer and microfabrication. Reprinted with permission from Ref. [41]. Copyright 2007,
Elsevier.

1.4 Tactile dynamic Braille displays

Nowadays, in the middle of the technology race, there is a growing demand for
communication through touch because of the increased number of opportunities in
a wide range of areas such as entertainment (e.g., smartphones, tablets), medical
technologies (e.g., virtual surgery training, sensory substitution), research (e.g., study
of perception), and many more [25, 47]. Recent improvements in consumer electronics
have included the replacement of buttons, switches and keyboards by touch-screens,
giving rise to what is known as tactile displays, which have become one of the most
important communication devices today. One can find tactile displays in ATMs, in
public information offices and stands, in smartphones and tablets, even in a great
number of household electric appliances. While this technology has considerable
advantages for the average consumer, visually impaired people are unable to use such

equipment [48].
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The adaptation of Braille to haptic systems and refreshable screens to produce
rich tactile communication has become a social need, and numerous research groups
have been attempted to provide useful solutions. However, it is not a straightforward
task and presents considerable technological challenges: dynamic performance of
actuators is required with lower latency and reduced response times. In addition, all
of the systems developed for this purpose should meet some required specifications for
Braille characters representation, especially geometric restrictions (i.e., dot dimensions
and height, pitch between consecutive dots, etc.), as well as produce optimal forces
and minimum displacements to assure their correct tactile perception [49, 50]. Ideally,
such devices should also be light, portable, and have a reasonable battery life [48].

Throughout the last decade, different public and private funding organisms
together with blind associations and research groups worldwide have tackled the
problem of building useful and cost-effective tactile displays that allow for rich tactile
communication [12]. Thus several research projects dedicated to the development of
novel technologies for the fabrication of Braille-based devices have been granted by
different institutions to encourage both the scientific community and the companies to
push up the research around this field.

A close example is the European Union who has funded and still funds through
different programs several challenging projects to this purpose, such as Touch-Hapsys
(IST-2001-38040, 2002-2005) [51], NOMS Project (FP7-228916, 2009-2012) [28], ARGUS
(FP7-28841, 2011-2014) [52], ADLAB (517992-LLP-1, 2011-2014) [53] and more recently
BLINDPAD (FP7-ICT-2013-10, 2014-2016) [54] among others; most of them emerged in
parallel to the development of this thesis.

However, the challenge is not trivial and most of the technologies prototyped
have been stopped at lab-sale (non-commercial solutions) since none of the proposed
designs seems to be at all satisfying due to the multiple stringent requirements.

Similarly, different ICT multinational companies such as Microsoft ® Apple ®
Samsung ® LG ® and others, have licensed numerous patents about Braille displays
and touchscreens in the last few years [55, 56], but none of them has been already
materialized. The concept of Braille and tactile displays has also come to industrial
designers” attentions, who have proposed very attractive and innovative designs that

have them deserved numerous awards (e.g., IDEA and TED) but as in a similar way to
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the patents, everything is remaining on ideas. Pictures in Figure 1.7 show some recent

examples of Braille system approaches, most of them smartphones.

(e) (f)

Figure 1.7: Recent proposals for the integration of Braille into new technologies: a) Touch
Messenger Braille mobile phone from Samsung Electronics, 2006 [57]; b) Tactility Toshiba
mobile phone designed by Siwei Liu, 2009 [58]; c) Squibble Portable Braille Interface
designed by Andrew Mitchell, 2009[59]; d) Touchscreen Braille phone, designed by Sumit
Dagar, 2011 [60]; ) Omnifer case designed by ]. D’Alessandro from Auburn University
[61]; and f) DrawBraille Mobile Phone designed by Shikun Sun from Sheffield Hallam
University, 2012 [62].

For a deeper understanding of the problem, exhaustive studies of the perception
mechanisms as well as the development of revolutionary technologies are still needed
to improve the life of visually impaired people, which is still a hot topic in society

today.

1.5 New materials for Braille actuators

New generation of materials, especially soft polymer composites, have been of
increasing interest in the last few years due to their many attractive and varied
characteristics. In addition to their low cost, they are generally lightweight, fracture-
tolerant and pliable, and can be molded into almost any conceivable shape [48].

Research into shape-memory and shape-changing polymers (also known as

11
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actively moving polymers) [63] has created several materials with the ability to
reversibly change their shape and size under the application of a wide range of
external stimuli, e.g., heat, light, electric and magnetic fields [64]. This engaging
nature, together with the above mentioned characteristics allow going a step further
and make polymers to have considerable potential for a new generation of highly
integrated actuators; more efficient technologies able to provide tactile responses in
similarity with the conventional piezoelectric systems.

So far, preliminary prototypes of Braille devices based on polymeric actuators have
been reported; most of them feature the exploitation of polymers with electroactive, EA,
properties which produce deformation under the application of external electric and
electromagnetic fields [65, 66]. The most common examples of such field-activated
materials are conducting polymers [67, 68], dielectric and ferroelectric elastomers
[50, 69, 70, 71], ionic polymer-metal composites, IPMC, [44, 49, 72] and polyvinylidene
fluorides, PVDF, [73], among others.

The first refreshable Braille system based on EAP technology was conceived by
Yoseph Bar-Cohen in 1998 [65, 74]. Since then, other researchers have reported the
development of different types of EAP-based actuators for Braille displays, some of
them described in the following lines (see pictures Figure 1.8).

Heydt and Chhokar [75] investigated in 2003 the use of dielectric EAP to create a
diaphragm-like actuator which contracted along its thickness and expanded laterally
under the application of voltages (from 2 to 6) kV pushing attached pins (Figure 1.8a).
The very thin diaphragm film (thickness in the range of 30-100 ym) with compliant
electrodes on both sides was supported by an outer circle frame where air pressure
provide the required prestrain for actuation [75, 76].

Kato and co-workers [49] introduced in 2007 a large-area, flexible and lightweight
sheet-type Braille display by means of electrically activated IPMC with high-quality
organic field effect transistors, FETs, resulting in a prototype containing 6-by-4 array
of actuators (see Figure 1.8b). Such actuation mechanism revolved around irreversible
thermal actuation in which the thermal action of a powerful light source induces
dilation of soft polymeric materials at specific sites. However, reversibility requires a
cooling cycle that resulted slow and inefficient, imposing restrictions in the duty factor

of the prototype.
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Lately in 2009, researchers from Sungkyunkwan University in South Korea
proposed a tactile Braille display using thin, cylinder-shaped polymer membranes
coated with carbon electrodes with a thickness of about 50 ym [13]. A bubble-shaped
arrangement was developed, where the actuation of the elastomer produced an out-
of-plane deformation that pushed a pin in the vertical direction. Similar to Heydt and
Chhokar approach, the elastomer was pre-stretched to provide the required “spring”
action. A great degree of miniaturization was achieved in the fabrication of the
prototype (see Figure 1.8c) due to a multilayer design resulting in a height of the
fully assembled device of approximately 9 mm [76].

Figure 1.8: Examples of different prototypes of novel Braille systems devices based on
EAP. a) Dielectric elastomer diaphragm-like actuator. Reprinted with permission from
Ref. [75]. Copyright 2003, Society for Information Display; b) IPMC flexible film with
organic FET. Reprinted with permission from Ref. [49]. Copyright 2007, IEEE; and c)
Tactile Braille display based on cylinder-shaped membranes. Reprinted with permission
from Ref. [13]. Copyright 2009, John Wiley & Sons.

Although they are emerging technologies and there are still numerous challenges
to devising low-cost mechanisms, materials, and processing techniques for compact
refreshable Braille displays, advances in polymers and especially in EAP technology

may make those capabilities feasible in the not-too-distant future [38].
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Recently, another type of actuating polymeric materials with very attractive
properties have been emerged as powerful alternative towards piezoelectrics and
EAPs [77]: the so-called liquid crystalline elastomers, LCE [64, 78]. Such materials
possess the intrinsic ability to self-organize at molecular level resulting in a controllable
and fully reversible change on their dimensions at macroscale in response to applied
stimuli, which can be easily adapted to make actuators producing pulling or pushing
forces on demand [48]. Further details of LCE material conformation, actuation and
characteristics are given in the next chapter, Chapter 2.

Originally proposed for the development of artificial muscles in robotics [79, 80],
the interest in LCEs has increased in the last years and their use has extended to
other fields ranging from basic science research (i.e., studies about their soft elasticity,
properties and actuation dynamics [81, 82]) to applied science and technology (i.e.,
fabrication of optical components and displays [83, 84]).

Actuation in LCEs typically occurs under heating since a thermal gradient is
required in order to induce the change in dimensions and thus movement [85].
However, the use of electric and magnetic fields, even light has also been explored
to reach actuation with successful results [86]. Among them, photo-induced actuation
is in particular attractive because it can be triggered by an external “remote”
(i.e., wireless) stimulus allowing electro-mechanical decoupling and simplifying
the arrangement, thus reducing the packaging and improving the miniaturization
capabilities of the system. Moreover, provides low noise and the speed and periodicity
of the stimulus can be finely controlled [69].

All these advantages of photo-actuation together with the incredible characteristics
of LCE materials make the conjunct great potential candidates for the design and
fabrication of a new generation of smart actuators able to provide alternative Braille-

based solutions to such major need.

1.6 Summary

This thesis presents novel developments and technological contributions to the liquid-
crystalline elastomer, LCE, applications field performed at both IMB-CNM (CSIC) and
UAB. Particularly, this work is dedicated to the design, fabrication and characterization

of smart opto-mechanical actuators based on this type of elastomeric materials to be
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integrated within tactile devices and future Braille systems combining material science
and microtechnology.

The work is organized in 9 chapters: the current introductory chapter and 8
experimental chapters that have been divided in four sections.

The first section (Chapters 2 and 3) is devoted to the general understanding of
the fundamental properties involving LCE materials and its actuation mechanisms
previous to the development of the actuators. Thus, different strategies regarding the
improvement of the mechanical response of the material upon illumination have been
investigated taking advantage of the incorporation of light-absorbing elements into
the polymeric matrix as a way to create LCE composites. This is the case of carbon
nanotubes, CNTs, which reduce the response times of the material and improve its
actuation mechanisms under uniform illumination since their main advantage lies in
their capability to absorb light over a wide range of wavelengths and to convert it
directly into local heat.

The second section of the current thesis presents the first actuator approach
regarding the integration of LCE-CNT materials into a real tactile device: the "U-
shape” actuator, which is based on the stress gradient generated on an LCE-CNT film
under illumination to exert a vertical force on a movable component forming the Braille
dot. The design, characterization and later optimization of the actuator is presented
with the ultimate goal to develop a fully functional prototype containing an array of 10
by 10 actuators; the first refreshable haptic display able to represent Braille characters
and simplified graphical information based on such materials: the NOMS device. An
accurate description of the whole system and its different parts and components is
presented in Chapter 4 together with the operation of the device and testing.

With the main purpose of improving the actuation performance of the system and
thus reducing some of the issues concerning the integration of individual LCE-CNT
actuators into the device, two different strategies are followed: (i) improve the material
and (ii) improve the actuators conformation.

A research on alternative photo-sensitive materials is presented in section three,
with the main purpose to create novel LCE nanocomposites with similar characteristics
to LCE-CNT films which allow simplifying the fabrication process of the samples and
thus improving their mechanical response. To that end, two different alternatives

are investigated in Chapter 5. The first approach is based on replacing CNTs by
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other photo-active component capable to thermally triggering the phase change in
the liquid-crystalline matrix while maintaining its structure. Visible and infra-red
photo-sensitive dye molecules were selected to that end. On contrary, the second
approach makes use of commercially-available polymers as alternative matrices for
the fabrication of CNT-based photo-active composites, in this case replacing LCEs.
In this sense, ethylene-vinyl acetate copolymer, EVA, was selected for its suitable
characteristics. In both cases, the first experimental results are presented as well as a
comparison between them and LCE-CNT samples.

In the last section, section fourth, different fabrication strategies are explored in
parallel with the work presented in previous section to obtain different actuators
conformations taking advantage of the use of different molding techniques as a way
to simultaneously shape and align the material in one single step. In this manner,
it is possible to obtain arrays of identical actuators with a customized mechanical
deformation. The firstapproach described in Chapter 6 lies in the combination of punch
and die molding technique and the application of mechanical stretching. This method
is considered as the first approach in LCE actuators development that allows obtaining
shaped polydomain regions (i.e., single actuators) within a unique monodomain
(i.e., in the same sample), able to be individually actuated. A second approach,
presented in Chapter 7, makes use of the application of controlled gas-pressure
to shape and align LCE-CNT material also using molding techniques, resulting in
an improvement of the previous approach in terms of material deformation and
displacement. Finally, Chapter 8 describes an alternative procedure to fabricate arrays
of individual micropillars again combining mechanical pressure and molding in two
steps. With this processing variation, a different orientation of the liquid crystal units
is reached for the first time, allowing an expansion of the material in the preferred
direction in contrast with the previous presented approaches. In this manner, pushing
actuators are obtained with an increase of height under actuation. Taking advantage of
the good results obtained with this last approach and the possibility to obtain directly
pushing forces with large deformations, an alternative tactile device concept based
on such actuators is introduced in Chapter 9, where detailed information around the
concept and the first experimental results are presented.

Finally, general conclusions of this work are presented together with the ongoing

work and some remarks about the future prospects.
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1.7 Framework

The present work has been partially carried out within the framework of a FP7
European research Project (FP7-NMP-228916), NOMS: Nano-Opto Mechanical Systems.
This project is very brief presented below.

The Nano-Opto-Mechanical Systems, NOMS, project (September 2009 - August
2012) had as goal to develop a refreshable tactile tablet for visually impaired people,
able to represent Braille characters and simplified graphical information in a simple
and faster way. The project proposed combining material science and technology to
offer an unexplored solution in visual-aid technology: a tactile device based on the
light-induced mechanical actuation of nanotube-enriched elastomeric materials.

The majority of the work developed in this thesis was conducted within the
framework of this project and parts of the experimental results were obtained thanks to
the collaborative work between the different partners; mainly the composites synthesis,
the hardware and electronics development as well as the fabrication of the different
actuator’s components. A detailed list at the end of each chapter states the different
contributions to the work. However, most part of the characterization of the materials,
all the actuator designs proposed, their modeling and their experimental validation
were carried out mainly at IMB-CNM facilities, since Micro & Nano tools group was
the project coordinator of this research project.

A detailed list of the partners of NOMS project is presented below:

e Prof. ]. Esteve, K.E. Zinoviev, C.J. Camargo, H. Campanella and E.M.Campo
from Instituto de Microelectrénica de Barcelona, IMB-CNM (CSIC).

e Prof. E. M. Terentjev and Dr. ]. E. Marshall from Cavendish Laboratory,
University of Cambridge, UK.

e M. Vallribera, R. Malet, S. Zuffanelli, Dr. V. Soler and Dr. J]. Roig from
Microelectonics and Electronic Systems Department of Universitat Autonoma

de Barcelona.

e E Vossen and FM.H. Crompvoets from Philips Research in Eindhoven,
Netherlands.

e Dr. N. Walker from Microsharp Corporation Ltd., Oxfordshire, Uk.
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e Prof. B. Roder and Dr. P. Bruns from the Biological Psychology and
Neuropsychology Department of University of Hamburg, Germany.

e B. Mamojka and P. Teplicky from Unia Nevidiacich a Slaborzrakych Slovenska
(UNSS), the slovack National union of Blinds, Slovakia.

e M. Omastovd and I. Krupa from Polymer Institute of the Slovak Academy of

Science in Bratislava, Slovakia.

e D. Wenn from iXscient Lt., Uxbridge, Uk.

In parallel to NOMS project, collaborations with other researchers have been
established to develop part of the work herein presented. Similarly, at the end of

each chapter, a list of the collaborators with their contributions is detailed.
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LIQUID CRYSTALLINE
ELASTOMERS: Smart & soft

materials
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Introduction to LCE

This first chapter of the present thesis introduces the reader to liquid crystalline
materials world: how they are organized at microscale and behave, to better
understand all the later work developed for the design, fabrication and characterization
of the different types of actuators proposed in this thesis. Thus, a brief summary of
their main characteristics is presented without going in depth into chemical aspects,
for a general understanding of the main difficulties involving the work with such
interesting materials.

In the first section of the chapter, a general overview of liquid crystalline elastomers
is given from their early days with few details of their internal structure and the
possible configurations together with a description of their actuation concept. The
second section is divided in two parts. In the first one, a brief introduction to the
material preparation is given, with special emphasis on the alignment process, which
is the key-step to getting the so desired mechanical response. The main LCE properties,
which are in an intimate relation with the composition and the preparation process,
are also described, together with some examples of the main LCE-based actuators
reported until today. The actuation mechanisms, mainly the thermal actuation by direct
heating of the material and the photo-induced actuation under UV light irradiation,
are introduced in the second part of this section. Finally in the third section, some
investigations on LCE nanocomposites are described, which allow the possibility to
tailor the material characteristics to make it act under the application of wide variety
of external stimulus rather than UV light or heat. From the different possibilities, LCE

with embedded carbon nanotubes, LCE-CNT, are of special interest since, thanks to the
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2. INTRODUCTION TO LCE

optical properties of CNTs, it is possible to obtain a photo-thermomechanical response
of the material under visible light irradiation. Such composites are those that have
mostly been used throughout this thesis.

All the LCE samples used to perform all the work in this thesis have been
synthesized and prepared at Cavendish Laboratory facilities at University of
Cambridge, UK, under the supervision of Prof. Eugene M. Terentjev, a well-known
expert in this field, following the processes outlined in this chapter. The changes made
to the samples preparation process to adapt the material to the fabrication of actuators

will be introduced in the corresponding chapters.

2.1 General Overview

Liquid crystalline elastomers, LCE, are a relatively new class of materials that
combine properties of polymers (entropy elasticity) with the self-organization nature
of liquid crystals, LC, [87], which merge order (similar to a crystal) and mobility
(like a viscous liquid). Since their first observation by Friedrich Reinitzer and Otto
Lehmann in 1888 [88, 89] liquid crystals have been widely studied due to their varied
and widespread properties attaching the attention of many chemists and physicists
worldwide. However was not until the mid-70s when the Nobel Prize laureate
in physics Pierre-Gilles de Gennes reported his theoretical studies about the order
phenomena in LC, when these materials became hot topic within studies of soft matter
[90, 91, 92].

Since then, LC have experienced an explosive growth because of their successful
application in a wide variety of areas [93, 94, 95], mainly in science and engineering,
playing an important role in modern technology due to their presence in most common
devices, especially the information displays [96].

Among others, the most interesting property of LCE is the ability to self-organize
at the molecular level into so-called mesophases; resulting in a controllable and fully
reversible change of their dimensions at macroscale (shape and size) during phase
transitions in response to an applied external stimuli [64]. In this manner it is possible
to use the stress generated into the material to produce movement.

From material point of view LCE are such complex systems which have weakly

cross-linked polymer networks containing rigid anisotropic units (so-called mesogens)
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incorporated to the polymer backbone [64]. These mesogens can be organized on
different configurations and mesophases throughout the polymer backbone due to the
presence of various chemical spices, such as spacers and crosslinker units [97] which
strongly condition the dynamics of the material [98].

A schematic representation of a typical LCE structure is depicted in Figure 2.1
where the main components can be identified. In this manner, mesogens can be
connected either head-to-tail, forming polymer main-chain LCEs, MCLCEs, attached
as side-chain groups to the main polymer backbone via flexible spacers, which results

in side-chain LCEs, SCLCEs, or by combining both types of configurations [78, 99, 100].

Liquid Crystal units
(mesogens) Polymer backbone
\ g : /
d /
=4 \ )

( ”]

) Spacers
Crosslinkers

Figure 2.1: Schematic structure of a liquid crystalline elastomer with its main components.

Traditionally, there are several classifying criterion of liquid crystalline polymeric
systems. Thus, they can be grouped by (i) the location of mesogenic groups along the
polymer backbone (i.e., LC architecture), (ii) the types of mesophases (i.e., positional
order of the mesogens) and (iii) the mesogens conformation (i.e., shape) among others.
Figure 2.2 summarizes the most relevant examples of LC.

From the existing LC mesophases, the simplest one is referred to as the nematic
phase. In this state, the rigid LC structures have a preferred orientation with little
translational freedom, but no positional order (see Figure 2.2). Is the less ordered
existing phase and, therefore, the less viscous [100]. Consequently, the mesogens

alignment can be more easily manipulated than in the more ordered phases. If a LCE
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contains LC units capable of adopting a nematic phase, then as long as all of such
units have the same preferred orientation, parallel to a director n (i.e., the material
forms a monodomain), then the transition between the nematic phase and the high
temperature isotropic phase (in which the orientation of the LC units has no preferred
direction -see Figure 2.2-) will cause a change in the overall dimensions of the material.
Heat and the resulting thermal gradient acts by promoting entropic disorder into the
LCE matrix (i.e., mesogens’ misalignment), leading to a material contraction. This

effect is the so-called thermo-mechanical effect.

Side-chain LCP Main-chain LCP SCLCP/MCLCP
(SCLCP) (MCLCP) (combination)

Location of
mesogenic groups

Nematic Smectic-A Smectic-C Isotropic

Mesophases
e

Calamitic Discotic Sandic Bent-core

€ 3 'r—.s_ \v —

Mesogens
conformation

Figure 2.2: Main classification criteria of LCP. Adapted from [87, 101].

Figure 2.3 schematically represents such material transformation due to the phase
change from nematic (crystal phase) to isotropic (liquid phase) state; a fully reversible
process which induces an anisotropic contraction of the material; a phenomenon
produced at microscale and visible at macroscale which can be exploited for the

fabrication of new generations of stimuli-responsive actuators.
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Figure 2.3: Schematic representation of the concept of actuation in liquid crystalline
elastomers induced by changes on the molecular arrangement of the material at different
temperatures. Adapted from [102].

2.2 Synthesis and preparation

Prior to the synthesis and preparation of the LCE, it is very important to consider the
expected final characteristics of the material. Similar to mesogens, the main polymer
chain (i.e., polymer backbone) can also vary, leading to different types of LCE structures
with distinct characteristics and behavior, specially the temperature’s working range
which is defined by the glass transition, Ty, and the phase-transition, Ty, temperatures,
and the flexibility of the polymer backbone. LCE based on acrylates [103, 104, 105],
epoxy resins [106, 107, 108] and silicones [85, 109, 110] are some reported examples.

Silicone-based polymeric matrices, of which polydimethylsiloxane (-Si(CH3),0-)
is an example, are doubtlessly one of the most commonly used polymer backbones
for preparing LCEs since they have very low T, (around -123 °C) and Ty; ranging
from 55 °C to 90 °C, leading to a large operating temperature range (from -100 °C to
250 °C) with good thermal stability and constancy of properties [100]. In addition,
thanks to the silicones’ flexibility, they allow to obtain deformations of the whole
sample (contraction and expansion movements) with relatively high actuation forces
and present photo-actuation even at room temperature; very suitable and valuable
characteristics for the fabrication of actuators. For these reasons, siloxane-based LCEs
were chosen to perform the work in this thesis.

Figure 2.4 illustrates as example one of the chemical compositions for a polysiloxane

SCLCE system used within this work. In this case, the polymer backbone consists of
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polymethylhydrosiloxane, PMHS; a flexible siloxane chain containing reacting Si-H
units. Rigid rod-like LC mesogens (MBB) and cross-linking units (11UB) were added

in 1:9 ratio respectively to form the final LCE material.

PMHS chain

| | | |
Si Si Si Si
H 9 H OfH ol &

&

T} 11UB

crosslinker

MBB
mesogen

Figure 2.4: Scheme of the typical molecular structure of a polysiloxane SCLCE system
used within this thesis.

2.21 LCE alignment

Although liquid crystals self-assemble at the molecular level into nematic or smectic
phases (see Figure 2.2), their director does not align uniformly throughout the
sample in a spontaneous way. Hence, the mesogens are randomly distributed in
the elastomer network forming a so called polydomain [111]. In order to produce
actuation (i.e., contraction or expansion movement) under the application of an
external stimulus, however, it is strictly necessary for the system (the mesogens and
thus the polymer chains) to be macroscopically aligned along one preferred direction
forming a monodomain. To achieve an overall orientation therefore such process must
be undertaken before the material is crosslinked (i.e., completely cured) by means of the
application of external alignment forces. This is the key-step in preparing LCE-based
actuators.

Several techniques have been reported so far for this purpose. Hence, soft-molding

techniques [112], ink-jet-printing [113], microfluidics [114, 115] and electrospinning
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2.2 Synthesis and preparation

processes [116], even the application of surface forces and both electric and
magnetic external fields in certain direction have successfully been introduced for the
manipulation of mesogens at molecular level. However in practice it is synthetically
challenging to create well-aligned monodomain LCE films with the dimensions

required for their use as actuators.

Figure 2.5: Example of the contraction phenomenon on a stretched LCE film under heating
where a clear change in length can be observed.

The most popular and effective method for the preparation of monodomain
polysiloxane based LCE samples results to be the two-steps synthetic methodology
outlined by Kiipfer and Finkelmann in 1991, which is based on the application of
unidirectional mechanical stretching to produce alignment [85]. Such widely-used
method starts with a polymer mixture containing LC units which is first prepared and
lightly cross-linked to form a gel of a certain length, L;,.;,. This gel should be consistent
enough tobe mechanically stretched in one direction but not too rigid, to ensure enough
mobility of the polymer chains and thus create alignment of the LC units inside the
elastomer without breaking. The stretching force should be progressively applied to
avoid cracks in the material, resulting in an increase in the length of the sample and its
corresponding reduction in width. With the material held in a stretched state, a second
crosslinking step is then carried out to fix the topology of the polymer chains and the
length of the sample. After this second crosslinking stage is completed, the material
is completely cured and capable of recovering its initial length, L;;,, (producing a

contraction movement in the direction of stretching) when heated through Ty, leading
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2. INTRODUCTION TO LCE

to actuation proportional to the elongation applied. Contraction values ranging from
15% to 50% even higher have been reported using such procedure; values which are
strongly related to the composition of the LCE material, the alignment process and the
stretching force, and the actuation type [117].

An example of such unidirectional contraction is depicted in Figure 2.5 where a
free-standing SCLCE film obtained by the above described stretching method was
heated from nematic state at room temperature to the isotropization temperature (in
this case, Ty = 85 °C), resulting in a reversibly contraction of 26.43 %.

Most part of the LCE material used within this thesis, especially all the film-like
samples employed for the characterization of the material and the study of its main

properties, have been prepared and aligned following this stretching method.

2.2.2 LCE properties and applications

As polymer-based materials LCE have many advantages compared with other types of
smart materials since combine properties of the anisotropic liquid crystalline systems
with typical properties of polymers. Thus, softness, flexibility, durability and light-
weight are some of their characteristics [64]. Moreover, they are relatively inexpensive,
easy manufacturable and implementable, fracture tolerant, pliable and biocompatible
[103].

From the physico-chemical point of view, other distinguishing features of LCE

systems are [98]:

e very high strength and high elastic modulus, particularly in the direction of

orientation,
o relatively low viscosity,
e high chemical and fire resistance, due to their ordered and compact structure,
e low solubility and resistance to solvents,
e high temperature of vitrification/melting,

e low thermal expansion coefficient, resulting in high stability of shape and

dimensional precision (processability).
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2.2 Synthesis and preparation

Similar to the LCE ability to change in length, all these properties are closely related
to the synthesis and the crosslinking procedures during the material preparation
[118, 119]. Thus, aspects as the length of the spacers and its location within the
polymer chains, the structure of the starting reagents, the type of mesogens, the density
of crosslinking, even the curing temperature, affect the final behavior of the LCE and
strongly determine their mechanical properties [97, 98, 120, 121]. Moreover, such
properties can be easily modulated by applying external perturbations such as light,
temperature, electro-magnetic fields, changes of solvent or pH, and so on, which also
induce changes in the molecular and supramolecular organization of such systems.
This feature is the basis of all their further applications [122, 123].

Because of these special properties, liquid crystal technology has a major effect
on many areas of science and engineering, as well as device technology offering an
alternative towards piezoelecrics, hydrogels, and many other polymeric systems [77].
The most common and successful application of LC technology is LC displays, LCD,
[83, 124] that can be found in most of TV, computers and electronic equipment and
which have cast plasma technology aside due to its excellent optical characteristics.
Other elements such as polarizers [125] and optical fibers [84] for integrated optics are
also being proposed.

However, from the actuators’ design point of view, the most interesting properties
are the ones involving the mechanical actuation (i.e., contraction phenomenon), which
are gaining interests in the last few years. A proof of that is the fact that many reviews
have been appeared so far that state from different perspectives the increasing efforts
for the fabrication of mechanical LCE actuators based on strain [87, 103, 111, 126]. One
of the first applications proposed by de Gennes in the early seventies was the use of
LCE films as artificial muscles in robotics [79, 80], which later has been extended to the

fabrication of actuators for manipulating micro-objects [127].

2.2.3 LCE integration in MEMS/NEMS

From the different existing possibilities, the most attractive from the engineering
point of view is the integration of LCE materials into the well-known silicon-based
technologies, and thus fabricate hybrid micro- and nano-electromechanical systems,

MEMS and NEMS, with novel and interesting properties, able to use the reversible
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2. INTRODUCTION TO LCE

and well-controlled contraction movement of LCE under the application of different
types of external stimulus to induce work without needing any electric connections
and complex setups.

In the last five years, some efforts have been performed in this direction and some
examples of such integration can be found in the literature, which include microvalves
for microfluidics [128, 129], tweezers and grippers [130] even motors [131] (see Figure
2.6); most of them based on the integration of the LCE material into the device once
both elements (the device and the elastomer material) have already been fabricated;

fact that limits the shape and the type of movement achieved.
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Figure 2.6: LCE actuators. (a) A microgripper closes its arms under the application of
a controlled thermal actuation induced by electrical power. Reprinted with permission
from Ref. [130]. Copyright 2009, Wiley-VCH. (b) A flow-regulating microvalve which
seals and opens the chamber of the microfluidic chip under the application of temperature
gradients. Reprinted with permission from Ref. [128]. Copyright 2011, Wiley-VCH. (c) A
plastic motor propelled by bending and unbending movement produced by simultaneous

irradiation with UV and visible light. Reprinted and adapted with permission from Ref.
[131]. Copyright 2008, Wiley-VCH. (d) A robotic arm able to pick, lift, move and place
an object using visible light. Reprinted with permission from Ref. [127]. Copyright 2010,
The Royal Society of Chemistry.
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The ”in-situ” integration of LCE materials into MEMS devices (prior to the
fabrication of the microsystem) is still a challenge for several aspects. On one hand,
most of the silicon processing techniques used for the fabrication of MEMS, such as
etching and patterning techniques, deposition and growth of layers, etc. [132, 133]
require high working temperatures (hundreds of degrees) with different atmospheric
conditions and the use of aggressive chemical agents, such as potassium hydroxide,
KOH, tetramethylammonium hydroxide, TMAH, and hydrofluoric acid, HE, which
can damage LCE material. On the other hand, the preparation of LCE samples, which
require the formation of a monodomain (mesogens alignment and orientation in a
preferred direction) in order to produce actuation; processes that should be realized
prior to the final crosslinking of the material and which simultaneously fix the final

shape of the samples.
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Figure 2.7: LCE and nanotechnology. (a) Aligned LCE nanowires obtained by the use
of anodized aluminum oxide as a template. Reprinted with permission from Ref. [134].
Copyright 2011, Wiley-VCH. (b) Ellipsoidal-shaped core-shell LCE microparticles obtain
using microfluidics. Scale bar = 200 um. Reprinted with permission from Ref. [135].
Copyright 2012, Nature Publishing Group.

These requisites strongly affect the integration of the LCEs in microsystems.
However, the first attempts in this direction have recently been reported [136, 137, 138].
Some groups have gone a step further and have already reported few original
methods of producing aligned LCE, thus moving the actuation phenomenon to the

nanoscale. Various types of particles [115, 135, 139] and nanowires [140, 141] using
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both microfluidic systems and molding techniques are examples. Figure 2.7 depicts
two of them.

With the main purpose of the fabrication of opto-mechanical actuators for tactile
applications and using the knowledge acquired on microfabrication and processing,
four innovative methods for integrating LCE materials with microtechnology based
on different techniques are successfully developed and presented in this dissertation
(see last section, Chapters 6 to 9), which have significantly contributed to enlarge this

list.

2.3 Actuation Mechanisms

2.3.1 Thermal actuation: direct heating

As already mentioned, to promote the phase change between nematic and isotropic
states and thus induce changes in sample’s topology, an increase of temperature should
be applied to ensure reaching Ty [85]. In this sense, thermal actuation by direct heating
is the simplest way to produce such effect [64, 110, 118, 142, 143].

A common thermoelastic experiment consists in the measurement of the length
variation in a free-standing LCE sample as function of temperature on reaching the
thermal equilibrium [82, 85] (see example of LCE contraction depicted in Figure 2.5).
From the dimensions of the sample at each temperature, one can evaluate its changes in
length or, in other words, the uniaxial thermal expansion (cooling) or uniaxial thermal
contraction (heating) coefficient of the material, which is defined as:

A= L =1+ AL
Liso Liso

where L denotes the currentlength of the sample and L;, its length when completely
contracted. Such values can be, then, plotted to evaluate the evolution of the uniaxial
thermal expansion rate of the material as function of temperature. An example is
depicted in Figure 2.8, where a polysiloxane nematic SCLCE film was used.

As shown, on increasing temperature from nematic phase, the sample contracts
progressively. However, when temperature is close to Tny (approximately 5 to 10 °C
below), an abrupt change in the slope of the curve is produced (inflexion point),

reaching quickly the thermal equilibrium at isotropic phase [97]. At this moment, the
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2.3 Actuation Mechanisms

sample movement stops. This concept of losing anisotropy can be correlated with the
increase of disorder in the LCE structure. Thus, both spontaneous deformation and
order parameter variation can simultaneously be measured, demonstrating their close
relationship [64, 110].

Normally this change of dimensions is measured along the alignment direction of
the material (the longitudinal direction in the case of the samples used in this thesis),
where the biggest change occurs. However, changes in the other two directions of the
sample (width and thickness) are also produced to a lesser extent, due to the nature of
the material, which is considered nearly incompressible (details of such behavior can
be found in the next chapter, Chapter 3). Changes in length and width of the material

can be observed in the insets of Figure 2.8.
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Figure 2.8: Thermoelastic experiment. Evolution of the uniaxial thermal expansion, A,
as function of temperature for a nematic SCLCE. The isotropization temperature was
identified around 90 °C.

Thermomechanical experiments can also be performed through which is possible
to measure the force response of LCE films and subsequently convert it to stress via
division by the cross-sectional area of the film, which is considered almost constant
along the sample. In this manner, one can get approximately the stress generated inside
the LCE due to the increase of disorder upon heating with time, and thus relate such
stress gradient with temperature [64]. A typical thermomechanical experiment for the

same LCE film in Figure 2.8 is plotted in Figure 2.9, where the evolution of the induced
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stress during one heating-cooling cycle is depicted as function of temperature and time.
Similar to the previous experiment, on increasing the temperature the internal stress
created in the elastomer grows until the thermal equilibrium is reached. In that point,
the curve describes a plateau which corresponds to the maximum thermomechanical
response produced by the film (isotropic state). When the thermal actuation is ceased,
then the process is reverted leading to a passive relaxation of the film; the stress starts

to diminish with time until the initial stress value and thus the length of the film are

recovered.
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Figure 2.9: Stress evolution inside a nematic SCLCE film as function of temperature and
time for one heating-cooling cycle.

It is worth noting that the actuation time, which is the time to reach the maximum
contraction (i.e., the maximum stress), is quite high (in the order of minutes). Although
thermal actuation is a robust mechanism and the most-common stimulus exploited to
date to trigger these shape changes in LCE films, is not ideal for applications in
which this material is to be used as an actuator, since its response in time is too slow.
Moreover, it is difficult to create a localized and homogeneous thermal stimulus in
the whole sample that can be applied remotely and rapidly tuned. For these reasons,
different alternatives have been reported to induce actuation through a wide variety
of external stimulus other than heat: e.g., light [144, 145], magnetic and electric fields,
[146, 147, 148] even % of humidity of the surrounding air and the polarity of a solvent

[149]. Among all of them, photo-induced actuation is of particular interest.
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2.3.2 Photo-induced actuation

Photo-induced actuation in LCE is probably the most attractive actuation type since
it allows for direct, remote and punctual wireless manipulation of the material, with
well controllable speed and actuation energy. Moreover, it is a clean, cheap and an
environmentally friendly energy source. It was first established by Finkelmann et
al. in 2001 [150] and it has been deeply investigated during the last decade from
both the theoretical and the experimental points of view. Photo-induced actuation of
LCE is based on some, or all of the mesogenic groups having the ability to photo-
isomerize (i.e., to change their arrangement). Several chromophores are known in
photochemistry: spiropyranes, diarylethenes, fulgides, stilbenes, viologens, etc. [100].
However, the most widely-studied example of this behavior is that of azobenzene
derivatives, which change their structure from the rod-like (trans) isomer (which
forms LC phases) to the ‘bent’ (cis) isomer (which does not show LC behavior) upon the
absorption of a photon [151, 152, 153]. The switch between trans and cis isomers, which
is also reversible, has demonstrated to also trigger a phase change in LC materials and
a resulting overall change in their bulk dimensions [154, 155, 156, 157]; a change in
much the same way that a temperature change does, by disrupting the macroscopic
orientational order in the material [81, 158].

excited state

cis- form

trans- form \_,/UV‘ light

Figure 2.10: Photochromism of azobenzene and energetic profile for its trans-to-cis and

cis-to-trans isomerization processes. Adapted from [100].

However, such change is produced only when the system is irradiated with light of
particular wavelengths: UV light (hv;), for the trans-to-cis conversion, and visible light

(hvy), for the cis-to-trans isomerization [159] are the most common ones. A schematic
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representation of both trans and cis forms and the energy necessary for its conversion
is depicted in Figure 2.10.

Similar to direct heating, photomechanical experiments (equally named optome-
chanical) can also be performed to measure the stress generated inside the LCE film
as function of time upon irradiation. Figure 2.11 shows a typical actuation curve
corresponding to one “on-off” actuation cycle, where the stress evolution in time can
be observed. On turning the light on, in this case UV light, the internal stress in the
elastomer grows until reaching the equilibrium in the isotropic phase (cis form), point
where the curve describes again a plateau. When switching off the light, the ther-
mal back cis-to-trans isomerization of the azo-molecule occurs and the stress starts to

decrease until reaching again the initial value.
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Figure 2.11: Stress evolution inside a LCE film upon UV light irradiation.

Compared to the thermomechanical experiments above described, the shape of
the actuation curves are pretty similar. However, in this case the actuation times are
higher; samples take several minutes, even hours to reach the maximum contraction
depending on the characteristics of the light source and the chemistry used. Such
increase on the actuation time can be explained by the mechanism itself to induce the
phase change upon irradiation, since the mesogens start rearranging their topology to
the ‘bent’ cis forms one at a time and gradually propagate such effect to the neighboring
molecules, similar to the domino effect. A uniform and homogeneously distributed

illumination along the sample can help to accelerate this process.
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Although during last decades many efforts have been dedicated to improve both
preparation and properties modulation to enhance the mechanical efficiency and
optimize the response time of such systems, they are still not ideal for practical
applications [81]. Moreover, it is known that a prolonged exposition to UV light
may cause material degradation and therefore a reduction in its utility life.

In the context of this thesis in which a very specific tactile application is defined,
several considerations of safety from end-users” point of view should be taken into
account for the selection of the material and its characteristics. In this sense, UV
photoactuation was dismissed to be a wavelength (usually between 300 to 400 nm)
out of the safety range of the human eye, which is defined by the visible spectrum.
However, aspects such as portability, lightness and wireless control, make photo-
induced actuation the most suitable one for the purpose of this thesis. Thus, with
the main purpose of improving the actuation parameters while maintaining the

contraction movement, innovative solutions should be adopted.

2.4 LCE nanocomposites

A great advantage from polymers and elastomers is that they can be arranged into
almost any conceivable configuration and their properties can be tailored to achieve a
broad range of requirements [65]. Their high adaptability and their "tunability” allow a
wide variety of combinations (with other polymers as well as other types of materials)
to create custom-made nanocomposites that can be tailored to the applications for
which they are intended. Hence it is possible to improve the actuation parameters of
LCE and thus be able to produce movement in response of different types of stimuli
rather than heat or UV light. In this sense, several types of LCE composites have been
reported up tonow as efficient mechanisms to induce actuation [160]. For instance, LCE
composites with embedded electrically and magnetically active nanoparticles such as
MoOj3_, nanowires [161] and superparamagnetic iron oxide particles [148, 162, 163, 164]
have been proposed, as well as carbon particles [81, 165] and azobenzene-based dye
molecules [151] among others.

From the point of view of final actuators and leaving aside the material
characteristics, there are two key parameters standing out above the others. Those

are the maximum mechanical response they are able to generate as well as the time
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required to produce it, and the time to recover the initial state. In this sense, LCE
with embedded ferromagnetic nanoparticles resulted attractive, since they have a
robust mechanical response and relatively short actuation times [147, 148]. However
they require higher levels of energy to generate movement. Thus, to obtain similar
actuation times and forces than direct heating, voltages from 1.5 MV/m to 25 MV/m
and frequencies in the range of 240 kHz to 3 MHz are often used, since a magnetic
field with higher strength provides more energy and therefore a larger temperature
increase. These actions, however, involve complex setup configurations and higher
power consumptions, nowadays resulting in a low efficient mechanism impractical
for the fabrication of portable devices.

Again, photoactuation turns out to be the most attractive option.

2.4.1 LCE-CNT composites

To improve the actuation parameters together with make the LCE material responsive
to thebroad-spectrum light (visible to infra-red, IR,), a light-absorbing component must
be incorporated into the material. A clear example of that are the carbon nanotubes,
CNTs, which have the ability to absorb photons over a wide range of wavelengths and
convert it directly into heat [166]. Thus, a fast local way of heating LCE matrix was
proposed toinduce movement [81, 167, 168]. CNTs also have high thermal conductivity
along their main axis, which can also help with heat transport through the material,
decreasing the response time and potentially improving the material properties of the
composite [169], that retains the structure of the LC matrix and acquires a mechanical
response under illumination [170, 171]. Thus, actuation times can be reduced and
the material can be actuated in the visible range (safety for the human eye). Because
of the characteristics of CNTs, the LCE-CNT composites can actuate well below Ty
transition temperature, fact that make CNTs even more attractive than other types of
nanoparticles for applications where high temperatures are undesirable. This is the
case of tactile devices.

In spite of their previous appearance in different scientific reports, it was not until
1991 when Sumio lijima brought CNTs into the awareness of the scientific community
as a whole [172] publishing its studies about their elastic response to visible light,

one of the earliest reports on photomechanical actuation on CNTs [173]. Since then,
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CNTs have attracted much interest due to their interesting characteristics and are being
applied in research fields as diverse as biology, medicine and microelectronics among
others. In the last years, several studies have been carried out to better understand
the chemistry around LCEs and physics involved in their photo-induced actuation
[170, 174, 175], as well as the dynamic effects due to the incorporation of CNTs inside
the elastomeric matrix [81], obtaining encouraging results for this revolutionary new

phenomenon.

Table 2.1 summarizes the main characteristics involving LCE-CNT composites
actuation in comparison with both thermal and photo-induced actuation mechanisms
above described. As reflecting the publication dates of the related works, the
development of LCE nanocomposites (in this particular case, LCE-CNT) and the study
of their properties as actuating materials have been contemporary of the elaboration

of this thesis and are still ongoing, leading to a wide leeway for improvement.

The inclusion of CNTs is, however, a critical challenge in the preparation of
monodomain samples: CNTs cannot be well-dispersed within the polymeric matrix by
simple mixing because as nanostructured solid elements, they tend to form aggregates.
Thus, the proper CNTs dispersion is one of the most common issues reported. A non-
appropriate mixture will form an inhomogeneous material (i.e., a non-continue matrix)
which will have a strong effect on the properties of the final composite, resulting in bad
actuation [168] even damage. A poor dispersion of CNTs and, in general, nanoparticles
within the elastomeric matrix can result in inferior mechanical response and a deficient
actuation performance since can disrupt the underlying LC order [160]. Moreover,
parameters such as LCEs’ chemical composition, the preparation procedures, the
alignment quality and so on, can also affect the photoactuation achieved by CNT-LCE
composites [160]. For this reason it is very important to develop an accurate procedure
for the composite preparation. Methods such as shear-mixing and ultrasonication
have been successfully employed to break apart CNTs clusters [176, 177, 178] and
different types of dispersing agents have recently been added to prevent the CNTs

form re-aggregates once mixed [179, 180].
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Table 2.1: Comparison of the main actuation characteristics between LCE-CNT composites
and both thermal and photo-induced mechanisms.

LCE material Actuation type Main characteristics References

Changes in the whole LCE’s backbone struc-
ture (entropy variations) due to direct

heating.
Kiipfer et al. 1991 [85]

Bulk phenomenon. Finkelmann et al. 2001 [82]

Pure LCE Thermal actuation - 111 contraction ratio Thomsen ef al. 2001 [143]

- 11 stress (actuation force) .
Tajbakhsh et al. 2001 [110]

- 1 efficiency

- 1 actuation times (minutes)

Direct conversion of light into mechanical
energy (molecular rearrangement) due
to photochemical phase transition of the
material. Finkelmann et al. 2001 [150]

Surface level phenomenon (limited to thin = Hogan et al. 2002 [167]

Photo-induced i ioidi
LCE + . films due to the rigidity of the polymer Yu e al. 2003 [152]
. actuation chains).
photochromic .
(optomechanical Camacho ef al. 2004[144]
molecules reponse) - 1 contraction ratio
P ' van Oosten ef al. 2008 [157]
- 1 stress (actuation force)
- | efficiency Yager et al. 2009 [155]
- 1 actuation times (seconds to several
minutes)
Conversion of absorbed light into local heat
due to CNTs presence.
Deeper actuation in the material but not as in
bulk. Torras et al. 2011 [171]
LCE-CNT Opto- - 11 contraction ratio Torras et al. 2011 [170]
nano.compos- thermome?hamcal - 11 stress (actuation force) Marshall et al. 2012 [81]
ites actuation

- 1 efficiency (better than photo- ;.1 2012 [168]
induced actuation but still low)

- |} actuation times (few seconds to a

minute)

24.1.1 LCE-CNT preparation

The monodomain LCE-CNT samples used in most parts of this thesis were prepared at

Cavendish laboratory facilities at University of Cambridge using the above described
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mechanical stretching procedure (see section 2.2.1) outlined by Kiipfer and Finkelmann
in 1991 [85] since it has been demonstrated that anisotropic particles embedded in
such rubbery elastic medium experience a similar alignment effect during stretching,
choosing the same preferred orientation than the LCE mesogens [97]. Hence, the same
PMHS SCLCE matrix containing MBB mesogens (90 %) and 11UB crosslinker (10 %)
described in Figure 2.4 can still being used. However, a new step should be added

before the first crosslinking for the preparation of LCE-CNT samples.

; CH
11UB crosslinker 1 3
o o )o I
(10%) /-Hg {A}g/ H,C—Si—H
|

MBB mesogen ( 9
(90%) CH, H,C—Si—H
VAVAN 60

. J CH,
PMHS chain

|
| | ) (‘, }'. Si—o}f“a?‘a
( \ - i 00N Si-OfSi 7 St
°—53“"F(S|' O}f?'\/\f*%H! R 7
10%

90%

pyrene-MC for "
o 2 CNTs dispersion b‘\é}

Figure 2.12: Scheme showing the components used to create LCE-CNT samples. MBB

reacting mesogens (90 %) together with 11UB crosslinker (10 %) were attached to the
PMHS chain. CNTs/pyrene-MC suspension dissolved in toluene was added to the mixture
to create the final composite.

In order to facilitate the dispersion of CNTs within the elastomeric matrix and
thus avoid the formation of aggregates while maintaining the mechanical and elastic
properties of the material, a combination of ultrasonication and dispersing agents
was chosen. Once the initial LCE mixture is ready (PMHS matrix together with the
correspondent crosslinker and the MBB mesogens content), certain weight fraction
of CNTs dispersed in toluene is added to a second polymer (which is compatible
with the previous mentioned matrix) consisting of a main-chain LC polymer with

an end-capping pyrene group (PyMC), and later to the rest of the components in
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a centrifuge. Such PyMC polymer was synthesized at home using the procedure
described elsewhere [179]. A schematic representation in Figure 2.12 depicts the main
chemicals used.

Finally, the mixture is ultrasonicated to obtain a homogeneous material [181] until
reaching the consistency of a weakly cross-linked gel (first crosslinking). Once at this
stage, the process can continue with the alignment of the material by stretching, where
the final shape and size of the samples is fixed (second crosslinking). In this moment
the samples are ready to be actuated. Figure 2.13 show a scheme of such process.
Details of the synthetic procedure and the sample’s processing can be found in [179].

Concerning to weight fraction of CNTs embedded into the LCE samples, there is no
an established value in literature since it depends on several factors as the type of CNTs,
the dispersion method employed, the chemicals used, etc. However concentrations
from 1.0 wt.% can induce stiffening of the structure thus reducing the overall L/L;s,

ratio [179].
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Figure 2.13: Schematic representation of the samples fabrication process.

The CNTs content of the LCE samples used in this thesis was variable, as function
of the samples’ utility. Thus, to check the material conformation (dispersion and
alignment of CNTs within the LCE matrix), samples with higher content of CNTs
were chosen to ensure ease observation by means of electron microscopy techniques,
whereas for the optomechanical characterization and the measurement of the main
material properties, samples with lower content of CNTs were used (below 0.5 wt.%).
In all cases, multiwalled CNTs (MWCNTs) of diameters ranging between 30 nm to 50

nm were used.
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2.5 Discussion and summary

In this first chapter, a general overview to liquid crystalline elastomers has been
presented with the main objective to introduce the reader the main characteristics
involving the actuation phenomenon of such interesting materials, to better
understand how they behave and the so important relationship between the process for
samples preparation and their subsequent mechanical response under the application
of heat. Thanks to this attractive behavior, LCE have been proposed from their early
stages for the fabrication of actuators, especially as artificial muscles in robotics.

Because of their nature, which combine the entropic elasticity from of polymers
with the self-organization of liquid crystal structures, LCE have a wide variety of
properties, which can be tuned on demand to create novel custom-made composites
able to respond to various external stimuli. This is the case of the LCE-CNT materials
outlined in this chapter; novel composites capable of producing mechanical actuation
under the application of light within the broad-band visible-IR without producing
changes in the overall actuation mechanisms of the elastomeric matrix, thanks to the
particular optical properties of CNTs. Thus, such attractive characteristics together
with relatively high contractions and lower actuation times compared to other LCE
types make LCE-CNT to be pushed as candidates for the fabrication of smart opto-
mechanical actuators.

In the following chapter, Chapter 3, LCE-CNT composites are characterized and
analyzed in depth to better comprehend their behavior and actuation mechanism
prior to the design, fabrication and characterization of the different actuators reported
in this thesis. Only a deep understanding of the material can help to achieve its
successful integration into different technological processes. Later, the main results of
a parallel research on alternative photo-sensitive composites are presented, with the

main objective to improve the LCE-CNT material performance.
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LCE-CNT films characterization

This chapter summarizes the main characterization results obtained for LCE-CNT
composites containing different CNT concentrations with the purpose of general
understanding the fundamentals involving their contraction phenomenon and thus,
their mechanical actuation when illuminated, with the final objective to facilitate the
design of future photo-actuators based on such materials. To that end, different
characterization techniques ranging from conventional optical microscopy to X-ray
diffraction have been explored combined with innovative setups for an “in-situ”
observation and recording of the contraction phenomena.

Thus, the following chapter is divided in three sections. In the first one,
a fundamental study using scanning and transmission electron microscopies is
presented to check the quality of the CNTs dispersion within the LCE matrix and
to evaluate their alignment. X-ray and calorimetry analyses are also performed to
complete the characterization of the material conformation and to determine the
effects on the elastomeric matrix behavior due to the presence of CNTs. In the
second section, the main parameters involving LCE-CNT composites actuation are
evaluated. Thanks to the “in-situ” observation of the photo-actuation through different
setup configurations, parameters such as Young and Poisson’s coefficients, the optical
absorption spectra and stress induced by contraction of the material, among others can
be analyzed. Finally, in the last section, some finite element modeling investigations
are presented with the main purpose to build a first empirical 3D model describing the

material deformation under actuation which will serve as a bridge between basic
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3. LCE-CNT FILMS CHARACTERIZATION

elastomeric physics and device engineering and design, taking advantage of the

previous experimental results obtained.

3.1 Material conformation characterization

Before starting with the photo-actuation characterization of the samples, some studies
were performed to evaluate the internal conformation of the LCE-CNT material mainly
to i) check the quality of the CNTs dispersion within the polymer matrix (evaluation of
their alignment), and ii) to determine the effects on the elastomeric matrix behavior due
to the presence of CNTs. Scanning and transmission electron microscopies, SEM and

TEM, as well as X-ray diffraction and calorimetry tests were the selected techniques.

3.1.1 Microscopy analysis

With the main objective to check the quality of the CNTs dispersion within the LCE
matrix and evaluate their alignment, both SEM and TEM microscopies were used to
be very common characterization techniques in materials science to see small objects
in finer detail allowing high contrast and resolution [182]. Thus combining these
two inspection methods, a complete mapping at both surface and inner levels of the
samples was obtained.

Electron microscopy of polymer nanocomposites, however, comes with difficulties
in determining both imaging and sample preparation conditions that preserve the
integrity of the matrix while offering enough contrast from the nanoelements in it,
since polymers are known to degrade under electron beam irradiation due to both
charging and thermal effects [183]. For this reason, different strategies were followed.

Both SEM and TEM microscopes used in this section are located at microscopy

service facilities of Universitat Autdnoma de Barcelona, UAB.

3.1.1.1 SEM characterization: CNT identification at surface level

Firstly, the examination of different LCE-CNT composites was carried out using SEM
to examine the surface of the samples searching for CNT presence (surface inspection),
since this type of microscopy technique is very useful to obtain valuable information

about morphology, surface topology and composition of the inspected samples.
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3.1 Material conformation characterization

In preliminary measurements using conventional SEM equipment [184] some LCE-
CNT composites were inspected with a carbon coating to reduce undesired effects
due to electron beam interaction. A through-the-lens detector was used to capture
mostly secondary electrons, SE, emissions. In spite of micrographs obtained revealed a
significantly different contrast from their uncoated counterparts, a remarkable absence
of surface-laying CNTs was observed mainly because of the coating. To solve these
problems, a different type of SEM was chosen: a MERLIN Field Emission SEM
microscope from Zeiss (Germany). This type of microscope is equipped with a fine jet
nitrogen flow system for charge compensation which was specially designed for high-
resolution imaging of non-conductive samples. In this manner, better micrographs
were obtained without previous sample preparation reducing high contrast zones due

to an elevated electron interaction.

Figure 3.1: SEM micrographs of different CNT-LCE samples containing 2 wt.% of
MWCNT. Scale bars are from top left to bottom right 200 ym, 10 ym, 5 ym and 1 ym
respectively.

In spite it was demonstrated that concentrations below 1 wt.% do not significantly
affect the actuation mechanisms of the elastomeric matrix [179], samples containing

2.0 wt.% of CNT were selected for inspection to guarantee an easy identification of
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3. LCE-CNT FILMS CHARACTERIZATION

CNTs. Samples containing 0.1 wt.% and 0.3 wt.% of nanotubes were also inspected.

Figure 3.1 show some of the micrographs obtained where itis possible to distinguish
the presence of CNT (high contrast elements) at different magnifications. From the
images it can be guessed that CNT tend to be aligned in one preferred direction (see
white arrows in Figure 3.1) as expected, disclosing good dispersion despite the large
CNT load of the sample. However, further analysis with high magnification was
necessary to confirm that trend.

Despite some charging artifacts, high contrast was observed from the LCE-CNT
interfaces-collected by the detector resulting in significantly crisper and contrasty
images and thus, proving the suitability of using this “in-situ” charge compensation

system with this type elastomeric composites.

3.1.1.2 TEM characterization: CNT identification at inner level

Once demonstrated the possibility to distinguish the presence of CNT on the surface of
the samples, deeper analysis was carried out by means of TEM with the main objective
to distinguish the alignment patterns of the embedded CNT within the polymer matrix
and thus check the alignment efficiency of the stretching process during the preparation
of samples.

As it is known, TEM is a microscopy technique which enables the user to examine
fine detail ultra-thin samples thanks to their interaction with the transmitted electron
beam which passes through them. Hence, sample regions even as small as a single
column of atoms can be observed.

Therefore, in contrast with previous SEM inspections, quite complex methods are
required for preparing few nanometers-thick samples. To that end, two different well-
known approaches were investigated. In both cases, monodomain SCLCE samples
with 0.1 wt.% of CNT content were used. First, Focused Ion Beam, FIB, milling was
used to micromachine a lamella (i.e., ultra-thin sample for TEM examination) on a 1560
XB SEM/FIB microscope from Zeiss (Germany) at clean room facilities of IMB-CNM
(CSIC). The thinning protocol used were described in detail elsewhere [185], starting by
depositing a platinum layer to protect the top surface of the composite from prolonged
exposure to milling ions. After plucking and soldering a piece of sample to a copper

grid, a combination of medium (50 pA and 30 keV) and fine milling (50 pA and 5
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3.1 Material conformation characterization

keV) was applied to produce the desired lamella. Figure 3.2 shows SEM images of
the sample before -left- and after the ion milling process -right-. As depicted, the
thinned lamella showed heavy irradiation damage, suggesting excessive irradiation
dose. Some areas in the far right edge suggested transparency and are absent of
curtain effects. However, it is worth emphasizing that during milling, no apparent
contrast was observed from CNTs, either from electron or ion imaging, suggesting
that this lamella’s preparation technique is not the most suitable one for elastomeric
samples. It was then for that reason that an alternative method was used leading to
more successful results for the preparation of TEM samples based on microtomy. An
EM UC? ultramicrotome from LEICA (Germany) was employed for the preparation
of different lamellas with thicknesses between 60 nm and 70 nm which were cut under

cryo-conditions using a diamond blade to avoid polymer matrix degradation.

Figure 3.2: FIB milling sample preparation for TEM inspection. SEM images of the sample
before -left- and after -right- the ion milling process.

Figure 3.3 shows a few TEM micrographs obtained by JEM-1400 Plus TEM from
JEOL (USA) from both types of lamellas. Images in Figure 3.3a correspond to the ion
milling lamella whereas images in Figure 3.3b to the one obtained by the microtome.
As expected, a complex contrast was observed in the first case adding difficulties for the
CNT identification. Moreover, some platinum aggregates were formed on the borders
of the sample probably produced by the elastomer melting due to excess of energy.
On the contrary, CNTs could be easily observed on the other type of lamellas prepared
reinforcing the suitability of this protocol for TEM samples preparation. Images in
Figure 3.3b also confirm the tendency of the CNTs to be oriented on the direction

of alignment (see black arrow on the left image) and verifies that they were quite
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well dispersed in the LCE matrix during the synthesis although small agglomerations

scattered throughout the sample can be distinguished (no higher than 1 ym).

(@)

= Sy

(b) ' -

Figure 3.3: TEM micrographs of the two types of lamella: (a) FIB lamella. Scale bars: 500
nm and 50 nm. (b) Microtome lamella. General TEM micrograph -left- where the tendency
of CNTs to be aligned in one direction -arrow- can be observed. Scale bar: 1 ym. Detailed
TEM views of the aligned CNTs -right-. Scale bars: 100 nm.

3.1.2 X-ray diffraction analysis

Series of LCE-CNT materials were fabricated and mechanically stretched to create
mono-domain films with varying the concentration of CNTs. 0.01 wt.%, 0.05 wt.%
and 0.10 wt.% of content were chosen to evaluate in depth the degree of order of the
CNTs embedded into the LCE matrix. In order to quantify the degree of nematic order
present in the films, wide-angle X-ray diffraction measurements were carried out on a
PW1830 wide-angle X-ray generator from Phillips, using Cu Ka1 radiation (1.54 A) at
microscopy facilities of University of Cambridge, UCAM (UK).

Figure 3.4 -left- shows the correspondent 2D X-ray diffraction pattern obtained for
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3.1 Material conformation characterization

the above mentioned measured samples. Two characteristic areas of high intensity can
be observed in the parallel, which indicates the LC ordering in the material. It should
be noted that the concentration of CNTs in these samples was too low for X-ray analysis
to be affected by ordering of the CNTs; thus this characteristic intensity pattern was
due entirely to the ordering of the LC mesogens in the material. 1D X-ray pattern in
Figure 3.4 -right- demonstrates the change in intensity with azimuthal angle where
both brighter regions of the diffraction pattern can be clearly distinguished, showing
the maxima at 0 °C and 180 °C. These intensity changes proved to be similar for each
of the different samples studied, indicating that the degree of nematic ordering was
consistent across each of these samples, ensuring reproducible actuation in response

to heat.

X 0.01% CNTS|
D 0.05% CNTS|
+ 0.10% CNTs

Intensity

—— —r———T——7—
o 50 100 150 200 250 300 350
Angle (Degrees)

Figure 3.4: X-ray diffraction analysis. Diffraction pattern of a sample a 0.1 wt.% CNTs,
where the characteristic of nematic liquid crystal ordering within the material can be
observed -left-. The white arrow indicates the orientation of the LC director. The variation
of X-ray intensity as function of the azimuthal angle -right- indicates good reproducibility
of the liquid crystal ordering.

3.1.3 Differential Scanning Calorimetry analysis

Finally, the phase transformation behavior and the thermal characteristics of two
different LCE samples (a pure LCE sample and one containing 0.3 wt.% of CNTs)
were evaluated by Differential Scanning Calorimetry, DSC, measurements performed
at UCAM facilities. Hence, a DSC-7 Perkin Elmer differential scanning calorimeter
was used laying down a heating/cooling rate of dT/dt = 10 Kmin~!. The graph in Figure

3.5 show the main results obtained.
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Figure 3.5: DSC data for two samples containing 0 wt.% (pure LCE) and 0.3 wt.% of CNTs.
The operating range of this actuator is between the glass transition, Ty, at approximately
15 °C, and the isotropic phase, T, which can be identified at 90 °C.

The DSC traces indicate that the T for both of these materials is similar, at
approximately 15 °C, and that the Tx; can be identified at approximately 90 °C.
These materials therefore have similar operating temperature ranges; however, a
small decrease in the clearing temperature can be observed. The presence of highly
anisotropic CNT segments along the LCE matrix introduced some disorder into the

LCE matrix, as it was previously demonstrated by Marshall et. al [81].

3.2 Material actuation

After the first studies about the material conformation, the following characterization
tests were focused to obtain the basic macroscale properties of the LCE-CNT elastomers
under photo-actuation, starting from some of the previously published studies for
the characterization of pure LCE samples [64, 109, 110, 143, 150, 186] which are an
example. Thus, parameters such as the material contraction rate, the Young’s modulus,
the amount of energy required for actuation and the forces produced as well as the
dynamics of the contraction, were analyzed with the main purpose to understand the

behavior and actuation mechanisms of those composites and thus, be able to design
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3.2 Material actuation

different approaches for the fabrication of actuators.

To that purpose, custom-made setups were designed for testing and different
techniques such as stress-strain assays and “in-situ” photo-actuation observation using
SEM and an IR camera were used. The main results obtained were grouped in two

different sections as function of the type of characterization used.

3.2.1 Thermoelastic characterization

In accordance with the main characteristics involving LCE elastomers described in
Chapter 2, these elastomers contract in the direction of orientation of the mesogens
(LC units) and CNTs with increasing the temperature. It has been demonstrated
that LCE-CNT composite contraction can be realized using either direct heating or
illumination, in which case the energy of light is converted into the local heat [166],
and strongly depends on the type of polymer which forms the elastomeric backbone.

In case of polysiloxane backbones, which is the type used within this work, the
transition temperature between nematic and isotropic phase, Tyj, is usually in the
range of 60 °C to 90 °C. Such variations in Ty; may be caused by the type of chemicals
used during the synthesis (mainly the crosslinker type and its concentration).

The change of natural length of monodomain LCE elastomers with temperature
(i.e., its contraction movement) typically follows the same behavior, resulting in slow
variation in the samples length at lower temperatures (from room temperature to
approximately 15 to 20 °C below Tyj) in nematic state, and faster close to Ty, when
maximum contraction is reached (optimal mechanical contraction rate), leading to the
uniaxial thermal contraction ratio, A = L/L;s,; parameter which is used to compare
the degree of deformation achieved for different samples (see Chapter 2 for details).
However, as already mentioned, such value of maximum contraction is strongly subject
to the orientation degree (i.e., order) of the LC units fixed during sample preparation.

Usually to perform such thermoelastic measurements, a conventional oven is used
where the samples (without an applied load) were freely suspended inside in a vertical
position. This procedure works well for characterization of large samples, however
results impractical for small ones.

With the main purpose of characterize small samples, a self-constructed apparatus

was designed. In this manner, it was possible to i) guarantee a uniform heating of
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the whole sample, and ii) reduce the influence of the environment on the experiment,
since this materials resulted to be very sensitive to small deviations of temperature

produced by air convection. Figure 3.6 shows a scheme of its main parts.

Glass/PMMA LCE sample
chamber ~_; -

/
) ,I PTFE film
(hot side)

~_Temperature
sensor

Aluminum
ooks [ IIFHHLLLLLL
Peltier

.

(cold side)

Figure 3.6: Setup designed for thermoelastic measurements of small LCE samples.
Similar to a small oven, this apparatus mainly consist of two parts:

e an atmospheric chamber where the sample is laid. It was made by a combination
of glass and poly(methyl methacrylate), PMMA, to allow sample control and
inspection at any time during the experiment. In this manner, the measurement
of the length and width variations of the samples can be monitored using a CCD

camera attached to a conventional optical microscope.

e a self-constructed miniaturized hotplate which supplies and controls the
temperature delivered to the sample. This mechanism consists of a peltier (TEC
1.4-6, Thorlabs) and a temperature sensor coupled to a power controller (ITC
510, Thorlabs). Two aluminum plates were attached to both sides of the peltier
to in order to stabilize and homogenize the temperature increasing the thermal

inertia of the system.

The miniaturized oven was heated at an average rate of 0.4°C-s~! to assure uniform
heating. In that case, the samples were horizontally leaned on top. To avoid sticking
problems and to reduce the contact area between the sample and the oven surface, a
strip of Polytetrafluoroethylene, PTFE, commercially known as Teflon ®, was added.

The resulting images were then manually processed.
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Figure 3.7: Contraction measurements obtained as function of temperature, for samples
containing four different concentrations of CNTs (depicted as symbols); solid and dash
lines depict the expression below, as function of temperature,T, and illustrate a reduction
of the contraction rate of the samples at high CNTs concentrations.

The measured variation in the sample length, A = L/L;s,, with temperature was

fitted to a function given by the expression

L T\
A== 1+a(1——)]
Lo [ Tni

where L is the length of the samples in the isotropic state, i.e., when they are fully
contracted and Ly their length at room temperature (nematic state), and both « and p are
titting coefficients from the curve. Samples containing different concentrations of CNTs
were measured as well as a neat one (exactly with the same synthetic characteristics) to
check if variations on the contraction behavior between them were produced due to the
inclusion of CNTs. The contraction curves of the samples as function of temperature
are presented in Figure 3.7.

As expected, no significant differences were found at lower CNTs concentrations
[81]. This is because using this type of samples excitation (the phenomenon is purely
thermal) CNTs really do not have a strong influence on the contraction movement,
and all the samples contract following the same pattern (Figure 3.7, model a), where
the values of a and f coefficients resulted to be 0.37 and 0.22 respectively. However, a

reduction of contraction was observed at high CNT concentrations (Figure 3.7, model
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b). This is because an increased concentration of CNTs, which while increases the
ability of the material to absorb light, also has the effect of disrupting the nematic

order in the composite, resulting in a stiffer and less homogeneous material.

3.2.2 Photo-induced actuation: opto-thermomechanical experiments

After first thermoelastic experiments, different photo-actuation experiments were
designed in order to obtain detailed information about the LCE-CNT composites and

their main actuation parameters.

3.2.21 ”In-situ” observation of photo-actuation

A cantilever is probably the most versatile mechanical structure able to give a lot
of information about the material that it is made of. Using this approach, different
experiments can be carried out to study the actuation mechanisms of a LCE cantilever
exposed to heat [174] and thus, get the most important material parameters for
designing actuators based on these materials [144, 153, 175]. For these reasons, such
structure was used on several occasions during the experimental characterization of
LCE-CNT materials.

Prior to the quantification of the photo-thermomechanical actuation of LCE-CNT,
a qualitative experiment for the ”in-situ” observation of the material contraction
at the microscale was designed with the main purpose to better understand this
phenomenon. A highly advantageous approach since stimulus, in that case, light can
be provided “in-situ” and no additional manipulation is required on the composite,
preserving the inherent mechanisms behind actuation. To that end, a quite complex
setup was designed using the vacuum chamber of a dual beam SEM/FIB microscope
(1560 XB, Zeiss) located at clean room facilities of IMB-CNM (CSIC), equipped with
three micromanipulator probes. First, small LCE-CNT sample with of 300um thickness
containing 0.1 wt.% concentration of CNTs was cut in rectangular shape (1200 x
300) wm? in order to ensure uniform illumination and consequently, a more uniform
heat distribution too, and placed in a specially designed support as a free-standing
cantilever inside of the vacuum chamber. Underneath, a 660 nm of wavelength laser

diode, LD, was added as excitation light source at approximately 1 mm. Pictures in
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Figure 3.8 show the SEM/FIB equipment used as well as a detailed view of the interior

of the SEM/FIB vacuum chamber where the main setup components can be identified.

Figure 3.8: Setup for the ”in-situ” observation of the LCE-CNT photo-actuation. FIB/SEM
equipment at clean room facilities of IMB-CNM (CSIC) -left-. Detailed view of the interior
of the vacuum chamber with the main setup components -right-.

Initially, mobile electrical contacts were devised by means of two tungsten tips
coupled to the micromanipulator probes. In this way, the LD could be directly
contacted and switched on and off from inside the vacuum chamber while the current
controller was placed outside. However, due to the setup dimensions and the spatial
distribution of the LD electrical contacts, certain displacement in z direction as well as
some sample rotation was required, fact that would produce a mismatch between both
electron and ion beams (loose of the coincidental point) and thus, imaging recording
problems. Hence, the setup was modified welding directly the opposite LD ends to
the Tungsten tips in order to fix the electrical contacts allowing a correct “in-situ”
observation. In this manner, the LD could still be contacted from the inside of the
chamber while maintaining the current controls outside. Before starting with the tests,
an ultra-thin gold coating was deposited on the top surface of the structure to avoid
any interaction between them and the electron beam (undesired charging effects due
to the elastomeric mature of the sample).

Figure 3.9 shows a SEM sequence of images captured from an “in-situ” actuation
movie before, during and after light irradiation, to illustrate the shape changes of the

cantilever during the contraction and recovery movements. In that case, the sample
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was uniformly illuminated at 1.6 W-cm =2 of power density. Same movies were recorded
at different power densities (from 0.4 to 1.6) W-cm 2 to check its behavior and determine

the first actuation parameters.

contraction movemen

‘&‘:;“""‘“
. T

e initial rest position I . 1 ) max. contraction

recovery movement initial rest position

Figure 3.9: Image sequence showing the contraction and recovery movements of a free-
standing cantilever-shaped composite captured during “in-situ” actuation. The scale bar
represents 200 ym.

In spite of the gold coating, the SEM image of the cantilever in the initial rest position
(LD off) shows further evidence of local charging being developed within the bulk (first
image of the sequence), in agreement with the previous microscopy experiments. Upon
light irradiation (LD on), the cantilever responded with a contraction about 20 % in
the parallel direction of sample’s alignment whereas an expansion of about 6 % was
observed in the other two directions, orthogonal to the alignment. After actuation,
again an increased brighter contrast on the surface of the sample was observed (last
image of the sequence, also referring to the initial rest position), most likely connected
to local e-beam charging, which may be due to either the dynamics of internal electric
fields or to the changes on the orientation of the cantilever with respect to the e-beam
upon actuation.

Figure 3.10 depicts the contraction and recovery times obtained at different powers
of incident light. Each power level was enough to obtain full contraction. The only
parameter changing with power was the excitation time. As expected, it took less
time for the samples to contract when more power was applied. Relaxation time
did not change significantly, although it is obvious that the temperature to which the
sample was heated, also increased with the power. The relaxation process is due to
radiative heat loss by the sample (this must be the case in this situation because the

experiment was conducted in a high vacuum, disallowing convective heat exchange
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[187]). Theoretically, the cooling process should have taken little more time after
the sample was irradiated at high powers, but as the irradiation rate is temperature
dependent, it was difficult to distinguish among the relaxation time constants for

various powers.
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Figure 3.10: Contraction and recovery times of the LCE-CNT cantilever illuminated at
different power densities.

As SEM allows 3D imaging another important parameter for the characterization
of the material, the Poisson’s ratio, could be obtained. As is well-known, the value
of this parameter ranges between -1.0 and 0.5 for stable and isotropic materials along
their elastic regions [64, 188] depending on their behavior under an applied stress
(Young’s and Shear modulus values). Usually, polymers are considered as nearly
perfect incompressible materials (no changes in volume occur during deformation),
for which the typical Poisson’s ratio value (v = 0.5) can be numerically calculated
following the next expression, which, at the same time, can be related to the strain

variations on the sample [189],
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where AL is the length variation in the main direction of the contraction
(longitudinal axis of the sample) and AL and AL correspond to the variations in
length in the other two directions (lateral directions). For an incompressible material,
AL'= AL", so thatv =v' = 0.5.

These expressions, however, are only valid when the material undergoes small
contractions (within the elastic region). Recent studies have been demonstrated that
with increasing strains such the Poisson’s ratio varies, descending up to 0.2 as function
of the type of LCE and their stretching conditions [190, 191].

By comparing the lateral movements of the samples recorded during the
experiment with the contraction produced in the main movement direction, it was
possible to obtain, as first approximation, a value for this parameter, resulting in a

experimental Poisson’s ratio of about 0.507 + 0.005.

3.2.2.2 Bending dynamics

As demonstrated in previous section, the ”in-situ” photo-actuation phenomenon
can be observed and the light absorption and the heat propagation dynamics can
be quantitatively described on a cantilever illuminated from one side. With the
main purpose to understand the main phenomenological aspects of heat propagation
through the sample, a cantilever bending experiment was designed. In this manner,
direct measurements of temperature evolution inside the cantilever were carried out
to relate its kinetics to the applied irradiation power studied in the case where heat is
not being provided by direct heat source but by the light-irradiated CNTs embedded
in the polymer. Other aspects such as the time constants and the uniformity of the
material could also be observed.

A cantilever made of LCE-CNT exposed to light demonstrates dynamic bending
due to inhomogeneous strain distribution caused by exponential heat generation across
the cantilever width which, at the same time, is related to the linear absorption
of photons by the CNTs that, in contrast with the heat generation, attenuates with
distance (Figure 3.11). A schematic representation of the experiment is depicted in
Figure 3.11a. In that case, a LCE-CNT sample containing 0.1 wt.% of CNTs was cut
into a rectangular strip of 3.9 mm x 1.2 mm at room temperature and fixed from one

end to form a cantilever beam. Then the cantilever was placed in a plastic box to avoid
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cooling due to air convection. A calibrated LD coupled to a current controller (Thorlabs
ITC510) provided irradiation at wavelength of 660 nm, allowing instantaneous on-
off switching. The LD emitted light with Gaussian intensity distribution and width
a divergence of 30 and 10 degrees, in the vertical (Y axis) and horizontal (X axis)
directions respectively, which correspond to 0.9 mm and 2.7 mm full width at half
maximum, FWHM, of the spot on the plane of the cantilever front surface. The face
exposed to the irradiation was located 5 mm from the LD and aligned symmetrically

with respect to the center of the spot.

Light spot
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Figure 3.11: Cantilever bending dynamics. (a) Schematics of the experiment; (b) top view
images of the cantilever. The images were obtained at0s,2s,4s, 8 s, and 14 s after the LD
was switched on, with Dp fixed at 2.25 W - cm~2. The cantilever on the photos was 3.9 mm
long, 1.2 mm wide and 0.45 mm thick. After irradiation, it is 3.15 mm long -contraction
1.24- and 0.5 mm thick -expansion 1.2-.

Movies of the cantilever bending motion were recorded by a conventional optical
microscope camera and then manually analyzed. The temperature distribution over
the cantilever top face was measured twice per second by a FLIR SC 5000-series IR
camera located at IMB-CNM facilities, provided with ALTAIR software with 30 Im of
resolution per pixel. In this manner, a real-time mapping of the heat propagation in the
composite was obtained. A sequence of images in Figure 3.12 shows an example of the
”“in-situ” measurements of heat propagation and thus, the temperature distribution
along the composite under uniform illumination. The emissivity of the sample was

assumed to be 0.7 from prior experience. This value was adjusted to fit the temperature
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of contraction of the material obtained in previous experiments with thermal actuation
(see Thermoelastic characterization section above) to the temperature of contraction
measured by the IR camera. When exposed to the irradiation at a constant power the
cantilever starts bending and after some time comes to a steady state (Figure 3.11b)

which is a function of the applied power.

Figure 3.12: Thermal images obtained by the IR camera under uniform sample irradiation.

There could be distinguished three different modes reflecting the cantilever bending
dynamics characterized by the cantilever curvature in steady state as function of the
power density, Dy, in the center of the spot, in agreement with the sequence of images

in Figure 3.11:

e Mode (a): The cantilever curvature increases with time immediately after the
experiment starts when irradiating at constant power. This mode disappears
when the isotherm Tyj crosses both the front and the back surfaces of the

cantilever, while D, < 1.16 - Wem™2.

e Mode (b): In this mode, when the cantilever is illuminated at constant power,
there is an initial increase of curvature with time, which decreases together with
the length of the sample (material contraction) until reaching a steady state value

(1.16 < D, < 2.10) W - cm~2. When the isotherm Ty crosses the sample from
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the front to the back, a portion of the cantilever has zero stress gradient and

therefore zero curvature. Further power increase just amplifies this segment of

fully contracted material.

e Mode (c): The cantilever curvature decreases with time and then drops down to

zero (Dp > 2.10) W - cm~2. No stress gradient can be found in the cross sections

where the temperature is more than Ty;. The isotherms of temperatures below

TNy become symmetrical in cross section and no bending is produced.

The evolution of the upper apex position of the cantilever in the XY plane recorded

during the experiment as function of different irradiation powers is depicted in

Figure 3.13, where the three modes described can also be distinguished. A schematic

representation of the measurements was also included for better understanding.
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Figure 3.13: Cantilever upper apex position coordinates in steady state at different
irradiation powers, where the three bending modes can be identified.

It is worth noting that the relaxation of the cantilever does not follow the same

kinetics. The elongation of a fully contracted cantilever is not accompanied by bending
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at all, because when the light is switched off the temperature gradient inside the
cantilever quickly disappears.

During the experiment, as D, increases, there comes a point where an interface
exists between an area of the surface where temperatures are above Tx; and an
area where the temperatures are below Tyy; at this stage, the cantilever thickness
experiences a quick change. The thickness increases by nearly 20 % in the segment
with the higher temperature. A typical temperature distribution over a cantilever
illuminated with a power density of 2.25 W - cm™2 is shown in figure 3.14 -left-. The
temperature distribution is highly asymmetrical across the cantilever in the plane of
the spot center, at x = x9, becoming more uniform away from xg. Experimentally
measured temperature evolution in two points located on the front and reverse sides
of the cantilever at x = xg is demonstrated in Figure 3.14 -right. In the steady state
(starting from second 12) the difference in temperature between both sides is about 10
degrees. There is a significant delay of about 1 s before the temperature on the reverse

side starts to increase at the same rate as the temperature in front.
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Figure 3.14: Heat propagation measurements. Two dimensional stationary temperature
distribution over the cantilever -left- and temperature evolution -right- measured by
IR camera. Squares represent temperature on the front illuminated side; circles depict
temperature evolution on the back side of the cantilever. The LD power was fixed at 2.25
W-cm™.

The temperature evolution inside the cantilever is governed by the heat equation
(see equation below) whose dimensionality can be reduced if the inhomogeneous light

distribution in one direction is neglected. Light incident on the cantilever is considered
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uniform along the Y axis, while having a Gaussian distribution with mean value xy and
variance p in X direction. As the divergence of light exiting the LD is high (nearly 30°)
in the vertical direction, it can be assumed (to a first approximation) that the cantilever

is homogeneously illuminated from top to bottom, resulting in the relation:

oT ST T z x—x\
Cva—kf(g+§)—Boexp(—a)exp(—( P )

where 0y = Py/a (W - m~3) stands for heat density on the front side.

Itis difficult to solve this equation analytically, so numerical analysis was performed
using commercially available software taking into account the three different modes
above distinguished and assuming Py (W - m~2) to be the power flux density of light
incident on the cantilever in the center of the spot. First results indicate that the
contraction due to light irradiation is the same as that which occurs on heating the

sample.

3.2.2.3 Light absorption

Absorption of UV light by elastomers with azobenzene groups leads to the reduction
of mesogenic power of its component material because of the change in molecular
shape [104]. In this case, the reduction of nematic order parameter (which leads
to the phase change) is due to enthalpic (potential energy) effects. However, the
absorption of visible-IR light by LCE with embedded CNTs causes a different effect:
CNTs rapidly release heat into their surrounding and the resulting reduction of the
nematic order is of entropic nature. The absorption coefficient, «, is an important
parameter that gives information about the distribution of heat generated by light
inside the film. Quantification of light absorption can be done on materials with
known thickness and CNT concentration, in which a can be calculated by the Lambert-
Beer formula (see equation below) from the film thickness, d, and the transmittance
(the ratio of transmitted to incident power P,,:/P;,) which in this case was measured

experimentally.

o= In (Pozt/Pin)
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Absorption of three different samples was measured using a 670 nm wavelength
LD as light source at different polarizations with respect to the LCE monodomain
orientation, pumped by an LD current driver (Thorlabs ITC510). It was assumed that
during samples preparation, nanotubes were aligned in the same direction than the
mesogens in the polymeric matrix under stretching. The orientation of nanotubes
leads to polarization-sensitive light absorption of the material, the property later
used in polarization control using CNTs. Visually a polymer film approximately
0.4 mm thick containing more than 0.1 wt.% of CNTs appears black, i.e., only a
small portion of light can be transmitted through. Using a lock-in amplification
technique, the transmission coefficient was accurately registered to later calculate
both the extinction coefficient and the sample’s absorbance. Figure 3.15 shows a
diagram of the experimental setup used to perform such measurements and table 3.1
summarizes the results obtained as function of polarization, material thickness and

material composition (CNTs concentration).

Current
Photo detector = amplifier

Sample ! l

! >
LD# —>To

Lock-in-amplifier

T \L Ref.

LD controller <— Generator

Figure 3.15: Sketch of the experiment used for measuring the transmission coefficients.

In parallel, measurements of the absorption of three samples with different content
on CNTs were carried out in the range from Ultra violet, UV, to IR spectra to check if
the presence of CNTs modify the material response to light. To that end, a neat LCE
sample named control was measured too under the same conditions. Figure 3.16 shows
the absorption spectra obtained, where a clearly dependence on the CNT content is
observed. The noisy spectra at higher CNT concentration is simply an indication that

all light was essentially absorbed and converted into local heat to stimulate the core
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photo-actuation.

All of that leads to the conclusion that increasing the CNT content enhances the
conversion of light into local heat. Thus, higher the CNT content more efficient the
photo-actuation response of the composites. However, this conclusion contradicts
the thermoelastic results obtained in previous section 3.2.1. From contraction point of
view, the LCE matrix must remain fully elastic, with mobile polymer chains and the LC
units unrestricted to change their phase order. Too many CNT segments would change
the intrinsic property of LCE to reversibly change its shape on switching between the
nematic and the isotropic phases, so an optimal balance between these two factors
should be found. In this sense, measurements in terms of actuation force and power

were required.

Table 3.1: Transmission measurements at 670 nm.

Sample | Thickness [mm] ‘ CNTs wt.% | A Transmittance* ‘ B Transmittance* ‘ Extinction A/B [mm ] ‘

Sample 1 0.4 0.3 0.27-1073 2.20-1073 20.6/15.3
Sample 2 0.5 0.1 0.20-1073 0231073 16.4/16.1
Sample 3 0.2 0.1 2.60-1072 4.50-1072 18.3/155

* A and B denote correspondingly: the orientation of CNTs is parallel or perpendicular to vector E of the
electromagnetic field of light.
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—— 0.1 wt % CNTs
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Figure 3.16: Absorption spectra for LCEs doped with increasing concentration of multi-
walled CNTs.
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3.2.2.4 Mechanical strength measurements

It has been demonstrated that the mechanical properties of LCE materials do not keep
constant during both the curing process and the later actuation since they undergo
to different phase changes, e.g., from gel to solid and from solid to liquid crystal,

producing a significant variation of their main properties. The Young modulus is an

example.
sample
¥ =
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to translational stage

\
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Figure 3.17: Setup for the force measurement experiments. Sketch of the experiment with
all the components -left- where both the geometry of illumination and the normalized
distribution of the LD’s energy over the surface of the sample are depicted. A detail of the
measuring zone is shown in the inset -right-.

With the ultimate goal to design and fabricate nematic photo-actuators, different
types of force measurements were performed using two different ways of inducing
stress in the samples: i) directly applying a tensile force (any external stimulus is
applied neither light nor heat) or ii) using a light source to induce certain stress (testing
directly under illumination). In this manner, a more complete understanding of the
material behavior under actuation from the mechanical point of view can be provided,
which results very useful for the future development of simulation models prior to the
fabrication of the actuators. Thus, Young Modulus measurements were performed in
both cases by means of the experimental setup depicted in Figure 3.17.

First, the different LCE-CNT films with thickness ranging between 0.3 mm to 0.4

mm were cut into rectangular shape strips of about 6 mm x 3 mm (length x width)
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in which the long side was oriented parallel to the LC units. Then, the strips were
individually fixed at both ends using two specially designed clamps containing some
polydimethylsiloxane, PDMS, on its ends to avoid damaging the sample. One of the
clamps was coupled to an accurate dynamometer (M5-025, MARK-10) with resolution
of F = 0.05 mN providing data readout to a computer. The other clamp was attached
to motorized micro-positioning stages controlled by software. Finally, the LD was
placed underneath adjusting the vertical distance to ensure a correct illumination of the

samples at approximately 5 mm, distance that was adjusted prior to each measurement.
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Figure 3.18: LabVIEW interface of the program used for characterization.

The different actuation curves of the material were obtained using the
dynamometer which was provided with an output for data readout by a computer.
An in-house data acquisition program was built on LabVIEW (National Instruments)
allowing recording the force measured as function of time, as well as monitoring in real
time the amplitude of these measurements. Figure 3.18 shows the LabVIEW virtual
instrument interface of the program. The motorized stages were also controlled by the
same PC using an extra LabVIEW code.

For the measurements in the dark (nematic phase), a tensile stress was mechanically
induced in the samples by moving the translational stage 10 times by 50 um with
velocity of 500 ums~! and 10 seconds of periodicity. The total elongation of the strip
per test was 500 um (10 times x 50 um) to avoid fracture of the material. The Young

modulus was calculated using the expression:
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)
ALL™!

where S is the sample cross section, L is the sample length, AL represents the sample
elongation.

When the strain was applied the samples experienced a strong increment of stress
which was partially absorbed by the polymer chains resulting in an exponential
relaxation of that stress taking about 10 s. This periodic process has a linear behavior, if
approximated by the points corresponding to the relaxed state taken from each cycle.
Thus the different samples tested demonstrated linear elastic behavior with stretching
for low CNT content. Figure 3.19 shows the stretching results obtained in dark for
samples containing different wt.% of CNTs, resulting in Young modulus in the range
of 0.35 MPa to 0.5 MPa if calculated using these points; values which are in the range

of the measurements reported in literature for neat LCE materials.
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Figure 3.19: Results of stretching tests in dark for different samples containing 0.01 wt.%,
0.05wt.%, 0.1 wt.% and 1 wt.% of CNTs. Schematics in the inset illustrate the displacement
of the stage at each step.

It is worth noting that for high CNT content (1 wt.%), the measured modulus
decreases significantly disrupting such linear behavior and thus evidencing an increase

of the composite rigidity. Such behavior was previously observed in similar way in
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the thermoelastic experiments, where a decrease in the L/L;;, ratio was obtained for

the same CNT content (see Figure 3.7).
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Figure 3.20: Time diagram comparison of the mechanically induced stress on a sample
containing 0.1 wt.% of CNTs both in dark and under illumination.

On contrary, when samples were illuminated the mechanically induced stress did
not show peaks or relaxation, resulting in a Young modulus drop. An example of thatis
depicted in Figure 3.20 where the force vs. time diagrams of the mechanically induced
stress on a sample containing 0.1 wt.% of CNTs using both of the above mentioned
methods are compared. In this case, the Young modulus measured in dark was 0.5
MPa; value which dropped down to 0.35 MPa when the sample was illuminated (i.e.,
the material became softer). Atthe same time, the photo induced stress was released by
reducing the distance between the dynamometer and the clamp by 400 ym, resulting
in the same behavior. No pronounced peaks were observed when the material was

pre-stressed due to illumination. The Young modulus in this case was 0.38 MPa.

3.2.2.5 Photo-induced stress measurements

It is understood that the actuation of the LCE-CNT is due to the heating of the material,
rather than a true photo-actuation, hence the slow response time. The results of
the previous experiments in section 3.2.2.2 are in agreement with that, resulting the
contraction due to irradiation by light the same as that occurs on heating the sample.

The energy required for the actuation is dependent on thermal equilibrium conditions
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in the system. Temperature change dynamics is a function of the power of light source,
since temperature distribution over the sample is subject to change depending on the
energy absorption rate, leading to a contraction which is independent of the irradiation
wavelength [81]. To verify that, a sample with dimensions of 10 mm x 3 mm x 0.4
mm (length, width, thickness) was measured using the same setup depicted in Figure
3.17 at three different wavelengths resulting in no spectral dependence. Discounting
the segments in the clamps the final length of the sample was 6 mm. The sample
was illuminated sequentially by three different LDs, each projecting a total power of
approximately 15 mW on the sample, resulting in stress values of 2.0 kPa, 2.3 kPa,
and 1.9 kPa when the sample was illuminated correspondingly at wavelengths of 670
nm, 785 nm and 980 nm. The small differences between the stress values obtained are

attributed to intensity deviations estimated by data taken from diodes’ specifications.
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Figure 3.21: Stress periodically induced in the LCE sample with 1 wt.% CNTs by
illumination at 785 nm as function of time.

Once stabilized, the material can be repeatedly irradiated as many times as needed
showing repeatability in response. Figure 3.21 depicts three consecutive consecutive
on-off actuation cycles (sample with CNT content of 0.3 wt.%) performed at different
powers using a LD operating at wavelength of 785 nm and illuminating the sample
with Gaussian intensity distribution, proving that the stress induced by illumination
is a function of light power, which can be adjusted on demand to get specific material

response. The power densities measured in the center of the spot are presented in
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the legend to the graph, expressed in (W - cm2), which were calculated as the power
incident inside an area of a square centimeter. The actuation times are slightly different

for different powers; this is the result of power dependent temperature dynamics in

the sample.
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Figure 3.22: Photo-induced stress of LCE samples with different content of CNTs measured
under the same conditions using a 670 nm wavelength LD at 110 mA.

Figure 3.22 shows a comparison between the photo-induced stresses obtained for
samples with different CNT content measured under the same conditions. In this
particular case, a 670 nm wavelength LD was used as a light source, illuminating at
110 mA. As expected, the results indicated that the actuation strength increases while
increasing the CNT content for low concentrations. However, again a decrease of such
response was observed for CNT concentrations from 1 wt.%, in agreement with the
previous results obtained during the Young’s modulus measurements and [81].

Photo-induced stress finally depends on the applied energy which is a product of
time and the power of the light source. This energy would also depend on ambient
conditions, because heat dissipation can vary with, for example, room temperature.
Stress is subject to saturation due to the heat dissipation in the steady state and due
to the nature of the material contraction, which is saturated when the sample is in the
isotropic state, at local temperatures of above 80 °C. However, the achievable stress is
still a function of power. That is partially due to non-uniform Gaussian distribution

of light intensity over the sample, and extending the area, where the elastomer is in
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the isotropic state. Basically, increasing the power of light, the overall temperature of
the sample increases and this increase depends on the rate of energy supplied to the
sample. Figure 3.23 shows the stress induced by irradiation of a sample containing
0.1 wt.% of CNTs as a function of applied energy. As can be observed, the response
of the material remains stable when the light source is maintained illuminating at the
same power (the material remains contracted), similar to the observed in the cantilever
bending experiment. Thus, applying a power variation with time during actuation, it
is possible to exert a dynamic manipulation of the material. Such concept will be later

used to analyze and optimize the performance of the LCE-CNT actuators proposed.
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Figure 3.23: Stress induced by irradiation of the sample as a function of applied energy.
The experiment was performed on a sample (1wt.% of CNT content and a cross section of
0.4 mm x 3 mm) irradiated by a LD emitting at 785 nm.

3.3 Material modeling

A computer-based model of the different LCE composite samples together with some
numerical calculations was developed with the purpose of better understanding the
material behavior under actuation. Thus, a more accurate prediction of the actuators
performance could be done. In this sense the model represents a powerful tool for the
optimization of the future actuators designed adjusting the different configurations

tested to improve the actuation results.
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The modeling of liquid crystal elastomers has received considerable attention
almost since its appearance [192, 193, 194, 195, 196]. However, in the last decade
it has suffered an increasing interest especially due to the development of novel
LCE composites. At molecular level, it has been mentioned that LCE combines
the entropy-induced elasticity with the liquid crystalline properties entailing a pure
thermo-mechanical behavior. However, in case of photoresponsive materials, a new
coupled phenomenon should be considered, capable of converting absorbed light into
local heat, adding certain degree of complexity to the modeling process. This is the
case of LCE-CNT composites.

Up to now, few works have been directed to the modeling of polymer-carbon
nanotubes composites. Cantournet, ef al. presented a constitutive model for the large
strain deformation behavior of MWCNT-elastomer composites [169]. In that case,
CNTs effect within the polymer was modeled by tracking the stretching and rotation
of a distribution of wavy CNT. From experimental results they conclude that the strain
energy density of the composite can be decomposed into i) a contribution from the
elastomer and ii) a contribution from the nanotubes, resulting in a simple relation

between the volume fractions of both components in the mixture expressed as:

Ue = f-Upwent + (1= f)Ue

where U;, U, and Upywent are the strain energy densities of the composite, the
elastomer and the carbon nanotubes respectively, and f is the volume fraction of the
carbon nanotubes. This model, however, is restricted to the mechanical behavior and
it does not consider the dynamics of the material when it is external stimulated.

On the other hand, Ahir and Terentjev reported for the first time the photo-induced
mechanical actuation in a polymer-nanotube composite when exposed to IR radiation
[197]. They introduced a model of the opto-mechanical behavior of the material as a
function of the orientational ordering of nanotubes induced by their uniaxial extension
in which both the alignment and the concentration of CNTs inside the host matrix were
the main variables. In this case, their material does not contain LC-mesogens which
undoubtedly aggregates new variables to the dynamics of the composite.

Although many impressive experimental results have been obtained by studying

the dynamic response of LCE-CNT composites to external stimuli, their dynamics is

75



3. LCE-CNT FILMS CHARACTERIZATION

yet not fully understood.
The implementation of a more complex empirical model describing the material
deformation is thus required for an accurate prediction of its mechanical response of

future actuators designed.

3.3.1 Model description

A transient three-dimensional model of a LCE-CNT composite cantilever used in
this work was built using the software ANSYS ® Multiphysics software (ANSYS
Inc., Canonsburg, PA, USA). This software uses finite element analysis, FEA, to solve
the system equations and allows visualizing the resulted data in both graphical and
numerical ways. The coupled-field elements PLANE13 and SOLID5 were employed
for transduction from opto-thermal to mechanical field. These element types are
suitable for modeling deformations in nearly incompressible elastoplastic materials
as well as fully incompressible hyperelastic materials like LCE-CNT composites.
Preliminary 2D model consisted in 1,600 nodes, but up to 32,000 nodes were used
for the final 3D model.
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Figure 3.24: Schematic representation of the internal structure of the material in which the
CNTs are homogeneously distributed along the whole sample’s section.

Such model was varied throughout this thesis to adapt it to the different
experimental result obtained. First the behavior of the material once cured was
modeled to study the dynamics of a film under photoactuation, to better understand
the experimental results obtained (see section 3.2.2.2 in this chapter). In this section
the main model generalities and the as well as the main considerations adopted
are described focused on the cantilever’s bending study. Later on, the different
processes proposed for shaping the composite in more complex geometries and in
array for the fabrication of different actuator approaches were also modeled. In this

manner, it was possible to individually optimize some of the parameters involving each
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fabrication process (e.g., size, loads, pressure applied, etc.), thus reducing the number
of experimental trials. Such model variations are later described and discussed in the
corresponding chapters (see part IV).

In order to simplify the model, some assumptions were made which are briefly

described in the following points:

3.3.1.1 CNTs behavior

In order to build a practical but realistic model for the light-activated LCE-CNT
composite, the physical events in a typical opto-mechanical scenario common in this
kind of materials were considered. Previous studies regarding LCE assert that there is
a thermo-mechanical effect due to the phase transition when the nematic LCE is heated
above its transition temperature, Txj. This thermo-mechanical effect becomes in an
opto-mechanical reaction when the LC units contain photo-isomerizable azobenzene
groups, which undergo trans-cis isomerization on absorption of UV photons [150, 167].
It also happens for CNT-doped elastomers, which respond to IR light [198]. However,
in the case of LCE-CNT composites, a mechanical contraction is also produced upon
visible light irradiation. This phenomenon is due to the efficient light absorption of
the CNTs over a range of wavelengths. CNTs convert this light into local heat very fast
[166].

The experimental results in previous sections revealed that in contrast to the
polymer-CNT composite presented by Ahir and co-workers [198], the effect of CNT on
the liquid crystalline matrix is that mainly they act as transducers which convert the
optical signal into thermal field, reaching similar thermal gradients using both types of
excitation as experimentally proved. Thus, the basis of the model is the consideration

of CNTs as local heaters embedded into the elastomeric matrix.

3.3.1.2 Light propagation

As observed experimentally during LCE-CNT characterization (see section 3.2 above in
this chapter), the heat generation capacity of the CNTs is directly related to the incident
optical power. In order to determine how much power receives a CNT located at certain
depth is necessary to consider the optical absorption of the composite and model the

light propagation through it. The main objective was determining the intensity field
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in each point throughout the sample. To that end, it was assumed the material was
structurally and chemically homogeneous and the CNTs were uniformly distributed
without internal boundaries (see Figure 3.24). Therefore, scattering was not considered
inside the composite.

Taking into account the experimental absorption results (see section 3.2.2.3 above)
and the Beer-Lambert law, the light intensity can be expressed as function of the length

of the sample, L,

I(L)=Ipexp (aL)

It is known that at large deformation, the optical properties of a polymer system
may be affected by the state of deformation; specifically the refractive index of polymer
[199]. This opto-mechanical coupling effect, however, was not considered for the

modeling.

3.3.1.3 Light source radiation

Laser diodes, commonly used as light sources in a wide range of applications, were
considered as the most suitable light source to built the model. From the mathematical
point of view they have a well-known radiation pattern which can be easily described
as a Gaussian beam simplifying the equations. From the applications point of view, it
is possible to find LD with wavelengths ranging from UV to IR and they have a friendly
and simply electronics not requiring the use of complex equipment. Moreover, their
reduced dimensions enable their use in small actuators.

Thus, the intensity of light received for the sample can be expressed as:

2 h2
I(r,z) =1 [%] exp [wzi(;jz)]

where 7 is the radial distance from the center axis of the beam, z is the axial distance
from the beam’s narrowest point (the waist), Iy = I(0,0) is the intensity at the center
of the beam at its waist. w(z) is the radius at which the intensity drops respectively to
1/e and 1/é? of their axial values, and wy is the waist size.

For calculations of the heat generated by CNTs (given in W -m™), a 660 nm
wavelength LD (HL6512 from Thorlabs) was considered as light source.
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3.3.1.4 LCE-CNT material characteristics and shape

Considering the aspects above mentioned and the results obtained from the
experimental characterization, Table 3.2 summarizes the material constants employed
to build the empirical model. 1 mm long and 0.6 mm wide cantilever with 0.4 mm
of thickness containing 0.1 wt.% of CNTs was selected as modeling structure for its
simplicity in shape as well as to be a type of structure previously studied (see section

3.2.2.2) with available experimental data.

Table 3.2: Numerical constants used to simulate the dynamic behavior of a cantilever
made from a LCE-CNT film.

Material constants ‘ ‘ Other constants ‘ ‘
Young modulus 0.3 MPa Optical power 60 mW
Poisson ratio 0.5 Beam divergence 0, 8.5°C
Thermal conductivity | 0.4 W/mK | Beam divergence 0 | 21.0°C
Density 1300 kg/m?> Light wavelength 658 nm
Specific heat 200 J/kgK | Laser-sample distance | 1.0 cm
Absorption coefficient | 16 mm™

3.3.2 Final considerations

The heat generation capacity was attributed to single nodes (considering them similar
to CNT units), assuming 20 internal layers across the thickness of the composite (they
do not imply boundary conditions). Then, taking into account the Beer-Lambert law
and the Gaussian distribution of the light simultaneously, the magnitude of the heat

generation H can be reformulated as following:

H(r,z) = Py [1 —exp (%’2)] exp(—az)
w?(z)

Two ANSYS ® plots in Figure 3.25 depict the model during its building process. The
tirst one, Figure 3.25 -top- reflects the heat generation rate as contour enforced whereas
the external loads applied to the model before the simulation, such as the displacement
restrictions, the radiation surfaces and the heat generation rate are shown in the bottom

plot.
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3. LCE-CNT FILMS CHARACTERIZATION

Figure 3.25: Plots of the building process of the FE model showing the heat generation
rate as contour -top- and the external loads applied before simulation -bottom-.

Preliminary results extracted from this model were in agreement with the first
experiments performed in which the transient response of a cantilever upon light-
irradiation was analyzed (see section 3.2.2.2 above and [170]). According to previous
studies and models of this kind of structure, when a temperature gradient is applied
across the width of a cantilever an inhomogeneous strain distribution leads to bending

motion [174].

Os 2s 4s 8s 14 s

Figure 3.26: Thermal gradients distribution within a LD-irradiated LCE-CNT composite
in an instant of its transient response. Deformation at t = 4 s evidenced a bending caused
by an inhomogeneous strain distribution in agreement with previous experimental results.

Figure 3.26 shows the modeled thermal distribution at one instant of the transient
response of the system where the Gaussian beam pattern of the thermal gradients can
be appreciated. Similarly, the bending motion sequence of the film was obtained with

results in agreement to the experimental data previously presented in the cantilever
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3.3 Material modeling

experiments (section 3.2.2.2). In this case, the plot in the figure Figure 3.26 corresponds
to that instant t = 4 s of the experiment.

The temperature across the film is maybe the most important parameter to be
modeled, since it is, in fact, what provokes the mechanical reaction of the device.
Experimentally it was not possible to measure the temperature deep inside the film;
however the temperature distribution on both the top and bottom surfaces of the
cantilever could be measured by using an IR camera, resulting in a thermal gradient
of approximately 10 °C between front and back surfaces (see Figure 3.14 in previous
section). Thanks to these experimental measurements it was possible to adjust the
thermal gradients obtained by the FE model, resulting in the possibility to predict
temperature changes inside the material at any selected point. The temperature
distribution results obtained by simulation are shown in Figure 3.27. As was expected,

the thermal gradient has a linear behavior with the depth.

376
368
| Top surface temperaturﬂ

360 —
—~ 1352 ’__:_____-______::-:_:_._:1
:; 344 IBoltDmsurfal:e 1—
é 336
5
Q 328
£
2 320

312 / ,?/

304 | V44

296 !

0 1 2 3 4 5 6 7 8 9 10
Time (s)

Figure 3.27: Transient thermal response of a modeled cantilever at different depths (light
path length) of the composite.

Finally, once all the considerations previously described were taken into account
and the transient thermal response adjusted in agreement with the experimental
results, the FE model was completed. Thus, the bending motion of a LCE-CNT

cantilever under illumination could be modeled.
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3. LCE-CNT FILMS CHARACTERIZATION

Figure 3.28: Modeling of the bending motion of a LCE-CNT cantilever under illumination
where both the contraction and the total displacement of the different nodes are reflected.

Figure 3.28 shows some screenshots during simulations where the total
displacement and the final contraction reached by the FE model can be observed. The
images above illustrate the initial (rest position) and the final states of the cantilever
(under illumination) evidenced by the changes in the sample’s inclination; the first
ones due to the gravity effect whereas the lasts, due to the induced contraction. The
expansion of the material in the direction perpendicular to the movement is reflected

in the image below.

3.4 Discussion and summary

In this chapter the main characterization results and modeling of different LCE-CNT
composite samples have been presented with the purpose of general understanding
the fundamentals of their mechanical actuation behavior when illuminated by visible
light and with the final objective to facilitate the design of future photo-actuators based
on LCE-CNTs.

In the first section, different techniques such as X-ray diffraction and DSC, as well

as scanning and transmission electron microscopies have been used to analyze the
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3.4 Discussion and summary

material conformation. In this manner, the quality of the CNTs dispersion together
with their degree of alignment within the LCE matrix have been evaluated resulting in
relatively homogeneous composites. No significant effects on the elastomeric matrix
behavior have been detected due to the presence of CNTs in such concentrations.

An extensive performance characterization of the material under different
conditions has been reported in the second section where the main parameters
involving LCE-CNT composites actuation have been evaluated thanks to the “in-situ”
observation of the photo-actuation phenomenon. Thus, parameters such as Young
and Poisson’s coefficients, and the optical absorption spectra were obtained. Both
the mechanical strength and stress produced by the contraction of the material under
excitation were also evaluated showing no significant difference between contraction
induced by heat or by light. However, the concentration of CNTs affects both
the mechanical and optical properties of the material, and it is very important for
light absorption and subsequently for the parameters of the photo actuation of the
material, the excitation speed and the achievable stress. No spectral dependence of
the composites was observed, allowing their photo-actuation all over the range from
UV to IR light.

Finally, after the characterization of the LCE-CNT samples, a 3D finite element
model built for these composites was tuned using the knowledge acquired throughout
testing and validated by comparing its prediction against the experimental results
obtained during the analysis of the material’s bending dynamics under irradiation.
In this way, the model would allow predicting changes in the material performance
(i.e., deformation achieved, mechanical force, etc.) when subjected to variations of
different experimental parameters and represents a powerful tool for future design

and optimization of LCE-CNT actuators.

Most part of the characterization work presented in this chapter has been carried
out at IMB-CNM facilities as part of the NOMS project in collaboration with different
people who helped in the preparation of the different setups used and in better
understanding of the results obtained: microscopy analysis was performed in both
IMB-CNM cleanroom and UAB microscopy service facilities with the assessment of

Dr. Eva M. Campo, Carlos J. Camargo gave technical advice in FEA, and bending
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dynamics analysis of the samples as well as optical measurements were guided by Dr.
Kirill E. Zinoviev. The synthesis and preparation of the samples as well as both the
X-ray and DCS analyses were performed by Dr. Jean E. Marshall and Prof. Eugene M.
Terentjev at Cavendish Laboratory (University of Cambridge, UK). As result of such
collaborative work, three conference proceedings and two indexed journal papers were

successfully published (see publication list at the end of this thesis).
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Part 11

Design and fabrication of a tactile
device
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4

"U-shaped” actuators for tactile
applications: NOMS device for
visually impaired

Since in 1970’s, when P. G. de Gennes proposed for the first time the possibility of
using LCEs as artificial muscles [90, 118, 142], monodomains of LCE materials have
been widely studied leading to a large number of scientific publications and studies,
and they have been proposed for the fabrication of active devices [79, 87, 200] due to the
big change in shape and length when disorder of LC units is induced by and external
stimulus. However, LCE materials should be aligned (in a monodomain) and the
mesogens properly oriented in a pre-defined direction. As described at the beginning
of this work, the alignment of LCEs before or after the final fixation of the polymer
chains in the macromolecule (i.e., final crosslinking) requires the use of external fields
which simultaneously shape the material. This requisite strongly affects the use of the
LCEs as actuators, and limits the integration into MEMS devices for the fabrication of
real-world applications.

Examples for the design and fabrication of LCE actuators in literature can be
classified in two different groups as function of the strategy followed for the integration
of the LCE materials into the system to give rise to the final actuator: after or before the
crosslinking [136]. The first group includes actuators based on the integration of LCE
films which have been previously aligned and fully cross-linked. Thus, the shape and

dimensions and their corresponding changes are limited to the degree of deformation
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imposed during the synthesis and preparation of such films. Usually, LCE films are
obtained by 1D alignment - stretching of the sample before the final crosslinking - (e.g.,
LCE-CNT films obtained by the well-known stretching method outlined by Kiipfer
and Finkelmann in 1991, [85], long moving wires obtained by electrospinning [116],
etc.) that produces a shortening in the direction of the deformation when the liquid-
crystalline order is removed. A microgripper that opens and closes due to application
of an electric field [130], a microvalve which pumps a fluid upon heating [128], a
heliotropic solar cell [138], as well as a motor [131] are the most relevant reported
examples of such type of actuators. The main advantage of these systems lies in
that non-complex procedures are required for integration since once fabricated, LCE
films can be cut and fixed, even glued on different surfaces to form the final actuator.
Moreover, they allow the use of various well-known fabrication processes resulting
on one side sufficiently oriented LCE films, and on the other side, the remainder
parts of the actuators (i.e., supports, connections, etc.). However, the main limitations
of this type of actuators reside in the size, the shape and the type of orientation
achieved by the LCE films; factors that are strongly related to the final response of the
material (deformation achieved and direction of movement), which are fixed during
its preparation.

In contrast, the second group of actuators is based on the opposite concept that
consists in the integration into the device of partially cross-linked LCE films which
are then oriented and simultaneously cured “in-situ”. In this manner it is possible to
obtain LCE actuators in more complex shapes, far from the film-like ones, with various
types of alignment (not limited to 1D). Thus, different movements (i.e., deformations)
can be obtained leading to the fabrication of more elaborated actuators and devices.
The main difficulties around these techniques, however, lie in the various procedures
involving the LCE preparation, which require a very precise control of the whole
device, and the difficulties in handling since, once LCE is weakly cured has the
consistency of a gel. Thus, the system should be conceived and fabricated taking
into account the shape changes produced on the material during both the alignment
and crosslinking processes, which will strongly define the final type and degree of
deformation achieved. Unlike the methods in the previous group, however, the main
advantage of these techniques is that there is no limitation in shape and size of the

actuators obtained neither with the types of orientation defined. Thus, with an accurate
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design and the appropriate knowledge of the material, it is possible to design a custom-
made fabrication process to reach the desired response for the material from the early
beginning of the process.

Due to their complexity, such actuators are less common in literature; nevertheless
there are some interesting examples. Keller and co-workers developed micron-sized
thermo-responsive LCE actuators on a substrate by replica molding [112] whereas Jiang
et al. reported an electro-thermally driven photonic crystal based on the combination
of nematic materials, able to shift the Bragg-diffraction peak under actuation [201].

Both types of integration strategies identified are summarized in Table 4.1.

Table 4.1: Main characteristics of both types of integration strategies identified.

Integration strategy Alignment  Shape & size Deformation References

Yamada et al. 2008 [131]

already fixed Séanchez-Ferrer et al. 2009 [130]
After crosslinking 1D thin films
contraction Sénchez-Ferrer et al. 2011 [128]
Li et al. 2012 [138]
“in-situ” fixed Buguin et al. 2006 [112]
Before crosslinking 3D others . . .
contraction/expansion Jiang et al. 2009 [201]

From all the examples of LCE actuators reported in literature, however, none of
them was conceived for tactile applications, probably due to the high number of
restrictions limiting its design. To adapt LCE actuators to tactile applications, other
and not less important aspects should be borne in mind. Together with short actuation
times, relatively large displacements and reasonable forces, these actuators should
tulfill other requirements among which the ones related to the tactile perception and
safety play an important role: i) to have a surface gentle to the touch which reduces
the actuator’s wear due to the friction with fingers; ii) to guarantee a reasonably-long
useful lifetime due to a repeated actuation with several contraction and expansion
cycles; iii) to have a design which bears finger forces against the movement of the
actuator and maintains the deformation level of the material and its actuation ability;
iv) to be safe for the end users in terms of over-heating and leakage currents, etc. The

power consumption and energy efficiency are also important points to consider.
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The list of parameters to consider becomes larger and more restrictive when the
actuators should be designed to reproduce Braille characters (see appendix A.2). In
that case, restrictions on their geometry and their distribution in an array should be
added to the previous list to allow the correct transmission of information through
Braille code, resulting in a big challenge for the scientific community to develop new
solutions to solve all these issues in only one device.

With the ultimate goal of developing a tactile device for Braille applications [48],
a new actuator approach based on the integration of fully cross-linked LCE-CNT
tilms was developed: a “U-shape” actuator. This chapter presents the design and
characterization of the actuators and their integration on a fully-functional device.
Due to its extension, the work in this chapter has been divided in two parts: a first part
where the working principle, the main characteristics and the first characterization
results of such new “U-shape” actuators are described, and a second part, where
the operation principle of the device, a description of the developed system and its
parts together with its operation performance are explored. The present work was
developed within the frame of a European project named NOMS. At the end of the
chapter, a detailed list of the partners and their corresponding contribution to this

work is provided.

Design, fabrication and characterization of “U-shape” actuators

4.1 Concept and working principle of the actuator

During the LCE-CNT films characterization in previous chapter, Chapter 3, it was
demonstrated that under an appropriate illumination, an LCE-CNT sample can
produce a wide range of stresses with measured forces ranging from 10 mN to 65
mN, as function of the section and length of the sample, the power applied and
especially to the preparation process (stretching and alignment), the key-step to obtain
samples with good actuation characteristics. Taking into account the above mentioned
requirements for the fabrication of tactile devices as well as Braille restrictions (see
appendix A), and considering the different integration strategies, a novel approach
for the fabrication of actuators was devised based on the use of a fully cross-linked

LCE-CNT film in a "U-shape” configuration, illuminating from the underneath as
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4.1 Concept and working principle of the actuator

shown in Figure 4.1 -left-. In this manner, it is possible to take advantage of the stress
gradient generated in the film under illumination to induce movement on a movable
component. Hence, when illuminated, the film contracts pushing an element, such as
a ball or a piston, inserted in the cavity upward producing a vertical displacement,
d, which can be at the same time used to exert a force. In that particular case, such
vertical displacement (i.e., force) can be used to transmit tactile information in haptic

and Braille systems where such pushing element will directly act as the moving Braille

component.
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Figure 4.1: “U-shape” actuator concept. Under illumination, the stress gradient within
the LCE-CNT film produces a vertical displacement d on a pushing element, resulting in
a positive tactile signal -left-. An array of such actuators will lead the final tactile device
-right-.

By using this actuator configuration, it is possible to arrange arrays of “U-shape”
actuators leading to a compact and light tactile device (Figure 4.1 -right-) with
resultant forces, F, under illumination which are large enough to produce the minimum
displacement of the pin required to ensure correct tactile perception (see appendix A).

As proof of concept, a first non-optimized prototype of the “U-shape” actuator was
developed to check its viability and to determine its main actuation parameters. A
schematic representation of the actuator is depicted in Figure 4.2 where the actuator
and all its components can be distinguished. A film of 2 mm long and 0.3 mm wide
containing 0.3 wt.% of CNTs was cut and doubled to have a "U-shape” and its ends
were fixed on a home-made PMMA support. The film curvature, p, was manually

fixed during the assembly process approximately to 2.5 mm. Two PTFE tubes of 5 mm
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length and 1.6 mm of diameter were used as pushing elements allowing higher force
transmission and at the same time, avoiding material damage. One of the tubes was
introduced into the cavity formed by the foil in such a way that when illuminated,
the foil flattens pushing it up. Conversely, the other tube was vertically placed just
above the first tube inside a cavity previously micromachined on the PMMA support,
ensuring a correct positioning of both elements. This last one named hereinafter pin,

is the element which will provide the tactile signal.

Pin: PTFE tube
diameter 1.6 mm T

Pin holder: PMMA d

LCE-CNTs film

PTFE tube
diameter 1.6 mm
visible light
halogen lamp light source

solid line: position in dark
dash line: position under illumination

Figure 4.2: Schematic representation of the first version of the “U-shape” actuator.

PTFE was selected because of its lightness and bad adherence to ensure a correct
transmission of forces and the desired displacement of the pin. In this way, the dead
weight of the pins can be negligible compared to the shrinkage force of the film (less
than 0.2% of its averaged value), thus preserving proper operation of the mechanism.

Figure 4.3 shows two images of the “U-shape” actuator captured before -left- and
during -right- illumination; a visual proof of concept that illustrates the potential of
such type of actuators. As a light source, a halogen lamp (visible light) equipped with
a dual-arm fiber optic illuminator was chosen as light source to better direct the light
to the surface of the sample. The end of the optical fiber was placed approximately 1
cm below the sample to ensure the illumination of the whole sample. Additionally, to
reduce the amount of light captured by the camera and thus avoiding dazzle effects, a

band-pass filter was added. To better appreciate the vertical displacement produced,
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a glass slide of 15 mm x 15 mm x 0.15 mm was placed on top of the PMMA support

directly in contact with the pin. A vertical displacement of about 2 mm was measured.

Figure 4.3: Images captured during the actuation of the first “"U-shape” prototype as proof
of concept.

As demonstrated during the characterization of the material in Chapter 3, the
energy required for the actuation of LCE-CNT films is about several hundreds of
m], calculated taking into account response time of the actuator and power of light
flux. Considering the shape and curvature of the film, the force produced by the
pin in this first prototype was estimated around 20 mN, value which resulted not
bad considering that the actuator and the components were still not optimized. The
redesign and optimization of the different components was later performed prior to

the fabrication of the tactile device (second part of the present chapter).

4.2 Characterization of the “U-shape” actuator

421 Setup configuration for testing

Once verified the potential of this type of actuator, different testing measurements
were carried out to study the performance of the “U-shape” actuator and thus obtain
its main working parameters: mainly the vertical force exerted by the pin (for the
moment, the PTFE tube) due to film shrinkage as function of the power applied as well
as the actuation time and displacement.

For that purpose, an experimental setup similar to the one used for the force
measurements on LCE-CNT films was used (see Figure 3.17 in Chapter 3). However, in

this case the dynamometer was vertically positioned above the actuators, contacting its
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tip with the top surface of the pin. In this manner, a direct measurement of the exerted
force was obtained. To assure a correct relative positioning between the dynamometer
tip and the pins, three micro-translational stages were used, now manually controlled.
The measured parameters were in real-time monitored by using the same LabVIEW
data acquisition program previously developed. Images in Figure 4.4 show front and

oblique views of the setup used.

Figure 4.4: Setup used for “U-shape” actuator testing. Front and oblique views.

4.2.2 Photomechanical actuation

The photomechanical response of different “U-shape” actuators assembled under the
same conditions was analyzed by measuring the forces exerted by the pins during the
films contraction under illumination as function of the current intensity applied since,
as demonstrated during the LCE-CNT films characterization, the response of such
composites (mainly the stress) has an intimate relationship with the applied energy.
Before starting with the force measurements, however, some considerations should
be taken into account, specially the ones related to the setup configuration since it has

been demonstrated to have a strong influence on the results.

4.2.2.1 Influence of distance

First of all, the distance between the top surface of the pins and the dynamometer tip,
set as d, was analyzed. Therefore, the same setup described above was used, fixing
three different distances: d= 0.0 mm, 0.5 mm and 1.0 mm. In all cases, the distance

between the light source (white light LED) and the bottom surface of the “U-shaped”
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film was set at 2 mm. Figure 4.5 shows the time diagrams of the force produced by a
pin at four different current intensities evidencing the influence of the distance d on
the results obtained and thus, the need of an accurate setup since small variations in
the positioning of the elements may produce important measurement errors.

As can be seen in the graphs, high current intensities were required for testing
(from 200 to 350) mA in order to obtain at least 10 mN force for 4 = 1.0 mm (high
distance). This fact is due to the wide angular intensity distribution of the light source
which induces important reduction of the power density.

The influence of other parameters such as current intensity applied and the

irradiation times on the actuator performance are discussed in the following sections.
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Figure 4.5: Sketch of the experimental setup for characterization of “U-shape” actuator
stroke and force. Time diagrams of the force produced by a pin at four different current

intensities. With the light source switched off, the tip of the dynamometer was 0 mm, 0.5
mm, and 1.0 mm off the pin.
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4.2.2.2 Force measurements

Taking into account the setup considerations above, force measurements of five
different “U-shape” actuators were performed setting the distance d = 0.0mm. All
the actuators were assembled using SCLCE films with 0.3 wt.% of CNT content and
an averaged thickness of 0.2 mm. All the samples used were from the same batch,
thus prepared under the same conditions to guarantee homogeneity on the material
response while minimizing the differences in contraction (maximum force produced).
In this case, the same 660 nm wavelength LD used for the bending dynamics study
in Chapter 3 was used as light source to have a well-known Gaussian intensity
distribution with low angular aperture, with working intensities ranging from 50
mA to 210 mA. Graph in Figure 4.6 plots the averaged force values from five ”on-off”
cycles as function of the current intensity applied for the five actuators measured,

evidencing a clear dependence between these two parameters.
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Figure 4.6: Time diagrams of the averaged actuation force measured as function of the
current intensity applied for five different ”"U-shape” actuators. All LCE-CNT samples
had 0.3 wt.% of CNTs.

It has to be noted that, even all the LCE-CNT samples came from the same
preparation batch, a significant variation in the actuation force was obtained when
comparing the measured values, resulting in 12 mN of variation. Differences in the

individual assembly of the “U-shape” actuators which is completely manual process,
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as well as some static and dynamic friction effects between the elastomeric films, the
surface of the pins and the lateral walls of the support elements, can explain these
variations.

However, the force values obtained were in all cases bigger than 15 mN, which is the
minimum established value to guarantee a correct tactile perception (see appendix A).
Later, the performance of the actuators was optimized by means of dynamic actuation.
In this manner, a reduction of the power consumption during actuation was achieved

while the minimum force maintained.

4.3 Optimization of the “U-shape” actuator

It has been demonstrated that the ”U-shape” actuator proposed can be used as pushing
actuator, since a good response in terms of actuation force is obtained, which results
stable in time and gradually increases as function of the current intensity applied in
similarity with previous measurements on LCE-CNT films. However, thinking about
its future application in tactile devices, and especially for displaying Braille characters,
the actuator should be optimized. In this sense, aspects such as the contact between the
human finger and the pin, the transmitted forces, and the energy required for actuation
have been evaluated. The dynamic performance and cyclic testing were also evaluated

to complete the characterization of the actuator and thus improve its performance.

4.3.1 Contact between the finger and the pin. Transmitted force and
required energy

One of the first aspects to take into account before starting with the optimization of
the actuator is the transmission of forces, and specifically, the interaction produced
between the pin and the fingertip.

The mechanical reaction of a fingertip to a normal contact with rigid planar surface
has been widely studied and modeled [202, 203, 204]; however such models are usually
valid only for one load distribution since they do not extend easily to other boundary
conditions neither give any details about the stress distribution inside the tissues due
to its highly complex structure [205]. A very brief introduction about tactile perception
mechanisms on a fingertip and the main mechanoreceptors involving sense of touch

can be found in appendix A to show the complexity of the human body.
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According to the literature, in order for a human being to sense with a fingertip a
bump on a flat surface, the height of the bump should extend about 300 ym above that
surface although differences of only few microns can be distinguished by comparing
various surfaces, and at the same time, the pressure exerted by the finger on the bump
should be at least 30 kPa to 40 kPa for its correct perception. This means that if one
pushes down a pin with its fingertip which has a flat top area of 1 mm? and extends
over 300 um above a surface, then the pin should be able to withstand a force of about
30 mN. This is the force that should be provided from underneath the pin (i.e., force
produced by the LCE-CNT film inn this particular case) in order to support the pin
itself under the finger pressure and keep it raised, as depicted in Figure 4.7a, value

which is proportional to the stress induced by the film under illumination.
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Figure 4.7: Contact between fingertip and the top surface of a pin. a) Schematics of the
forces. b) The force required to maintain the pin in the active state as function of the shape
of its top surface. For a rounded pin, the force is the half of the required for a flattened
one.

The pressure produced by finger can be modeled as a pressure produced by a spring
with a constant ks¢, which linearly increases with the force, resulting in an exponential
form for the force-displacement curve when measured in quasi-static conditions:

dF,,

kszWZQFm-Fb,'

Fp = Z(éhho) -1);

where hy is the initial position for which the force is null. Taking into account the

values above mentioned, the spring constant of the finger tissue can be calculated to

98



4.3 Optimization of the “U-shape” actuator

be approximately ks = 100N - m~!. From the point of view of the curvature of the film,
the projection of force is proportional to sin(0) term, then the most efficient geometry
would be a design with vertical walls.

The force required to keep the pin actuated (i.e., in a raised position) depends, at
the same time, on the shape of the top surface of the pin (see Figure 4.7b). However,
the high deformability of the fingertip also facilitates establishing large contact areas
between the skin and the object being touched even with low forces. The friction of
the skin directly depends on the contact area in between, and at the same time, larger
contact area enables easier control of the grip force. Thus, a rounded top surface of
that contact element is always preferable as significantly reduces the force applied by
the finger on it.

The deformability of the skin is also a key-factor in the large compliance of the
fingertip. Measurements have shown that shearing the skin can lead to 100% of
deformation without any damage, yet the Young’s modulus remains relatively high Y
~ 1 MPa [206]. During lateral motion, a single bump on the surface can yield a skin
stretch larger than 30% [207].

In order to bring the pin up to the ”active” position (produce positive tactile signal)
some energy is required. This energy can be calculated as a sum of the potential energy
of the stressed spring (in this case, the finger skin) and the potential energy required

in order to raise the pin of mass m by at least 300 ym.

1
Emin = Eksfh% + mghOP

That is the minimal mechanical energy required for operation of a single actuator
in the ideal case, resulting in a value of about 7.5 uJ if the pin weights 1 g. Thus,
the energy required to maintain the mechanism under the pin in active position, Ey,
should be more than E;;, leading to the efficiency of the system as of E;, to Ey.

All of that leads to the following conclusions:

o the geometry of the pin highly influences the transmission of forces. Thus, a pin
with a rounded top surface helps reducing the minimum force required while

ensuring good contact with the fingertip.

o the pin should be fabricated on a lightweight material in order to minimize its

own weight (i.e., increase the vertical component of the force exerted by the
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material when contracted) and thus, reduce the total amount of energy required

to raise it up.

e the pin should raise up a minimum height of 300 microns from the surface of the
device to be correctly perceived. However, such value can be diminished in case

of Braille reading, since the system is based on a comparison between raised and
absent elements.

4.3.2 Intensity of light applied

4.3.2.1 Dynamic testing

Dynamic performance of “U-shape” actuators was proposed to adjust the actuation
parameters and thus reduce the power consumption while maintaining the actuation
forces. To that end, different power ramps were applied to shape the response curve of
the actuators as desired. In this case, that means a boost of energy to quickly push the
pin up followed by providing just sufficient energy to maintain it on a raised position
(stable) allowing its correct reading. In this manner, it is possible to minimize the
power consumption avoiding degradation of the material due to an over-exposure to

light. Thus, parameters such as power, P;, and time, t; were evaluated to obtain an

optimum power ramp.

(@) - (b)
----- orce
Intensity

Power
Force

Prye)

t t, t :

Time Time
Figure 4.8: Schematic representation of one actuation cycle for the optimization of the
actuator response, where the different testing parameters are depicted. (a) Example of the

power ramps applied to guarantee a correct actuation of the pins, and (b) corresponding
results showing the equivalent real force obtained.
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4.3 Optimization of the “U-shape” actuator

Plot schemes in Figure 4.8 show one of the power ramps used for testing (Figure
4.8a) as well as the corresponding force responses obtained (Figure 4.8b) where the
different testing parameters can be identified. High power P,,;, during ¢; seconds was
applied first to quickly lift up the pin, movement producing a maximum force, F4.
Such energy boost was followed by a f; seconds of long descending ramp resulting
in an operating current I, (and its equivalence in power, Ps) providing for the pin
to maintain certain force, Fy,;,. This final intensity level, I, represents the amount
of energy necessary to guarantee the raised position of the pin. The force produced
by pins from different assembled "U-shape” actuators was measured using the setup
schematically shown in Figure 4.5 above. However, in the present experiment the
dynamometer tip was located slightly less than 0.1 mm above the pin to ensure a
proper contact, and thus avoiding misreading values due to differences in the rest
position of the different pins tested (manual assembly process).

Plots in Figure 4.9 depict the force dynamics obtained as function of I, (i.e.,
P;) values for different t; times) measured using 0.1 wt.% LCE-CNT samples. The
measurements were carried out maintaining the same P, value throughout the whole
test (202.29 mA of equivalent current intensity), and thus ensuring F,c = 22.8 mN,
value which remained constant throughout the whole experiment as can be seen in
the graph in Figure 4.9 -left-. The different experimental values selected testing for the

rest of parameters are shown in Table 4.2.

Table 4.2: Experimental values selected for dynamic testing.

Fixed parameters Variable parameters
t, = 3000 ms t1 = 2000 ms, 3000 ms, 5000 ms, 7000 ms, 9000 ms
t3 = 5000 ms Iop =50 mA, 75 mA, 100 mA, 125 mA, 150 mA

Finally, the measurements were repeated using different values of excitation energy,
product of power P,y and time t;. As expected, the results showed a clear dependence
between the actuation force and the operating current in a similar way than obtained
during the LCE-CNT films characterization in Chapter 3, evidencing the need of
adjusting the working parameters to reach the desired forces while reducing the power

consumption.
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Figure 4.9: Dynamic testing for the same 0.1 wt.% LCE-CNT sample, where the influence
of the different operating parameters can be observed.

In spite of that, however, using this first prototype, the minimum I,, value required
to ensure a correct and stable raised position for the pin producing the minimum
actuation force required (15 mN) resulted in the range between 125 mA to 150 mA, a
relatively high value thinking on the fabrication of the tactile device, in which an array
of several "U-shape” actuators will be working in parallel. In this sense, some efforts
should be put on optimizing the overall design and the different components of the

actuator.
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4.3.2.2 Cyclic testing

To complete the measurements ensuring a good actuator performance over time
(constant and stable pin behavior) and to check the material viability and repeatability
of actuation, some fatigue tests were performed. As a first approach, tests of 100 cycles
were established using lower power values for P, and Ps, with corresponding current
intensities of 172.32 mA and 74.92 mA, to avoid samples damage. The corresponding
actuation times, ¢, ; and t3, were fixed to 3000 ms, 5000 ms and 7000 ms respectively
whereas a new parameter, t; = 5000 ms, was added to control the delay between
consecutive cycles. During this time, the pin remained on a rest position without
exerting any force. However, a minimum power was applied to avoid undesired

peaks due to the continuous on-off switching.
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Figure 4.10: Cyclic actuation test of a “U-shape” actuator for n = 100 cycles. The inset
depicts in detail the first five cycles run, where the different parts of the cycle (on-off
switching) can be observed.

Figure 4.10 shows an example of the recorded pin behavior during cyclic tests
(non-optimized power). As can be seen, the maximum force achieved in each cycle
did not remain constant. After the first cycles, the force reached a maximum value
of 9.8 mN, which decreased to 8.2 mN where remained constant until the end of the

experiment. Such decrease represents a force variation of 16 %.
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Such decay was also observed after continuous strength and force measurements
during the characterization of different LCE-CNT films in Chapter 3 and can be
explained by the viscoelastic nature of the material. At early stage of the experiment,
practically all the energy which is delivered to the sample is directly converted into
heat and such heat in motion, reaching the maximum value just after a few cycles.
However, as the experiment continues, some amount of energy was absorbed by the
material. Notice that the minimum force value also experienced negative variation.
Finally, after some cycles, the system reaches again the thermal equilibrium, keeping
AF and AT constant.

In order to verify the actuators stability, same cyclic measurements were repeated in
time at different days and weeks, even some months later. Neither actuation differences
nor material damage was observed. However, few variations in force obtained were
observed for the same actuator under same testing parameters (same power and times)
due to the setup even always was calibrated before starting the measurements. Small
variations in the relative position between the dynamometer tip and the top surface of

the pin may produce noticeable differences.

4.3.3 Light source efficiency

It has to be mentioned that another important factor to take into account for the
optimization of the actuator response is the light source. The selection of a good
light source is very important since a uniform illumination of the film is necessary
in order to reach a proper actuation response. Ideally, the LCE-CNT film should be
illuminated from both sides, thus avoiding temperature gradients and in consequence,
bending motion as in the case of cantilever studied in previous Chapter 3. Hence, the
ideal design would be with two light sources mounted vertically on both sides of
the actuator film. Their close location and illumination with minimal optical power
loss would enhance the efficiency of the device and reduce the power consumption.
However, by using this option, the actuator should be completely redesigned including
a more complex vertical structure to allocate the light sources and their corresponding
electronics, increasing the distance between two consecutive actuators in the array; fact

which is not valid for Braille representation due to the restrictive spatial distribution
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of the elements forming the different characters (see brief Braille notions in Appendix
A2).

: P
X A

light — Ej \ light-improving

source elements

structure

Figure 4.11: Strategies for the improvement of the ”“U-shape” actuator design with
enhanced efficiency and reduced power consumption.

Another approach would be maintaining the actual design with only one light
source but reducing its numerical aperture, thus increasing the power density delivered
to the LCE-CNT film and diminishing the energy loses. In addition, special elements
for light collection such as concentrators and diffractive structures can be used to
improve thelight path and focus it directly on the film. Both strategies are schematically
depicted in Figure 4.11. The second approach purposed was selected for the fabrication
of an optimized version of the “U-shape” actuator which is deeply discussed in the

next part of the present chapter.

Actuator optimization and integration on a tactile device

From the first characterization results and after analyzing the influence of the different
elements on the actuator performance, a new version of the “U-shape” actuator was
conceived following the same concept and working principle but taking into account its
later integration on a tactile device. Thus all the elements, such as the pin, the supports,
as well as the light source, were optimized to reduce the power consumption of the
system while maintaining or even improving the actuation force.

In this second part of the chapter, the final version of the actuator with all its
components is presented together with the development of a tactile device for Braille

application based on an array of such actuators: the NOMS device. The operation
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principle of the device, description of the developed system and its parts and its

operation performance are explored.

4.4 Final "U-shape” actuator design

A detailed scheme of an assembled “U-shape” actuator with all its components is
depicted in Figure 4.12. The other elements included: i) a ribbon of nematic LCE-CNT
material, ii) the pin, iii) two different support layers: the top layer through which the
pins move and the bottom layer enclosing the light source, iv) the light source, and v)
arrays of micro-lenses casted on the surface of polyethylene terephthalate, PET, films.

The main characteristics of each component are described below. Figures 4.13 and

4.14 show pictures of these components.

"T-shaped” pin
I posit
(lateral position) ‘U-shape’

Supports nematic film

Optical
micro-lenses B — LED

Figure 4.12: Detailed cross-section of the final version of "U-shape” actuator for its
integration on a tactile device with all of its components.

44.1 Ribbon of nematic LCE-CNT material

For the fabrication of the final "U-shape” actuators, 1.2 mm wide LCE-CNT ribbons
with thicknesses of between 0.3 mm and 0.4 mm were chosen. Similar to the
preliminary “U-shape” actuator design, a batch containing several LCE-CNT films
were first synthesized, aligned, and cross-linked at UCAM facilities following the
previously described stretching method. According to the previous photoactuation
measurements, the CNT content was set to 0.1 wt.% to be the most suitable

concentration, in agreement with [81].

106



4.4 Final "U-shape” actuator design

After completing the curing process, the resulting films were carefully cut using
a blade to get the desired ribbons which were systematically characterized before the
assembly of the actuators to ensure their correct operation. The mean values obtained
of the basic LCE-CNT parameters measured for these samples are summarized in table
4.3. For details on the synthesis, preparation and characterization of the LCE films see

chapters 2 and 3 in section I.

Table 4.3: Values of the basic LCE-CNT parameters measured.

Material properties ‘ Values ‘
Young’s modulus 0.3-0.5MPa
Poisson’s ration 0.5
Heat capacity 2.6 x10°Jm 3K
Thermal conductivity | 0.4 Wm 1K™
Yield stress 100 kPa

4.4.2 The pins: elements in contact with human finger

"T-shaped” pins of 0.8 mm in diameter and 3.0 mm long with rounded edges were
designed and fabricated via injection molding and placed inverted on top of the LCE-
CNT ribbon to maximize the contact area and to allow higher force transmission. The
mechanical contact between these two elements was carefully studied to avoid material
damage. In this manner, polyoxymethylene, POM, was selected for the fabrication of
the pins due to its lightness and lower roughness. Therefore, the dead weight of pins
(in average 11.95 ug) can be neglected compared to the shrinkage force of the ribbon,
thus preserving proper operation of the mechanism above described (first part of the
present Chapter).

All the pin edges were rounded to avoid material damage. In agreement with the
previous studies the top surface of the pin was also rounded to minimize the contact

area and thus, reduce the force applied by the fingertip on the pin.

4.4.3 Support layers

To ensure vertical positioning of the pins and their permanent contact with the ribbon
while protecting the material from dust, a PMMA support was added on top. In

addition, another support made in aluminum with micro-machined reflecting facets
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was placed at the bottom to fix the LCE-CNT ribbons and at the same time, optimize
the light path. All these elements were assembled layer by layer, forming the actuation
board, where different actuators can be arranged in parallel, forming an array. In this
way, damaged elements can be easily replaced.

From the design stage of the device, the possibility that end-users could damage
the actuator during usage was taken into account. For that reason, the thickness of the
top support layer was carefully adjusted to 2.5 mm to restrict the vertical displacement
of the pin towards the LCE-CNT ribbon (negative vertical displacement) to a certain
distance, limiting the amount of force the user can exert against it and, consequently,
avoiding possible material damage. Therefore, end-users can only push the pin down
until reaching the top surface of the device, which acts not only as a protection layer

but also as a blocker.

4.4.4 Light source selection

The optical output of a light source varies significantly with its size, the power and the
optical output beam shape. Thus, the selection of the light source should be based on
the specific optical requirements of the LCE-CNT nanocomposite. Moreover, in this
approach, the light source should also have a reduced packaging due to size restrictions
for Braille characters representation.

An initial scan of the available light sources on the market was performed to choose
the best option. Several Surface-Mount, SM, light source package sizes were identified
that could realistically be used for the fabrication of the Braille device allowing a
high integration rate. However, the optical output provided drops significantly when
scaling down the size of the light sources. Thus, a compromise between the output
power and the packaging size should be adopted.

Potential IR light emitting diodes, LED, (SFH 4235, OSRAM GmbH) were identified
to offer enough optical performance to actuate the LCE-CNT ribbons (~ 630 mW).
However, a quite large packaging (7.5 mm of pitch between consecutive light sources)
together with the system overheating (high density of light sources per square
centimeter) makes them not suitable for the current application.

VCSELs, Vertical Cavity Surface Emitting Laser, light sources were also considered

as possible sources since allow achieving a better balance between resolution and
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optical power than LEDs, offering small packages. However, they were dismissed due
to reduced optical output per area as well as for their higher costs compared to LEDs,
the prices of which are dropping rapidly due to their increased use for daily lighting
applications.

According to the characterization results detailed in Chapter 3, LCE-CNT ribbons
demonstrated actuation from ~ 100 mW of optical power, fact that permitted
the selection of small light sources (smaller package close to Braille standard
resolution) with lower optical powers, reducing overheating problems. Moreover, the
incorporation of CNTs enables light absorption along all the visible spectra, leading to
the selection of light sources safety for human eye.

As a result, a 2.04 mm x 1.64 mm x 0.70 mm cool-white LED (LUXEON-C, Philips)
was chosen as light source. Its high compactness guarantees the required pitch for
Braille characters representation (2.5 mm), as well as provides enough power to the
material to obtain the desired forces (1 W of electrical input with nearly 0.3 W of optical
output power).

Pictures in Figure 4.13 show the above detailed components of the actuators

designed.

(c)

Figure 4.13: Different actuator components. (a) Molded POM pin -left- and same pin
illustrated on a penny coin -right-, (b) refractive support, (c) LUXEON-C LED.
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4.4.5 Optical micro-lenses

According to the light source characteristics, the incorporation of other optical elements
was required to concentrate and direct the light correctly to the “U-shaped” ribbon base
and thus optimize the light efficiency of the system. For that purpose, a combination
of collimating and focusing micro-lenses was designed and fabricated on PET by
casting techniques. EZcom (Eldim) optical simulation software was used to adjust
the design of the lenses and optimize their effect on the system, taking into account
the specifications of both the light source and the material. A first foil containing
collimating micro-lenses was mounted just above the LEDs facing downwards to
vertically direct the light towards the LCE-CNT ribbon. For that reason, a combination
of refractive and reflective symmetrical facets was used. In addition, a second foil
containing focusing micro-lenses was mounted facing upwards, directly above the
collimating lens, to correctly distribute the light to the center sides of the LCE-CNT
ribbon and not to the ends. In that case, a combination of diverging and converging
facets was used. Figure 4.14a shows a detail of the first rings of the Fresnel micro-lens

as well as a picture of the fabricated foils containing the micro-lens array (Figure 4.14b).

(a) (b)
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Figure 4.14: Micro-lenses foils. (a) Dark field optical microscope image with detailed first
rings of the Fresnel micro-lenses. Scale bar = 200 um; (b) pictures of 10x10 array of both
types of micro-lenses fabricated together with their shims.

The effect of the incorporation of the micro-lenses on the light beam shape and size

is described below (4.5).
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4.5 Optimization of the final "U-shape” actuator

Prior to experimental validation and optimization of the working parameters of the
purposed device, it is important to individually characterize the actuators to adjust
the positioning of elements (in that case, the distances between the light source, the
micro-lenses and the material ribbon) to better understand the relationship between
the LED output power and the amount of light absorbed by the LCE-CNT ribbon
(directly related to its contraction) as well as the displacement of the pin.

In previous chapter, Chapter 3, the dynamic bending movement of a LCE-CNT
cantilevers exposed to light were analyzed [170]. Due to the presence of CNTs,
exponential heat generation is produced across the sample causing an inhomogeneous
strain distribution, and at the same time, a non-uniform contraction movement of
the structure. Therefore, a uniform and localized illumination should be applied to
the elastomeric ribbons with well-established operational parameters. To help with
this, some calculations were carried out considering the spatial distribution and the
geometry of all the components, as well as the features of the light source.

The light absorption characteristics of the LCE-CNT ribbon were estimated
experimentally by using collimated light of known intensity directed toward the
sample and a conventional photodetector. Schematic representation of the setup used
for these measurements is depicted in Figure 4.15. Considering the uniformity of the
material and assuming that light decays exponentially in accordance with the Beer-
Lambert law, nearly total light absorption by the material, 98 %, was obtained, with
only 0.14 % of the light transmitted through the sample and 1.8 % reflected.

The working-power range of the actuator was determined by considering the input
power of the LED (0.3 W) and its operational range of intensity of current (100 to 500)
mA. Theoretically, the optical power incident to the LCE-CNT ribbon, P(x), ata known

distance, x, can be obtained by the following expression

P(x) = Po[1-¢]

where the parameter k depends on the surface of the sample exposed to the light
and the size and geometry of the spot at the transverse plane, where the interaction
between the bottom side of the sample and the light path is produced (see scheme in
Figure 4.1 -left-).
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Figure 4.15: Micro-lenses characterization. Schematic of the experiment -top left- and the
results -top right-. Images of the spot formed on the screen located 5 mm from the LED
with no lens and with both collimating and focusing lenses -bottom-.

Initially, such distance was set to 0.5 mm (xp = 0.5) which is the shortest possible
distance from the LED, to maximize the incident power. However, the inclusion of
collimating and focusing Fresnel micro-lenses allowed increasing this distance up to
1.0 mm, while maintaining the power, and thus ensuring the correct illumination of
the whole ribbon lower surface. Figure 4.15 depicts the effect of the inclusion of the
micro-lenses on the system. The pictures showing the projection of the light collected
by the lenses were taken on a screen at a distance of 5 mm from the LED.

Therefore, considering the low distance traveled by the light and the previous
absorption measurements, loses were neglected resulting in P(x) as the total amount
of power used to obtain the experimental working parameters of the device.

Finally,the amount of energy required to achieve a tension of 15 mN, which is the
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minimum value required for correct tactile perception was estimated. According to
the previous calculations, the power-time product was in the range of 330 m]J - 420 m].
Then, the average energy density, calculated by dividing the total power by the total

illuminated area of the LCE-CNT ribbon, was in the range of 4 Jem™2 to 5 Jem™2.

4.6 Actuator integration on a tactile device

Once the actuators and all its components were optimized, a fully functional prototype
containing arrays of actuators was assembled following the multilayer concept, which
was divided in three different units: a first one, named actuation layer, containing
the actuators array and the micro-lenses, a second one with the LEDs and their
corresponding electronics named LED board, and finally the control unit together
with its corresponding communication interface. In this manner, a modular device
was obtained which allowed for a straightforward rearrangement of different testing
configurations and facilitated the replacement of damaged components.
Additionally, a protection layer was also designed to protect the top surface of
the device and preserve the pins against the undesired effects due to the contact
with fingers. In spite it was not added in the first version of the prototyped
device, preliminary tests with different flexible materials available on the market were
performed to qualitatively select the best option taking into account tactile perception

criteria. The results of such research can be found in Appendix B.

4.6.1 Actuators layer

Figure 4.16 shows a schematic representation of the array of actuators proposed for the
fabrication of the NOMS tactile device. In total, one hundred actuators were assembled
and uniformly distributed in a 10 x 10 array, following the dimensions and distribution
restrictions of Braille standards (see Appendix A.2).

First, the LCE-CNT ribbons were placed on top of the refractive support where each
”U-shape” curvature was manually fixed and glued to avoid displacements during
actuation. Then, the PMMA support containing the array of pins was added. To
guarantee the vertical position of the pins and guide their movement during actuation,
some apertures were added. In both cases, the size of the supports was 60 mm x 60

mm x 3.0 mm and contain through holes in each corner to fix them to the LED board.
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Figure 4.16: Schematic representation of the top and lateral views of the 10 x 10 array of
actuators. All the dimensions are in millimeters.

Figure 4.17: Integration of the components into actuators layer.
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Finally, the PET foils containing both types of micro-lenses were added below the
LCE-CNT ribbons. Between the lenses and the lower surface of the refractive support,
some spacers were added to ensure the correct distance of the actuators to the light
source. Images in Figure 4.17 show the actuator assembly process as well as a lateral

view where a row of 10 completely assembled actuators can be observed.

4.6.2 LED board

For each actuator (i.e., Braille element) a light source is needed for actuation. Thus,
the LED board contains the 10 x 10 array of LEDs mounted on a single layer in a 25
mm x 25 mm area. Due to the large number of LEDs in the prototype, a dedicated
electronic architecture was required, leading to each LED being individually controlled
by means of a specific LED driver (TLC5940 IC). In this manner, parameters such as the
driving current and the illumination time can be adjusted to optimize the performance
of the actuators. All of the drivers and connections were mounted on separate boards
following again a multilayered model, and they were assembled together with the 10
x 10 LED-array in a single unit (see Figure 4.18).

To guarantee a correct heatsink for the LED board and prevent overheating, an
air cooling system with two fans was added to provide the air flowing directed
alongside both boards ensuring no damage to the material. For this reason, two
slim line connectors were placed in line with the air flow to create a certain distance
between the boards and, at the same time, to not obstruct the flow of air.

Finally, after integration of all these elements, a 60 mm x 75 mm x 30 mm compact
package was obtained containing the array of 10 x 10 actuators. Four pins were added
on corners to ensure the correct location of the actuators layer for testing (see details

in Figure 4.18).

4.6.3 Hardware and control

Some hardware was required to operate the LED board. Therefore, a controller unit
with all of the required circuitry and connections was developed (see Figure 4.18).
The unit integrates the basic electronics to control the operation of the LEDs, as well

as the communication ports with the computer and the power supplies for the LEDs
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(Tracopower TXL 050-05 S Module). A Bluetooth module (Roving Networks RN-
42) was used for wireless communication between the controller and the computer.
However, a USB connection and a parallel port were added to overcome interference
problems, specially in places with many wireless signals. An on-chip programmable
system (Cypress PSoC CY8C3866AXI-040) was chosen for hardware implementation
to reduce the amount of logic control required allowing an easy updating of the device
to accommodate new functionalities.

Pictures of the two separate packaging units resulting from system integration
as well as the whole system are depicted in Figure 4.18. Some colored LEDs were
included on the front-side package of the controller as visual indicators of the system

status.

power
supplies

working

PC
connection indicators

Figure 4.18: General views of the whole system assembled, including the LED board
packaging and the controller.

4.6.4 Communication interface

Finally, image-transformation and communication software was developed to 'draw’
the content to be shown on the tactile device and to control the working parameters of

the system, such as the current intensity of the LEDs and the on-off switching times.
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4.6 Actuator integration on a tactile device

The resulting user interface enables the drawing of simple shapes and the writing
of Braille characters, as well as the possibility of individually control the working
parameters of each LED in the array. Complex power ramps can be set to program
cyclic testing with an accurate control over the driving currents and times. Moreover,
the developed software permits saving and loading of previously stored information
(up to ten different configurations for testing each time) which can be individually
edited, drawn or erased. A sketch of the communication software function as well as

its the user interface appearance are depicted in Figure 4.19.
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Figure 4.19: Communication software interface. Sketch of the communications function
-top- and picture of the users’ interface -bottom-.

This interface is also responsible for communications from the computer to the

device using both Bluetooth and USB protocols, to send information to the tablet and

to update the firmware of the device.
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4.7 Characterization of the device

Different characterization procedures were used to check the performance character-
istics and the feasibility of the proposed device. First of all, some tests were focused
on the measurement of the pin’s characteristics such as the pushing forces and the
response times produced under actuation as function of the LEDs output power to
define the actuation range of the device and check the dispersion on the measure-
ments. Then, dynamic testing of the different actuators was performed to optimize
their response in similar way than in the first and non-optimized “U-shape” prototype
(first part of the chapter). In this manner, the main actuation parameters of the devices
could be adjusted to minimize the energy consumption while maintaining the force
level. Finally, the stability of the actuators’ response was evaluated from the long-
term actuation measurements through cyclic testing. The setup configuration and the
measurements obtained, together with a discussion of the results are presented in the

following sections.

4.7.1 Force and time measurements

First of all, some measurements were performed to study the performance of the new
version of the "U-shape” actuators after the optimization of their components and
thus, determine the main parameters involving the movement of the pins. For that
purpose, the same experimental setup used for the characterization of the previous
version of such actuators was used. However, in this case, the light source parameters
such as the illumination times and the output intensity range were directly controlled
by the communication software developed to that purpose. Both the dynamometer
and device were coupled to a computer, which was used to control specially designed
data acquisition software to record all the testing results. Pictures in Figure 4.20 show
a general and a detailed view of the setup used.

First, measurements of the pins” displacements at maximum working conditions
were carried out, resulting ina 1.3 mm maximum height. As depicted in the rightimage
in Figure 4.20, a single pin can be distinguished from the top surface of the actuator
array layer at a glance when the pin rises up. Therefore, it is easy to distinguish

between two consecutive pins even if both of them are working simultaneously.
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4.7 Characterization of the device

With the main purpose of avoiding possible internal damage or even rupture of
the material due to excessive shrinkage stresses, a safety factor was applied to reduce
the movement of the assembled pins. In this manner, the integrity of the LCE-CNT
ribbons and their good operation can be preserved, increasing the utility life of the
device. On average, the vertical displacement of the pins was measured to be 0.8 +
0.2 mm. A certain dispersion in measurements was obtained, reflecting variability in
height. Nevertheless, the displacement reached for the pins were in all cases at least
double of the minimum value required for correct Braille characters representation.
Differences in the assembly process of the “U-shape” ribbons (completely manual
process), as well as some static and dynamic friction effects between the elastomer,
the surface of the pins and the lateral walls of the support elements can explain these

variations.

Dynamometer tip

ZE
__Pin under test

o

S L o

A

LEDs |

Figure 4.20: Experimental setup designed to measure the pins’ characteristics. General
and detail views of the setup where the contact between the dynamometer tip and a
pin surface can be observed. A vertical displacement of 1.3 mm was measured under
maximum working conditions for a single pin -white arrow-. Scale bar = 10 mm.

The characterization results of four different pins are presented in the graphs in

Figure 4.21. The data plotted in the first graph correspond to the averaged maximum
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force values measured as a function of the applied intensity of light for different on-off
actuation cycles. As expected, the force produced by the pins was strongly dependent
on the intensity, allowing measurements of up to 40 mN (significantly higher than the
15 mN required) for higher intensity values, whereas the material response improves,
reducing the actuation time by 200 % on average. Compared to the results obtained
with the first design of the “U-shape” actuator using the same light source (see first
graph in Figure 4.5 in the first part of this Chapter), an improvement of about 5 mN
to 10 mN of the maximum force was reached with a reduction of 39.4 % of the current

intensity applied; a very successful result.
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Figure 4.21: Characterization results from four tested pins. Actuation force -top- and
response time -bottom- measurements as a function of the applied light intensity.
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4.7 Characterization of the device

However, in spite of the accuracy during both the preparation of the different
LCE-CNT samples used and the assembly process of the actuators, a significant
variability between measured forces for different pins was still obtained under the
same conditions. These variations ranged from 4.7 mN for low intensities to 25 mN
for higher ones, increasing together with intensity, but losing linearity.

The main reason for these notable variations in measurements between pins is
the assembly process of the actuators. As mentioned, this process is completely
manual and every single actuator was individually assembled. Thus, small variations
in the ribbon curvature to form the “U-shape” cause significant variations in the
performance of the pins, reducing the linearity of the results. Moreover, the LCE-
CNT ribbons used to obtain the present actuators were made from non-commercial
materials, with most of their components synthesized at home, and were individually
stretched using a manual process too, resulting in ribbons with variations in thickness
and, consequently, in the force produced under illumination. Anindustrialized process
for samples fabrication together with an automated assembly would help to obtain
identical actuators, leading to a reduction of the variability for more accurate results.
Another important aspect to consider is the interaction between the surface of the
pins and LCE-CNT ribbons. As demonstrated during the material characterization
(see section 3.2.2.5 in Chapter 3), the LCE-CNT material becomes softer and sticker
under illumination, causing changes in their main properties, especially in the Young’s

modulus, that can induce difficulties on the mobility of the pins.

4.7.2 Dynamic actuation

From the device actuation point of view, higher forces and quick material response are
required. These conditions, however, entail higher intensity values that may produce
overheating of the material, its internal damage, and even its breakage due to the stress
gradient generated when the ribbons are forced to experience faster contraction and
expansion movements repeatedly. To avoid those undesired effects and to maximize
the efficiency of the actuation mechanism, some actions were required. First, a well-
controlled pre-stretching process was carried out during the sample fabrication to
ensure forces of approximately 20 mN to 30 mN within a safety range, since for such

specific application no longer forces are required. Second, in previous sections it has
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been proven that higher intensity values are only required initially to more quickly
raise the pins up. Then, the working intensity can be reduced considerably to maintain
the pin stability, allowing its correct reading (see Figures 4.8a-b).

Finally, to check the feasibility of the actuators and the whole system, some cyclic
actuation tests were performed using dynamic manipulation of the actuator. Similar
to the cyclic measurements previously performed with the non-optimized “U-shape”

design, 100 on-off cycles were performed separately with different actuators.
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Figure 4.22: Cyclic actuation of a single pin. The response remains almost constant during
the entire test for n=100 cycles -top-. Details of the shapes of the force peaks measured
during cyclic testing -bottom-.
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4.8 Real testing

An example of those tests is illustrated in the force-time diagrams in Figure 4.22,
resulting in an improvement on the measured force, 26.2 + 0.2 mN, as a result of the
previous optimization of all the components forming the actuator as well as its response
under actuation. These results mean that less than 1 % variation occurred during
the entire tests without material degradation, in contrast to the 16 % of variability
previously obtained before the optimization of the actuators. This is a very low
variation which is not perceptible by the user when touching. Later measurements in
time demonstrated repeatability of actuation, where no behavior changes in terms of
actuation force and time were observed. Longer tests (n = 250 cycles) were performed

too with the same results.

4.8 Real testing

Finally, the capability of the proposed system to work as a real Braille device was
evaluated by end users.

As part of the dissemination activities in the NOMS project, a workshop including
hands-on sessions was organized in conjunction with the Slovak National Youth
Computer Camp for Visually Impaired (Reset) for a real testing of the prototype
of the device. A preliminary version containing an array of 2 by 2 actuators was
provided to that end. The attendees including a total of 25 blind and partially
sighted participants could test the prototype varying the actuation parameters and
thus, evaluate its operation. Pictures from the workshop are shown in Figure 4.23.

The demonstration of the prototype was very successful. In general, the users were
excited by the technology and appreciated the concept of the device as both a Braille
display and a high resolution graphical display; although for the latter they would
need to have a bigger array of actuators to check the haptic capability.

Other positive aspect they pointed out was the spring effect of the actuator when
pushing against it which resulted to be much appreciated. When users push against
a pin for reading, it first goes down but still pushing up due to contraction of the
elastomer under illumination. Thus, once the users move their fingers, the pin
immediately recovers its raised position allowing its correct tactile perception and

a clear distinction between raised and absent pins.
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Figure 4.23: Pictures of the workshop during the testing of the device. Image courtesy of
Slovak National Youth Computer Camp for Visually Impaired (Reset).

No cross-actuation between neighboring pins was detected in spite of the compact
assembly due to Braille geometric restrictions. During the demonstration, the device
was found to maintain an acceptable temperature for the users and did not overheat
unacceptably thanks to the inclusion of the cooling unit, which was one of the initial
worries from the end users. A very interesting feedback which provided novel
perspectives for future improvement of the system and encouraged us to continue

working in that direction.

4.9 Discussion and summary

In this chapter a novel opto-mechanical actuator approach based on the integration of
fully cross-linked LCE-CNT films has been developed: a "U-shape” actuator which
lies in the use of the stress gradient induced on a LCE-CNT film under illumination to

exert a vertical displacement of a pin. Thanks to its particular geometry, the LCE-CNT
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film is capable to vertically push the pin (previously inserted in the cavity upward)
exerting a force while contracting. This approach has been conceived with the ultimate
goal to create a tactile device based on the integration of such actuators in an array;,
able to represent Braille characters.

In the first part of the present chapter, the working principle and the main
characteristics of this new type of actuator have been described and the first actuation
measurements carried out, resulting in an averaged force of 40 mN obtained for the
maximum intensity. Different aspects involving the contact between the finger and the
pin, the geometry as well as the required energy for a correct operation of the actuator
have been evaluated thinking on its use in future tactile applications.

Taking into account all these aspects and the preliminary characterization results,
all the elements forming the actuator, such as the pin, the supports, as well as the
light source, have been optimized leading to a new version of the “U-shape” actuators
which have been integrated in a 10 x 10 array for the development of a complete tactile
device for Braille applications, always following the Braille standards.

In the second part of the chapter, the final version of the actuator with all its
components has been presented together with an accurate description of the whole
tactile system and its different parts, and the operation performance of the device has
been explored. Relevant parameters such as the actuation force and time have been
assessed as a function of the current intensity of the light source in accordance with
established tactile perception values.

Communication software and hardware have also been implemented to complete
the layout of the device allowing the fabrication of a complete and fully functional
prototype. Again, the performance of the actuators has been evaluated using dynamic
actuation resulting in a reduction of 39.4 % of the current intensity applied (compared
to the first “U-shape” design) while maintaining the same actuation force level. Finally,
the capability of the proposed system to work as a real Braille device has successfully
been evaluated by end users, encouraging continue this research. Noiseless and
wireless, this type of actuation has great potential as an alternative to existing devices
based on piezoelectric technology. Relatively compact and lightweight, the proposed
device presents other advantages: the active material has no direct contact with the
environment, thus avoiding material degradation caused by dust and skin secretions

and increasing its service life.
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In spite of the results obtained and all the advantages, there are still some issues
involving such approach that need to be improved.

The first one is related to the variability on the measured force between actuators,
which can induce confusion when reading the tactile signal. Such variability is related

to:

e Both the material preparation and the stretching processes. Although they have
been widely used, both of them are still manual. In this way, even using the
same chemical components and procedure each time, the degree of deformation
achieved by the different films and therefore the maximum force produced is not

the same.

e The inclusion of CNTs within the LCE matrix to create the photo-sensitive
nanocomposite, which easily can form aggregates disrupting the natural

behavior of the LCE films thus altering their mechanical response.

e The assembly process of the “U-shape” actuators. A very small variation in the
ribbons curvature may produce noticeable differences in the displacement of the

pins and, in consequence, in the maximum force perceived by the final users.

The second one refers to the power consumption of the system. In spite of its
optimization, the energy required to photo-induce a mechanical response into LCE-
CNT material is still high when thinking on a real tactile application in which, hundreds
of actuators should be simultaneously working. In this case, a different solution for
the light source should be adopted. Future work will be focused on improvement of

such points.

As previously mentioned, the work described in this chapter has been developed
within the frame of a European project named NOMS in collaboration with the different
partners. A detailed list of the partners and their corresponding contribution to this

work is provided below:

e Prof. J. Esteve, EM.Campo, K.E. Zinoviev and C.J. Camargo from IMB-CNM
(CSIC) were the project coordination team. They were in charge of the design,
characterization and optimization of the "U-shape” actuators as well as the

assembly and testing of the tactile device.
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e Prof. E. M. Terentjev and Dr. J. E. Marshall working at Cavendish Laboratory of
the University of Cambridge were in charge of material synthesis and samples

preparation.

e M. Vallribera, R. Malet, S. Zuffanelli, Dr. V. Soler and Dr. J]. Roig from
Microelectonics and Electronic Systems Department of Universitat Autonoma de

Barcelona were in charge of hardware and software design and implementation.

e E Vossen and EM.H. Crompvoets from Philips Research electronic division in
Netherlands were in charge of the light source and the circuitry, and developed
the LED board.

e Dr. N. Walker from Microsharp Corporation Ltd. was in charge of the design
and fabrication of the Fresnel micro-lenses and the refractive supports for the

optimization of the light path.

e Prof. B. Roder and Dr. P. Bruns from the Biological Psychology and
Neuropsychology Department of the University of Hamburg gave their advice

in tactile perception mechanisms.

e B. Mamojka and P. Teplicky from Unia Nevidiacich a Slaborzrakych Slovenska
(UNSS), the Slovack National Union of Blinds, organized the workshops with

end users and gave advise on Braille aspects.

e M. Omastovd and I. Krupa from Polymer Institute of the Slovak Academy
of Science in Bratislava provided technical assessment about the material

performance.

As a result from this collaboration, several scientific contributions in journals with
high impact factor as well as in international conferences have been arisen. A complete

list of publications is detailed at the end of this document.
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Alternative material strategies

Working with LCE materials has a great number of advantages with respect to other
materials due to their interesting intrinsic properties, as shown in the first part of this
thesis (Chapters 2 and 3). However, when is intended to obtain reversible mechanical
actuation, working with LCE is not as simple. As relatively new materials, most
part of the chemical compounds required for the preparation of LCE samples should
be obtained at lab-scale and in small amounts, using complex synthetic procedures
(several days), which increases in time and difficulty when CNTs should be added.
In that case, a new preparation step should be introduced prior to the alignment and
crosslinking of the material to diminish aggregation and bad-dispersion problems
CNTs present (see Chapter 2). Moreover, there is the stretching method (completely
manual), which requires certain ability and knowledge to achieve a reasonable
degree of LCEs alignment suitable for actuation; process that at the same time, is
slightly different for each sample resulting in different contraction and/or expansion
movements under actuation.

Although CNTs proved to be an effective and very interesting method for the light-
activation of monodomain LCEs, such composites are not ideal to be used for practical
applications in which a large number of actuators with geometric restrictions should be
activated simultaneously [48]. This is the case of the novel Braille-based tactile device
concept introduced in previous chapter, where variations in performance between the
different actuators in the array were also due to variations in the assembly process
(also completely manual); one of the main issues identified. In addition, and in spite

the adjustments, still relatively high power consumption was required to ensure an
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efficient light-to-heat conversion in the material and thus, a proper operation of the
actuators (minimum force and displacement to produce a correct tactile signal, in case
of "U-shape”); fact that limited the number of actuators in the array.

It is necessary to add that recently published works warn against dangers in
handling nanomaterials, paying special attention to CNTs [208] which can cause
breathing problems when inhaled and have been described by different world agencies
for safety and health at work, such as the European Commission and OSHAS, as
potentially carcinogenic elements [209, 210]. In this sense, the use of CNTs for long-
term lab-scale testing should be reconsidered.

With the main goal of addressing some of the issues involving working with
LCE-CNT composites, simplifying the process of preparation of samples and making
it more affordable (not restricted to specialized chemists), a search for new photo-
sensitive nanocomposites started in parallel with the work in this thesis at late stages
as alternative to LCE-CNTs, improving the response of the system. Other strategies
regarding the integration of such actuators to improve the assembly process will be
discussed in the next section. Thus, and considering the above mentioned issues, one
can identify two different strategies to be followed. The first and the fastest solution
consists in replacing the CNTs for other photo-sensitive elements (i.e., change the LCE
nanocomposite). In this manner, it would be possible to maintain the LC structure of the
film (known behavior and actuation characteristics) while simplifying the synthesis
procedures and increasing the safety, thus avoiding homogeneity problems on the
material. In this sense, the main requirements for the new photo-sensitive elements

are:

e allow absorption of light within the visible spectrum (safety wavelengths range

for the human eye),

e deliver enough thermal gradient to induce the nematic-to-isotropic phase change
on the LCE material,

e produce repeated fast and reversible response.

The second and more complex strategy is based on the replacement of the LC
material by other elastomeric matrix, completely changing the internal structure of the

material and so its main characteristics and properties while maintaining the use of
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CNTs; broadening the search to commercially-available materials and thus avoiding
long synthetic work while reducing the processing costs. However, in that case the
difficulties concerning the use of CNTs are still present. Both strategies have started
to be investigated and the first results obtained are detailed win this chapter which is
divided in two parts, one dedicated to each strategy.

The first part, and the widest, is dedicated to the selection of suitable photo-
active dye molecules as alternative to CNTs for the fabrication of novel photo-sensitive
LCE nanocomposites. Thus, details of the chemical conformation of the different dyes
selected, their absorption characteristics and working principle are described, together
with the main changes on the preparation of dye-doped LCE samples with respect LCE-
CNT ones. Some characterization results in terms of mechanical contraction and photo-
induced stress of the different dye-doped LCE samples prepared are also given. Finally,
the actuation response of the first dye-doped LCE actuators is presented together with
a comparison between both types of LCE nanocomposites: LCE-CNT and dye-doped
ones. To that end, actuators in “U-shaped” configuration were assembled as described
in Chapter 4 and integrated to the developed tactile device.

Finally, in the second part of the chapter, a brief introduction to the first
investigations concerning the second strategy is given. In this case, a commercially
available ethylene-vinylacetate copolymer, EVA, was selected as alternative to LCE

matrix for the fabrication of low-cost photo-actuating polymer composites, PAPC.

Dye-doped LCE nanocomposites

5.1 Dye-doped LCE material conformation

5.1.1 Selection of dyes

Whereas LCE-CNT samples absorb light over a wide range of wavelengths (from
visible to IR) causing photo-sensitization by conversion of light into heat, dye-doped
materials have an optimal absorption range, which limits their actuation and often
do not produce enough heat to raise the local temperature of the material by tens of
degrees under illumination. However, some industrial applications (e.g., laser plastic
welding and the ablation of printing plates) rely in the so-called laser-welding dyes,

which can heat a surrounding matrix due to its very efficient mechanism of converting
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the absorbed IR light into local heat (similar concept than CNTs). In this sense, the
selection of proper dyes is not a trivial process, and will be strongly affected by the
emitting wavelength and the type of light source. Moreover, to ensure a good selection
and get a suitable dyeing process of the samples, the dye must be compatible with the
LC matrix and ideally soluble in similar organic solvent, to be easily incorporated into
the polymeric mixture without adding extra chemical agents which may increase and
difficult the preparation steps.

From the different commercially-available solutions, two types of dye molecules

were selected: IR and visible, which are briefly described below.

5111 IR dye

Infra-Red 1310 dye, IR1310, (Adam Gates, UK) was firstly obtained. With high
absorptivity at 1064 nm (A = 990 nm), IR1310 dye finds use in a broad range of
applications where the absorption of IR light and the transmission of visible light is
important. Moreover, its solubility in toluene was found to be sufficiently high to
achieve high levels of doping in the LCE.
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Figure 5.1: Absorption spectra taken from LCE containing 0.1 wt% and 1 wt.%
concentration of added IR1310 dye. Illumination wavelength of 980 nm (100 nm broad) is
required to excite it.

Figure 5.1 shows the UV-visible absorption spectra of two LCE samples containing

IR1310 dye concentrations of 0.1 % and 1 % (by mass). As expected, the material is
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largely transparent to light between 500 nm and 650 nm (which corresponds to the
visible range) where the absorbance drops almost to zero and reaches the maximum
value with illumination wavelengths in the IR range. Notice that, higher dye content
entails greater absorbance, fact that is strongly related to the opacity level of the
samples as demonstrated in the case of LCE-CNT composites, which can be clearly
distinguished at a glance. A picture of the different types of dye-doped LCE samples

used is later presented.

5.1.1.2 Visible dyes

Based on the expectations for the LCE-CNT composites and the safety restrictions
imposed from the end users point of view, the NOMS device was designed to work
in the visible range using white-light LEDs as light source (see Chapter 4). Therefore,
in order to avoid changes on the tablet design, other LCE samples were also created
containing two different commercial dyes which absorb in the visible region (both
from Sigma-Aldrich): Disperse Red 1 and Disperse Blue 14. This latter was introduced

at the end to modify the first one in order to broaden the absorption spectrum.
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Figure 5.2: Absorption spectra of samples doped with DR1 compared to samples doped
with IR1310, with dye contents of 0.1 wt.% and 1.0 wt.%.
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Disperse Red dye

Disperse Red 1 dye, DR1, (C16H13N4O3) is based on azobenzene molecules which can
therefore photo-isomerize under light irradiation [211, 212].

As described in Chapter 2, azobenzene chemical groups can undergo light-induced
trans-to-cis isomerization under UV irradiation, leading to the nematic-to-isotropic
phase transition in the LCE matrix and thus producing its contraction [150, 155]. In
this particular case, however, the azobenzene-based dye molecules were previously
functionalized by suitable donor-acceptor groups in order to sensitize them to light
in the visible range [213], allowing actuation by white light (1,5, = 502 nm). In this
manner, the dye molecules can emit absorbed light as heat, thus changing the LC order
in the material [151].

Figure 5.2 depicts the absorption spectra from two LCE nematic samples doped
using DR1 in a similar concentrations (0.1 wt.% and 1 wt.% content) in comparison
with the ones containing IR1310 dye. Notice that the absorption peak shifted
towards the left, leading to a maximum around 500 nm. In contrast to IR1310 dye,
similar absorbance level was obtained with both concentrations. In the inset, the

correspondent chemical structure of the DR1 dye is presented.
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Figure 5.3: Absorption spectra of samples containing 0.1 wt.% of DB14 and DR1 dyes
respectively.
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Disperse Blue dye

Finally, Disperse Blue 14, DB14, (C16H14N202) was chosen. DB14 is an aromatic
organic-based dye derived from anthraquinone that have two different absorption
peaks (Apay, = 595 nm and Ay, = 644 nm), which let composite actuation in the whole
visible range.

A comparison between the absorption spectra of DB14 and DR1 samples is depicted
in Figure 5.3, where the chemical structure of DB14 dye is also given. Note that DB14
seems to have a much stronger absorption cross-section (with a broad peak from

600-650 nm), compared to DR1.
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Figure 5.4: Comparison of the absorption spectra of DB14, DR1 and its mixture. In all
cases, the dye concentration was 0.1 wt.%.

Combination of dyes

In contrast to CNTs, dye molecules can be combined to create new mixtures as long
as the different dyes used have compatible chemical species. In this manner, it is
possible to widen the absorption peak, broadening the range of actuation of the final
composites. As first attempt, samples containing both DR1 and DB14 visible dye were
mixed in a concentration of 0.1 wt.%. The resulting UV-visible absorption spectra is
givenin Figure 5.4. As was to be expected, there was a significant increase in the region

of actuation, thus enabling the use of light sources with wider emission spectrum, as in

137



5. ALTERNATIVE MATERIAL STRATEGIES

case of the while LEDs chosen for the fabrication of the NOMS tactile device (Chapter
4).

5.2 Dye-doped LCE nanocomposites preparation

The incorporation of organic dyes into the material is synthetically more straight-
forward than is the case for CNTs, because additional surfactants and complicated
ultrasonication procedures are unnecessary for their dispersion in the LCE; simple

mixing of the dye with the LC polymer precursors before centrifugation is sufficient.

IR 1310 DR 1 DB 14
(green) (red) (violet)

0.1wt%  1wt.% 0.1wt%  1wt.% 0.1wt.%

Figure 5.5: Examples of different dye-doped LCE samples fabricated. Each pair of images
corresponds to a same dye, which content varies from 0.1 wt.% -left- and 1.0 wt.% -right-.

Monodomain LCE films containing dye molecules were fabricated using the same
two-steps crosslinking process above described [85]. Similar to the preparation of LCE-
CNT samples, the PMHS backbone polymer, the vinyl-terminated MBB mesogen, and
the 11UB divinyl crosslinker were mixed to create the LC matrix. Then, the required
amount of dye together with Pt(COD)Cl, catalyst (Sigma-Aldrich) were added and the
reaction mixture heated to 80 °C for approx. 30 minutes under centrifugation. Once
formed the weakly cross-linked gel, the samples were aligned by stretching before
undergoing a second heating process in order to complete the crosslinking. As a
result, samples of uniform thicknesses between 0.2 mm and 0.3 mm were obtained.
Extended details of the LC matrix compounds and the preparation procedures can be

found at [81, 151].
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5.3 Dye-doped LCE nanocomposites actuation

Examples of the different dye-doped LCE samples obtained using different dye
molecules at different concentrations by mass are depicted in Figure 5.5, where it is

possible to distinguish differences in color and opacity between them.

5.3 Dye-doped LCE nanocomposites actuation

5.3.1 Thermoelastic characterization

According to the main LCE generalities outlined in previous sections (Chapters 2 and
3), it is clear that the extent to which these films can actuate will depend strongly
on the stretching process that they have undergone during preparation. However,
leaving behind possible differences on their preparation, one can compare their thermal
expansion rate by evaluating changes in length (i.e., contraction movement) upon
heating the samples under the same conditions. Figure 5.6 shows the results obtained
for different dye-doped samples, each one containing 0.1 wt.% of DR1, DB14 and
IR1310 dye respectively. All the samples were previously cut to have the same shape

and dimensions (5 mm length, 3 mm width).
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Figure 5.6: Evolution of the contraction of samples as function of temperature for different
dye-doped content. In the inset, changes in dimensions of a DR1 sample from » 20 °C to
90 °C.
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As is usual with this type of LCE films, the length of the samples decreases with
temperature up to the transition point, Tn;, beyond which the contraction ceases
remaining stable, resulting in an overall change in their dimensions as shown in
the insets in Figure 5.6. To perform such measurements, the same miniaturized
hotplate developed for measuring LCE-CNT samples was employed (see 3.2.1 section
in Chapter 3). Again, a CCD camera coupled to a standard optical microscope was used
for real-time monitoring of the contraction movement. The heat-activated actuation of
these materials was good, with the samples exhibiting similar temperature response
to CNT-doped ones under the same measuring conditions. A contraction curve of
a sample containing 0.1wt.% of MWCNTs measured under identical conditions also
plotted in Figure 5.6 confirms this behavior.

The overall trend is similar for each film, evidencing that adding small amount of
dyes (0.1 wt.%) does not alter the natural response of LCE elastomers when changing

the order parameter from nematic to isotropic state.

5.3.2 Photo-induced actuation

After analyzing the change in dimensions (i.e., the contraction measurements) of the
different samples, their performance under light irradiation was evaluated with the
main objective to quantify the maximum force induced by the phase changes in the
material. In this manner, it would be possible to compare such values with the ones
obtained using LCE-CNT composites. To that end, different types of light sources were
used in agreement with the absorption spectra of the dye molecules present in each
sample.

The same setup previously developed to perform photo-induced force measure-
ments during LCE-CNT samples characterization was used again (see Figure 3.17 in
Chapter 3). Thus, the different dye-doped samples were horizontally placed above the
correspondent light source and fixed at both ends using specially designed clamps; one
of them coupled to a dynamometer (M5-025, MARK-10) to monitor the data obtained
whereas the other one remained fixed. As in prior thermoelastic measurements, all the
samples used were cut to have the same dimensions (15 mm length, 3 mm width). To
ensure consistent results with uniform illumination, the distance between the samples

and the light source was adjusted together with the dynamometer before each test.
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5.3 Dye-doped LCE nanocomposites actuation

5.3.2.1 IR measurements

To perform all the light-excitation tests using samples containing IR1310 dye, a 980 nm
wavelength LD (L980P030, Thorlabs) was chosen. Figure 5.7 summarized the main
force results obtained for samples with both IR1310 dye content, 0.1 wt.% and 1.0 wt%,
under the application of different output powers: 18 mW, 24 mW, 30 mW, 36 mW and

42 mW, for which various quick on-off cycles were recorded.
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Figure 5.7: Actuation force measurements obtained as function of the power applied
for samples containing IR1310 dye at 0.1 wt.% -top- and 1.0 wt.% -bottom-. A 980 nm
wavelength LD was used as light source.
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In case of samples containing 0.1 wt.% of IR1310 dye, a peak of 14 mN of maximum
force was obtained; value which is significant and comparable to those previously
obtained with LCE-CNT composites under same testing conditions (see Ref. [81]
and Chapter 3). Moreover, the curves obtained were regular in shape and the "zero’
force value (i.e., the minimum force when the samples are at rest position -in dark-
) remained almost constant. However, samples with high dye content, 1.0 wt.%,
behaved different. The actuation curves became quite irregular in shape and the force
values started oscillating at rest position. In this case, the maximum force reached
dropped to 7.98 mN.

From the data obtained, a clear worsening of the force measured by increasing
the concentration of dye was observed, fact that can be explained by the increase of
rigidity of the LC matrix in similar way when comparable concentrations of solid
nanoparticles such as when CNTs were added [81]. Currently, a recent published
work by Marshall et al. with similar dye-doped LCE materials demonstrates by
calculations of the penetration depth of the light into the material that, even at lower
dye concentrations, light does not penetrate far into the film (actuation at surface level);
therefore, the actuation response of dye-doped LCE films does not vary linearly with
dye concentration [151]. However, the real mechanisms of actuation of such materials
have not yet been studied in depth. Further investigations should be performed in

that direction.

5.3.2.2 Visible light measurements

Similar photomechanical measurements were performed using the other types of dye-

doped samples containing DR1.

Specific wavelength light source

In agreement with the absorption spectrum detailed earlier in this chapter, a green
laser with 532 nm of emission wavelength (Newport) was selected as a light source for
the characterization of DR1 dye-doped LCE films since its absorption peak lies in the
blue-green zone.

Surprisingly, the maximum force values obtained for both dye concentrations were

very low compared to the values obtained with the previous samples, even though the
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5.3 Dye-doped LCE nanocomposites actuation

emission band of the laser and the absorption peak of DR1 samples were sufficiently
close (532 nm and 502 nm, respectively), resulting in only 1.55 mN and 2.9 mN of force
for 0.1 wt.% and 1.0 wt.% of dye content. An example of the force curves obtained for
a sample containing 0.1 wt.% of DR1 dye is depicted in Figure 5.8 where, in this case,

the power irradiation of the laser was about 15 mW.
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Figure 5.8: Actuation force measurements of a sample containing 0.1 wt.% of DR1 dye
using a green laser (532 nm wavelength) as a light source. The irradiation power was
about 15 mW.

Such results may be explained by the intrinsic characteristics of the green laser used
which has wider angular intensity distribution in comparison to the IR LD previously
used and in consequence, lower power density per square unit under the same
conditions. Possible defects during the preparation of the samples were discarded
because samples from two different batches (same dye content) were measured with

the same results.

White light source

After those first tests, and thinking on the integration of such dye-doped materials
into the tactile device, a white light source was used to induce a photo-mechanical
response to the dye-doped LCE films. Thus, all the samples were again measured

under the same conditions and using the same setup, now replacing both the IR LD
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and the green laser by the same white LED (LUXEON-C from Philips) used for the
fabrication of the tactile device in Chapter 4.

Similarly, the response of IR1310 and DR1 dye-doped samples were measured as
function of different current intensities, in this case ranging from 112 mA to 220 mA,
according to the light source specifications [214]. Figure 5.9 shows, as example, the
results for IR1310 -bottom left- and DR1 -bottom right- dye-doped samples (0.1 wt.%
of dye content), both measured with the LED irradiating at 149.84 mA. A picture of
the setup configuration was included (see Figure 5.9-top-) to show the changes on its

configuration, since in this particular case, the light source and the different samples

should be placed aside.
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Figure 5.9: Photomechanical response of IR1310 and DR1 dye-doped samples (0.1 wt.%)

under LED irradiation. Setup configuration -top- and actuation forces -bottom- measured
at 149.84 mA.

Both samples gave rise to regular actuation curves, very similar in shape, proving
that dye-doped LCE materials are capable of producing forces comparable to those
previously obtained using LCE-CNT films.
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5.3 Dye-doped LCE nanocomposites actuation

With regard to samples containing DR1 dye, a good response under LED irradiation
was expected in accordance with the spectral power distribution of such light source
[214], which presents two emission peaks: a narrower one close to 430 nm and a
broader between 520 nm and 580 nm, that coincide with the maximum absorption
region of the dye molecules, leading to forces close to 25 mN using an intensity value
not so high (149.84 mA).

However, in case of samples containing IR1310 dye, the results were unexpected
taking into account the above mentioned characteristics of the light source. An
increase in the actuation force was obtained, reaching values of 15 mN; slightly
higher than the ones measured with the green laser, probably due to lower power.
This fact may indicate that under these same experimental conditions, the principal
mechanism for the LCE contraction observed is the dye-mediated heating rather than
the isomerization of the molecules, which is in clear agreement with results of early
published works [151].
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Figure 5.10: Maximum force values obtained under uniform illumination of dye-doped
samples using simultaneously an array of 5 LEDs at 172 mA.

Itis worth noting, however, that the response times of dye-doped LCE films increase
considerably compared to the ones obtained with LCE-CNTs ones, going from few
seconds to almost a minute for a complete on-off cycle.

Finally, a last test was performed to check the actuation limit of the nanocomposites

before their mechanical fracture, to quantify the maximum force they are able to do.
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Thus, a row with five consecutive LEDs was simultaneously used to illuminate the
whole films uniformly, increasing the distance between the light source and the sample,
d,to 9 mm. To perform these measurements, samples containing 0.1 wt.% and 1.0 wt.%
of DR1 dye were chosen, resulting in actuation forces up to 145 mN in case of lower dye
content. The measured force in sample with high DR1 dye content reached 101 mN
prior to fracture; a lower value compared to 0.1 wt.% sample but in agreement with
previous results. The schematics of the experiment and the first four on-off actuation
cycles for both samples are depicted Figure 5.10, where the amplitude of the forces
reached can be distinguished. Notice that in both cases, from 75 to 90 seconds were

required for a complete on-off cycle.

54 Dye-doped LCE actuators

Taking into account the good results obtained in both thermoelastic and photomechan-
ical measurements for the different dye-doped films, their suitability as actuators were
tested. Thus, each different LCE dye-doped sample was assembled in "U-shaped”
configuration as described in previous chapter to be integrated as actuators to the de-
veloped tactile device. Figure 5.11 shows a picture of the actuators layer of the NOMS
tactile device where single “U-shape” actuators assembled using different dye-doped
films can be distinguished. In this case, samples containing both 0.1 wt.% and 1.0 wt.%
of DR1 and IR1310 dyes were used together with a new one containing a mixture of
DR1 and DB14 dyes at 0.1 wt.% to check for an increase in the response of DR1 dye as
expected from its absorption spectrum (see Figure 5.4 early in this Chapter).

To precede with the performance measurements of the actuators (mainly, actuation
force and time) under the application of different power conditions, the testing
setup previously developed for this purpose was used together with the rest of
the components of the device (see second part of the Chapter 4). Again, the same
dynamometer was employed to measure the force induced by the LCE material under
illumination trough the vertical displacement of the pins. For a picture of the setup
see Figure 4.20 in previous chapter).

Similar parameters (i.e., power range and actuation times) were employed to
perform dynamic testing of the actuators in order to be comparable to the ones
previously obtained for LCE-CNTs.

146



5.4 Dye-doped LCE actuators

Figure 5.11: Picture of the "U-shape” actuators assembled for testing using the different
dye-doped LCE films.

Figure 5.12 shows a sequence of 15 on-off cycles corresponding to three pins
assembled using the different LCE dye-doped samples selected (DR1 at 0.1 wt.%,
DR1 at 1 wt.% and DB14+DR1 at 0.1 wt.%) at different current intensities. Note that
the curves in the graph are upward, describing a stairway. This effect is due to a
discrete increase of the current intensity of the light source applied every three on-off
cycles. From preliminary measurements and in agreement with the actuation range
of the system established using LCE-CNTs samples in previous chapters, the selected
LED working intensity values for resting were 142.35 mA, 157.33 mA, 172.32 mA,
187.30 mA and 194.79 mA, respectively.

Table 5.1: Maximum force values obtained as function of the type of dye and its
concentration for each “U-shape” actuator.

Photo-sensitive dye ‘ Content by mass [wt.%] | Maximum force [mN] ‘

0.1 27.6
IR1310

1.0 9.8

0.1 49.8
DR1

1.0 32.4

0.1 14.2

DR1+DB14

1.0 n/a

0.1 26.1
CNTs

1.0 n/a

The results obtained using the different dye-doped LCE samples tested are
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summarized in Table 5.1 where the maximum force values are listed as function of
the dye content. For a better comparison, the maximum force values measured using
LCE-CNT samples were added.

Although there are significant differences between the maximum force values
obtained by the different dye-doped samples when compared by content, all the
actuators described actuation curves comparable in shape with pretty similar time

responses (see Figure 5.12).
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Figure 5.12: On-off actuation force measurements for three pins assembled using different
dye-doped LCE samples (DR1 at 0.1 wt.%, DR1 at 1 wt.% and DB14+DR1 at 0.1 wt.%) as
function of different current intensities applied.

As in case of LCE-CNT actuators, cyclic measurements using dye-doped LCE
samples have been performed and later repeated over different time periods to
control their stability and check their viability as tactile actuators. Again, no material

degradation was observed remaining both the force and the actuation times constant.
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5.5 EVA-CNT conformation

As expected from the good results obtained, with the incorporation of dyes into LC
matrices, higher forces can be reached by the pins, allowing a considerable reduction in
power consumption (around 32 %) while ensuring the minimum force value of 15 mN
required to guarantee a correct tactile perception (see Appendix A). In this manner, it
will be possible to increase the efficiency of the system using the same device and with
the same material characteristics while maintaining the so-appreciated spring effect of
the actuator. Thus, a new actuators layer for the NOMS tactile device containing an
array of 10 x 10 actuators using 0.1 wt.% of DR1 dye-doped samples was successfully

assembled for future testing (see Figure 5.13).

Figure 5.13: Array of 10 x 10 actuators assembled for the tactile device using dye-doped
LCE material.

EVA-CNT nanocomposites

5.5 EVA-CNT conformation

Ethylene-vinylacetate copolymer, EVA, is a useful, cheap polymer with a broad range of
desirable properties since it approaches elastomeric materials in softness and flexibility
but at the same time can be processed like other thermoplastics.

Current applications of EVA are hot melt adhesives, plastic wraps, packaging and
foams; it is even used in drug delivery research due to its inertness.

Similar to LCE and other types of polymeric materials, the properties of EVA can
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be influenced by modifying the ethylene/vinyl acetate ratio [215, 216] and modified on
demand to obtain different types of composites.

In the field of material science, composites based on EVA are frequently used for
the creation of shape-memory materials, such as those stimulated by an electric field
[216]. However, this material has not been widely studied as a matrix for elastic
photo-actuators since by default, it does not have photo-mechanical response. With
the main purpose to provide EVA with photo-sensitive properties, Kzanicova and co-
workers have explored different alternatives to determine and optimize the preparation
protocols for obtaining proper EVA-CNT composites, which have been conducted in
parallel to the work of this thesis. Details concerning the synthesis and preparation
of various types of samples containing different CNT surfactants can be found in Ref.
[216, 217]. A summary of the final procedure is briefly described in the following
section.

In this section, first photo-mechanical characterization results of different EVA-
CNT samples are presented as a potential alternative to LCE nanocomposites for the

fabrication of new generation of photo-actuators.

5.6 EVA-CNT nanocomposites preparation

The different types of EVA-CNT composites filled with different content of MWCNT
and SWCNT were prepared by casting from solution. Similar to the preparation of
LCE-CNT, some previous chemical treatment was required in order to guarantee a
good dispersion of CNT within the polymeric matrix. In this case, a nanofiller and
cholesteryl pyrenecar-boxylate, PyChol, compatibilizer dispersed in chloroform were
used [217]. After mixing, such solution was sonicated for 1 h under magnetic stirring
(Hielscher 400 S sonicator) at amplitude of 20 % (~ 35 um, ~ 60 Wcm?) and a duty
cycle of 100 %. After that, EVA was added and the final solution was tirred for 3 h
at 1200 rpm. Then, the solution was poured into a Teflon-coated Petri dish and dried
at room temperature for 12 h (similar to the first crosslinking process in case of LCE
materials) to obtain a weakly cross-linked composite. The sample was then placed
in an oven and gradually heated to 40 °C, 60 °C, and 70 °C for several hours for a
complete curing. Additional drying was performed in a vacuum oven for 6 h at 70 °C

to assure the complete evaporation of solvents. The composite foil was prepared by
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5.7 EVA-CNT nanocomposites actuation

compression molding in a laboratory press (Fontijne SRA-100, The Netherlands) for
15 minutes under a pressure of 2.4 MPa with an applied temperature of 80 °C. Finally,
the different EVA-CNT samples were stretched at different rates (20%, 50%, 100% and
150%) at 50 °C for 20 min using a custom-made stretching apparatus to provide them
with thermo-mechanical response. After that, the samples were cooled down in ice
water to fix the orientation of the CNTs and the polymeric matrix. Using this approach,
samples with 40 mm length, 5 mm width and thickness ranging from 0.45 mm to 0.70

mm are obtained.

EVA-MWCNT samples

—

0.1 wt.%

0.3 wt.%

Figure 5.14: Examples of two different EVA-CNT samples fabricated containing 0.1 wt.%
and 0.3 wt.% of MWCNTs.

Figure 5.14 shows two different EVA-CNT samples containing 0.1 wt.% and 0.3
wt.% of MWCNT prepared using the above described methodology. Notice that for
0.3 wt.% of CNT the sample is totally black, whereas the sample containing less amount

of CNT is still a bit transparent (not so appreciated in the image).

5.7 EVA-CNT nanocomposites actuation

5.7.1 Mechanical strength measurements

To have an estimation of the mechanical behavior of these novel nanocomposites,
preliminary measurements of the Young’s Modulus were performed in dark
(no illumination applied). To that end, the same procedure described for the
characterization of LCE-CNT samples (see Chapter 3) was used, as well as the same
setup. In this case, however, various EVA-CNT samples containing the same amount

of MWCNTs (0.3 wt.%) prepared using different pre-stretching conditions. The total
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elongation of the films per test was limited to 500 ym (10 times x 50 ym) and controlled
by means of motorized stages to avoid fracture of the material. Time diagram of the
mechanically induced force is presented in Figure 5.15, resulting in a Young’s Modulus

in the range of 0.7 MPa to 0.9 MPa, calculated using experimental data.
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Figure 5.15: Time diagram of the force induced by mechanical stretching of different
EVA-CNT samples containing 0.3 wt.% of MWCNTs as function of their pre-stretching
rate.

From the data in the graph, it was not possible to obtain a clear relationship
between the pre-stretching rate of the samples during their preparation and the Young's
modulus values measured. Further and more precise experiments will be necessary

to study in depth the possible effect between those two parameters.

5.7.2 Photomechanical actuation

The change in the length of the samples containing different wt.% content of
both MWCNTs and SWCNTs was evaluated in a similar way than previous LCE
nanocomposites. However, in this case, due to the low range of working temperatures
of the material (only from room temperature up to 40 °C), the thermal actuation was
replaced by photo-actuation. Thus, instead of using the miniaturized hotplate (peltier

element), a red LD of 670 nm of wavelength was chosen and placed underneath.
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5.7 EVA-CNT nanocomposites actuation

Samples of following dimensions 1.5 mm length and 0.8 mm width were placed on
a glass substrate previously treated with PTFE to avoid undesirable sticking effects.
Same glass/PMMA chamber was used to cover the samples to avoid thermal gradients.
Again the same CCD camera coupled to a standard optical microscope was used to
record the contraction of the samples. Figure 5.16 shows the results obtained. Although
the samples contracted upon illumination the resulting contraction coefficients, A;,
ranged between 0.95 to 0.98, values significantly lower than the ones obtained using

LCE-CNT even dye-doped LCE samples, which were in the range of 0.5 to 0.6.
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Figure 5.16: Evolution of the contraction along the stretched direction of different EVA-
CNTs samples as function of various current intensities applied [218].

No significant differences were obtained between samples containing SWCNT or
MWCTN. However, taking into account the knowledge acquired working with LCE-
CNT composites and previous studies about the photo-electrical properties of different
types of CNT [219, 220, 221], MWCNT were selected to be the most suitable option.

5.7.3 Photo-induced actuation

Photo-induced force measurements of EVA-CNT samples were performed using two
different types of light sources, similar to LCE-CNT sample: a red LD (670 nm
wavelength) and the LUXEON C white LED from Philips used for the assembly of
the NOMS device. Although no spectral dependence by CNTs was expected, different
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characteristics of the light sources (aperture angle, power density, etc.) may cause

differences in the material response.
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Figure 5.17: Photo-induced force measurements of EVA-CNT film containing 0.3 wt.% of
MWCNTs as function of the current intensity applied, using LUXEON C white LED -top-
and a 670 nm LD -bottom-.

Again, the same setup developed to perform previous photo-induced force
measurements within this thesis was used. Thus, the different EVA-CNT samples
containing 0.3 wt.% of MWCNT were cut into small ribbons of 10 mm long and 1.2
mm width and horizontally placed 7 mm above the correspondent light source and

fixed at both ends. Due to the temperature limitations of the EVA material, the current
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intensity working range for both light sources were previously adjusted to avoid
material damage. Table 5.2 details the testing values selected for each type of light

source.

Table 5.2: Current intensity working ranges selected for testing as function of the light

source.
‘ Light source Current intensity range [mA] ’
670 nm LD 60 - 100
LUXEON C LED 7.49 - 164.83

An example of the measurements of the maximum force induced by both types of
light sources is depicted in Figure 5.17.

As is easily understood from the graphs shown in figure 5.17, the maximum
effective force values reached (difference between the minimum and maximum force
values) was in the order of previous LCE-based nanocomposites measured. However,
the response of the material under illumination using both types of light sources
was very uneven, resulting in a significant drift in the actuation force minimum (rest

position, in dark) and maximum (excited, under illumination) values.
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Figure 5.18: On-off actuation force measurements of the same EVA-CNT film under LED
illumination after conditioning. The maximum force achieved was around 15 mN under
the application of 74.92 mA.

This phenomenon can be explained by the intrinsic nature of the material, which

partially retrains the heat supplied by the light source, resulting in a residual amount
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of heat remaining on the sample after each on-off cycle. This phenomenon can be at
the same time responsible of the increased actuation times of this type of composites
with respect the LCE ones, which increased from few seconds to minutes.

To asses the effect of adding CNT into the matrix, neat EVA samples were also
characterized under the same conditions resulting in a practically null response
to photo-induced actuation, fact that demonstrated their influence on the material
performance. A detailed study of the mechanism involving actuation of these new
composites is part of the ongoing work.

Some preliminary measurements adjusting the testing parameters were conducted
with the main purpose of improving the response to light of these composites trying to
minimize the drift, since the current protocols used for testing was the one developed
for LCE samples. To that end, some previous conditioning of the material was
conducted, keeping the light source on at the corresponding current intensity selected
for testing for several minutes prior to starting with the on-off actuation. In this
manner, several consecutive on-off actuation cycles could be performed and both the
minimum and the maximum force values obtained resulted more stable (see Figure
5.18). However, some drift still remained. Future Work involving sample conditioning

will be addressed in future to minimize such effects and provide a steadier response.

5.8 EVA-CNT actuators

Finally, to check the viability of EVA-CNT samples to be integrated on the NOMS
tactile device, a single “U-shaped” actuator was assembled. To this purpose, similar
EVA samples containing 0.3 wt.% of MWCNTs was used.

Figure 5.19 shows a picture of the “U-shaped” actuator assembled on the actuators
layer of the NOMS tactile device.

Similar to the previous tested “U-shaped” actuators, the setup using the
dynamometer was employed to measure the pushing force produced by the pin
under illumination. In this case, however, testing parameters such as the current
intensity should be adjusted in order to feed the power requirements of the material
that, as detailed in the section above, were significantly lower compared to LCE

nanocomposites.
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5.8 EVA-CNT actuators

Figure 5.19: Picture of a single “U-shape” actuator assembled for testing using EVA-CNT
film containing 0.3 wt.% of MWCNTs.

In contrast with the results obtained using LCE-based nanocomposites on ”U-
shaped” configuration, the material response in time resulted very irregular but
consistent with the results obtained during the characterization of the films in previous
section, as depicts the graph in Figure 5.20, where the effective force values of each
cycle are given as function of the current intensity applied. After each on-off cycle
the pin was supposed to go back to rest position; however, a significant drift of this

position was obtained.
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Figure 5.20: On-off measurements of an EVA-CNT actuator containing 0.3 wt.% of
MWCNTs. Actuation curves -left- and the maximum force exerted by the pin -right-
as function of the current intensity applied.
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To improve the results obtained, again some previous conditioning of the material
was performed, keeping the LED on for several minutes until the force started to
stabilize. Then, the on-off measurements were repeated resulting in more stable force
values, in similar way than in case of EVA-CNT films (see Figure 5.18). However, both
the force peak (maximum force value achieved) and the rest position still drifted. Plot

in Figure 5.21 evidence such behavior.

Force (mN)
[+
1
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Figure 5.21: On-off actuation force measurements of an EVA-CNT “U-shape” actuator after

material conditioning where a noticeable improvement on the measurements is evidenced.
The maximum force achieved was 5 mN under the application of 57.33 mA.

5.9 Discussion and summary

In this chapter, a first strategy for the improvement of the ”U-shape” actuators
performance and thus, the developed NOMS device, has been introduced by
means of two different alternatives for the amendment of photo-active LCE-CNT
nanocomposites. The first one consists in replacing CNTs by light-absorbing dye
molecules while maintaining the LC matrix, whereas the the second one, changes the
LC matrix by a commercially-available polymer preserving the embedded CNTs. Both
strategies have been exposed and the first characterization results given.

In the first part of the chapter, different dye-doped LCE films have been compared,
proving that by the selection of suitable dyes, the sensitization of LCEs to visible-IR
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light range can also be achieved in similar way as CNTs, without loss of performance.
As first attempt, two types of dye molecules, IR1310 and DR1, with different optimal
absorption ranges (IR and visible respectively) have been chosen for the fabrication
of testing samples. In all cases, samples with 0.1 wt.% and 1.0 wt.% of dye content
were prepared to investigate the possible effects due to increased dye content into the
LC matrix, in the same way as previously done with CNTs. In each case, absorption
spectrum measurements have been performed together with the evaluation of the force
produced under different types of light irradiation.

With the main purpose to evaluate the integration of such materials into the NOMS
tactile device, the same white LED used for its fabrication (LUXEON-C, Philips) has
later been used for testing, resulting in a significant increase of the actuation force.
Taking into account these results, various actuators have been finally assembled in a
"U-shape” configuration as described in Chapter 4 and tested following the same
actuation parameters as LCE-CNTs ones. The results obtained were good, with
actuation curves similar in shape to the ones obtained using CNT. However, the forces
reached by dye-doped LCE samples were considerably high, leading to a notable
reduction in power consumption (around 32 %) while producing minimum force
values to assure correct tactile signal; value which can be optimized in future.

The fabrication of dyed LCE material is a promising way forward, due to the
flexibility of the method for tailoring the absorption properties of the LCE material.
As demonstrated, photo-active dye molecules are capable of thermally triggering a
phase change in the elastomer when subjected to light irradiation without changing
the material response when small concentrations are added. In addition, the use of a
dye rather than the CNT-surfactant system simplifies the samples fabrication process to
some degree, allowing for greater consistency, resulting in great candidates to replace
LCE-CNTs for the fabrication of novel opto-mechanical actuators.

In the second part of the chapter, a different strategy was proposed, replacing the
LCE matrix by a commercially-available thermopolymer, EVA, while maintaining the
CNTs, in order to reduce both synthetic procedures and costs. A brief introduction
to the main EVA characteristics has been presented as well as some details about
the preparation of EVA-CNT nanocomposites, process which resulted to be not as
simple as expected. First testing samples prepared under different conditions have

been characterized and some photo-induced force measurements using different light
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sources (LD and white LED) have been presented. The values obtained resulted to
be lower but in the order of the ones obtained using LCE materials; however an
important drift in the maximum and minimum force values was obtained which
reflects the need of changes in the samples measurement protocols. A significant
improvement has been achieved by means of conditioning of the samples prior to
start the tests. Similar to dye-doped samples described early in this chapter, a "U-
shape” actuator has also been assembled using EVA-CNT samples containing 0.3 wt.%
of CNTs and the actuation results analyzed. Although proving the possibility to
achieve photo-actuation, a significant increase on the actuation times was obtained
compared to LCE nanocomposites (from seconds to minutes) together with a non-
regular behavior material, losing stability. ~Future work involves mailny deep
characterization of the samples improving the measurement protocols to find the
optimum actuation parameters to deeply study the suitability of this new type of

photo-sensitive nanocomposites as real candidates for the fabrication of actuators.

The work described in this chapter result as part of the last experiments of NOMS
project. The first part of this chapter (study of dye-doped LCE materials) has been
done in collaboration to Prof. Eugene M. Terentjev and Dr. Jean E. Marshal from
Cavendish Laboratory at University of Cambridge, whereas the second part (study of
EVA-CNT materials) has been done in collaboration to Dr. Maria Omastov4, Dr. Igor
Krupa and Dr. Klaudia Czanikova from Polymer Institute of the Slovak Academy of
Science in Bratislava, PISAS. The idea of combining photo-active dyes with LCEs was
conceived at IMB-CNM whereas the one involving EVA-CNT materials resulted from
the collaboration between both UCAM and PISAS research groups.

All the characterization experiments of both types of nanocomposites were
performed at IMB-CNM facilities, together with “U-shape” actuators assembly and
the force measurements using the tactile device. Similar to previous chapters, the
preparation of dye-doped LCE composites and the absorption spectra measurements
were carried out at Cavendish Laboratory which also gave advice about material’s
behavior, whereas the synthesis and preparation of the samples containing EVA-CNT
were in charge of PISAS team.

As a result from this collaboration, a scientific journal article with high impact

factor has been published and one more is under preparation.
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Novel technologies for the
fabrication of actuators in an array
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Punch and die molded actuators

In the field of engineering, silicon-based technologies are the most commonly used
for the fabrication of MEMS and NEMS. These well-known techniques are very robust
and well-controlled, and allow a batch processing large-scale fabrication of devices
combining large number of varied physico-chemical processes [132,133]. Furthermore,
these processes enable the use of several types of materials ranging from silicon and
its derivatives to polymers, ceramics, metals and oxides [136]. In this manner, it is
possible to fabricate various types of devices such as simple resistors, micro-heaters and
transistors for circuitry [222], accelerometers for ITC technologies and automotive field
[223], radiation detectors [224], bio-devices [225] and solar cells for energy harvesting
[226], among others.

As introduced previous chapters, it is possible to integrate LCE-CNT materials
for the fabrication of light-driven pushing actuators for Braille applications resulting
in large forces and displacements. However, the existing limitations on shape and
direction of movement of the material make necessary the use of other elements (e.g.,
pins, supports, etc.) to obtain the desired actuation response, which at the same time,
create some added difficulties for the later integration of such actuators in a final
device.

Taking advantage of the previous knowledge in MEMS design and processing, a
new step through the integration of LCE materials with MEMS technology is presented
with the main purpose of improving the response of the previous actuators while
reducing their variability in actuation due to their individual assembly on the device.

Thus, three different approaches based on molding techniques have been explored
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6. PUNCH AND DIE MOLDED ACTUATORS

in this section to provide easier manners to fabricate elastomeric actuators in batch
using partially cross-linked LCE films (2nd strategy described above, in Chapter 4),
leading to arrays of actuators in single LCE matrices combining material shaping and
mesogens ordering on the same processing step.

In this chapter, the first approach is presented. The actuators herein described were
fabricated by molding through the application of mechanical stretching (stamping
procedure) and thermal crosslinking, thus demonstrating the possibility to create
sufficiently well-aligned liquid crystal units to produce localized actuation on the
millimeter scale.

The chapter is divided in 4 sections. In the first one, the concept and the processing
principles of the proposed method are presented. The second and third sections
describe the design and fabrication process of the molds used as well as the preparation
of the actuators. Additionally, a 3D finite element analysis of the molding process
developed as a tool to predict the mechanical limits of the LCE-CNT film under molding
performance is presented. Finally, the last section presents the characterization of the

developed actuators under different operation conditions.

6.1 Concept

The aim of the present development was to obtain a simple methodology capable to
align the LC units and locally shape the LCE films in one single step before the final
crosslinking of the material, to fabricate arrays of actuators.

In this first approach, instead of using the standard stretching method through
which a uniform and unidirectional alignment of the LCE-CNT material along its
length is forced reaching an overall contraction movement, the actuation of the film was
forced in another direction, normal to the surface of the film, by shaping the material.
Thus, a localized actuation can be reached, creating aligned LC monodomains in a
polydomain (non-aligned) LCE film. For this purpose, a stamping process based
on molding was proposed from which actuators in a dot-like configuration can be
obtained.

The molding system proposed consists in two different parts, named punch and
die. The first one, the die part, contains a pattern of holes; whereas the punch part

consists of an array of pillars distributed in agreement with the die’s holes. Mainly,
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the stamping process starts placing a film of LCE-CNT composite gel (very lightly
cross-linked) which has been previously formed over the punch mold. Then, the gel
is pressed on to the die part containing the appropriate holes with a controlled force,
producing mechanical stretching in the gel around the pillars. These regions form
the walls of the actuator which will be the actuating regions containing the aligned
LC domains. The stretched gel is then held in that conformation during a second
crosslinking stage, so that the topology of the LC network becomes fixed (composite
completely cured). After the crosslinking is completed, the required actuator geometry
is formed and fixed; resulting actuation of the stretched parts of the film whereas the

other regions remain unaltered in a polydomain configuration.
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Figure 6.1: Scheme of the molding procedure and the working principle of the actuators
obtained.

Figure 6.1 shows schematic views of the concept of the mechanical stretching
method proposed to create the array of “punch-and-die” actuators. The design of
the molds and their fabrication process, as well as the preparation of the actuators is

described in detail in the following sections.
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6.2 Molds design and fabrication

Punch and die parts used were specifically designed to fabricate individual and in a
six-dot array 1.0-mm-diameter actuators (also referred as dots) according to the Braille
standards. However slightly wider 1.5-mm-diameter actuators were also fabricated as
testing structures. Hence, on one hand, there are the die molds containing a pattern of
holes, and on the other hand, the punch ones which are provided with 200 - um-height
pillars.

Both punch and die molds used to obtain the shaped “punch-and-die” actuators
were fabricated using the well-known silicon processing and micromachining
techniques. The main steps of the microfabrication process of the above mentioned

molds have been summarized in Figure 6.2.

step |
step Il
M silicon
| Resist
step llI M Aluminum
Pyrex

Punch mold Die mold
(wafer 1) (wafer 2)

Figure 6.2: Simplified microfabrication process of the punch and die molds.

The process for the fabrication of the punch and die molds started with two silicon
wafers of 100 mm in diameter and 500um thick, each one for the fabrication of each part
of the molds. A double-sided optical contact photolithography was done followed by
an anisotropic Deep Reactive Ion Etching, DRIE, of the silicon in the wafers to define the

pattern of both the pillars and the holes. Figure 6.2 summarizes the process sequence
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used to create the punch mold in wafer 1 (figure 6.2 -left-) and the corresponding die
one in wafer 2 (figure 6.2 -right-). In both cases, a 1.0 — um-thick aluminum, Al, layer
was deposited and used as etching mask since allows ion penetration to the substrate
to remove the non-protected silicon surfaces. DRIE uses a SFg plasma gas as etching
species for deep, anisotropic silicon etching. Die molds require the full thickness of the
wafer tobe etched through, so the bottom surface of wafer 2 was protected with resist to
avoid damage due to pressure differences once etching reaches this surface completely
opening the wafer (step II, figure 6.2 -right-). For the punch molds, 200 - um-high
pillars remain after etching the non-protected surface of the wafer 1 (step II, figure
6.2 -left-). This process reduces the volume of silicon in the wafer and can cause
fractures in the mold since the wafer becomes mechanically fragile. To improve its
robustness, a 1.0-mm-thick Pyrex wafer (7740, Corning) was added below the wafer 1
as new substrate and fixed through anodic bonding to the silicon punch mold (step III,
figure 6.2 -left-). The resist and Al layers were removed once both etching processes
are completed leading to the final micromachined silicon molds (step III, figure 6.2).
Finally, both wafers were cut into individual chips using saw-based cutting to create

several sets of punch and die molds for testing purposes.

Figure 6.3 shows tilted views of the two microfabricated wafers containing punch
and die patterns as well as an individual set of molds after the cutting process. In order
to provide an accurate alignment between the punch and die mold pieces during the
stamping process, triangular patterns were added on the four corners of the silicon
chips as alignment marks in both sides of each wafer. A size tolerance of 100 um
between both mold pieces allows the punch features to fit properly into the holes in

the die.

The pillars in the punch device had diameters of less than 1.0 mm, whereas the die
holes had diameters of 1.0 and 1.5 mm. These dimensions allow the 400 — ym-thick

LCE-CNT composite film to be molded between the two silicon layers.
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Alignment marks

Punch mold v/ \ Die:mold

=

Figure 6.3: Micromachined silicon wafers after the fabrication process -top- and a set of
punch and die molds after cutting, ready for testing -bottom-.

6.3 Fabrication and optimization of actuators

6.3.1 Actuators fabrication: stamping process

The “punch-and-die” actuators were fabricated using the LCE-CNT composites
presented in previous chapters (see Chapters 2 and 3 for details), using same synthetic
route and procedures but only until the first crosslinking was reached, moment when
the molding process started.

In order to shape the LCE-CNT film while ensuring a proper alignment of the liquid
crystal units in it (similar to the stretching process), the material should be placed
inside the molds just when the crosslinking process begins to reach higher contraction.
However the composite mixture is rather liquid (contains lot of solvents); then a
compromise between the curing degree of the composite and its ease of manipulation
should be adopted. In this manner, the molding process starts with a weak gel with

few cross-linked polymer chains.
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Figure 6.5: Stretched LCE-CNT film after the molding process.

After its extraction from the centrifuge, the LCE-CNT film was placed over the
silicon die mold which contains the array of holes. The punch and die molds with the
gel were then aligned using the alignment marks designed. Then, the gel was pressed
against to the punch mold which has the micromachined pillars, thus producing
mechanical stretching in the gel around the pillars (so that these parts of the gel will
later form the aligned walls of the actuator). The stretched gel was then held in that
conformation for several days to complete the crosslinking process while keeping a
constant curing temperature of 100 °C. A Bronze plate of 100 g weight was used to
guarantee a uniform pressure all over the surface of the molds. Hence, the topology
of the LC network became fixed creating polydomains within a monodomain sample.
Figure 6.4 shows pictures of the stretching and crosslinking procedures of the samples.
After the crosslinking process was completed, the required feature geometry was
formed and the punch mold could be released, as shown in Figure 6.5. In order to
minimize the adhesion between the polymer film and the silicon, the surfaces of the
molds were silanized at wafer level before cutting. Thus, the LCE-CNT films could be

later peeled away and transferred to another rigid support for operational purposes.
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Figure 6.6: "Punch-and-die” actuator pattern of molded LCE-CNT composite. Scale bar
=1mm.

Figure 6.6 shows an optical stereoscopic image of the shaped LCE-CNT film after
releasing the punch mold keeping the permanent actuator pattern in close agreement
with the mold sizes. A confocal image detailing the 3D topography of a single “punch-

and-die” actuator is shown in the inset.

6.3.2 Actuators optimization: mechanical response limit

In order to assess the correct performance of the molding process and to optimize the
mechanical properties of the stretched, blistered film, a new version of the FE model
using ANSYS ® Multiphysics software was built from the previous approximation in
Chapter 3 to study the mechanical limits of the film, especially in those regions that are
critical to the stretching procedure: the vertical walls of the actuators and the contact
points between the molds and the LCE-CNT film. The 2D model takes advantage on
the radial symmetry of the system and employs PLANE183 elements for the composite
and silicon materials. This element type is suitable for modeling deformations in nearly
incompressible elastoplastic materials and fully incompressible hyperelastic materials
like the LCE-CNT composite [227]. Figure 6.7 shows an axonometric partial view of
the finite element model used.

To perform this simulations, some of the material parameters measured in previous
sections (Chapters 2 and 3) were used, resulting a Young’s modulus of the composite
in its pre-cured state (the weakly cross-linked gel) in the 25 kPa to 30 kPa range with
a rupture stress around 12 kPa. Figure 6.8a displays compressive stress localized in

those regions where the material is in contact with the mold edges. The magnitude of
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this stress is much higher than the stress in the rest of the film. This issue is crucial
for an optimal fabrication of the actuators. If the stress difference is too large between
these regions, the film can break before that the rest of the film is sufficiently stretched
in the lateral wall zones. In that case, the later actuation of the film would be negligible
or not observed at all because of poor LC alignment. For the 300 — um-high punch

molds, the break point and overall performance will depend on the pillar diameter.

Figure 6.7: Partial view of the FE model used for the simulations.

(a) (b)

Figure 6.8: Finite Element Analysis of the stretching process. Blister pattern of molded
LCE-CNT composite.

To guarantee an optimal actuation of the “punch-and-die” actuators, the strain
along the film -mainly in the lateral walls of the actuator- should be uniform and
keep constant along all the curing process. The model in Figure 6.8b shows that the
main strain variations experienced by the LCE-CNT film are focused on the regions
of interest. However, the magnitude of this strain seems to vary along the material

thickness, fact that could produce, therefore, a non-uniform actuation.
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6.4 Characterization

The actuators fabricated using this punch and die stamping process were mainly
characterized by measuring its performance under photothermal excitation. Thus, the
degree of contraction achieved was calculated by measuring the change in height of the
actuators at different conditions. Moreover, the stability of the actuators response was
evaluated from the long-term actuation measurements through cyclic testing, similarly
to the previous presented “U-shape” actuators (Chapter 4). The setup configuration
and the measurements obtained, together with a discussion of the results are presented
in the following sections.

However, a DSC analysis was first carried out to determine the range of

temperatures of actuation resulting in T, = 15°C and Ty = 85 °C.

6.4.1 Setup configuration

In order to quantify the photothermal actuation a LD emitting at wavelength of 658 nm
(HL6512MG, Thorlabs) was selected, switching different driving currents by means of
a power controller (ITC 510, Thorlabs). Figure 6.9 schematically shows the setup
configuration used. A specially designed support was fabricated to fix a certain
distance, z, between the sample and the LD to guarantee uniform illumination of
the whole sample, so as to obtain the maximum possible actuation. The sample was
illuminated from the underside and the observation carried out from the top side.

Driving currents between 60 mA and 130 mA were used for actuation, which were
related to the total power transmitted by the laser beam. For these measurements, the
upper power range was determined by considering the maximum input power for the
LD which was 63 mW. However, 60 mW were considered for safety reasons.

The optical power incident to the surface of the actuators was calculated
considering that the HL6512 LD has a conical radiation pattern with beam divergences
6, = 85° and 0, = 21°, and that the bottom surface of the actuators is placed at a

distance z from the spot of the light. Thus, the optical power can be calculated as:

2
P(r,z) =Py [1 -e Wz(z)]
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where P(r,z) is the optical power in milliwatts passing through a circle of radius r
in the transverse plane at a distance z, Py is the laser’s output power, and W(z) is the
Gaussian beam width of the laser at such distance. W(z) size depends on z, the beam

waist Wy and the wavelength A of the light source, and is given by:

zZA 2
W(z) =W 1+ —=
(z) 0 +(T(W(2))

To determine the power incident to the actuator, it has to be noted that the actuator
surface intersects the spot at the distance z = 1.5 mm. W(z) thus forming an ellipse
with major and minor semi-axes given by the divergence angles of the beam. In the
case of the 1.5 mm actuator, the area exposed to light is a circle with effective top radius
of 450 um. According to the expression above, at the actuator-to-laser distance z = 1.5
mm, the major and minor semi-axes of W(z) have a length of 550 um and 223 um,
respectively. Then, by using the optical power expression and considering the size of
the intersection between the actuator and beam area, the contributions to P(z) in the
directions of the ellipse semi-axes can be calculated. The result was that 86 % of the

total power supplied by the laser arrives to the actuator.
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Figure 6.9: Experimental setup for measuring the “punch-and-die” actuators deformation

upon illumination.

The transmission losses were neglected due to the low attenuation constant of air

and the low traveled distance z. Similarly, the incident power at the 1.0 mm actuator
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surface was calculated adjusting the W(z) value due to the smaller dimensions of the
actuators while maintaining z. In that case, the amount of power incident to the sample

decreased, resulting 66 % of the total electrical power supplied.

6.4.2 Photomechanical actuation

The photomechanical response of the present actuators was obtained measuring their
deformation under LD irradiation. PLu 3D optical imaging profiler (Sensofar-tech,
Spain) located at clean room facilities from IMB-CNM (CSIC) was used to capture the
surface profiles of the actuators before and under illumination by means of interference
planes analysis. The contraction movement and thus, the degree of deformation of the
samples achieved by using this novel stamping technique were calculated from the
changes in height of the actuators. The electrical power range used was between 10
mW and 60 mW.

Figure 6.10 plots the actuation curves of three different samples of 1.0-mm and
1.5-mm-diameter actuators as function of the power incident to them. The shape
of the actuation curves is in agreement with the ones obtained when measuring the
non-shaped LCE-CNT films, proving that the material maintains the same contraction
behavior. The lower range of contraction at the left side of the curves (few microns)
evidenced, again, the influence of the power applied in the material response. Low
power means lower temperature gradient and thus, lower actuation.

From the curves it can be observed that bigger-diameter actuators (1.5 mm) have
higher power dynamic and actuation ranges, resulting in a more uniform contraction
behavior with a mean maximum deformation around 38 ym. However, in the case of
1.0-mm-diameter actuators, the actuation curves are less uniform and the dispersion
in measurements was higher, resulting in a mean maximum deformation around 26
pm under the same power conditions. These differences might be caused by the larger
light-exposition surface of 1.5 mm actuators compared with the smaller ones. Higher
stretching levels reached during the fabrication of the actuators due to the punch mold
design may also explain these variations.

Assuming a homogeneous alignment along the thickness of the samples, the real
change in dimensions of the actuators and in consequence, the contraction degree

achieved upon illumination can be analyzed in depth. Considering the geometry
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of the actuator as a spherical dome and taking into account its height variations
under illumination (see scheme plotted in Figure 6.11) the arc length of the circular
segment determined by the cavity (central plane), L, can be obtained by the following

expressions

R = (d? +4h*)/(8h)
L = (d* + 4h?) | (4h)sin™ ' [ (4dh) [ (d* + 4h%)]

where d is the diameter of the cavity (d = 2r) and h is the corresponding sagitta.
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Figure 6.10: Photomechanical response of 1.0-mm and 1.5-mm-diameter “punch-and-die”
actuators as function of the incident optical power.
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6. PUNCH AND DIE MOLDED ACTUATORS

Performing the corresponding calculations in dark and under illumination the
uniaxial thermal expansion resulted to be Acorg = Laask/Liign: ~ 1.06, which corresponds
to a contraction in length of &4,y = 6.00 % in case of 1.0-mm-diameter actuators
and Agg ~ 1.07 and a contraction of €.,y = 6.46% in case of 1.5-mm-diameter
ones. Considering the composite as a nearly incompressible material (Poisson’s
ratio of v » 0.5) in agreement with the experiments performed during the LCE-CNT
composites characterization (see Chapter 3), the uniaxial thermal expansion in the
direction of the thickness (normal surface plane) can be similarly obtained, resulting
Athickness = 1/ Agiorgz ® 0.88, which corresponds to an expansion of &yickpess = 13.17
% in case of 1.0-mm-diameter actuators and Ackness = 0.88 and an expansion of

Ethickness = 14.28 % in case of 1.5-mm-diameter ones.

stretched
zone - L
non-stretched
zone
t

I
L = chord
t = thickness

Figure 6.11: Geometric approximation of a punch and die actuator for calculations.

To analyze the repeatability in the short-term actuation of the “punch-and-die”
actuators and the reliability of the material, over 60 on-off actuation cycles on both
types of samples were carried out. In this case, the incident optical power was set to
48.5 mW in order to ensure no degradation of the material. Moreover, switching times
between ‘on” and ’off” states were established taken into account the activation (when
heating) and relaxation (when cooling) cycle of the material (see details of LCE-CNT
composites characterization in Chapter 3).

Figure 6.12a shows as example, the heights of a 1.5-mm-diameter actuator before
and during its light-induced activation measured using the confocal microscope, where
a decrease in height, Ah, (i.e., contraction) can be observed due to the changes in
the material conformation when Tyj is reached. Figure 6.12b plots the contraction

values obtained for both actuator sizes with their corresponding mean values, resulting
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6.5 Discussion and summary

Ahy =20.91 um and Ahy 5 = 33.26 um respectively, values which represent around 10

% of the actuators height at ambient state. No short-term degradation of the material

occurred as reflect the standard deviations of the absolute heights measured for both

sizes of “punch-and-die” (0.817 and 0.807 in each case). However, from Braille and, in

general, tactile applications point of view, the contraction values reached using these

type of actuators are still far from the minimum values to be acceptable for correct

tactile perception (starting at 200 ym).
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Figure 6.12: Repeatability measurements analysis of on-off switching of both actuators
size with their corresponding contraction values.

6.5 Discussion and summary

This chapter reported for the first time a novel and simple approach to the development

of arrays of LCE actuators. The method proposed consists in the use of a stamping
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6. PUNCH AND DIE MOLDED ACTUATORS

technique to simultaneously shape and align the LCE-CNT material in a single step.
In this manner it is possible to obtain arrays of identical actuators using a molding
technique while minimizing differences in their performance when integrated on a
same tactile device.

The resulting actuators have proved their operation as photo-active elements after
being individually characterized, which validates this approach as a proof-of-concept
towards i) the fabrication of LCE actuator in batch, and ii) their future integration
in microsystems and devices. However, the magnitude of the contraction movement
(decrease in height) obtained is rather low mainly due to the non-optimal degree
of alignment achieved during the material stretching. This can be attributed to the
size and geometry of the punch and die elements due to the restrictions in design
imposed for the Braille standards (too small dimensions to reach enough material
deformation -stretching- to produce 200 um of variation in height). The amount of
LCE-CNT material also may affects, as well as its degree of precuring (crosslinking of
the polymer chains) before starting the stretching process. Nevertheless, the results
obtained are encouraging and open new possibilities to combine material processing
and technology to obtain alternative approaches.

Further work will be directed to optimize both the dimensions of the molds and the
molding system through the combination of different techniques and materials rather
than silicon, as well as the improvement of the setup for testing, to be able to measure

the force produced by the actuators during their contraction.

The work presented in this chapter has been done in collaboration to Prof. Eugene
M. Terentjev and Dr. Jean E. Marshal from Cavendish Laboratory at University of
Cambridge as part of the NOMS project experiments, which led two scientific journal
papers (see publication lists). The idea was conceived at IMB-CNM were the design
of the experiments, the fabrication of the punch and die molds as well as the actuators
testing were performed. The composite preparation and the stretching process were
carried out at UCAM facilities.
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Gas-pressure molded actuators

In this chapter, an alternative methodology to simultaneously shape and align LCE-
CNT samples for the fabrication of arrays of actuators is proposed following the same
concept in the previous chapter, chapter 6. Essentially, this second approach is quite
similar to the previous one; however the way to exert force to align the material (i.e.,
stretching) is modified, replacing the stamping procedure using punch and die molds
by a gas-pressure molding process. In particular, this new approach is based on the use
of pressure gradients between both opposite sides of the nematic film placed in a mold
to produce the desired deformation. In this manner, by controlling the pressure level
applied on the system and keeping it constant during the whole crosslinking process it
is possible to permanently shape the material in a local way, creating rounded-shaped
features [184]. Thus, higher and more controlled local deformation of the LCE-CNT
film can be achieved, reaching large actuation.

This chapter describes the concept, the design, fabrication and the optimization
of the molds, the fabrication of the samples and their characterization upon thermal
and photothermal actuation. SEM and TEM microscopy techniques were used to
evaluate the quality of alignment and dispersion of the CNTs in the LCE matrix once
the actuators were fabricated using this new approach, in similar way than the film-
like samples in Chapter 3. A comparison between different regions of the sample is
presented as first results. Additionally, some FE analysis was performed to optimize

the response of the actuators as function of the pressure load applied during molding.
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7. GAS-PRESSURE MOLDED ACTUATORS

7.1 Concept

Similar to the previously presented punch and die method, this new approach enables
the fabrication of oriented LC monodomains within a polydomain sample which can
be individually actuated producing movement in the perpendicular direction of the
film [184]. The main difference between both techniques is the way to exert the force
to produce material stretching. In the present approach, is a gas flow which presses
the weak cross-linked LCE-CNT film against the actuators pattern replacing the punch
mold. In this way;, it is possible to gently shape the material controlling the pressure
level delivered, thus avoiding the initial drastic deformation produced using punch
and die procedure. Then, keeping a constant pressure load throughout the whole
crosslinking process it is possible to maintain the degree of deformation achieved
fixing the geometry of the actuator. Figure 7.1 schematically shows the concept of
the gas-pressure molding technique proposed where the regions with different CNT
alignment are distinguished. As in previous approach, only the stretched zones of the
film (with both CNT and LC mesogens alignment) can be actuated whereas the other

regions, the ones with non-aligned LC domains, remain unaffected.

aligned
non-aligned regions

regions
]

pre-cured gel
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direction of
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Figure 7.1: Scheme of the molding procedure and the working principle of the actuators

obtained.

The main advantages of this new method over the punch and die approach
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7.2 Molds design and fabrication

discussed in Chapter 6, are: i) the possibility of obtaining an alignment of the LCE-CNT
composite in a radial distribution, parallel to the plane of the sample (2D orientation);
ii) a more accurate final shape of the actuators with completely rounded-edges, similar
to a spherical dome, from both inner and outer surfaces, with a reduced thickness; and
iii) a material deformation not restricted by the shape and height of the mold but by
the pressure applied (in previous approach, the maximum deformation achieved by

the film was related with the height of the pillars in the punch piece) .

7.2 Molds design and fabrication

The set of molds used to fabricate the rounded-shaped features by gas-pressure

molding had, at least, two parts:

e A first part containing a cavity with regular geometry which acts as a pressure
chamber, to uniformly distribute the force exerted by the gas along the whole
LCE sample. This piece also contains a rounded channel to deliver the pressure

inside the cavity.

e A second part with the pattern for the actuators. This piece was placed on top
of the precured sample, in a similar way to the die mold piece used in previous

approach.

Figure 7.2 shows a schematic view of the two mold parts required.

actuators
/ pattern
precured AP~ A 7
sample
pressure | - IDin
cavity

Figure 7.2: Schematic view of the main parts of the molds.

An accurate design of the whole system was required due to the use of gas pressure.
For that reason, different sealing and fastening elements were integrated into the
design. In this manner, it was possible to maintain the pressure gradient required to

properly shape and align the LCE-CNT samples.
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7. GAS-PRESSURE MOLDED ACTUATORS

A very important aspect to consider before the fabrication of the molds is the
material. According to the LCE characteristics presented in Chapter 3, factors such as
the crosslinking level of the polymer chains, the presence of solvents, and the curing
temperature applied strongly affect the deformation achieved. When the molding
process (i.e., stretching) starts, the material is a lightly cross-linked gel which has
certain porosity and thus, certain permeability to gases.

Taking these aspects into account, three different designs of the molds were
proposed, fabricated and tested to explore the influence of its geometries on the proper

fabrication of the actuators and thus, to determine the best option.
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Figure 7.3: Different types of fabricated molds with their main issues observed.

The first design explored named “open system” contains an array of holes as
a pattern mold in a single piece, similar to the die mold used in the previous
approach. Using this system a pressure gradient between both sides of the sample
was successfully achieved resulting on the formation of the actuators at low pressure
levels (in the order of tens of millibars). However, the biggest problem proved to be

rupture of the LCE-CNT film during the curing process. If the film breaks at any point,
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7.2 Molds design and fabrication

then the pressure gradient achieved decreases immediately disrupting the stretching,

so that none of the actuators is formed.

In order to solve this problem, a second design of molds referred as ”closed system”
was explored. This new design also consists of a single piece but now patterned with
an array of indentations instead of holes. By using this approach, the likelihood of
film rupture greatly decreases and the pressure load to be applied can be increased.
Moreover, if rupture does occur in one actuator, the rest of actuators can still be held
under pressure. However, deformities on the shape of the actuators may occur during
the evaporation of solvents forming undesired bubbles due to the porosity of the LCE-
CNT film in gel phase. This porosity, at the same time, causes a decrease in pressure
gradient between both sides of the film, which may result in loss of deformation

achieved by the sample if both values (P; and P, in Figure 7.3) become equal.

Table 7.1: Advantages and issues of the different designs of molds proposed.

Molds design Advantages Issues

e Low pressure level applied (ie. low
e Visual control of the features deformation achieved). =~ With higher
Open system (holes) formation. pressure values, rupture of the film may

be produced resulting in pressure loses.

Undesired deformation of the actuators

due to non-proper evaporation of solvents
in the film.

Limitation of the degree of deformation

Closed system achieved due to the geometry and depth

e High pressure level applied.
(indentations) of the indentations.

Loss of deformation due to the porosity of
the LCE-CNT film in gel phase.

Adhesion problems.

e High pressure level with vi- More complex design and fabrication of

. . sual control of the features for- the molds.
Mix (partially open: .
. . mation. . Lo
indentations + holes) e More control during the crosslinking
e Solvents evaporation. process.
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Finally, the third design of molds explored is a combination of the both previous
ones named “partially-open” system. It consists of an array of indentations which
simultaneously contain small holes that can be covered at any time during the
crosslinking process by a second non-patterned piece. In this manner, the products
from the evaporation of solvents can escape without producing deformities on the
material. Further, the rupture of the film can be avoided by applying a pressure ramp
through which the pressure load can be gradually increased until reaching the desired
value.

The main advantages and issues of these three systems proposed are summarized
in Table 7.1 and graphically depicted in Figure 7.3. Besides all the mentioned aspects,
added difficulties in handling of LCE-CNT material due to its consistency (gel-like
material) are common in all cases.

As can be concluded from the table above, Table 7.1, in order to ensure proper
formation of the actuators, a compromise between the pressure level applied and the
deformation achieved by the material has to be found. Thus, the third system proposed
with a partially-open system resulted to be the best option.

Another but not less important aspect to take into account is the material from
which the different parts of the molds are made. Thus, further problems affecting the
formation of the round-shaped actuators can also appear depending on which material

is selected. The most common ones are listed below:

e Degradation of the molds surface due to the high presence of solvents in the

sample, especially methylbenzene, commonly known as Toluene.

o Adhesion of the LCE-CNT sample to the contact surfaces of the molds, mainly
to the bottom surface, but also to the lateral walls of indentations or holes which

define the pattern of the actuators.

e Deformation of the pieces of the molds during the molding process due to
pressure and temperature. As mentioned above, the fabrication process of
the actuating LCE-CNT materials requires a crosslinking step in which the
samples are held on high temperatures for several hours. This, together with
the application of pressure to shape and align the material may cause undesired

deformations of the molds and even gas leakages.
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7.2 Molds design and fabrication

o Gasleakages between different parts of the molds during the crosslinking process
due to bad sealing. Elements such as O-rings, silicone vacuum grease, screws

and PTFE tape may help filling joints and gaps to improve the sealing.

e The hardness of the selected material and its difficulty to be mechanized together
with the size and geometry of the patterns in the mold, make complicated the
formation of rounded edges. Sharped geometries should be avoided to provide

better contact between both the mold and the sample avoiding undesired breaks.

Taking into account the above described aspects, four different materials were
selected as candidates for the fabrication of the molds: silicon, aluminum, PTFE, and
PMMA. Other aspects such as the availability, the expertise in handling, and the price
were also considered. A comparison of the issues presented using these materials is
summarized in Table 7.2.

Table 7.2: Comparison of the issues presented for the different materials selected for the
fabrication of the molds.

Issues
Material | Degradation ‘ Adhesion ‘ Deformation ‘ Gas Leakage Ease to be machined
Silicon O [ ) @) O o
PMMA O | L L O
PTFE O O | | O
Aluminum O o O [ [

@ means existing issue while O means no significant issue. € refers to some non-critical issues.

In agreement with the results obtained using the three systems of molds proposed
together with the considerations about the materials in Table 7.2 and the previous
experience acquired working with LCE-CNT materials, it was found that the best
option for the fabrication of the molds was combining different materials, thus avoiding
the worst aspects of each one. In this manner, sets of molds using different materials
combinations can be used, as for example PMMA and silicon, PMMA and aluminum,
and PTFE and aluminum among others. Figure 7.4a shows the molds used for the
fabrication of the first actuators made in PMMA and silicon, whereas examples of
various types of fabricated molds with their main parts are shown in Figure 7.4b. In
all cases, the piece containing the actuators pattern was exchangeable while the other

parts (e.g. the piece containing the pressure cavity, the fasteners and sealing elements

185



7. GAS-PRESSURE MOLDED ACTUATORS

and the cover) were reusable. Thus, the piece with the patterns can be replaced after

each experiment if damaged.

(@) ' pattern

pressure

cavity

(b) EVVEIN PTFE + Al

Figure 7.4: Different sets of molds fabricated using different materials combination with
their main parts. Scale bar = 10 mm.

7.3 Fabrication and optimization of the actuators

7.3.1 Optimization of the molding process

Previous to the fabrication of the actuators, a finite element analysis, FEA, was carried
out in order to anticipate the mechanical behavior of film during molding, predict the
loading limits prior fracturing and determine how the tensile forces influence on the
actuator performance seeking its optimization. For this purpose, variations on the
stress distribution during pressure loading were analyzed thoroughly until material
failure.

Again, ANSYS ® software was used to model the LCE-CNT film under pressure
loading conditions as function of its composition, geometry and main mechanical
properties, emulating the molding method to optimize parameters such as stress and
strain. To this purpose, the FE model presented in Chapters 3 and 6 were adapted.
In this case, the structural 20-nodes element SOLID186, which supports plasticity
and large strains, was chosen to build the 3D model. Vertical restrictions, u(z) = 0,

on top of LCE-CNT surface, and radial and angular restrictions, u(r,0) = 0, at the
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7.3 Fabrication and optimization of the actuators

external surface of the actuator were imposed as translational degrees of freedom,
DOFEF. Associated composite properties, as Young’s modulus, Y, and the thickness of
the film, tr, were considered partially variable due to the material changes during the
crosslinking process. Figure 7.5 shows two snapshots taken during the simulation
process where the model used and the boundary conditions applied are depicted,

whereas Figure 7.6 details the results obtained.

PrBSSum ba(:ngi A l h i B

Figure 7.5: Geometry of the finite element model used to perform the simulations with
the boundary conditions applied.

Special attention was given to the regions near the perimeter of the actuators
where the mold edges and the loaded composite have critical contact and the largest
strain ratios were detected (Figure 7.6a). Thus, a rounded-shape pattern was chosen to
fabricate the actuators avoiding sharped edges and corners. Unlike the results obtained
with the previous punch and die molding approach [227], the failure stress reached
using this technique was near 50 % higher under same conditions, and its distribution
was considerably more homogenous along the film, resulting on a clear actuation
improvement. The maximum load-pressure endured by the film was estimated as
function of tr and Y. Figure 7.6b depicts the linear behavior of the maximum pressure
load borne by the composite as function of both variables (standard error < 5 %);
revealing higher dependence on Y than fr. The correlation between the height of
the actuator,the pressure load, and the maximum strain values obtained was also
analyzed in several regions along the film (see Figure 7.6c-d). Although the height of
actuators is highly dependent on the pressure load, the latter is better correlated with

the strain reached in the top surface of the actuators. Similar behavior was observed
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for the mean strain in bulk. Both of these two strain regions are directly related to the
actuator performance since they include more than 70 % of whole actuator structure.
Consequently, the linear ratio between pressure load and actuation can be assured.
Finally, Figure 7.6d delimits the "safe” pressure load region which corresponds to the
90 % of failure pressure value. Higher load implies a trade-off between the actuator

performance and the reliability.
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Figure 7.6: Results obtained by FE analysis for the optimization of the actuator response.

7.3.2 Actuators fabrication: gas-pressure molding-based process

The fabrication process of the actuators described in this chapter started with a lightly
cross-linked LCE matrix containing 0.3 wt.% ratio of multiwalled CNTs. The synthesis
procedure of the LCE-CNT as well as the preparation process of the lightly cross-linked
gel is the same detailed in Chapter 2; thus are herein not described.

Immediately after its extraction from the centrifuge, the weak gel was placed on
top of the piece containing the patterns. 1.0 mm and 1.5 mm diameter circles with

separations of 2.5 mm and 3.0 mm between centers grouped by size were used as
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pattern to produce an array of twelve actuators in a single sample. In this manner, it
was possible to study the homogeneity of the method and investigate possible cross-
actuation effects between neighboring actuators. Then, this piece was turned and
placed on top of a second one which contains the pressure cavity, and both pieces
were carefully fastened. Custom-made PDMS O-rings (Sylgard 184, Dow Corning)
were added between the different contact surfaces to seal the system. In agreement
with the results obtained from FEA simulations as well as the different preliminary
tests performed using dummy LCE-CNT samples stretched under different pressures,
a nitrogen flow was gradually applied from atmospheric pressure to 40 mbar to
successfully form the features on the film and then kept constant and left overnight.
Small defects induced during this crosslinking process due to overpressure could

produce pores in the film, causing pressure loses even breaks.

2nd Pressure control §

Nitrogen cylinder

Figure 7.7: Setup configuration for the formation of actuators.

To guarantee a continuous and well-controlled pressure flow during the whole
stretching process, two different elements were used (see Figure 7.7). First, a pressure
gage was placed on the outlet of the nitrogen cylinder tank (Figure 7.7 -left-). Then, a
Druck DPI-515 pressure controller (Figure 7.7 -right-) was coupled to the setup for a
more accurate control. Finally, the system was heated at 90 °C whilst maintaining the
pressure, to end the crosslinking and fix the shape of the actuators. A hotplate and

a thermocouple were added to monitor the temperature during the final crosslinking
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step. After completing the whole curing process, the molds were carefully opened
and the sample was left at room temperature. Figure 7.8 graphically summarizes
the fabrication process, where it is possible to distinguish the formation of both
sizes of features at naked eye (Figure 7.8a-b). Notice that the actuators retrained the
deformation acquired during stretching once the molds were removed, maintaining
their rounded shape (Figure 7.8c). A picture of a completely cross-linked sample

containing an array of 12 actuators can be observed in Figure 7.8d.

(a) sample deformation (b) 2" crosslinking (c) Molds removal

and alignment

/

Figure 7.8: Fabrication process of the stretched actuators. Scale bar = 4 mm.

In agreement with the previously exposed and confirmed by FE simulations,
the deformation acquired for the LCE-CNT sample during the stretching is strongly
dependent on the geometry and the pressure level applied. However, aspects such as
the amount of material and the solvents content, the crosslinking level and the curing
temperature should also be taken into account. Adjusting those parameters, together
with an accurate design of the molds and a proper selection of the materials from
which they are made, it is possible to generate a controlled pressure-gradient between
both sides of the sample in spite of the existing gas-permeability through the film. In
this manner, a desired deformation level can be reached and maintained to fix the final

shape of actuators without damage.
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7.4 Characterization

7.4.1 Material conformation: microscopy analysis

Prior starting with the characterization of the mechanical performance of the actuators,
some microscopy analysis were carried out to evaluate the conformation of the LCE-
CNT material and thus, check the degree of alignment reached by CNTs using such
method. To that purpose, same SEM and TEM microscopy techniques used for the
characterization of film-like LCE-CNT samples in Chapter 3 were used. In this case,
however, two different samples were prepared: one from the stretched regions of
the sample (i.e., alighed monodomain) and the other one from the non-stretched
regions (i.e., non-aligned polydomain). An example of the first results obtained are
depicted in Figure 7.9 where some SEM and TEM micrographs corresponding to both
regions of the actuators together with a schematics of the sample are given. Similar
to previous inspections, both SEM and TEM analysis were carried out at microscopy
service facilities from UAB.

As expected, it was not possible to identify clear differences in the alignment
patterns between both regions of the actuator, named zone A and B, using SEM
microscopy (see Figure 7.9b) because of the material characteristics and the limitations
in resolution. However, it was possible to distinguish the presence of CNT in the
sample (small bright elements in the micrographs) due to the higher contrast of the
tubes with respect the nematic matrix.

Despite the low concentration of CNTs in the sample (0.3 wt.%), some more
information could be obtained using TEM analysis. By comparing the TEM
micrographs obtained from both zones (see Figure 7.9¢c), a tendency of the CNTs
to be oriented in the direction of the applied pressure (black arrow in the micrograph)
could be appreciated in zone A, resulting in a relatively homogeneous distribution
in agreement with the results obtained in previous microscopy analysis (see material
characterization section in Chapter 3). Conversely, the alignment seem to disappear
in samples from the non-stretched zone, zone B, where some aggregates of CNTs were
also observed.

These results suggest that this new alignment method proposed works at the
nanoscale. However, a detailed study using samples with hight density of tubes

would be required to verify the tendency.
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(a) zone A

zone A

Figure 7.9: Microscopy analysis of the gas-pressure molded LCE-CNT actuators. (a)
Top view and cross-section scheme of an actuator where both studied regions can be
distinguished: zone A (stretched) and zone B (non-stretched). (b) SEM and (c) TEM
micrographs corresponding to both A and B zones. Scale bars are 100 ym and 500 nm,
respectively.

7.4.2 Thermal actuation

The performance of the gas-pressure molded actuators was measured through
photothermal excitation. However, the change in dimensions of the actuators was
first evaluated by optical microscopy to check the efficacy of the stretching method.
Thus, the actuators were thermally excited on a range from room temperature to the
isotropic state, Ty, for several cycles. Prior to those tests, a DSC analysis was carried
out to determine the conformation characteristics of the material, resulting in T =
10°C and Ty =90 °C.

Figure 7.10 depicts two different examples where the decrease in height (i.e.,

actuation) of the features is evidenced in agreement with results obtained in prior
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works, where the photo-thermomechanical properties and the actuation mechanisms
of LCE-CNT composites were evaluated [81, 170, 171, 179]. The first example
corresponds to a sequence of stereoscopic images showing a complete heating-cooling
cycle. The second one shows through the top view of a single actuator at room
temperature and at Ty respectively, where the difference in transparency between
images evidenced the material phase transition. All the pictures were recorded with a
Moticam 2300 3.0 MPixels digital camera mounted on a Leica DM LM upright optical

microscope at microsystems laboratory in clean room facilities from IMB-CNM (CSIC).

Figure 7.10: Thermal characterization of the stretched actuators. Scale bars are 10 mm and
300um, respectively.

7.4.3 Photomechanical actuation

In order to analyze the photomechanical response of the present actuators a setup
analogous to the one designed for measuring the previous actuators (see Figure
6.9 in Chapter 6) was used by means of 3D optical imaging profiler (Sensofar-tech,
Spain) while irradiating the entire actuator from the underside using the same 660
nm wavelength LD in similar conditions. It is very important to achieve uniform
illumination of the whole sample to get regular and symmetric movement, increasing
the effective area and maximizing the actuation range. The setup used with a close view
of the measuring zone is shown in Figure 7.11 whereas plots reflecting the behavior of

the actuators are presented in Figure 7.12.
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Under illumination, the stretched zones of the actuator (the monodomain regions)
contracted producing a negative vertical displacement of its center (i.e., flattering the
actuator) while the non-stretched zones remained unchanged. Surface profiles of the
actuators obtained by means of interference planes analysis are plotted in Figure 7.12a.
This contraction effect was measured for all the fabricated actuators in the array with
power variations ranging from 25 mW to 50 mW; values previously selected for being
in the safety range to avoid material degradation or damage. Similar behavior was
obtained for both actuator sizes. However, 1.5 mm diameter actuators exhibited better
contraction results, achieving a maximum height variation of 120 um for 50 mW of
power applied (Figure 7.12b), value which represents over 40 % of change in height of
the molded shape. Conversely, the maximum height variation measured under same

conditions for 1.0 mm diameter actuators was only about 25 %.

Figure 7.11: Setup for the evaluation of the optomechanical actuation using confocal
microscopy.

The real change in dimensions of the actuators and, in consequence, the contraction
degree achieved upon illumination was also analyzed. Similar to the calculations
performed in Chapter 6 and taking into account the geometry of the actuators and their
height variations under illumination, the uniaxial thermal expansion and contraction
of the stretched material was calculated resulting in A,y = 1.148, which corresponds
to a contraction in length of ¢4,y = 12.89 %. Considering the composite as nearly

incompressible (Poisson’s ratio of v = 0.5), the uniaxial thermal expansion in the

194



7.4 Characterization

direction of the thickness (perpendicular plane) can be similarly obtained, leading

t0 Apnickness = 1/Achoraz ® 0.758, which corresponds to an expansion of &ickess = 31.93 %.
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Figure 7.12: Photothermal actuation of gas-pressure molded LCE-CNT actuators.

The mean displacements for 1.5 mm diameter actuators plotted in Figure 7.13 as

function of the power applied revealed low dispersion (~10 %) and high repeatability.

Displacements for the 1.0 mm diameter actuators were likewise measured obtaining

higher dispersion (~21 %), probably due to some defects in the sample induced

during its fabrication. Same measurements were repeated showing reproducibility

in short-term actuation with no performance or material degradation, key facets

for the application of this type of actuators in future tactile devices.

Moreover,

no crossactuation between neighboring actuators were observed while testing, thus

evidencing the possibility of proper localized contraction of a single actuator in an

array.
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Figure 7.13: Maximum deformation of 1.5 mm diameter pressure-molded actuators with
their corresponding error bars measured at different driving powers.

7.5 Discussion and summary

In this chapter a novel approach to the fabrication of an array of LCE actuators has
been presented. The concept around this method is similar to the technique described
in previous Chapter 6. Meanwhile, the technique herein proposed is based on the
application of gas-pressure loads during the LCE-CNT material crosslinking to shape
and align it in a single step. Thanks to the design of specific sets of molds it is possible
to exert and maintain a well-controlled pressure gradient between both sides of the
sample, and thus obtain arrays of actuators in batch within the same sample.

Using the previous knowledge acquired about LCE-CNT material performance,
studies for the optimization of the molds (e.g., design and geometry, and composition)
were firstly performed to evaluate potential issues prior to the fabrication of the
actuators. A FE model was also developed to optimize the actuators formation by
adjusting their dimensions and demarcating the safe pressure load.

Once the actuators were successfully obtained, both SEM and TEM inspections
were carried out to check the degree of alignment of the CNTs in the LCE matrix at
the nanoscale. Thus, samples from both stretched and non-stretched zones, named
zone A and B respectively, were analyzed and compared. A tendency of CNTs to

be aligned in one direction (i.e., alignment direction) was observed in samples from
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zone A whereas the CNTs in samples from zone B seemed to lose alignment and
homogeneity in dispersion; results which are in agreement with the ones predicted
during the design and optimization of this approach. However, further study with
samples containing higher CNT content would be required to confirm these results.

The performance of the fabricated actuators has been first thermally evaluated
to prove their operation and then individually characterized under LD excitation
to demonstrate their photoactuation. The contraction ratio achieved represents a
clear improvement compared with the previous reported methods (Chapter 6, and
[227, 228]). However, the values obtained are still far from the vertical displacements
obtained using “U-shape” actuators (Chapter 4 and [48]), and the ones required for
haptic and Braille-based devices. It has to be noted that the displacements obtained
are directly related to the geometry and dimensions of the pattern. In that sense, it can
be possible to improve the results increasing the size of the actuators. However, the
actuators obtained could not be useful for Braille applications due to the restrictions
involving the size and shape of the elements. Other aspects as the amount of material
used and the pressure gradient applied have also a strong effect.

Nevertheless, the results presented demonstrate the feasibility of this approach
to obtain shaped nematic-based actuators, providing proper photo and thermome-
chanical responses. Moreover, this technology offers additional opportunities for the
integration of such actuators in future devices and systems with applications rang-
ing from valves and membranes in microfluidic systems and lab-on-a-chip devices to

movable elements in robotics.

Similar to the approach presented in previous chapter, this has been done in
collaboration to Prof. Eugene M. Terentjev and Dr. Jean E. Marshal from Cavendish
Laboratory at University of Cambridge as part of the NOMS project experiments,
which led a scientific journal paper (see publication list at the end of this thesis). The
idea was conceived at IMB-CNM were the design of the experiments, the studies
for the design and fabrication of molds as well as the FEA simulations and all the
actuators characterization and testing were performed. The composite preparation

and the stretching process were carried out at Cavendish Laboratory at UCAM.
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Micropillar array

For a direct integration in haptic systems and refreshable Braille devices, actuators
producing positive tactile signals are required [46]. Successful approaches in
previous chapters (Chapters 6 and 7) demonstrate the possibility of shaping and
aligning nematic elastomers in one step to fabricate movable actuators based on the
reversible shrinkage phenomenon of LCE materials. However, both methods are
focused on producing actuators which contract under the application of temperature
gradients, whether by direct heating (thermomechanical effect) or by light irradiation
(photomechanical effect), resulting in a decrease in height, and thus a negative tactile
signal [105, 112, 229].

Then, to obtain positive tactile signal under actuation using these actuators, two

different solutions could be adopted:

e Onone hand, additional elements such as pins and supports could be introduced,
similar to the ones used in case of “U-shape” approach (see Chapter 4 and Ref.
[48]) to reproduce the Braille dots. However, complex systems with several
components, an accurate design, and a fine control of the material under actuation

are required.

e On the other hand, it is possible to keep permanently the actuation stimulus
on and switch it off only when the tactile signal would be required. However,
material degradation due to a long time exposure to the stimulus would be

produced together with a large increase in power consumption.
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8. MICROPILLAR ARRAY

Figure 8.1 summarizes the two above mentioned options.

With the main objective to obtain a direct positive tactile signal under actuation
(i.e., application of the stimulus) and at the same time simplify the design of the
tactile device and the technology used, a novel methodology for the fabrication of
actuators has been developed and presented in this chapter. The approach lies in
the direct fabrication of actuators with pushing properties (i.e., expansion movement)
using an original two-steps crosslinking process, where a uniaxial compression before
the final curing process is applied rather than stretching thanks to the use of molds.
This innovative version of the LCE orientation process allows the formation of a two-
dimensional prolate polydomain conformation of the material (in the nematic state)
which changes to the spherical conformation (in the isotropic state) under actuation.
In this manner, it is possible to fabricate arrays of individually oriented actuators with
pushing properties which increase their height under the application of an external
stimulus (i.e., positive tactile signal) as required for haptic and tactile applications,

going a step further for their future integration in MEMS systems.

no tactile signal tactile signal
— /

stimulus Off stimulus On

( b) H —— / I.&:ﬁg?}:-;;-—’:;_h — q\

—

stimulus On stimulus Off

Figure 8.1: Scheme of two possible solutions to adapt the previously described approaches
to obtain positive tactile signal for haptic applications.

The following chapter is divided in four sections. In the first one, the concept and
the processing principles of the methodology are presented. Both the second and the

third sections describe the design and the fabrication process of the actuators as well as
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the molds used. Finally, the last section presents the characterization of the fabricated
actuators under different operation conditions.

As the material configuration achieved during the fabrication of the actuators
is different to the ones obtained in previous designs (same polysiloxane -based
LCE matrix but arranged in a different configuration), some material conformation
characterization was also performed. Thus, a complete DCS analysis and X-ray

diffraction measurements are included.

8.1 Concept and processing principles

The actuators described in this chapter, named hereinafter micropillars due to its final
pillar-like shape, are based on the application of a compressive force in the direction
of the orientation of the material during the stretching process. In this manner, it is
possible to obtain an expansion movement of the whole structure when the isotropic
temperature is reached, resulting in a positive increment of the length of the actuator,

Liso/Lnem > 1. Figure 8.1 represents schematically this concept for 2D structures (i.e.,

strips).
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Figure 8.2: Relationship between the type of the stretching force applied and the actuation
movement reached.

The approach presented in this chapter aims to transfer this phenomenon in order to
create 3D structures out of the LCE film plane, again using molding based techniques:
an innovative procedure that allows for the first time the fabrication of microstructured
pushing actuators using such LCE materials [230]. The concept around the present
approach is similar to the ones discussed in previous Punch and die and gas-pressure

molding approaches: the use of a set of molds to shape the material in a more complex

201



8. MICROPILLAR ARRAY

configuration than a simple film while align it. However, in contrast with them,
the actuators obtained are not attached to the same polymer matrix which forms
a polydomain (i.e., they do not share the same polymer matrix), rather they are
isolated 3D structures with individual oriented domains forming single actuators (see
Figure 8.3a). Thanks to a two-steps crosslinking process it is possible to first shape
the actuators and then deform them leading to a cylindrical distribution of the two-
dimensional prolate polydomain conformation of both the planar oriented mesogens
and the polymer backbone (Figure 8.3b) resulting in expansion movement along the
macroscopic deformation direction (the cylinder axis, A,) and shrinkage in the radial
direction, A,) as shown in Figure 8.3c). In this manner, arrays of individual pushing
micropillars can be obtained.

(a) F (c)

pre-cured

Phase transition

aw ..‘ ]
oe 80

1st crosslinking 2nd crosslinking

isotropic state

Figure 8.3: Scheme of the orientation concept and the working principle of the array of
LCE micropillars as pushing actuators.

8.2 Molds design and fabrication

The molds for the LCE micropillars were micromachined in PTFE to avoid any
degradation during the evaporation of solvents and due to high working temperatures
throughout the crosslinking process. Pictures in Figure 8.4 show the three parts of the
set of molds designed and its main components. The first part (Figure 8.4a) is the base
of the mold which acts as support of the rest of the pieces. A squared 30 mm side and
0.5 mm depth cavity was micromachined on its center to allocate the substrates which

will contain the array of micropillars. As first attempt Pyrex substrates were chosen to
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ensure good heat transfer to the LCE micropillars. The second part contains an array
of holes which will define the lateral dimensions and the distribution of the pillars in
the array (Figure 8.4b).

The dimensions of the template were calculated taking into account the following

aspects:

o the geometry of the pillars, in this particular case, cylinders,

e the volume fraction of volatile components of the LCE material. It is known by
experience that LCE material experienced a quasi-isometric contraction during
the curing process (expressed by the factor a in Figure 8.5), which in the case of
the specific LCE composition used in this experiments is about 75 % of volume

reduction.

(c)

Figure 8.4: Pictures of the fabricated PTFE molds with their different parts.

An O-ring placed between the above mentioned mold parts guarantees a correct

union of them avoiding possible material leakage during the micropillars fabrication.
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151

Crosslinking

Mold dimensions Resulting pillar dimensions

Figure 8.5: Considerations for the design of the molds.

Finally, the third part serves as a molds” cover and also as pressing element for the
micropillars deformation during the second crosslinking step (Figure 8.4c). Thanks
to the incorporation of a set of screws together with threaded and non-threaded
holes, a uniform deformation of the LCE micropillars can be induced by applying

a homogeneous uniaxial compression along the vertical axis of the micropillars.

8.3 Fabrication of actuators

8.3.1 Synthesis of nematic side-chain LCE

The orientated nematic LCE micropillar array was prepared using the new
orientational process proposed, where both the mesogens and the polymer backbone
show a planar orientation. Unlike the previous presented approaches where always
the same type of nematic LCE was synthesized and mixed with CNTs to be used for the
fabrication of the different proposed actuator, in the present approach a different type
of nematic LCE was used. However, the rod-like side-chain mesogen, SCM, and the
isotropic side-chain crosslinker, SCC, were synthesized in a similar way as described
in [82, 85, 117, 146] and in previous chapters (Chapter 2).

To synthesize the nematic LCE a 20 mol% of crosslinking double bonds or 11.1
mol% of crosslinker was used. In a 5 mL flask, 477 mg (1.60 mmol) of SCM, 4-
methoxyphenyl 4-(but-3-en-1-yloxy)benzoate, 83 mg (0.20 mmol) of the isotropic SCC,
1,4-bis(undec-10-en-1-yloxy)benzene, and 120 mg (2.00 mmol SiH) of PMHS (DP =
259) were placed. To this mixture, 2 mL of tiophene-free toluene and 40 uL of 1%
Pt cyclooctadieneplatinum(Il) chloride, Pt(COD)Cl,, in dichloromethane were added
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were added and carefully stirred for several minutes to guarantee an homogeneous
solution of all the components.

At this stage, the mixture is ready to start the crosslinking process to become an
actuating SCLCE. Additional elements together with their correspondent surfactants
agents such as CNTs, photosensitive dyes and ferro- / ferrimagnetic microparticles can
be added to obtain different stimuli-responsive composites. However, a neat sample
of nematic LCE was selected to this approach (no additional elements were added)
since the main aim was to proof the viability of the proposed novel alignment method.
Further composites will be tested in future stages to probe its suitability under other
actuation mechanisms, such as visible light.

Figure 8.6 schematically shows the synthetic route to obtain the nematic SCLCE. For
this crosslinking composition, the sample has 16 side-chain repeating units between
two crosslinkers.
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Figure 8.6: Scheme of the synthetic route to the nematic SCLCE used for the fabrication
of the micropillars.

8.3.2 LCE Micropillar array preparation

The previously prepared reactive mixture containing the mesogens, the crosslinker,

the polymer backbone, and the catalyst all in toluene was placed in the PTFE mold
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filling the holes (see Figure 8.7a) and heated at 70 °C in an oven for 1 h 45 min to
start the hydrosilylation reaction (i.e., croslinking process) [231, 232]. Afterwards, the
mold was cooled down until room temperature and removed leading to the elastomer
micropillar array (see Figure 8.7b). In this moment, the hydrosilylation process was
not completed (the sample was only partially deswollen) so that the elastomer is not

totally crosslinked, thus still allowing the possibility to align the material.
P

(a) 1" Crosslinking (b) Deswelling (c) Alignment (d) 2" Crosslinking

Figure 8.7: Schematic diagram showing the fabrication process to obtain the micropillar
array.

Figure 8.8: Resulting micropillars after the 1st crosslinking stage.

Figure 8.8 shows a detailed picture of two micropillars immediately after the
first crosslinking stage, where their cylindrical shape can be clearly distinguished.
Then, some pressure was applied by fixing the distance between two of the Teflon-
mold plates, the base and the cover ones, in order to align the sample during the
deswelling process. In this manner, a uniaxial compression (biaxial deformation) in
the direction of the cylindrical axis of the pillars was imposed to fix this orientation

(Figure 8.7¢). Finally, the crosslinking reaction was completed by leaving the elastomer
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in the isotropic phase in an oven under vacuum (T=70°C) for 2 days. This second step
of the curing process allows the completion of the curing reaction, while maintaining
the compression of the sample (Figure 8.7d) fixing the final shape of the micropillars
at the nematic phase.

Thus, from the original height of 3.63 mm after the first crosslinking stage, the
micropillars were uniaxially deformed to 3.00 mm, fixing their height after the second
crosslinking process. This uniaxial compression (biaxial deformation) is the key step
of the preparation process to guarantee the alignment of the sample, and together with
the crosslinking density, will define the final expansion ratio of the LCE micropillars.

A first test to verify changes in the actuators shape was performed, heating the
samples from room temperature to the isotropic state temperature (T~ 90 °C). Pictures

in Figure 8.9 demonstrate the success of the fabrication process.

Figure 8.9: In-situ verification of the fabrication process through heating the samples.

All Pyrex substrates used as supports for the fabrication of the micropillars were
first treated with allyltrichlorosilane (95 %, ABCR) in order to guarantee a strong
chemical adhesion of the LCE micropillars to the substrate, by depositing few drops

of the reactive silane on the Pyrex surface under nitrogen atmosphere.

8.4 Characterization

Different characterization procedures were used to check the feasibility of the proposed
method for the fabrication of pushing actuators. First of all, some measurements were
performed to study the degree and quality of the alignment between the polymer
backbone and the mesogens at molecular level, and to demonstrate its novel 2D prolate

polydomain conformation. To that end, different techniques such as DSC and X-ray
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diffraction were used. Finally, the performance of the micropillars at macroscale was
characterized measuring their length variations in both radial and axial directions as
function of temperature. The stress generated during the expansion and contraction

movements was also evaluated.

8.4.1 Material conformation characterization

8.4.1.1 DSC measurements

The phase transformation behavior and the thermal properties of the LCE micropillars
were evaluated by DSC measurements using a Perkin Elmer DSC8500 differential
scanning calorimeter equipped with a liquid nitrogen controller Cryofill at the
heating/cooling rates of dT/dt = 5,10, and 20 K - min~!. The graphs in Figure 8.10 show
the main results obtained. The first order transition temperatures were determined
by extrapolating the heating/cooling rate to 0 K - min~!, resulting in a glass transition
temperature of T, = -9 °C which was determined by the half-vitrification temperature
(1/2 ACP). The nematic-to-isotropic phase transformation temperature, Tn;, was
determined by temperatures of the maxima of the heat flow. The changes in the
heat capacity, ACp, and the latent heat, AHyj, were calculated from the thermograms,
resulting AC, = 0.470 ] - K™! ¢™! characteristic of polysiloxane-based liquid-crystalline
elastomers, and a clearing temperature Tn; = 57.2 °C with a transition enthalpy

AHyj =1.23] - ¢7! common for nematic elastomers.
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Figure 8.10: DCS curves on a nematic LCE micropillar at the heating/cooling rates dT/dt =
5,10, and 20 K - min~!.
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These temperature values show that the material is suitable for actuation: it has
a soft and flexible polymer backbone, with a relatively low actuation temperature
Tny = 57.2°C in contrast with similar LCEs, leading to a reduction of the amount
of energy required for the actuation of the material. In order to investigate the
nematic order in the micropillars, swelling, X-ray, and polarized optical microscopy

experiments were performed at room temperature.

8.4.1.2 Swelling measurements

Swelling experiments on the partially crosslinked non-oriented micropillar ,Ppcpo,
on the fully crosslinked non-oriented micropillar, P, and on the fully crosslinked
oriented micropillar, P, were performed in toluene at 25 °C in order to obtain
information about the crosslinking process (effective crosslinking density and network
anisotropy) and the orientation of the sample. The dimensions of the LCE micropillars

were determined using a Will Striibin-Wetzlar optical microscope.
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Figure 8.11: Swelling ratios a, and «., swelling anisotropy g, and swelling parameter q for
the partially crosslinked non-oriented micropillar, P,;,, the fully crosslinked non-oriented
micropillar, P.,,, and the fully crosslinked oriented micropillar, P, in toluene at 25 °C.

The values for the swelling ratio a, and the radial swelling ratio a;, of 1.56 + 0.04
and of 1.71 + 0.05 were obtained, respectively. The higher value for the swelling ratio
along the axial cylindrical direction, «,, already indicates a more compressed state in

this direction with respect to the radial one, a,. Usually, non-oriented samples show
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swelling anisotropy values equal to the unit, and for this radial prolate polydomain
sample the swelling anisotropy value g, = a;/a, of 1.10 £ 0.04 indicates that the sample
swells more in the z-axis. This anisotropically enhanced swelling capacity manifests as
an effect of the applied compression during the alignment of the sample, which leads
to an extra expansion when incorporating solvent molecules in the swollen isotropic
state. Furthermore, the swelling parameter g = 4.2 + 0.3 has a value which is close to
that for SCLCE samples with a crosslinker content of 10 mol% [145, 233].

The swelling parameter g = a% a, for the P, micropillar (7 = 4.2 £ 0.3) was
similar to the P, micropillar (g = 4.1 + 0.3), but lower than for the Py, micropillar
(g = 5.4+£0.5). These values confirmed the difference in crosslinking density between the
partially crosslinked elastomet, Py, with high swelling ratio, and the fully crosslinked
elastomers, P, and P, with low swelling ratio. Moreover, the anisotropy of the
network could be described from the swelling anisotropy, g4 = a./«,, which is the ratio
between the axial and the radial swelling ratios. The oriented micropillar P, showed
a swelling anisotropy of ¢, = 1.09 + 0.04, which differed from the random distribution
of nematic domains in the micropillars Py, and P, with swelling anisotropy values
of g, = 1.00 + 0.06 and g, = 1.00 + 0.05, respectively. A summary of these swelling

measurements results are plotted in the graph in Figure 8.4.1.2.

8.4.1.3 X-ray Analysis

X-ray diffraction experiments were performed by using a Philips PW 1730 X-ray
diffractometer at 4 kW, equipped with a rotating anode in order to obtain direct
information on the WAXS reflections in the nematic phase. In all the measurements,
which were also performed at room temperature, a Cu K,, radiation of 1.5418 Afiltered
by a graphite monochromator and collimated by a 0.8 mm collimator was used with
an incident beam normal to the surface of the LCE film. The scattered X-ray intensity
was detected by a Schneider image plate system (700 x 700) pixels with 250um of
resolution. From the WAXS intensities, the mesogen and polymer distances (d,, and
dp) and the mesogen and polymer angle distributions (¢) were calculated using a

Gaussian distribution

f(x):aexp(—(x_b)z)er

2c2
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where a, b and c are parameters related to curve’s peak height, curve’s peak central
position and curve’s width, respectively.

The order parameter (S = S; - Sy) was determined according to Lovell and Mitchell
approach [234, 235], where S; is the director order parameter and Sy is the order
parameter that refers to the local orientational order parameter. For the present
approach, in which the sample has a macroscopically uniform alignment of the director

Sy~ 11is assumed.
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Figure 8.12: Confirmation of the nematic planar orientation of the LCE micropillars by
XRD experiments.

X-ray measurements in the two directions (axial and radial) of the micropillars were
analyzed by placing the beam perpendicular to each of them. A summary of the main
results obtained is depicted in Figure 8.12. The analysis of the sample when the X-ray
beam was perpendicular to the cylindrical axial direction (Figure 8.12a) showed a 2D
X-ray pattern with two maxima in the meridian (Figure 8.12b), which corresponds
to a distribution of mesogens in the plane parallel to the circular cross section of
the micropillars. Deeper insight into the orientation of the material was obtained
by means of XRD, where the 1D X-ray pattern (Figure 8.12c) shows two maxima at
distances d, = 8.6 A (qp =7.35nm™") and d,, = 4.4 A (g = 14.3 nm™") corresponding to
the polymer and the mesogen distance, respectively. The azimuthal analysis of these

two previously indicated distances shows two maxima at 90 °C and 270 °C for both
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distributions (Figure 8.12d). Thus, a radial prolate polydomain conformation for both
the polymers and the mesogens is present in the oriented micropillars.

The calculated order parameters for both distributions were negative, with values
of Sy, = =035 and S, = -0.33 in agreement with ordered radial distribution of
domains in the cylindrical plane of both the polymer and the nematogen (i.e., nematic
mesogens). The measurement performed when the X-ray beam was parallel to
cylinder-axis direction, as indicated in Figure 8.12e, showed a random distribution
of the nematic domains, with no maxima in the 2D X-ray pattern (Figure 8.12f), and
no maxima in the azimuthal distribution of both the mesogen and the polysiloxane
polymer backbone (Figure 8.12h). The 1D X-ray pattern in Figure 8.12g, in contrast,
showed features similar to those of the measurement done with the X-ray beam

perpendicular to the z-axis.

8.4.1.4 Polarized light analysis

Polarized optical microscopy experiments were performed on a micropillar section
perpendicular to its cylindrical axis in order to investigate the nature of the planar
orientation of the mesogens as observed previously by X-ray experiments. To that
purpose, a Nikon Eclipse ME600 polarized light optical microscope, equipped with a
Nikon DXM 1200F digital camera was used.

Figure 8.13: Micropillar cross section images using both non-polarized (top-left) and
polarized light respectively, at different rotating angles.

The results confirmed the two-dimensional prolate polydomain conformation
where birefringence was always present in the sample when measuring it at different

rotating angles (see Figure 8.13). Thus, the polydomain was structurally proven due
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to the scattering of the sample and the presence of microdomains distributed radially

in the plane of the cylinder.

8.4.2 Micropillar actuators characterization

8.4.2.1 Thermoelastic experiments

The change in the dimensions of the micropillars was optically evaluated on a
temperature range from room temperature to the isotropic state in order to investigate
the mechanism of actuation, from the 2D prolate polydomain conformation of the
polymer chains and mesogens to the spherical one. To guarantee uniform heating
and cooling rates of the whole sample, the especially designed miniaturized hotplate
previously detailed in section 3.2.1 from Chapter 3 was again used. Pictures for
measuring the length and diameter of a LCE micropillars under thermal actuation
were recorded using a Moticam 2300 3.0 MPixels digital camera mounted on a Leica
DM LM upright optical microscope. The change in radius, A, = d/d;s, and height,

Az = h/h;s,, of the micropillars was calculated by evaluation of the optical pictures with

the image processing software Image] 1.47.
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Figure 8.14: Evaluation of the change in dimensions of the microcipillars through optical

microscopy analysis (thermomechanical response).

In the nematic state, the LCE micropillars have average dimensions of 3.00 mm in
height and 2.46 mm in diameter. After heating the LCE array to the isotropic phase,

the average dimensions of the micropillars changed to 3.63 mm in height and 2.10 mm
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8. MICROPILLAR ARRAY

in diameter. Figure 8.14 reflects these changes in dimensions through the comparison
of optical microscopy pictures taken at different temperatures.

These results are also summarized in the thermoelastic plot in Figure 8.4.2.1, where
the change in length in the axial, A,, and radial, A,, directions is shown as a function
of temperature. A clear change in both directions is observed, with values at room
temperature of A, (22°C) = 1.17 and A, (22°C) = 0.83, which correspond to a contraction
of &, (22°C) = 15% and to an expansion of ¢, (22 °C) = 21%. Shapes of both contraction
and expansion curves in the thermoelastic plot are common for nematic LCEs with an
inflexion point at Ty = 57.5 °C related to the clearing temperature of the material, and
with no discontinuity when approaching the isotropic state due to the presence of a

paranematic phase induced by the crosslinking process.
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Figure 8.15: Thermoelastic experiment on a oriented nematic LCE micropillar showing
the expansion along the axial direction, A,, and the contraction along the radial direction,
Axy-

8.4.2.2 Thermomechanical experiments

Finally, the mechanical actuation was analyzed, by measuring the forces exerted by
the micropillar during expansion upon heating and contraction upon cooling.

The LCE micropillar array was heated from room temperature to 90 °C using
the previous described miniaturized hotplate. However, this time the atmospheric

chamber was removed to allow free access to the sample. The force (stress) generated
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during the expansion of the LCE micropillars when heated was measured as a function
of time using a dynamometer which was in contact to the top surface of one single
LCE micropillar. Similar to previous setups, the use of microtranslational stages
allowed the correct relative positioning between these elements. The dynamometer
was coupled to a computer where all relevant data such as temperature, time and
the measured force were acquired by a self-developed data acquisition software in
LabVIEW interface (National Instruments), similar to the one used for measuring the
other LCEs samples in previous chapters 3 and 4. Pictures in Figure 8.16 show the

setup used for the evaluation of the mechanical response of the micropillars as well as

detail the interaction between the dynamometer tip and the micropillars top surface.
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Figure 8.17: Mean force and stress measurements as function of temperature and time

during the heating and cooling processes.
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Three complete heating and cooling cycles were recorded and analyzed for each
LCE micropillar in the array showing good repeatability and low dispersion. The
maximum measured force was F = 20 mN at the set temperature of Ty, = 90 °C. The
time needed to reach this maximum force was around ¢ = 2 min, and showed full
reversibility and repeatability upon cooling of the LCE micropillar array. In parallel,
the true stress was evaluated as a function of the micropillar temperature, taking into
account its cross section, its dimensional change as function of the temperature, as well
as the measured force. The results show a fast growing stress behavior upon reaching
the isotropic phase, with a value of ¢; = 5.6 kPa, and a hysteresis factor of 1.1 between

the heating and cooling curves, as plotted in Figure 8.17.
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Figure 8.18: Force as function of time measurements of different micropillars under same
conditions.

It is worth noting that a significant variation in the actuation force, ie., the
expansion rate, was obtained when comparing the measured values for each single

micropillar. Plots in Figure 8.18 evidence this variation. A mapping on the micropillars
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array in Figure 8.19 evidenced a non-uniform distribution of the force, where the higher
values are mainly concentrated in a lateral side of the array (red zones), thus confirming
an irregular deformation of the pillars during their fabrication process, probably due
to a poor fixation of the cover during the final crosslinking step. A more accurate

fastening system would help to reduce this unevenness.

Figure 8.19: Force distribution along the micropillar array.

8.5 Discussion and summary

All nematic LCE samples reported up to now showed a prolate conformation of the
polymer backbone together with a nematic orientation which follows the direction of
the applied uniaxial stretching (z-axis) resulting in a contraction in the isotropic state
which can be used to lift weight or generate retractile forces. The innovative technique
presented in this chapter goes a step further leading to nematic LCE actuators able
to expand along the z-axis and contract in the other two directions (x- and y-axes).
Thanks to a two-dimensional prolate polydomain conformation of the micropillars
coming from the uniaxial compression (biaxial deformation), a radial distribution of
the polymer backbone and mesogens is reached in plane (xy-plane) resulting in a novel
actuation principle allowing LCEs to produce pushing forces upon heating.

In this chapter, a detailed description of the methodology and the processing
principles involved has been presented together with a complete characterization
of the resulting actuators from both material conformation and actuation points of
view. Thus, first some DSC, swelling and X-ray diffraction measurements have been

performed to confirm the new configuration of the actuators and obtain their main
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characteristics, such as the transition and glass temperatures, the enthalpy, the swelling
ratio and the order parameter. Finally, the parameters involved in their actuation,
such as the thermal expansion coefficient and the pushing forces have been analyzed,
resulting in very optimistic values taking into account that the system was not yet
optimized.

The values for the change in height (Az = 630 um), force (F = 20 mN), and stress
(0¢ = 5.6 kPa), together with the processability and tunability of the chemistry in terms
of mechanical and thermal actuation, and the possibility of obtaining different shapes
on demand (besides the common film-like actuators) changing the configuration of the
molds make such technique combined with LCE materials, a key enabling technology
for the future integration of these materials in microsystems technology, and very
suitable for candidates for haptic applications.

The main advantages of this method are the scalability (only limited by the
techniques used for the fabrication of molds and the availability of the chemical
compounds), its relative simplicity (after an accurate design of the molds the
preparation process of the actuators can be easily controlled and require only few
steps) and the possibility to obtain arrays of identical actuators with pushing forces,
reducing possible variability due to assembly of individual actuators.

As proof of concept, a neat LCE material has been used. Future work will involve
the improvement on the deformation process to homogenize the resulting pushing

forces, as well as the use of dye-doped LCE composites to allow photo-actuation.

The work described in this chapter has been done in collaboration with Dr. Antoni
Sénchez-Ferrer from ETH Ziirich, Department of Health Sciences & Technology,
Institute of Food, Nutrition & Health, Food & Soft Materials Science Group, who
was in charge of the synthesis and preparation of LCEs as well as to perform swelling
and X-ray experiments. The concept, the molds design and fabrication, as well as
the thermoelastic and thermomechanical experiments were performed at IMB-CNM
facilities. As a result from this collaboration, a scientific journal article with high
impact factor has been published. Moreover, due to the originality and novelty of that
work, an invitation for a book chapter contribution which is now under preparation

was received.
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Micropillar array actuators:
integration on a device

Once proved the possibility to fabricate different types of actuators and in array based
on the mechanical response of LCE materials and their applicability to develop complex
tactile systems, it was necessary to go a step forward.

Photo-induced actuation has been demonstrated to be a suitable alternative for
the development of LCE-based actuators, since it is a clean and cheap energy source
allowing remote control, resulting in strong actuation forces and shorter actuation
times (Chapter 2). However, in spite of such great advantages, it is still difficult to
implement in the context of tactile applications as it has been demonstrated in Chapter
4, since a large number of actuators producing high forces and displacements with short
actuation times are required, all of them in a confined space. The high power required
to actuate the material (i.e., to reach Tn; temperature) together with the difficulties
to find suitable optical light sources delivering sufficient intensity and small enough
to fit Braille requirements (high density of actuators per squared decimeter) becomes
one of the most important difficulties looking forward to the development of real-size
prototypes (scale up the technology), in which a minimum array of 80 by 80 actuators
is required to represent several Braille characters. Thus, other potential alternatives
have started to be investigated within this thesis.

The initial idea of the NOMS project was to develop a system similar to a film that
could be adapted to the self-luminous screens of current devices such as smartphones,

tablets, laptops and computers, using the light emitted for each single pixel in the
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9. MICROPILLAR ARRAY ACTUATORS: INTEGRATION ON A DEVICE

screen to induce movement into the LCE material without any extra energy source; a
very interesting and ambitious idea but not feasible at this moment since the amount
of light emitted by the screens is not enough to produce movement.

However, following such concept and considering the results obtained during
LCE’s characterization (see Chapter 3) and evaluating the different alternatives
proposed in this section for the fabrication of actuators in an array (Chapters 6, 6 and 8),
a novel approach has been proposed: a hybrid system combining the light emitted by
the screens and direct heating of the material to induce actuation. Preliminary studies
of the system have been performed and presented in this chapter which is divided in
three sections. First the concept and the working principle of the system are described
together with a description of its main parts. The design and the fabrication process of
the new actuators as well as their different components are then detailed in the second
section. Finally, the last part of the chapter presents the first partial characterization

results obtained which encourage continuing this research in a near future.

9.1 Concept and working principle of the device

The system proposed and still under study consists of a direct thermal actuation of the
elastomer by means of an array of resistors acting as local heaters (Joule heating effect)
which, at the same time, run with the light emitted by the pixels on a current screen by
means of phototransistors. In this manner, it is possible to use the screens” own-light
as energy source to feed the system avoiding extra power supplies and thus reducing
the consumption of the system.

Figure 9.1 schematically depicts the concept around this approach, which is also
based on multilayer concept for its great advantages previously pointed out (see 4.6
section in Chapter 4). The first layer, named actuators layer, contains an array of LCE
actuators and will be in charge of transmitting the tactile signal to the end-user. Among
all the designs of actuators developed within this thesis, the micropillars array system
in Chapter 8 was selected to be the most suitable one since a positive tactile signal
(i.e., a pushing force) can be directly obtained without adding any external element
to transmit the tactile signal. Moreover, a robust actuation with relatively high forces
can be reached in response to thermal actuation. Below the actuators layer, there are

the arrays of thermoresistors and phototransistors together with their corresponding

220



9.2 Design and Fabrication of the device

electronics. Such layer was conceived as a double-side layer to reduce the thickness of
the system and provide a more compact design. In this manner, on the top side (the
one in contact with the actuators layer) one can find the array of thermoresistors, one
for each single micropillar, whereas on the bottom side, there are the phototransistors
and the rest of electronic components in charge to convert and transmit the intensity
of light received from the screen into electric signal to power the heaters (see inset in

Figure 9.1).
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Figure 9.1: Schematic representation of the alternative tactile device approach: a hybrid
system combining light and direct heating to actuate the LCE material.

Firstly, several resistances have been fabricated in order to test the power

requirements to generate enough heat to properly actuate the material.

9.2 Design and Fabrication of the device

Initially, all the layers forming the devices were conceived to be transparent. In this
way, the system could be used by everyone sighted and non-sighted people, providing
an added value to the current devices on the market. To this end, printed electronics
on flexible polymeric substrates using transparent resistive inks such as Indium Tin
oxide, ITO, for the circuitry design would be the best solution. This is a very ambitious

objective since technically demanding procedures and the highest requirements of
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material development and optimization would be required, which were not the scope
of this thesis. Nevertheless, as proof of concept of the proposed technology and with
the main objective to validate such approach for future development, a first version
of 4 x 4 actuators with its corresponding electronics was fabricated using standard
processes and materials in microelectronics [236, 237]. To perform preliminary tests,
both sides of the electronic layer were fabricated on two different individual layers.
In this manner, it was possible to separately study each part and change the designs
without affecting the other components. Once established the best options, the final
design will be fabricated together with the other electronic components in a unique
layer, as depicted on the scheme in Figure 9.1, and later adapted to be fabricated using
printed electronics.

The design criteria and the main steps and processes used for the fabrication of

each part of the first testing device are detailed below.

9.2.1 Thermoresistors

9.2.1.1 Design

As mentioned above, this approach is again based on thermal actuation of LCE
micropillars. However, in this case the heat is delivered to the micropillars in a local
way by the use of thermoresistors: individual heaters placed on the base of each pillar
based on the Joule effect, which produce a thermal gradient some electrical current is
applied through them [165].

Mathematically, the Joule effect can be expressed such that

Q«xIPRt=1-V-t=P-t

where the amount of heat released, Q, is proportional to the square of the current,
I, which at the same time is proportional to the energy dissipated per charge passing
through a resistor per unit time, when Ohm’s law is applicable.

Hence, an accurate design of the thermoresistors is required. However, prior to
start with their design, some requirements should be taken into account to ensure a
correct behavior of the system.

First of all the size of the resistors, which should allow the micropillars completely

cover their surface in both nematic and isotropic states to guarantee a correct
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transmission of heat between such elements. Thus, the dimensions of the resistors
will be fixed as function of the micropillars diameter which, at the same time, will be
defined by the size of the molds and the alignment process, as exposed in previous
chapter (see section 8.2 in Chapter 8). To conduct these early experiments, the same
molds were used for the fabrication of the micropillar array, resulting in micropillar
actuators with diameters of 2.46 mm at nematic state and 2.10 mm at isotropic state
(see Chapter 8 for details about the molding process).

Moreover, a uniform heat distribution along the surface of the resistors is required
in order to guarantee a consistent thermal gradient. Thus, a compact serpentine-like
geometry was chosen to increase the electric path. In this manner, the thermal losses
in the outer parts of the resistors will be balanced out by the high heat concentration
in its center.

Another requisite to consider is the value of the resistors and thus, the material
from which they will be made and its thickness. The heaters should provide a thermal
gradient high enough to achieve temperatures close to the Tn; of the LCE material (at
most, 5°C - 10 °C above) to avoid degradation of the material.

As demonstrated in previous related work [238], an excessive voltage may induce
changes on the physical characteristics of the material as well as on its behavior. Figure
9.2 shows permanent damage on a SCLCE sample in which irreversible changes on
the color and the shape of the sample were produced by too high voltage, resulting in
a later bad actuation.

_— s s e
» ¢ = @
ov w 5V - B . 1oV - oV ~

Figure 9.2: Example of permanent damage on a SCLCE sample due to an excess of voltage.
Adapted from [238].

Among the most current materials employed for the fabrication of microheaters,
gold, Au, was chosen to be one of the least reactive chemical elements as well as to
be good thermal and electric conductor. Typical values of thermal conductivity and

electrical resistivity of Au are 318 Wm 'K~ and 22.14 nQm respectively [239].
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Considering the relationship between the resistivity of a material and its geometry,
as well as the above mentioned requirements, squared resistors of two different sizes
were designed, leading to active surfaces of 1.0 mm x 1.0 mm and 1.5 mm x 1.5 mm
respectively. To adjust the value of the resistance (i.e., the final temperature achieved
by the resistors) two different Au thicknesses were chosen: 50 nm and 100 nm. Figure
9.3 depicts the final geometry of the resistors. Later, Figure 9.5 shows the array of

resistors once fabricated, where both sizes of resistors can be distinguished.

Figure 9.3: Selected geometry for the fabrication of the testing Au thermoresistors.

9.2.1.2 Fabrication

The Au testing thermoresistors were fabricated using one of the standard microfab-
riation processes known as ”lift-off” which is commonly used in microelectronics,
especially to pattern metals [240]. Figure 9.4 summarizes the main steps of the micro-
fabrication process used to create the array of Au thermoresistors.

The process starts with a 100 mm Pyrex wafer 500y m thick (step I in Figure 9.4).
Then, a standard photolithographic process is performed to pattern the designs of the
thermoresistors, which were previously transferred to a photomask (steps Il to IV) in a
sacrificial layer. To that end, a continuous layer of 1.8 um tick of positive photoresist is
deposited on top of the wafer. After UV exposure, a partial etching of the photoresist
is performed, resulting in a non-continuous layer with openings which correspond to
the resistors designs. Then, after a surface cleaning, a thin Au layer (50 or 100 nm

thick) is deposited on the whole top surface of the wafer covering both the remaining
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photoresist and the apertures. In this case, a 10 nm thick Ti-Ni bilayer was previous
deposited to improve the adherence of the Au to the Pyrex substrate (setp V). Finally,
the rest of the sacrificial material (i.e., the photoresist) is washed out together with the

non-desired parts of the Au layer, leading to the final thermoresistors (setp VI).
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Figure 9.4: Simplified microfabrication process of the Au thermoresistors.

Figure 9.5: Au thermoresistors after the whole fabrication process.

Figure 9.5 shows a Pyrex wafer after the whole fabrication process, where both
sizes of thermoresistors with their corresponding tracks and pads can be identified. In
each processed wafer, four chips containing 4 x 4 resistors (each one in a quarter of the

wafer) can be obtained, which can be later individualized prior to testing. The total
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chip area is 30 mm x 30 mm, with 6 mm spacing between heaters.

9.2.2 Circuitry

9.2.2.1 Design and selection of the main components

Parallel to the design and fabrication of the resistors, some investigations were carried
out to propose designs for the rest of elements on the electronic layer. According to the
working principle of the system, the circuitry should be able to convert the intensity of
light emitted by the pixels on the display into electric signal which, at the same time,
should be high enough to produce certain amount of heat once passing through the
thermoresistors to induce the desired shape changes in LCE material. The element in
charge to perform this function is the phototransistor.

From the different commercially available options on the market, TEMT6200FX01
ambient sensor phototransistor (Vishay Semiconductors, Germany) was selected
because of its high photosensitivity and its spectral range, which is similar to the
human eye (sensitivity peak at 550 nm) [241], as well as due to its small dimensions (2

mm x 1.25 mm x 0.85 mm) which are in agreement with Braille standards A.2.
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Figure 9.6: Schematic representation of the circuit and its main components.
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Besides the phototransistor, other electronic components were required to complete
the circuitry among which the operational amplifiers, Op-amps, also known as
comparators, play an important role. Such elements will be in charge to transmit
the electric signal from the phototransistors to the heaters, allowing only two possible
states for the resistors: on and off. In this manner, it would be possible to guarantee
a correct operation of the circuit and avoid undesired intermediate states (partially
on) and cross reading signals from neighboring actuators, which can induce bad
response of the system. MCP6564-E/ST comparators (Microchip Technology Inc.,
USA) were selected for that purpose. Other elements such as sensitivity regulator
resistors and voltage divisors were added to complete the design and set the luminosity
threshold for actuation, thus making the circuit sensible to the screen light. A schematic
representation of the circuit with its components is shown in Figure 9.6.

Once established the functions and selected the main components, the circuit
should be devised, analyzed and optimized to guarantee the correct operation of
all the elements avoiding short-circuits [242]. To this end, EAGLE CAD ® electronic
design automation, EDA, software (CadSoft, USA) was used.

9.2.2.2 Fabrication

The circuitry was fabricated by photoengraving using a double-sided printed circuit
board, PCB, which will mechanically support and electrically connect all the electronic
components of the system. In this manner, it is possible to design two different
(dependent or independent) circuits on each side of the board. Thus, two different
photomasks in a mirror-like disposition were required, each of them with a different
design. Figure 9.7 shows the two photomasks used, both of them fabricated on
standard cellulose acetate. The first one, (Figure 9.7 -left-) was used to pattern the
phototransistors and their corresponding tracks and connection pads, whereas the
second one, (Figure 9.7 -right-) to pattern the rest of the components and the soldering
unions.

The design of both circuits was replicated on both PCB surfaces by exposing
on a photo-sensitive resist coating previously deposited. In this manner, after UV
irradiation, the remaining photoresist protected the copper foils while the unwanted

copper zones were removed by a subsequent etching process using a home-made
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etching solution containing a mixture of hydrochloric acid, HCl, hydrogen peroxide

and deionized, H,O,, and deionized, DI, water at 2:1:1 volume ratio.
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Figure 9.8: Top and bottom layers of the double-side PCB with all the components
assembled for a 4 x 4 actuators prototype.

Finally, all the electronic elements such as the phototransistors and comparators,
as well as the electric connections on the pads were soldered to their corresponding
areas on the board. Figure 9.8 shows pictures of both sides of the PCB after soldering
all the electronic components. As it can be observed in Figure 9.8 -right- once soldered,
the different elements on the connection layer considerably increase the thickness of
the layer, fact that forces the thermoresistors to be placed at certain distance loosing
compactness. In future designs, advanced PCB techniques in which the different
components are embedded in the substrate can be used to reduce the thickness of the

layer.
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9.3 Micropillar array actuators fabrication

9.3 Micropillar array actuators fabrication

From all the actuators proposed within this thesis, the micropillars array system
in Chapter 8 was chosen to be the most suitable one. In this manner, relatively
high pushing forces can be directly obtained upon heating without adding external
elements such as pins and supports thus simplifying the design. Moreover, the direct
thermal actuation mechanism allows the use of pure LCE material instead of LCE-

nanocomposites, simplifying the synthetic procedures.

Figure 9.9: Assembled molds and support layer prior to the micropillar array fabrication.
Notice that each thermoresistor is centered of a hole.

The synthesis and the preparation of the LCE micropillar array are exactly the
same as used in Chapter 8. Hence, the same PTFE molds were used to define the
shape and distribution of the pillars to form the array. The only difference lies in the
change of the micropillars support layer, which in this case contains the array of Au
thermoresistors. As described above, the thermoresistors were uniformly distributed
along the support coinciding their centers with the centers of the holes in the mold,
resulting in one thermoresistor for each single micropillar. Picture in Figure9.9 shows
the system assembled previous to the application of the LCE mixture where such
coincidence is evidenced.

Prior to the fabrication of the LCE micropillars, a surface treatment with reactive
silane was similarly applied on top surface of the support layer to guarantee good

chemical adhesion between both the LCE material and the Pyrex substrate and, at
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the same time, protect the Au thermoresistors exposed to the chemicals. Figure9.10

depicts the array of actuators after the successful fabrication process.

Figure 9.10: Micropillar array actuators after completing the fabrication process. Each
single pillar in the array has its independent heater.

9.4 Thermoelectrical micropillars characterization

To evaluate the thermoelectric response of the micropillar actuators, both thermoelastic
and thermomechanical measurements were performed in similar way to the ones

reported in Chapter 8 but now as function of the electric current applied.

9.4.1 Thermoelastic experiments

First of all the change in dimensions of the micropillars as function of the voltage
applied was optically evaluated by means of an optical upright microscope (DM LM
from Leica). Movies of the expansion and recovery movements of the micropillars
were recorded using a Moticam 2300 3.0 MPixels digital camera and later analyzed
using Image]J 1.47 software.

To better appreciate the shape changes experienced by the pillars as function of the
voltage applied and thus be able to compare such results with the ones obtained using a
self-constructed miniaturized hotplate (see micropillars characterization experiments
in Chapter 8), some pillars were carefully separated from the substrate and horizontally
placed on top of the resistors (see Figure 9.11). A sequence of images in Figure 9.11
evidenced those shape changes on a micropillar as function of the voltage applied,

from which the corresponding uniaxial thermal expansion coefficients, A = L/L;s,,
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could also be evaluated (see graph in Figure 9.11 -bottom-). As expected, from 3.5 V
the expansion of the micropillar along the axial direction becomes clearer, reaching
the maximum value around 5 V that corresponds to A, = 0.87, which is lightly smaller
than the results obtained from previous measurements with the miniaturized hotplate
(A; = 0.83, Chapter 8). Such difference may be explained by the power adjustments
as well as possible differences during the fabrication of the micropillars. In this case,
the use of higher voltages was discarded to avoid irreversible damage on the material
as demonstrated in previous works [238], since all the thermal load is applied on the

material in a very short time (order of milliseconds).

1.02
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Figure 9.11: Evaluation of the change in dimensions of a micropillar as function of the
voltage applied.
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9.4.2 Thermomechanical experiments

The mechanical response of the micropillars under actuation was analyzed measuring
the force exerted by them during their expansion upon the application of different
voltages. To that purpose, voltages from 0 V to 5.5 V were gradually applied to
each thermoresistor in order to deliver heat to the micropillars and thus, induce their
expansion. The actuation force produced was measured as function of time using the
same dynamometer used in previous mechanical characterization experiments, in a
pretty similar setup configuration as the one described above in Chapter 8. Again,
the same self-developed LabVIEW data acquisition interface was used to collect the
signal from the dynamometer as well as the same microstep positioning control to
adjust the relative positioning between the dynamometer tip and the top surface of
each micropillar in the array. In this case, however, both the heating system and the
temperature control sensor were replaced by a DC power supplier (DF1731SB5A, Kaise
Corp., Japan) and its corresponding electrical connections. A picture of the setup used
to perform such electromechanical experiments is shown in Figure 9.12 were a detail
of the contact between the dynamometer tip and the top surface of a micropillar can

be observed. A digital multimeter was used to verify the measure.

Power supply

Electric
connections
e LcE
] micropillar
. :
i ,..L=-

| I -
Resistors

Control
& Multimeter

Figure 9.12: Setup used to evaluate the mechanical actuation of the micropillars using Au
thermoresistors with a detailed view of the measurements.

Five complete on-off cycles were recorded and analyzed for each micropillar as
function of the voltage applied, showing good repeatability and low dispersion in

agreement with the results obtained upon direct heating. An example of these cyclic
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9.4 Thermoelectrical micropillars characterization

measurements is depicted in Figure 9.13. In this case, the LCE micropillar was actuated
by applying a constant voltage of 5.5 V, resulting in a maximum measured force of
F =19.4 mN with full reversibility. Again, such value is slightly lower than the force
obtained by direct heating in previous measurements (see section 8.4 in Chapter 8) but

in agreement with the thermoelastic measurements above.

—55V
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Figure 9.13: Force cyclic measurements as function of the voltage applied and time for
one micropillar.

As shown in the graph, the response in time of the material is faster compared with
the thermomechanical response measured upon direct heating. The resistors heat up
very quickly once the current passes through them reaching temperatures above Tn;
in few milliseconds, resulting in a nearly instantaneous change between on and off
states (see inset in Figure 9.13).

Figure 9.14 shows the evolution of the actuation force as function of the current
applied for four different LCE micropillars measured. A significant variation in the
actuation force was obtained when comparing the maximum values measured for each
single micropillar, evidencing again a non-uniform distribution of the compression
force applied during the fabrication of the micropillars in agreement with the results
obtained in Chapter 8 and thus, reinforcing the need to optimize such process.

Leaving aside the variability of the measurements obtained, however, the energetic

requirements of the system are still too high (~ 5.5 V) to directly use only the backlight

233



9. MICROPILLAR ARRAY ACTUATORS: INTEGRATION ON A DEVICE

of a standard screen to feed the resistors and the whole system. In this sense, some
adjustments to the design of the thermoresistors should be adopted to reduce the

power consumption.

i
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Force (mN)

40 45 5.0 55 6.0
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Figure 9.14: Comparison of the actuation force as function of the voltage applied for four
different micropillars measured under the same conditions.

9.5 System optimization

As demonstrated in previous chapters, FEM is a very useful tool to predict the response
of a system and predict its behavior under different contexts. In this manner, after
knowing the real response of the system and analyzing the first characterization
results, it is possible to maximize the response of the actuator while reducing the power
applied by adjusting different parameters (e.g., the geometry of the thermoresistors,
their thickness, the size of the micropillars, etc.) and thus, optimize the system.

To that end, again ANSYS ® multiphysics software was used. In this case, the
simulations were focused on the reduction of the thermal load losses through the
substrate and not on the LCE material performance itself. As first approach, a 3D
thermal solid element, SOLID70, was chosen to perform both steady and transient

analysis. Convective heat transfer and thermal radiation of the heaters were considered
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as thermal diffusion mechanisms whereas thermal conduction between them and the
Pyrex subtract was neglected. To simplify the model, a uniform heat generation along
the resistors was assumed.

Figure 9.15 depicts an example of some initial FEA simulations of the heat
distribution in the close regions of the thermoresistors when certain amount of power

is applied.

(a) (b)

Figure 9.15: Ooptimization of the power consumption of the system using FEM. Heat
distribution of (a) the current system, (b) after substrate micromachining, and (c) after
substrate micromachining and reduction of the size of the thermoresistors.

One of the simplest actions to improve the thermal isolation of the system
is to consider a reduction of the thickness of the Pyrex substrate just below
the thermoresistors (substrate micromachining previous to the preparation of the
micropillars). Figure 9.15b shows such effect, where a uniform and more concentrated
heat distribution in the regions nearby the resistors was obtained also reducing possible
cross talk effects between neighbor resistors. In this manner, the thermal efficiency of
the system increases causing a decrease in the power consumption up to 40%, value
which varies as function of the final thickness of the substrate as well as the size of the

thermoresistor (Figure 9.15c¢).
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9.6 Discussion and summary

In this chapter an innovative and very ambitious technology has been proposed for the
development of a new generation of tactile devices based on the use of the own light
emitted for each single pixel in a standard display to induce shape changes on LCE
material by means of heat provided by an array of thermoresistors. Again a system
based on the multilayer approach which allows a parallel development of each part of
the system with multiple combinations.

In such early stage of the development of the device, the concept as well as the
different parts of the system has been described and the operation principle has also
been validated with a first prototype. For the implementation of such approach, the
micropillar array system presented in Chapter 8 was used to be the simplest option to
obtain pushing forces without including any external element (e.g., pins and supports).
However, other actuators as the ones described within this thesis could also be used
by adapting the technology (great advantage of the multilayer concept), and thus
combining their advantages to compose variations of the device.

Preliminary characterization of the force produced by the actuators as function of
the voltage applied was performed together with some FE analysis, demonstrating that
the power requirements of the system can be controlled and decreased by technological
processes. In this manner, uniform thermal gradients confined nearby the resistors can
be obtained allowing the actuation of the LCE material without damage.

Even though the power requirements are not low, the small area they demand
(suitable for 80 x 80 array of actuators), the proven rapid heating (in the order of
milliseconds), and the simple controllability, are among the advantages supporting this
approach. In addition, no specific software and hardware are required to control the
device. Furthermore, innovative fabrication technologies based on printed electronics
could be aimed to improve both the thermoresistors and the electronic layers, to
achieve a complete system as a fully transparent and flexible polymeric device. A
recent publication from Petsch and co-workers [137], in which a LCE micro-actuator
with integrated deformable micro-heaters made by combining Au and polyimide were
presented, encourage us to continue working with this approach.

In near future, some measurements using an IR camera (similar to the ones

presented in Chapter 3) are intended to be performed to study the heat distribution
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along the micropillars as function of the voltage applied. This, together with the
improvement on the resistors, will help for the general understanding of the system

and the improvement its response.

The work described in this chapter emerged after the good results obtained in
Chapter 8. All the work, from the design of the circuitry to the assembly and
characterization measurements of the system, was performed at IMB-CNM facilities in
collaboration with Carlos J. Camargo, who purpose the use of phototransistors to take
advantage of the light emitted by standard screens. Dr. Antoni Sdnchez-Ferrer from
ETH Ziirich was again in charge of the synthesis and preparation procedures for the
fabrication of the array of LCE micropillars. This work is still ongoing and a journal
article summarizing the concept and the main experimental results is currently under

preparation.

237



9. MICROPILLAR ARRAY ACTUATORS: INTEGRATION ON A DEVICE

238



Conclusions and Future work

Conclusions

The work developed in this thesis presents innovative solutions for the fabrication of
actuators for tactile and haptic applications based on the opto-mechanical actuation of
liquid crystalline nanocomposites.

This study covers the design, fabrication, characterization and optimization of the
different actuator approaches with the ultimate goal of being integrated on a tactile
device able to represent both Braille characters and simplified graphical information.
An interdisciplinary work which combines a deep understanding of LCE materials,
their behavior, processing and characterization, with the photo-actuation phenomenon
and MEMS/NEMS technologies to provide novel solutions to the communication
problems suffered by people with visual disabilities. In fact, the different actuators
presented in this work are likely the first ones using LCE composites with photo-
induced properties specifically designed for that application.

In the following, the main conclusions of this work are presented:

e The fundamentals involving the contraction phenomenon in LCE-CNT compos-
ites were studied in depth by means of several characterization techniques. Thus,
it was possible to better understand their behavior and actuation mechanisms
prior to the design and fabrication of the actuators. Standard characterization
techniques in material science such as SEM and TEM imaging, X-ray diffrac-
tion analysis and DSC, combined with innovative experimental setups were
successfully used for the first time ”in-situ” observation of the contraction phe-
nomenon of LCE-CNT materials under illumination. All these studies together

with preliminary FEM investigations were then used as the basis for the later
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developments of actuators towards an integrated tactile device based on such

materials.

e The first actuator approach developed was achieved by using fully-crosslinked
LCE-CNT films which, thanks to their configuration in “U-shape”, allow the
use of the stress gradient induced on them under illumination to exert vertical
displacements on movable components. These actuators were characterized and
successfully tested at various operation conditions to optimize their geometry,
improving the design of their components to reach maximum forces while
reducing the power consumption. Thanks to the collaborative work of the
different partners of NOMS project, a first prototype of tactile device containing
and array of 10 by 10 actuators was assembled, tested and lately evaluated by end
users with successful results. The performance of the actuator was good allowing
noiseless and wireless actuation, and providing enough forces and displacements
to guarantee a correct tactile perception. But some issues were detected especially
the variability on the actuation response, mainly due to difficulties on the LCE-
CNT samples preparation and the manual assembly process of each actuator
on the device. However, this development validated the use of such materials
combined with the photo-actuation mechanisms towards a new generation of

tactile devices.

o Two different strategies were investigated to simplify and make more affordable
the samples preparation process keeping the premise of photo-actuation.
Thus, LCE containing photosensitive dye molecules and EVA copolymer with
embedded CNT were studied as alternative composites to LCE-CNT. In this
way, various samples containing both types of materials were fabricated and
characterized and their actuation compared to LCE-CNT. Investigations on EVA-
CNT composites are still in preliminary stages but dye-doped LCE materials
resulted to be potential candidates to replace LCE-CNT due to their excellent

performance.

e Three different innovative and original methodologies were successfully
developed with the main purpose of improving the response of previous "U-

shape” actuators while reducing their variability in actuation caused by their
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individual and manual assembly when integrated on a tactile device. Thus,
taking advantage of the previous knowledge in MEMS design and processing
and the results obtained during the extensive characterization of LCE-CNT
composites, high-density arrays of actuators were obtained. All three approaches
lie in the combination of molding techniques and the application of surface
forces prior the final crosslinking of the material to shape it and reach sufficient

alignment to assure proper actuation under the application of external stimulus.

Using both the first and the second methods, quasi-spherical dome-like actuators
were obtained by the application of unidirectional stretching forces using a
stamping process or the application of gas-pressure gradients respectively, which
resulted in a final contraction of the material under illumination and thus,
a decrease in the actuators height. Although strain values achieved by such
actuators are still far from the minimum required for a correct tactile perception,
these methods are very important as they reported for the first time the possibility

of obtaining ordered arrays of LCE actuators within the same elastomeric matrix.

The latter method, also based on molding techniques first introduces the
possibility of providing the material with a bidirectional alignment (a novel
conformation of LCE materials at molecular level) to which an array of actuators
in a pillar-like configuration with expansion movement was achieved, allowing
the direct use of these pushing actuators as tactile elements without including
additional components. The displacements produced and the magnitude of the
force values achieved using this technique lay within the values of interest of
tactile displays. However, actuators of a wide variety of shapes and sizes can be
obtained by this technique with interests of wide broad of applications far from
Braille.

Finally, a very ambitious and challenging approach for the fabrication of a novel
concept of tactile devices was posed based on the micropillar actuators previously
developed: an hybrid system combining the light emitted by current displays
and the direct heating of LCE material to induce tactile signal by means of
phototransistors and arrays of thermoresistors. A first prototype was presented

together with the preliminary results proving the viability of the system.
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In summary, the work represent a significant advance towards the integration
of smart elastomeric materials into MEMS/NEMS technology for the fabrication of
new generation of actuators with varied and very interesting properties and opens
new horizons for the development of different technologies based on these materials
to be applied in the field of assisting technologies. This research has required the
development of innovative fabrication techniques to simultaneously shape and align
the LCE materials to provide arrays of microstructured actuators with sufficient
photo-mechanical response to be correctly perceived by touching and thus reducing
variability in actuation. The technological challenges are great since beside the
difficulties in material preparation and handling, a high density of actuators with
minimum pushing forces and vertical displacements are some of the requirements
imposed by standards to represent Braille characters and ensure their correct tactile
information.

Occasionally, the technological processes developed for the fabrication of arrays of
actuators resulted in a decrease in the material performance mainly due to a reduction
on the degree of alignment achieved, which will have to be addressed in a future
optimization of the actuators. Nevertheless, the results obtained are very encouraging
for future developments on tactile devices. Furthermore, it must be highlighted
that the technology developed is of great interest for a great number of applications
especially in microfluidics and biomedical applications and has established the basis
for the integration of such materials into micro and nanosystems technology for future

development of smart actuators actuated by visible light.

Ongoing and Future work

One of the most important aspects to cover in the near future is to consolidate the
proposed technologies for the fabrication of arrays of nematic actuators, especially the
micropillars, in order to improve their performance and get a reliable integration in i)
the proposed tactile devices and ii) microsystems technology. For that, some research
lines have been initiated following the research begun and described in this thesis.
Some of them are commented below.

First of all, further research focused on improving the working principle and the

whole design and components of the NOMS tactile device is under investigation to
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provide an original and optimized prototype, combining the technical achievements
with the novel approach introduced in the latter chapter of this thesis maintaining the
multilayer concept device. In this sense, next research steps will focus on the search for
alternative materials and techniques such as printed electronics, to provide an elegant
and long-term solution fully compatible with most of tactile displays, laptops and
screens on the market.

Secondly, and with the main objective to continue the research on alternative
materials and composites to improve LCE-CNT performance while simplifying the
preparation of the samples, other commercially available elastomeric matrices as
alternative to EVA and LCE have started to be explored replacing CNTs by photo-
sensitive dyes, since they have demonstrated to be suitable mechanisms to induce
actuation at lower concentrations.

A third research line will benefit from the knowledge acquired on soft polymer
characterization techniques and processing to combine photo-sensitive LCE materials
with micro and nanofabrication techniques to develop novel actuators with different
attributes at micro and nanoscale, able to be remotely actuated inside living systems.
Taking advantage of their reversible contraction and expansion movements it is
possible to induce mechanical reactions as well as deliver drugs locally. In this sense,
first experiments for the fabrication of such systems have been started. In order to

continue this research, a new research project proposal is under preparation.

Finally, the author hoped that this thesis will encourage other students and
researchers to continue this research towards the development of innovative actuators
to go a step further providing real alternative solutions to improve the communication
tasks of blinds.
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Appendix A

Tactile perception and Braille
system

The aim of this appendix is to introduce the reader to the basic concepts related to tactile
perception mechanisms and Braille code standards in order to better understand the
design criteria followed for the design of the actuators introduced within this thesis
(single actuators and the arrays), for their later integration as fully-functional Braille

and tactile devices.

A.1 Basic tactile perception mechanisms

A.1.1 Mechanoreceptors

Touch or somatosensory, also called tactition or mechanoreception, is a perception
resulting from activation of neural receptors, generally in the skin, due to stimuli
(changes in internal or external environment) such as touch, cold, heat, pain, and
pressure [243]. These mechanoreceptors respond to mechanical energy forces such as
touch, pressure, stretching, and movement thanks to tactile perception through the
skin, which is the largest organ in the body (it covers almost 2 m? in an average adult).

Ranging in complexity from free nerve endings beneath the skin to more complex
tactile receptors at the bases of hair, there are different types of skin mechanoreceptors
which can be classified following different criteria. Figure A.1 shows a schematic
representation of the most representative mechanoreceptors in the skin, whereas Table

A.1 summarizes their main characteristics.
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Figure A.1: Mechanoreceptors of glabrous skin. Adapted from [12, 244].

A.1.2 Haptic perception

Haptic perception is the process of recognizing objects through touch by the use of
the mechanoreceptors. It involves a combination of somatosensory perception of
patterns on the skin surface (e.g., edges, curvature, and texture), and proprioception
of hand position and conformation [245]. With previous learning, people can rapidly
and accurately identify three-dimensional objects by the use of exploratory procedures,
such as moving the fingers over the outer surface of an object or holding the entire object
in the hand [246, 247], as well as different types of materials through the information
received by touch (comparing shape, roughness, weight, etc.).

From the time the skin is stimulated, a variety of complex mechanical, perceptual,
and cognitive phenomena take place so as to perceive the information through touch.
Under stimulation skin undergoes deformation which is projected to the different
mechanoreceptors underneath its surface. Next, these receptors encode and transmit
the stimulus to the central nervous system where it is processed, integrated and relayed
to increasingly higher levels of brain processing for interpretation. Thanks to the
information previously stored in our memory (from touch and the other senses) it is
possible to identify the different elements we perceive. However, psychological factors

such as attention and emotion can significantly vary the sensation perceived [12].
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Table A.1: Tactile receptors in the Human skin. Table source: [248]

# of
. Probable Receptive Frequency . © .
Skin . . Fingertip
Receptor  Skin Sensory  Field, Range Range (and
Receptor Receptor
Class Type Correla- (and most
Type . . o (and on
tion Median) Sensitive)
Palm)
. . . , 10-800 Hz )
Pacinian Vibration, 10-1000 mm 21/cm
PC GH : X (200-300 )
corpuscles tickle (100 mm=) (9/cm*)
Hz)
Touch,
Messiner’s RA - tickle, 1-100 mm?  10-200 Hz 140/cm?
corpuscles motion, (13 mm?) (20-40 Hz) (25/cm?)
vibration
2
Hair tactile Touch, ) 10-100 Hz 10fcm )
RA H . . ~ 0.01lmm 200/cm
nerve vibration (?)
(scalp)
. Stretch, ) )
Ruffins 10-500 mm 49/cm
. SAII GH shear, 9 7Hz 9
ending . (60 mm=) (16/cm*)
tension (?)
Merkel’s SAT G Pressure, 2-100 mm? 0.4-100 Hz 70/cm?
cells edge (?) (11 mm?) (7 Hz) (8/cm?)
Tactile Pressure, , 1-100Hz(?)  70/cm? (?)
. SAT H 3-50 mm )
disks edge (?) (I1nHz)(?) (8/cm=)(?)

PC= Pacinian afferents; RA= rapidly-adapting afferents; SA II = slowly-adapting, large receptive field
afferents; SA I = slowly-adapting, small receptive field mechanoreceptive afferents; G= glabrous
(hairless) skin; H = hairy skin.

Young blind people, especially the born-blind ones, have the other senses

(especially, touch and ear), together with the spatial orientation and representation

abilities more developed than people without this disability to compensate them for

the lack of visual information. Hence, with an appropriate learning process they can

train the fingers (the mechanoreceptors on there) to improve their haptic perception

mechanisms. This is the case of Braille [5].

A.2 Braille Standards

Braille code is the worldwide standardized codification system commonly used

for blind and visually impaired people for reading, writing and getting access to

information.
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A traditional Braille system consists in a six-dot based cell, two dots wide and three
dots high, typically numbered 1, 2, 3 downward on the left and 4, 5, 6 downward on
the right. By the combination of those six dots, also named as tactels, in a single cell, 64
different characters including the space can be obtained allowing the representation of
not only letters but also numbers as well as specific digraph symbols from the different
languages [22]. Figure A.2 summarizes the main dimensions and the geometric
distribution of the tactels for a correct Braille representation which were followed

in this thesis for the design of the actuators.

2.5 Single Braille cell T
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O A A B C D E
25 : | :
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|
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\ y )
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I | :
| |
: : P Q@ R S T
: !
% o
Blank cell space i i i % g 5
0.2 )
) Raised dot £

Mo raised dot

Figure A.2: Geometry and dimensions of Braille characters standards for six-dot Braille
cells. All the measurements are in millimeters.

Although having nearly 200 years of existence, dimensions in Braille cells are not
tully standardized, especially in tactel diameter and height [46] and the different Braille
organisms in different countries have adapted the standards to their own language
needs, resulting in significant differences between Braille charts between countries [5].
Figure A.2 -left- show the Spanish version of Braille alphabet chart based on six-dot
Braille system as example of the characters formation. Therefore, the six-dot Braille
system it not the only code used. Enterprising inventors, teachers and Braille users
have sought to expand the possibilities of the Braille cell by increasing the number
of tactels from six to eight, providing a more friendly system for specific applications

such as music notation and the representation of mathematical equations, as well as to
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encode new characters such as “@” [12]. These expansions have resulted in a cell that
is two dots wide and four dots high resulting in up to 256 possible combinations.

All these multiple combinations and the parallel existence of different Braille
standard codes increase the difficulties of visually impaired people to share and
exchange Braille reading material. Moreover, there is a small amount of available
Braille reading material (mainly in the field of education) and is very expensive, which
is usually edited and provided by the same national associations of blinds.

Besides these language issues, the tactel dimensions and its minimum height
needed to be properly perceived (0.2 mm), it is necessary to consider the degree of
stiffness of the material in which Braille characters are printed (e.g., paper and plastic).
Thus, the materials used for the fabrication of Braille tactels should be resistant to
wear and stiff enough to ensure certain stability when users read them, and also have
a touch-friendly surface for a more comfortable use. The most common force value
produced by the fingers when tightening to ensure correct perception of tactels is in
the range from 20 mN to 30 mN. However this value can be reduced up to 15 mN in
the case of actuators, where the element in contact with the fingertip exerts a pushing

force against it instead of a vibrotactile signal.
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Appendix B

Protection layer

In contrast with the other actuator approaches presented within this thesis, using the
"U-shape” design the active LCE material has no direct contact with the environment,
thus avoiding material degradation caused by dust and skin secretions. However,
these elements can produce undesired effects during the actuators performance, even
blockage of some pins due to a continuous usage. For these reasons, a protection film
was introduced on top of the actuation layer at the latest stage of the assembly process.

To that end, preliminary qualitative tests with different flexible materials available
on the market were performed resulting in several suitable candidates. However, there
is a clearly trade-off between the robustness of any cover layer and the unimpeded
functioning of the tactile device. Only the thinnest materials were suitable as protection
layer since the thicker ones can reduce drastically the correct tactile perception of the
tactile signal. Moreover, aspects such as the roughness and the ease to glide the fingers
through them were also considered since it was very important to maintain a pleasant
tactile perception to the end users. Thus, the opinion of two blind persons, Dr. Jordi
Roig de Zarate and Dr. Branislav Mamojka as members of Organizacion Nacional de
Ciegos Espafioles (ONCE) and Unia nevidiacich a slabozrakych Slovenska: Uvodna
strdnka (UNSS) respectively, and at the same time, partners of the NOMS project, was
taken into account.

The results of the evaluation of the most representative materials tested are shown
in Table B.1.

In spite of the results, only a small number of very thin materials were pre-selected

for further testing since most of them resulted to be too thick and were not available
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in thinner formats, thus reducing the possibilities only to silicone-based films among

which Silex25 and Silex50 were the preferred ones. Ideally Silex25 was the best option

since the resistance to deformation of a film is proportional to its section. However, it

presents some difficulties in handling due to its reduced thickness.

Table B.1: Evaluation of protection films for the tactile display.

. . Thickness Hardness .
Film name Material Tensile Color Touch  Comments
[pm] (HRO)
HT6240 . .
silicone 250 40 800 clear notbad too thick
W/256M
HT6240
TRANSSIL  silicone 250 40 800 clear ok too thick
No PSA
HT6220 too thick,
LSR Sheet  silicone 250 20 800 black notbad need to be
No PSA glued
HT6135
LSR Sheet  silicone 250 35 800 off-white ok too thick
No PSA
S 1
uper cear silicone* 250 n/a n/a transparent ok too thick
sheet
COHR9235 . too thick,
silicone** 380 30 1150 gray bad ..
W/256M too rigid
Pol
? y too thick,
PDMS200  dimethyl- 200 n/a n/a transparent not bad .
. too sticky
siloxane
Pol
oy too thick,
PMMA200 methyl- 200 n/a n/a transparent ok .
too rigid
metacrylate
. . nearly
Silex50 silicone 50 n/a n/a ok ok
transparent
Silex25 silicone 25 n/a n/a transparent ok ok

* Liquid silicone rubber; ** Gum Based Solid Silicone.

In the experimental characterization of the tactile device presented within this

thesis (Chapter 4) the effects on the mechanical response of the actuators due to the

incorporation of the protection layer were not taken into account since all the tests

were carried out without the inclusion of such layer. Further investigation involving

the selection and testing of the protection layer will be done as part of future work.
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List of abbreviations

¢i: Expansion/contraction expressed in percentage
F;: Actuation Force

I;: Current Intensity

Ai: Uniaxial thermal expansion/contraction

L;: Sample length

Lis,: Sample length in isotropic phase (during the application of an external
stimulus)

Lyem: Sample length in nematic state (no stimulus applied)
v: Poisson’s ratio
T,: Glass transition temperature

Tnr: Transition temperature from nematic to isotropic phase, also known as
clearing temperature

11UB: 1,4 alkeneoxybenzene, cross-linking unit

AD: Audio Description

ANSYS: Finite Element Analysis software

Au: Gold, chemical element

CCD: Charge-Coupled Device

CSIC: Consejo Superior de Investigaciones Cientficas
DI water: Deionized water

DOF: Degrees of Freedom. Referred to Finite element modeling
DSC: Differential Scanning Calorimetry

EAP: Electro Active Polymer

EDA: Electronic Design Automation

EVA: Ethylene-Vinylacetate copolymer

FE: Finite Element

FEA: Finite Element Analysis

FEM: Finite Element Modeling

FIB: Focused Ion Beam

FWHM: Full Width Half Maximum



HCI: Hydrochloric acid
H>0,: Hydrogen peroxide

IMB-CNM: Institut de Microelectronica de Barcelona, Centre Nacional de
Microelectronica

IPMC: Ionic Polymer-Metal Composite

IR: Infra-Red light

ITO: Indium Tin Oxide

LC: Liquid Crystal

LCD: Liquid Crystal Display

LCE: Liquid-Crystalline Elastomer

LD: Laser Diode

LED: Light Emitting Diodes

MBB: 4-methoxyphenyl-4-(1-buteneoxy) benzoate, Rigid-rod LC mesogen
MCLCE: Main-Chain Liquid-Crystalline Elastomer
MEMS: Micro-electro Mechanical Systems
MWCNT: Multi-Walled Carbon Nanotube

NEMS: Nano-Electro Mechanical Systems

Ni: Niquel, chemical element

NOMS: Nano-Opto-Mechanical Systems. Acronym of a EU-FP7 project
Op-am: Operation Amplifier

PC: Personal computer

PCB: Printed Circuit Board

PAPC: Photo-Actuating Polymer Composite
PDMS: Polydimethylsiloxane

PET: Polyethylene terephthalate

PMHS: Polymethylhydrosiloxane

PMMA: Polymethylmetacrylate

POM: Polyoxymethylene

PTFE: Polytetrafluoroethylene

PVDF: Polyvinylidene fluoride

PyMC: End-capping pyrene group for improving the CNT dispersion into LCE
matrix

SCC: Side-Chain Crosslinker



SCLCE: Side-Chain Liquid-Crystalline Elastomer
SCM: Side-Chain Mesogen

SEM: Scanning Electron Microscopy

SMA: Shape Memory Alloy

SWCNT: Single-Walled Carbon Nanotube
TEM: Transmission Electron Microscopy

Ti: Titanium, chemical element

UCAM: University of Cambridge, UK

UV: Ultra Violet light

VCSEL: Vertical Cavity Surface Emitting Laser
WAXS: Wide Angle X-ray Scattering

WHO: World Health Organization

XRD: X-ray Diffraction












