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Abstract

Marine biofouling causes serious economic and ecological problems for the marine
industry. Due to great antifouling properties, silicone elastomers are materials
which have dominant role in antifouling coatings for marine applications. As
dielectric materials, silicone elastomers have a role in dielectric elastomer transduc-
ers (actuators, generators and sensors). New antifouling technologies combining
these two roles of silicone elastomers have already been demonstrated. The main
objectives of these technologies are the prevention and detachment of biofouling.
However, the biofouling detection is still only visual, and therefore, it is of great
importance to develop new fouling detecting technologies. The goal of this project
is development of a detection technology based on a silicone elastomer, which
will be deployed directly on the marine surface susceptible to biofouling. In order
to fulfill this ambitious goal, different sensor models for detecting biofouling are
proposed and investigated.

To ensure constant performance of the silicone elastomer transducers under
continuous deployment, the softening effects of silicone elastomers, which can alter
their properties and thus the performance of the soft transducer, are investigated.
Initially, soft and hard commercial silicone elastomers and two blends of commercial
silicone elastomers are extensively investigated in order to obtain details regarding
their chemical structure. Afterwards, the mechanical properties of these silicone
elastomers are examined, namely their softening behaviour due to the Mullins
effect. The Mullins effect in different silicone elastomers is quantitatively compared
using a strain-energy function. Ultimate stresses, ultimate strains, and Young’s
moduli are obtained from uniaxial tensile tests. The point of softening is shown
to greatly depend on both elastomer type and its strain history. Furthermore, a
significant permanent set is observed in the softest commercial formulations.

Subsequently, three models for detecting biofouling are proposed and investi-
gated.

Detecting biofouling in the first and second sensor model relies on the me-
chanical deformation of the dielectric elastomer (DE) under applied hydrostatic
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ii Abstract

and dynamic water pressure, respectively. Biofouling induces stiffening effect on
the surface of the DE, and therefore different DE deformations under applied
pressure. Simulations of the first two proposed models are performed using the
finite-element-method (FEM) software ANSYS. Soft and hard commercial silicone
elastomers are investigated to be used as a dielectric material for the first sensor
model. A study of geometrical parameters is performed. The FEM analysis
predicts the deformation of the sensors under applied pressure. Data show low
sensitivity of the sensors to applied pressure, indicating that the proposed sensor
model cannot be used for detecting biofouling. Afterwards, a hard commercial
silicone elastomer is investigated as a dielectric material for the proposed geometry
of the second sensor model. Two positions on the proposed DE geometry are
examined as potential positions for the stretchable sensor. Deformation of the
areas of those two positions is analysed. Data show small deformation of the
areas under applied dynamic pressure, indicating that low change in the sensor’s
capacitance may be expected under applied pressure, and thus their low sensitivity.

Finally, a third sensor model for detecting biofouling is proposed. In the third
sensor model, a sensing capability is added to the actively deformed DE surface. A
device consists of a copper plate, a Kapton sheet, and a thin silicone film immersed
in conductive 3.5 wt% NaCl solution, which acts as one electrode, with the copper
plate being the second electrode. The electrical measurements are performed to
detect surface deformations. Biofouling attachment to the surface of the silicone
elastomer causes a change in the surface stiffness of the silicone elastomer, and
as a result the threshold voltage necessary to develop the surface deformations
increases. The devices are exposed to UV light in order to simulate the biofouling
induced stiffening effect. Influence of UV light on gel fraction and the mechanical
and dielectric properties of silicone elastomer is also investigated. Furthermore, an
investigation of chemical structure and the mechanical and dielectric properties of
the DE before and after exposure to the artificial sea water for 250 hours and at
different temperatures is performed. Since the DE is an incompressible material,
and since it is bonded to a rigid substrate, voltages below the creasing threshold
created no deformation in the film, and therefore no change in the capacitance.
Above the voltage threshold, creasing instabilities appear on the surface of the
silicone, thus increasing the capacitance of the device. The exposure of the DE to
artificial sea water is shown not to have influence on the chemical structure and
the mechanical and dielectric properties of the DE. On the other hand, exposure of
the DE to UV light significantly changes the gel fraction and the mechanical and
dielectric properties. Furthermore, surface deformations are not observed after
48 hours of UV exposure. However, the new onset voltage is not detected herein,
since electrical breakdown occurs before the formation of creasing instabilities.



Resumé

Marin begroning er årsag til væsentlige økonomiske og miljømæssige problemer
for søfartsindustrien. På grund af deres gode egenskaber mod begroning finder
silikoneelastomerer omfattende anvendelse i antibegroningsmalinger til anvendelse
i maritime miljøer. Som dielektrika anvendes silikoneelastomerer i dielektriske
elastomertransducere (aktuatorer, generatorer og sensorer). Silikonebaserede
antibegroningsteknologier der kombinerer disse to anvendelser er kendte. Det
primære fokus for de kendte teknologier er at modvirke at begroning forekommer
samt at lette frigørelse af begroning. Fælles for de kendte teknologier er at
begroningsgraden kun estimeres visuelt, hvorfor der er et behov for at udvikle nye
teknologier til at detektere begroning. Formålet med dette projekt er at udvikle
en detektionsteknologi baseret på silikoneelastomerer som direkte kan anvendes
på maritime overflader der er modtagelige for begroning. For at kunne opfylde
dette ambitiøse mål udvikles og undersøges her forskellige sensormodeller.

For at sikre stabil ydeevne af silikoneelastomer-transducere ved kontinuert
anvendelse undersøgtes mekanisk blødgøring af silikoneelastomerer. Dette er
væsentligt, da materialets hårdhed har betydning for transducerens ydeevne.
Indledningsvist blev bløde og hårde kommercielle silikoneelastomerer samt to
blandinger af kommercielle silikoneelastomerer undersøgt med fokus på at belyse
deres præcise kemiske struktur. Dernæst blev de samme materialers mekaniske
egenskaber undersøgt, mere specifikt hvordan deres hårdhed ændredes grundet
Mullinseffekten. Mullinseffekten i forskellige silikoneelastomerer er således kvantita-
tivt sammenlignet ved brug af en elastisk energifunktion. Værdier for det ultimative
stress, den ultimative tøjning og Youngs moduler blev bestemt ved hjælp af uniak-
siale trækstyrketest. Blødgøringspunktet kunne vises i meget høj grad at afhænge
af både elastomertype og belastningshistorik. Derudover observeredes væsentlig
permanent deformation for de blødeste kommercielle formuleringer.

Efterfølgende blev tre mulige modeller til at detektere begroning udviklet og
undersøgt.

Detektion af begroning i de to første sensormodeller bygger på mekanisk de-
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formering af den dielektriske elastomer (DE) under henholdsvis hydrostatisk og
hydrodynamisk tryk. Begroning øger stivheden af overfladen af den dielektriske
elastomer, hvilket påvirker den resulterende deformation under et påført tryk.
Simuleringer af de første to foreslåede modeller blev gennemført ved hjælp af
finitelementmetode (FEM) softwaren ANSYS. Bløde og hårde kommercielle si-
likoneelastomerer blev anvendt som dielektrika i den første sensormodel, hvor
hydrostatisk tryk er årsag til mekanisk deformation. Her blev en række geometriske
parametre undersøgt. FEM analysen forudsiger deformation af sensorerne under
et påført tryk, men dataene indikerer lav følsomhed. Den foreslåede sensormodel
er derfor uegnet til at detektere begroning. Til den anden sensormodel, baseret på
dynamisk tryk, undersøgtes en hård kommerciel silikoneelastomer. To positioner
på den foreslåede geometri blev undersøgt som mulige positioner for den strækbare
sensor. Ændringer i areal af disse positioner blev analyseret som funktion af påført
tryk. Dataene viser lav deformation, hvilket indikerer at kun små ændringer i
sensorens kapacitans kan forventes og derfor at følsomheden er lav.

Endelig blev en tredje sensormodel udviklet. Her tilføres sensoregenskaber
overfladen af den aktivt deformerede DE. Enheden består af en kobberplade, en
tynd Kaptonplade og en tynd silikonefilm mættet med en ledende 3.5% vægt/volu-
men vandig NaCl opløsning, hvor saltopløsningen fungerer som den ene elektrode
og kobberpladen som den anden. Elektriske målinger udførtes for at detektere
overfladedeformationer. Begroning øger elastomerfilmens overfladestivhed, og dette
øger grænsespændingen for dannelse af overfladedeformationer. For at simulere
den begroningsinducerede stivhedsforøgelse blev overfladen af silikoneelastomeren
udsat for UV lys. Effekten af UV lys på gelfraktionen og på de mekaniske og
dielektriske egenskaber af silikoneelastomeren blev derefter undersøgt. Derudover
blev den kemiske struktur samt de mekaniske og elektriske egenskaber af DE
udsat for kunstigt havvand i 250 timer og ved forskellige temperaturer undersøgt.
Eftersom DE er inkompressibel og eftersom det er bundet til et stift substrat,
gav spændinger under en grænsespænding (deformationstærskelen) ingen defor-
mation af filmen og derfor ændredes dens kapacitans ikke. Spændinger højere
end denne grænsespænding gav foldeustabiliteter på overfladen af silikonefilmen,
hvilket forårsagede en forøget kapacitans. Eksponering af DE til kunstigt havvand
ledte ikke til ændringer af den kemiske struktur og de mekaniske og dielektriske
egenskaber af materialet, ligesom overfladedeformationer ikke kunne påvises efter
48 timers UV eksponering. Imidlertid førte denne eksponering ikke til ændringer i
grænsespændingen eftersom elektrisk nedbrud sker før filmen deformerer.
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CHAPTER1
Introduction

1.0.1 Scope of the research

Biofouling attachment to surfaces exposed to natural aqueous environments has
significant economic and ecological impacts on marine industries. To date, work has
been performed on developing economically and ecologically friendly antifouling
strategies, the main objectives of which are the prevention and detachment of
biofouling species. A large number of these strategies involve the use of silicone
elastomers for antifouling coatings. However, methods for detection of biofouling
are still on the level of visual observations with the naked eye or a camera, both of
which can be costly and inefficient. Therefore, it is of great importance to develop
a sensor that will be embedded in the submerged surface exposed to biofouling.
The scope of the current project is to develop a sensor model whereby a coating
on the submerged surface would be used as a dielectric material within the sensor.

Since the mechanical properties of the dielectric elastomer employed in the
sensor would play a key role in terms of reliability and longevity, the scope
of the research involves first studying the mechanical properties of the silicone
elastomers commonly used in soft transducers. In this regard, soft and hard
commercial silicone elastomers and two blends of commercial silicone elastomers
are investigated, specifically relating to their softening behaviour, due to the
Mullins effect. Furthermore, the softening effect is quantitatively compared in
different silicone elastomer formulations.

Different sensor models for detecting biofouling are then proposed and inves-
tigated in the main part of the research. Since mechanical deformation of the
dielectric elastomer (DE) of the capacitive sensor induces changes in capacitance,
hydrostatic water pressure is used in the first proposed sensor model as a trigger
for the mechanical deformation of the silicone elastomer and indirect detection
of biofouling. Simulations are performed in the finite element software ANSYS
to evaluate whether the proposed sensor model possesses high enough sensitiv-
ity under applied pressure and can be utilised thereafter for detecting marine
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2 1. Introduction

biofouling.
After obtaining the results for the first model, a second sensor model is proposed

in which dynamic water pressure is used as a trigger for mechanically deforming
the silicone elastomer and indirectly detecting biofouling. As in the previous model,
simulations are performed in the finite element software ANSYS to evaluate whether
the deformation of the proposed geometry under applied pressure is significant
enough to induce major deformation of the areas on which soft stretchable sensor
may be placed. Deformation of these areas indicates whether a significant change
in sensor capacitance may be expected, in order for the model to be used after for
the marine biofouling detection.

Finally, a third sensor model is proposed and investigated, based on dynamic
surface deformation generated through the electro-actuation of the DE. This has
already been reported in the literature for actively detaching biofouling form
surfaces. As part of the proposed active sensor model, a new method for detecting
dynamic surface deformations is investigated. Afterwards, the influence of different
environmental parameters on the mechanical and electrical properties of the DE
used in the sensor is investigated. The stiffening effect that biofouling has on
the coating surface was simulated by exposing the sensors to UV light, and then
subsequent surface deformations were investigated, as well as the influence of UV
light on the mechanical and dielectric properties of the dielectric material in the
sensor.

1.0.2 Structure of the thesis
The contents of this thesis are organised in seven chapters, as follows:

Chapter 2, Marine biofouling impact and antifouling strategies, provides a the-
oretical overview of the economic and ecological consequences of marine biofouling.
Furthermore, different types of antifouling strategies are described with a focus on
active control mechanisms.

Chapter 3, Silicone-based dielectric elastomers, provides a general introduction
to dielectric elastomers, more specifically silicone elastomers, and their working
mechanisms based on the mode of operation. Furthermore, electrical breakdown
and typical types of electro-mechanical instabilities, which occur within the dielec-
tric elastomers under applied voltage, are described.

Chapter 4, Softening effect of commercial silicone elastomers for soft robotics,
characterises and investigates softening effect in commercial silicone elastomers
commonly used for soft robotics. Sections of the text, figures and tables included in
this chapter were published in Journal of Applied Polymer Science. The published
version of the article can be found in Appendix A of this thesis. Permission to
reprint the manuscript in this thesis was obtained from the publisher, Wiley.

Chapter 5, Passive approach for detection of biofouling, introduces the first and
second research studies for detecting biofouling. Two simplified sensor models are
presented. Using ANSYS Workbench software, two sensor model simulations are
performed, in order to verify whether the designed sensor models/approaches can
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be used for marine biofouling detection. Two types of silicone elastomer materials
are examined in the first model, and one silicone elastomer is examined in the
second sensor model. A study of geometrical parameters is conducted in both
models, in order to investigate their influence on sensor sensitivity.

Chapter 6, Creasing instabilities for detecting biofouling, introduces the third
research study for detecting biofouling, based on the active deformation of the DE
surface in the form of creasing instabilities. The fabrication and the experimental
testing of the sensor are described, and a method for detecting creasing instabilities
on the top surface of the DE is described.

Chapter 7, Conclusion and Outlook, contains the overall conclusion of the work
conducted during this PhD study and provides future perspectives.

Appendix A, Publications in publication layout, contains the published articles
in the journal layout.

Appendix B, Publication supplementary material, contains supporting informa-
tion for the published article “Importance of Mullins effect in commercial silicone
elastomer formulations for soft robotics”.

Appendix C, Chapter 4 supplementary material, contains supplementary mate-
rial for Chapter 4.

Appendix D, Chapter 5 supplementary material, consists of supplementary
material for Chapter 5.

Appendix E, Chapter 6 supplementary material, lists supplementary material
for Chapter 6.





CHAPTER2
Marine biofouling impact and

antifouling strategies

“Biofouling” is the unwanted accumulation of biological organisms on synthetic
surfaces exposed to an aqueous environment. [1] Medical, marine, and other
industrial applications in which water is present have to deal with it accordingly. [2]
Depending on the application, the type and extent of biofouling are different. For
example, medical biofouling includes biofilm only, while marine and industrial
biofouling is usually a combination of biofilm and macrofouling. [2, 3] Surfaces
exposed to the aqueous environment also suffer from inorganic fouling (corrosion,
crystallisation, suspended particles, oil and ice), which usually develops as a
consequence of organic biofouling. [2, 4–8] However, inorganic fouling is beyond
the scope of the research in this thesis. In this chapter, organic marine biofouling,
ecological and economic impacts and strategies to control and monitor organic
biofouling shall be described. The term “biofouling” or just “fouling” will be used
throughout the rest of this thesis to refer to organic marine biofouling.

2.1 Biofouling attachment

Biofouling affects all structures and devices in contact with an aqueous environment:
ships, sonar devices, offshore structures, oil installations, platforms, underwater
cables, underwater acoustic instruments, seawater cooling systems, and marinas,
to name but a few. [2, 4, 5, 7–13] It involves a large number of different biological
organisms found in marine water, and to date more than 4,000 different biofouling
species have been identified and reported. [14] Biofouling occurs over length scales,
from molecular dimensions to centimetres, and it is a highly heterogeneous and
dynamic process whereby submerged surfaces are rapidly covered by biological
organisms from the marine environment [14, 15] (see Figure 2.1).

The attachment of fouling organisms usually happens as follows: (1) a suitable
surface is located by the organism, (2) the surface is explored, (3) initial reversible

5
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preliminary biofilm microfouling macrofouling

100 nm 1 µm 100 µm 1 mm 1 cm

soft biofoulers hard biofoulersbacteriaproteins

Figure 2.1: Schematic illustration of the fouling colonisation process on
a ship’s hull. Images adapted from website [16–19].

attachment takes place, (4) followed by irreversible attachment, (5) growth and
(6) the capture of other organisms with length scales specific to each species. [2,
14, 15] The dimensions of fouling organisms during their settling stages (proteins,
bacteria, cells, spores or larvae) are typically 100 nm to 100 µm (Figure 2.1). [1]
The settling of these nano- and micro-organisms eventually results in the formation
of a preliminary biofilm (slime). [14, 15, 20, 21] The preliminary biofilm continues
to grow and diversify by attracting more micro-organisms, thereby resulting in
macro-fouling. This involves the attachment of more complex fouling organisms
comprising of both “soft” and “hard” biofoulers, such as mussels, tubeworms,
algae, and barnacles. [2, 7, 11, 15] However, the biofouling process is not universal,
and it does not always happen following the abovementioned steps; in fact, it
largely depends not only on type of biofouling species, but also on different
environmental and surface conditions. [1] For example, tubeworms prefer to settle
on the biofilm, but barnacles do not require a biofilm in order to settle. [3, 22–27]
Environmental conditions, such as geographical position, season, salinity, pH,
temperature, nutrient levels and light intensity, as well as surface properties, such
as surface chemistry, charge, hydrophobicity and topography, play important roles
in the biofouling process. [1, 20, 21, 28–30] Findings on how these different factors
influence biofouling have led to development of diverse antifouling coatings, which
will be discussed later in this thesis.

2.2 Impacts and consequences of marine biofouling

Issues related to biofouling attachment can be divided into two main categories,
namely economic and ecological. [31] However, it is important to note that these
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two categories are not mutually exclusive; moreover, they are actually closely
related and therefore hard to discuss independently.

Economic and ecological impacts of biofouling

Biofouling on surfaces results in high costs for the marine industry. For instance,
when attached on the hull of a ship, is the main cause of increased costs related
to fuel consumption, manpower, transport delays, material recourses, etc. [32]
Maritime transportation or shipping, defined as the transport of people and goods
via waterways, is often considered the most efficient, economically and ecologically
friendly form of transportation, compared to other forms such as aviation and
roads. [31, 33] Production growth in all industries, and the development of new
technologies, has increased the need for maritime transportation and therefore
increased shipbuilding and marine traffic. Alongside this significant development,
the impact of biofouling has become highly important for a marine industry
seeking to maximise its profit margins. [31] Biofouling attachment generates
roughness on the surface of a ship, thus increasing frictional resistance [33], which
in turn leads to lower speeds, diminished vessel maneuverability and increased
hull maintenance, repair and cleaning. [30, 34] Furthermore, in order to avoid
transport delays, shipping companies have to keep to a given speed, which therefore
means higher fuel consumption in order to cut through the water. [35] And
with higher fuel consumption, other negative effects caused by biofouling arise.
Fuel used in ships is mostly low-grade, high in sulphur content (approximately
3.5%) [36] and responsible for significant carbon emissions [33], thereby contributing
to triggering ecological problems related to increased greenhouse gas emissions.
The International Maritime Organization estimates that current emissions (2020)
of carbondioxide (CO2) as a result of shipping represent 2-3% of global CO2
emissions. [36] In 2018, the same organisation set a target for 2050 of reducing
greenhouse gas emissions from shipping by at least 50%. [33] However, greenhouse
gas emissions are not the only ecological problems caused by biofouling. For
instance, through the transfer of goods and people, ships also transfer biofouling
species from one place to another, which essentially means the establishment of
invasive non-indigenous marine species (NIS) in different ecosystems. [31, 32, 37]
Transferred NIS cause severe poisoning of local marine organisms, and in this way
they can have a strong impact on human health or overpopulate new ecosystems
and predate on local species, sometimes causing their extinction. [32] In order to
reduce the transfer of NIS, marine companies are required to clean their ships
regularly, but this involves more dry-docking operations such as maintenance
and cleaning, less time at sea and, ultimately, more direct and indirect costs.
Furthermore, biofouling leads to the deterioration of protective coatings and
triggers corrosion [31], which in turn creates more problems that need to be
resolved with dry-docking operations and the subsequent use of labour as well as
mechanical machinery and material resources. [30] A large amount of waste is also
generated in this process, both biological and synthetic, which causes additional
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ecological problems. [30, 38] Efforts to rid ships’ hulls of biofouling by coating
them with coatings containing toxic ingredients may indeed reduce the level of
fouling and the spread of NIS, and therefore reduce fuel consumption, transport
delays, etc. [35] However, this solution involves a compromise – the pollution of
the aqueous environment with harmful chemicals that can permanently damage
marine life and have knock-on effects on human health. [20, 35] Therefore, the
development of low-impact antifouling strategies on the environment is of high
interest. [39]

2.3 Antifouling strategies

Since marine biofouling presents a major economic and ecological problem for the
marine industry, in the last few decades, significant time and resources have been
put into the development of efficient and ecologically and economically friendly
antifouling strategies, which involve the use of technologies where the focus is
to eliminate and/or prevent biofouling by using antifouling coatings, as well to
detect it. While there is a constant progress in the development of more efficient
types of former technologies, the latter ones have not received much attention.
An overview of existing technologies related to marine biofouling control, as well
technologies for monitoring biofouling, is presented below.

2.3.1 Biofouling control approaches
The development of a technology for biofouling control, which meets ecological and
economic requirements, has become somewhat of a holy grail in the marine industry.
Antifouling technologies are divided into two groups based on two mechanisms
that are used for biofouling control: (1) the elimination of biofouling and (2) the
prevention and detachment of biofouling. Traditional antifouling coatings and
biocide-release-based coatings belong to the first group, whilst non-biocide-release-
based coatings and those with a biomimetic and an active topology belong to the
second group. [1, 20, 30, 34]

Traditional antifouling coatings

Different coatings have been applied to ships since people discovered that they
could protect their wooden ships from biofouling. [1] However, the real revolution in
antifouling systems started when tributyltin (TBT) moieties were first introduced
as antifouling agents in 1955. [1, 12, 13, 20, 38] At the time, it seemed that
the perfect solution had been found; however, since TBT had an undesirable
influence on a large number of marine species, environmental concerns about
its use started to surface in 1980s. [40, 41] Shell-thickening was noticed with
oysters, the bioaccumulation of tin was detected in fish and seals and some marine
organisms became locally extinct. [40, 41] TBT-based antifouling coatings on
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ships were finally banned worldwide in 2008 [1, 12, 13, 30, 39, 42], thus launching
research into more environmentally acceptable antifouling solutions.

Biocide-release-based antifouling coatings

Biocide-release-based antifouling coatings apply the same principles as TBT-
based systems, albeit with components that are currently ecologically acceptable.
Biocide-release-based antifouling coatings release biocides over time that eliminate
biological organisms, and in that way restrain biofouling attachment. Depending
on the type of polymer matrix used for the coating and release mechanism, these
biocide-release coatings are divided into two main categories: (1) biocide-release-
based antifouling coatings with an insoluble matrix and (2) biocide-release-based
coatings with a soluble matrix. [1, 30] See Figures 2.2a and 2.2b.

Insoluble coating matrix Biocides

Holes in the coating after biocide is released

(a)

Soluble coating matrix Biocides

Holes in the coating after biocide is released

(b)

Figure 2.2: Schematic illustration of biocide-release-based antifouling
coatings with (a) an insoluble coating matrix and (b) a soluble coating
matrix.

High molecular weight polymers that are insoluble in seawater (acrylics, vinyls,
epoxy, or chlorinated rubber polymers) are used to formulate biocide-release-based
coatings with an insoluble matrix. [20] Biocides incorporated in this insoluble matrix
are gradually released and dissolved into the surrounding aqueous environment
(Figure 2.2a). On the other hand, water-soluble polymers mixed with biocides are
used in the formulation of biocide-release-based coatings with a soluble matrix. [20]
These coatings are known as “erodible coatings”, because when they come into
contact with water, both the biocides and the polymer matrix are simultaneously
released (Figure 2.2b).

Even though biocide-release coatings are more ecologically friendly compared to
traditional antifouling coatings, they do not last very long and are not as efficient
as TBT-based antifouling coatings. Furthermore, biocides are still released into
the environment. As a result of further environmental restrictions, currently used
biocides are likely to be banned in the future. [20]
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Non-biocide-release-based antifouling coatings

Non-biocide-release-based coatings do not contain or release biocides for biofouling
control, and they are divided into two categories, based on the mechanism for
fouling control, namely (1) the prevention of biofouling attachment (Figure 2.3a)
and (2) the detachment of biofouling (Figure 2.3b). [1]

Hydrophilic coating Water molecules

Proteins

(a)

Hydrophobic coating Water flow

Marine biofouling

(b)

Figure 2.3: Schematic illustration of non-biocide-release-based antifouling
coatings with (a) biofouling prevention mechanism, and (b) biofouling
detachment mechanism.

The main issues behind the efficient control of biofouling are related to different
mechanisms involved in fouling attachment. [1] These different mechanisms are the
consequences of biofoulant and secretion diversity used in order to adhere to the
surface. [1, 43] However, for a large number of biofouling species, the biofouling
process usually starts with the attachment of nano- and micro-organisms (proteins
and bacteria), as described in Section 2.1. [1] Therefore, non-biocide-release-based
antifouling coatings with a prevention mechanism seek to prevent the settling
of proteins, which are the base layer for the further irreversible attachment of
biofouling to a surface. Thus, these coatings are often called “non-stick-fouling
coatings”. [1, 14, 30] Hydrophilic coatings, which maintain a hydration layer on the
surface, are widely used for this purpose [1], and the idea behind their use is that
they and the surrounding water develop strong and highly favourable interactions,
compared to the interactions between the coating and proteins, and in that way
they inhibit protein attachment (Figure 2.3a). [1, 28]

On the other hand, non-biocide-release-based antifouling coatings with a detach-
ment mechanism seek to significantly reduce the attachment (adhesion) strength of
a biofouling species, thereby enabling the easy and efficient removal of biofouling
by simple mechanical cleaning or just by a ship’s movement through the water
(Figure 2.3b). [1, 14, 42] Therefore, these coatings are often called “fouling-release
coatings”. [1, 20]

Even though protein attachment is a mutual step in the attachment process of
a large number of fouling species to the substrate, the diversity of biofouling species
has a major influence on the how differently fouling and substrates interact. [1]
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Four types of interactions in this regard have been reported in the literature
to have a major role in attachment to the substrate: (1) chemical bonding,
(2) electrostatic interaction and physical adsorption, (3) mechanical interlocking
and (4) diffusion. [1, 20] Understanding these interaction mechanisms between
biofouling and the substrate surface helps in choosing the most convenient material
for biofouling control. For example, chemical bonding between the substrate and
biofouling is avoided using materials that contain non-polar and non-reactive
functional groups on the surface, as they prevent biofouling functional groups
from reacting with the substrate. [1, 20] At the same time, the presence of
non-polar and non-reactive groups on the surface – as well as the absence of
heteroatoms, polar and ionic groups – disables electrostatic interactions between
the biofouling and substrate. [1, 20] However, even if these chemical bonding and
electrostatic interactions are avoided, mechanical interlocking is enabled if the
substrate material is rough and porous, in which case biofouling molecules are able
to penetrate into the surface cavities and attach. [1, 20] Therefore, the surface of
the substate material should be smooth, while rough and porous materials should
be avoided. [1, 20] Finally, biofoulant diffusion can be avoided by using a highly
cross-linked material with surface-oriented and closely packed functional groups,
thus disabling it. [1, 20]

Taking into account the interaction mechanisms between the substrate and
biofouling, and how these interactions can be hindered, silicone elastomer-based
(most commonly poly(dimethylsiloxane) (PDMS)-based) coatings have been re-
ported as one of the best candidates to reduce biofouling adhesion strength and
being employed as fouling release coatings. [1, 34, 44, 45]

Alternating silicon and oxygen atoms create a flexible silicone elastomer back-
bone. [14, 46] Every silicon atom within this backbone is connected to two organic
groups, and those at the end of the backbone are connected to a third group,
which can be a hydroxyl, an amino or an alkoxy substituent. [20] The most com-
monly used silicone elastomer PDMS has methyl group (-CH3) connected to the
backbone’s silicon atoms. [20, 47] The chemical structure of PDMS is presented in
Figure 2.4.

Figure 2.4: Chemical structure of PDMS.

This characteristic chemical structure of PDMS is the reason why PDMS-based
coatings exhibit low surface energy and high smoothness – and why are used as
fouling release coatings. [20]

Silicone elastomer-based coatings are commercially available and are obtained
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(a)

(b)

Figure 2.5: Schematic illustration of silicone curing reactions (a) a
hydrosilylation, and (b) a condensation.

through two simple and well known curing reactions: (1) a hydrosilylation reaction
and (2) a condensation reaction, both of which are illustrated in Figure 2.5. [20,
46, 47]

The hydrosilylation reaction occurs between two polysiloxane-type precursors:
one usually with vinyl groups at the end of the backbone, and the other one with
hydrogen atom at the backbone ends, which acts as a cross-linker (Figure 2.5a). [20,
48] The reaction requires the presence of a catalyst (usually platinum (Pt) cata-
lyst) [20, 48], and it is easy to control and well-defined network structures can be
achieved, albeit the reaction is very prone to inhibitors. [49]

The condensation curing reaction occurs between a polysiloxane-type precursor
and a hydrolysable silane cross-linker (Figure 2.5b) [20, 48], and it also requires
the presence of a catalyst. [48] Relatively low-cost and network formation over a
wide range of stoichiometries are the main advantages of the condensation curing
reaction compared to hydrosilylation. However, the need for a certain level of
humidity, the large amount of by-products that are released and a particularly
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long curing time are some of the disadvantages of condensation curing. [20]
Due to the above-mentioned properties, silicone elastomer, obtained through

hydrosilylation curing, is used in this project as a material for an antifouling
coating with a sensing capability.

It has to be noted that even though PDMS-based coatings are easily obtained
through hydrosilylation and condensation reactions, the negative properties of
PDMS, such as poor adhesion to metal substrates, and its mechanical properties,
mean that PDMS-based coatings can damage easily during the routine handling
of ships and submerged devices, thereby reducing the service lifetime of the
coating. [1] However, due to high antifouling efficiency of PDMS-based antifouling
coatings compared to other commercially available coatings, different solutions
have been investigated to reduce the effect of these negative properties. [1] Proposed
solutions include the application of different primers, to improve adhesion, and
the incorporation of different inorganic fillers or the introduction of other polymer
segments, in order to improve mechanical properties. [1] The most commonly
utilised commercial solution is the duplex system, whereby the adhesion of a
PDMS-based antifouling coating to the metal substrate or to an anticorrosive
epoxy layer is promoted by a tie-coat. [14, 20]

Coatings with a biomimetic topology

In recent years, new nature-inspired antifouling technologies have been proposed.
They offer biofouling control through permanent nano- and micro-topography
modifications of the coating (surface). [28, 45, 50] The ability of the lotus (Nelumbo
nucifera) leaf surface to remain clean in muddy and fouled water, and the ability of
the carp fish and a shark’s skin to remain unfouled, has inspired scientists globally
to fabricate materials with similar properties. [28] This new antifouling approach
is referred as “biomimicry”, since antifouling control is obtained by mimicking the
antifouling abilities of nature itself. [2, 3]

Investigations into non-fouled natural surfaces (lotus leaf, fish skin, etc.) have
shown that even though these surfaces appear smooth to the naked eye, they
exhibit microscopic roughness on different length scales. [2, 28, 51](See Figure 2.6)

Nature-inspired PDMS-based topographic surfaces have been used to under-
stand the effect of patterned feature size, geometry and roughness of marine
biofouling. [42, 55, 56] The largest reduction in the fouling attachment was
obtained with the Sharklet AFTM topography, which is shark skin-inspired mi-
cropatterned surface topology. [42] Advances in micro-/nano-production techniques
and examples from nature have inspired researchers to develop nano-patterned
topological surfaces. [57] Changes in surface wettability, fluid dynamics near the
surface and lower numbers of available attachment points for fouling are factors
responsible for reduced fouling on patterned surfaces. [14, 20, 42] The complexity
of natural designs that are not easy to copy on the macroscale, the complexity
of the fabrication process that may not lead to the required pattern homogeneity
and the fragility of the patterned coatings in terms of withstanding harsh aqueous
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Surface of lotus leaf Surface of shark skin

Figure 2.6: Antifouling examples from nature. Lotus leaf images adapted
with permission from [52]; Shark image adapted from website [53]; Shark
dermal denticle SEM image adapted with kind permission from [54].

environments, are current limiting factors for the use of micropatterned surfaces
for a broader and more efficient battle against marine biofouling. [3, 14]

Coatings with an active topology

In connection with the previously described approach based on permanent micro-
topological surface modification, in the last couple of years researchers have gone a
step further, inspired by methods used in soft-robotics systems based on DEs and
proposed controlled changes in topology. Shivapooja et al. [58, 59] demonstrated
the effective detachment of micro- and macro-fouling species through dynamic
changes of the surface area and the topology of the surface as a result of external
pneumatic or electrical stimuli. The antifouling mechanism behind the approach
suggests that biofouling on a soft, elastomeric substrate (for example PDMS) can
be easily detached if sufficient strain is applied to the substratum, whether through
electrical or pneumatic deformation. [59] Based on this technology, it would be of
great interest to develop a “multifunctional coating” with an actively deformable
surface that would be able to initially detect the attached biofouling and then
detach it from the surface, and so this is one of the investigated approaches in this
project.

2.3.2 Biofouling detection approaches
Unlike antifouling technologies that are used for biofouling control, antifouling
technologies with the aim to monitor biofouling growth have faced development
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problems. The detection of biofouling and its attachment in medical applications,
as well as food and water-cleaning-related applications, has received a significant
amount of attention. New sensors in this regard are constantly being developed, and
they have different working mechanisms. They can be biosensors, electrochemical
sensors, ultrasonic sensors, optical sensors, resonator sensors, differential turbidity
measurement sensors, pressure drop sensors, etc. [60–62] Even though there are
many fouling detection technologies, they cannot be used to detect micro- and
macro-fouling in the marine environment. Therefore, there is a need to develop a
suitable sensor, the creation of which would offer significant numbers of advantages,
for example: [60]

• Biofouling could be removed over short time periods, so that the longest
possible time between maintenance events could be ensured. In this way,
costs and safety concerns related to fouling removal from the ships and other
offshore structures would be reduced.

• Increased energy conversion caused by biofouling-related resistance and
mechanical failure would be easily differentiated.

• The spread of NIS would be avoided.

In the next sections, a short overview of the method commonly used for
monitoring fouling growth, as well as an overview of a few commercially available
technologies employed for fouling monitoring on offshore constructions which have
potential to be used for fouling growth monitoring on ships, is presented.

Traditional biofouling field monitoring

The oldest and most widely used technique for monitoring biofouling is the visual
evaluation of marine surfaces, carried out by fouling evaluators. A quick evaluation
is usually performed from the dockside, which gives just a rough estimation of the
level of biofouling. [37] Therefore, in order to ensure a more precise estimation
of biofouling, scientists have to dive below the vessel. These fouling evaluators
determine what species are present, how fast fouling is progressing, the location
on the vessel or marine structure where biofouling is most critical and whether
the current antifouling strategy is effective – or not, as the case may be. [60]
Marine scientists may also use cameras while diving to take close-up underwater
photographs of fouling. [37] They also use other available techniques for the
characterisation of biological organisms, in case sampling is required. Taking a
representative biofouling sample can be used to extrapolate fouling levels based
on a single sample. [37, 60]

The need for higher numbers of educated and experienced marine scientists
to evaluate large surfaces as well as time-consuming evaluations are some of the
disadvantages of this technique. [60] Therefore, there is a need to develop better
and more accurate fouling monitoring techniques.
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New fouling monitoring technologies

As mentioned previously, not many technologies are used to monitor biofouling
growth on ships and other offshore structures. [60] The company Teleduyne Marine
has developed an advanced 3D acoustic multi-beam scanning sonar device, which
provides high-resolution underwater images, that can be examined to estimate
fouling level. [60] The technology has been successfully used on static offshore
structures, but not on ships. [60] Another company, Ashtead Technology Ltd., has
developed a probe that uses alternating current to induce a uniform electromagnetic
field on the surface. Disturbances in the electromagnetic field caused by the
presence of biofouling or some other defect on the surface are detected when the
probe is pushed against the tested surface. [60] High costs, sonar sensor robustness,
need for highly educated workers that can operate the device and large numbers
of workers to evaluate large ship surfaces are just some of the disadvantages of
these technologies, and the reason why they are still far away from wide use in the
marine industry.

These disadvantages could be avoided by the development of a technology
based on a coating with sensing capabilities, which is the aim of this project, as a
coating with sensing functionality would be able to detect and control biofouling
attachment simultaneously.



CHAPTER3
Silicone-based dielectric elastomers

As mentioned in Chapter 2, silicone elastomers have been reported as some of
the best candidates for antifouling coatings, so in this project, silicone elastomer
is utilised in this regard. Since silicone elastomers belong to the group of elec-
tronic electroactive polymers (EAPs), namely DEs, which undergo shape and/or
dimension changes in response to applied electrical stimuli, they are also used in
soft dielectric elastomer transducers (DETs) [63, 64], and by combining these two
applications, a coating with sensing functionality is proposed.

3.1 Dielectric elastomer working principle

A DE is a system whereby an elastomer membrane is sandwiched between two
compliant electrodes. [65] This structure forms a DE capacitor. [66, 67] Like all
other materials, DEs contain electric charges [68]; however, it is the behaviour
of these charges under applied voltage that makes DEs interesting, as they move
relative to one another across small distances and polarise. [68] Opposite-sign
charges on the electrodes cause the DE membrane to deform in terms of thickness,
while same-sign charges cause the DE membrane to deform in terms of area. [68]
Thus, in the DE, the polarisation of the charges and the deformation of the
elastomer are inherently linked processes. [68] Charges within the DE are in fact
electrical dipoles, and when no voltage is applied, these dipoles undergo thermal
fluctuation and are randomly oriented. [68] However, when voltage is applied to
the DE, the dipoles start to align with the applied electrical field, and when the
voltage reaches a high enough level, dipoles become perfectly aligned with the
electrical field, and in so doing they induce complete elastomer polarisation, which
further leads to its deformation. [68]

Due to their activation mechanisms, DEs can be employed as DETs in three
different working modes: actuation (actuator), sensing (sensor), and generation/-
conversion (generator). [47, 63, 67] The transduction principle of DEs is based on
the ability of the DE capacitor to store electrostatic energy, U , defined as: [65]

17
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U = 1
2
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C
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2CV
2 (3.1)

where Q is the charge across the DE surface, V is applied voltage and C the
capacitance of the DE, which is the key parameter indicating the ability of the
DE to store electrostatic energy, defined as: [65]

C = ε0εr
A

t
(3.2)

where ε0 is vacuum permittivity (2.854·10−12 F/m), εr the relative permittivity
of the DE, A is the area of the electrodes and t the thickness of the DE. [65]

3.1.1 Dielectric elastomer actuators
Dielectric elastomer actuator (DEA) is a DET that converts electrical energy into
mechanical energy. [47, 69]
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Figure 3.1: Schematic illustration of a DEA working principle. When
a voltage is applied to the DEA, electrostatic forces that are generated
cause the elastomer to decrease in thickness and increase in area. When
the applied voltage is removed, the DEA regains its original shape.

As indicated above and illustrated in Figure 3.1, when voltage is applied to
the actuator, electrical charges are distributed on the electrodes [68], thereby
generating electrostatic forces between the electrodes and subsequntly forming
an electrical field. [65] Charges with different signs induce attractive electrostatic
forces between the two opposite electrodes (known as Maxwell pressure or Maxwell
stress), which induces their mutual attraction. This leads to a reduction in
thickness of the DE, which is accompanied by area expansion. [63, 66, 67] When
the applied voltage is switched off, the DE returns in its original shape [63], so
just by actively changing the geometry of the DE and its compliant electrodes,
the applied electrical energy is converted into mechanical energy. [47]
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Electrostatic pressure, p, applied to the DE is defined as a change in electrostatic
energy per unit area and per unit thickness displacement: [65]

p =
(

1
A

)(
dU

dt

)
(3.3)

Assuming that the elastomer in DEA is an incompressible material with a
Poisson’s ratio, ν, of approximately 0.5, then in the case of a DE thickness
reduction, there must be an accompanying expansion in the area that is normal
in relation to the direction of the applied electrical field. [63, 65, 67] In this case,
Maxwell pressure, p, exerted on the DE subjected to the electrical field, E, is as
follows: [65, 67]

p = ε0εrE
2 = ε0εr
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V

t

)2
(3.4)

It is evident that Maxwell pressure (Equation 3.4) is exactly two times higher
than electrostatic compressive pressure induced on the two opposite surfaces of
the DE. [65] However, DEA performance depends not only on Maxwell pressure,
but also on strain. [65] Thus, by assuming that the DE is an ideal elastomer, and
by applying Hooke’s law, where Y is defined as the ratio of stress, σ and strain, s,
σ = Ys. And by assuming that Y remains constant through the actuation cycle
and ν = 0.5, Maxwell pressure (p = σ) can be related to elastic compressive strain,
s, as follows: [65].

s = − pY = −ε0εrE
2

Y = −ε0εr

Y
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t

)2
(3.5)

The negative sign in Equation 3.5 indicates that the generated strain is com-
pressive. [67]

Equation 3.5 shows that the performance of the DEA depends on the mechanical
and dielectric properties of the DE, and it gives a good initial estimation of
the actuation performance of the DEA. [70] However, it has to be noted that
Equation 3.5 is valid only for small strains, usually up to about 10%, since at
large strains the stress-strain curve is no longer in the linear regime. [65, 66]
Moreover, Equation 3.5 does not take into account any mechanical or electrical
losses, interactions of the DEA with the environment or frequency- and temperature-
dependent effects on DE material properties, all of which can potentially reduce
efficiency and cause the premature failure of the DEA. [71]

DEA are used for a large variety of applications. Mimicking human and animal
motions and motions in nature, by using materials and devices from the engineering
world, has been finally possible with DEA. [72] As indicated in Chapter 2, actuators
for marine biofouling control have also been demonstrated.
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3.1.2 Dielectric elastomer generators
Another mode of DE operation is a dielectric elastomer generator (DEG), which
converts mechanical energy into electrical energy, thus operating in the reverse
mode to DEA. [67, 69, 71, 73] Soft DEGs have been of major interest in the past
few years, due to the need to develop new economically and ecologically friendly
solutions for energy generation. It has been demonstrated that DEGs are able to
harvest energy from, for example, human walking [74] and ocean waves [75, 76].

3.1.3 Dielectric elastomer sensors
Lastly, DE can be employed as dielectric elastomer sensor (DES). The purpose
of a DES is to generate output signals from, for example, capacitance, voltage
or resistance when receiving stimuli from the environment, caused by applying a
mechanical load that can cause either thickness compression and the expansion of
an area, or the expansion of thickness and compression of an area, as illustrated
in Figure 3.2. [69]

Area expansion

DE thickness 

compression

LCR meter 

(C↓)

LCR meter 

(C↑)

+
+

+ + +
+

+
+++
+ +

++
+

+ + ++++
+ ++ +++ + +

+++ +++ + +

Dielectric elastomer (DE) Compliant electrode

- - - - --- -
-
-
-
-
-

LCR meter (C )

Area compression

DE thickness 

expansion

+ +
+

+
+ +

+ + + +

- - - -- - - -- - - -- - - -

+ + +
+ + +

+ + +
- -

- -
-

- -
- -

-

Figure 3.2: Schematic illustration of DES working principle. A change
in geometry, due to the applied load, is detected through a change in the
capacitance, C, of the DES.

As shown in Figure 3.2, DES can be used so that capacitance is directly
measured on, for example, an LCR meter. [63] With increase in the thickness and
decrease in the area of DES, the capacitance of the DES decreases, while a decrease
in thickness and increase in the area of DES results in the capacitance increase. [63]
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As evident from Equation 3.2, capacitance is a function of the geometry of DES
and the dielectric properties of the DE material. Therefore, using Equation 3.2,
and by measuring capacitance on an LCR meter, the effect of the mechanical load
on the geometry of DES can be calculated. [47]

The sensitivity, S, of a capacitive DES, is calculated as: [77]

S =
d
(
C−C0
C0

)
dP

=
d
(

∆C
C0

)
dP

(3.6)

where P denotes applied pressure, and C and C0 denote capacitances with and
without applied pressure, respectively.

Another way to use DES is to measure voltage across the DES. The applied
voltage can be expressed as: [69]

V = Q

C
= Q

ε0εr

t

A
(3.7)

If a mechanical load is applied to the DES, then from Equation 3.7 where Q
is constant, any change in voltage varies according to the geometry change. [69]
Therefore, this effect is used to sense strains by measuring voltage changes across
DES. [69]

The development of soft and flexible DESs has enabled their application
for soft robotics [78], wearable electronic devices [79], monitoring of body and
object movements [80, 81], measurements of the physiological parameters of the
human body [77], etc. DEs that are capable of actuating and at the same time
measuring force exerted on them are defined as “self-sensing” systems. [66, 82]
The development of self-sensing DEs leads to simple control systems and more
compact device assemblies. [66]

In all of these working modes (actuation, conversion and sensing), DEs can be
subjected to several levels of strain (up to 300%). [67] However, in order to induce
such strains, large electrical fields are required (usually around 100 V/µm). [67]

3.2 Dielectric elastomer materials

In general, three types of materials are used as dielectrics in DEs: acrylic elastomers,
polyurethane elastomers and silicone elastomers. [66, 69]

Acrylic elastomers are commonly used to demonstrate a new technology, and
the most famous commercially available acrylic, 3M VHBTM, is able to induce
strains up to 380% [66], and possesses high relative dielectric permittivity, which is
stable even at high strains, as well as high breakdown strength. [66, 69] However,
sensitivity to temperature and humidity change and relatively slow response times
are the main disadvantages of using acrylics in DETs. [83]

Polyurethanes were first used because they have large force outputs, as well as
high relative dielectric permittivity ranging from 3 to 10. [66, 69, 83] Polyurethanes
do not require high voltages for their actuation [66], but the fact that they are
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not able to generate large strains, as well as their sensitivity to the humidity, is a
drawback when using them in the DETs. [66, 83]

The high sensitivity of acrylics and polyurethanes to humidity, which leads
to the formation of a conductive water path through the materials and then
to electrical breakdown, as well as the sensitivity of acrylics to temperature,
are just some of the disadvantages that are excluded in the case of silicone
elastomers, due to their chemical and thermal stability. [83] The Tg of silicones (for
example Tg of PDMS is -127 ◦C), which is lower than the Tg of polyurethanes and
acrylics. [20] Therefore, silicones have a wider operating temperature range, from
-100 ◦C to 300 ◦C. [66] High efficiency, fast response times and repeatable and
reproducible actuation strains in long-term work, are the biggest advantages of
silicones [66, 83], and devices that have been tested up to 1 billion times have been
reported. [83] However, actuation strains of silicones that are in excess of 100%
when prestretched are lower than those achievable with acrylics. [66] In relation
to the cyclic deformation of DEs, DEs may experience stress-softening effects,
which will be elaborated in the next chapter of this thesis. However, the main
disadvantage of silicones is their low relative dielectric permittivity, which requires
high electrical fields to be applied to the DE, in order to achieve deformations of a
desirable magnitude. [66, 83] Due to the large number of favourable properties of
silicone elastomers, PDMS is used as the dielectric material in the sensor models
presented in this thesis.

3.3 Compliant electrode materials

Electrodes play a key role in enabling the efficient and reliable performance of DE
in DET. Good, compliant electrode materials should adhere to the DE surface and
simultaneously deform with the DE, without inducing any mechanical or electrical
obstructions for DE deformation. [83, 84] Moreover, compliant electrode materials
should be fast-charging, sustain high conductivity at large strain deformations,
preserve good stability, have negligible stiffness and be fault-tolerant. [66, 67]

Commonly used electrodes for DE are metallic thin films [77, 85], carbon
grease [86], carbon powders [87–89], elastomers with conductive particles dispersed
in the elastomer matrix (conductive elastomers) [81, 84, 86, 90–92] and conductive
fibres [79, 80, 93].

Metallic thin films are deposited on the surface of the DE by standard depo-
sition procedures, such as electro-beam evaporation, thermal evaporation, and
sputtering. [67, 83] Low thickness, easy patterning and high conductivity are the
main advantages of using metallic thin films as electrodes for DE. [83] However, the
high Young’s modulus of metals, which is significantly higher than that of dielectric
elastomers, and the tendency of some metals to oxidise in ambient conditions are
the main disadvantages of metallic electrodes, since they limit the actuation of
the DE or lead to the DE terminating its work. [67] Some of these disadvantages
can be overcome by applying metallic thin film onto the corrugated surface of DE.
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In this way, deformation in the corrugation direction is greater (up to 80%), but
in the direction that is opposite to the corrugation direction it is still limited. [83]
Also from a practical point of view, metallic deposition on large DE surfaces is not
particularly feasible, since both electro-beam deposition and sputtering require
special conditions, such as a high vacuum.

Carbon grease and powders with dispersed carbon particles belong to the group
of carbon-based electrodes. Carbon greases consist of carbon particles dispersed
in a viscous medium, such as oil. [67] Carbon grease electrodes are cheap and
easy to apply, have good adhesion to the DE and maintain good conductivity
even at high deformation strains. [63, 66] Nevertheless, they also have some major
disadvantages, such as overheating leading to breakdown, a liquid-like consistency
of the material which presents an issue upon voltage increase and drying and
diffusing in the DE, all of which limit their use in DE. [67] Carbon powders are
simply deposited on the surface of the DE. Since binding forces between these
particles when applied to the surface of the DE are not strong, these electrodes do
not induce stiffness in the DE [67], albeit at high deformation strains they tend to
lose conductivity and also detach from the surface of DE. [66, 67]

Some of the disadvantages of previously described compliant electrodes can be
avoided by using elastomers with conductive particles dispersed in the elastomer
matrix. Different carbon-based particles are used as fillers, namely carbon black,
single-walled carbon nanotubes, multi-walled carbon nanotubes and graphene, as
well as different metal particles, such as silver nanowires and gold nanowires. [67,
83] Easy application on large surfaces, good adhesion to the DE surface and
good stability are some of the advantages of conductive elastomer electrodes, but
concentration has to be high enough to connect and make a conductive path, which
has a high impact on the mechanical stiffness of the electrode. [67, 83] The use of
a electrode based on silicone elastomer with dispersed carbon black nano-particles
is proposed in the first and second sensor models in this thesis.

Most of the above-mentioned requirements a good compliant electrode should
possess are fulfilled in the case of conductive liquids, for example NaCl solution.
However, as mentioned previously, some DEs (acrylics and polyurethanes) are
sensitive to humidity, so the use of a liquid conductive electrode in these cases
is not the best choice. Humidity is not an issue for silicone elastomer, though,
which is the material used in this study. Therefore, the use of NaCl solution as a
compliant electrode is proposed and demonstrated in the third sensor model in
this thesis.
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3.4 Electrical breakdown and electro-mechanical
instabilities within dielectric elastomers

From the previous sections, it is clear that deformation of the DE can be induced
either mechanically by applying a load or electrically by applying voltage. However,
the questions these approaches raise are: what are the deformation limits of the
DE with the applied mechanical load, and what are the deformation limits with
the applied voltage? [68] The answer to the first question is somewhat simple. For
example, the length of the elastomer film can be easily increased several times by
using mechanical force [68], until it reaches strains below the strain at break of the
DE film. However, in terms of the second question, the situation is a little compli-
cated, because there are obstacles to achieving large deformations when applying
voltage: (1) electrical breakdown and (2) electromechanical instabilities. [68]

3.4.1 Intrinsic electrical breakdown

Electrical breakdown occurs suddenly, resulting in the formation of a conductive
path that destroys the insulating capability of the dielectric material. [94] Electrical
breakdown in DE is known as an “avalanche breakdown” [69, 94, 95], a schematic
illustration of which is presented in Figure 3.3.
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Figure 3.3: Schematic illustration of the avalanche electrical breakdown
process. When the number of charge carriers within the DE reaches a
sufficient level, breakdown occurs.

The breakdown process starts with the transfer of a few valence electrons to
the conductivity path. [69] These electrons, accelerated by the applied electrical
field, start to collide with other valence electrons from the bulk, driving them
toward the conductivity path via kinetic energy transfer. [69] As the progress of
the charge carriers multiplies, the current flow grows in the DE, finally leading to
piercing of the DE. [69]
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In principle, for any dielectric material it is possible to determine experimentally
a threshold electrical field that will generate the electrical breakdown of a dielectric
material, also called the “breakdown strength” of the dielectric material, EBD. [69,
96] However, the measured breakdown strength of DE is usually a stochastic value,
due to different factors such as contamination (for example particles and voids),
processing methods, working conditions, environmental conditions, heating of the
electrodes under applied voltage and mechanical solicitations. [69, 97] Therefore,
in order to determine a reasonable average value of breakdown strength, large
numbers of breakdown measurements have to be performed. [97]

3.4.2 Electromechanical instabilities
Electromechanical instabilities within the DEs have been reported as leading to the
breakdown failure of DE. [98–100] There are three types of electromechanical insta-
bilities in DEs: (1) pull-in instability, (2) electro-creasing to cratering instabilities,
and (3) electro-cavitation instabilities. [101–103] In the previous sections, when
talking about DEs and their working principles, a system in which DE has two
compliant electrodes on opposite sides was examined. However, depending on the
type of electromechanical instability within DE, three different DE configurations
have to be considered: (1) DE with compliant electrodes on opposite sides, in
which case no constraint is imposed on DE deformation (Figure 3.4), (2) DE with
one compliant and one stiff electrode, whereby a constraint is imposed on one
side of the DE (Figure 3.5), and (3) DE with a stiff electrode on opposite sides,
whereby a constraint is imposed on the opposite sides of the DE (Figure 3.6). [101,
103]

Pull-in instability

Pull-in instability occurs when the film becomes thinner than a certain threshold
and the equivalent Maxwell pressure becomes greater than the compressive stress
on the opposite sides of the DE, leading to the unstable compression of the DE and,
finally, electrical breakdown failure. [96, 104] A schematic illustration of pull-in
instability leading to electrical breakdown is presented in Figure 3.4.

Stark and Garton [105] first observed the pull-in instability phenomenon in
experiments with polyethylene at elevated temperatures. For thermoplastics, this
effect was explained by the fact that when temperature increases, thermoplastics
get softer and finally melt. [105, 106] On the other hand, according to the classical
rubber theory, where the elastic modulus scales linearly with temperature, it is
expected that elastomers will harden in line with temperature. [107] However, this
is not the case in most of the investigated DE formulations, due to particle-particle
and particle-elastomer matrix interactions that induce stress-softening effect in
the DE. [106]

Stark and Garton [105] proposed that the voltage at which breakdown due to
pull-in instability occurs can be found from the relation between the electrostatic
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Figure 3.4: Schematic illustration of pull-in instability leading to DE
breakdown.

compressive stress and the elastic stress of the material in an equilibrium state:

ε0εr

2

(
V

t

)2
= Y ln

(
t0
t

)
(3.8)

where the left side of the Equation 3.8 is electrostatic compressive stress, and
the right side is elastic stress, t0 is the initial thicknesses of the dielectric material
and t is the thickness of the dielectric material under applied voltage, and therefore
t = f(V ). [105] Rearranging Equation 3.8 yields the following expression: [105]
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[
2Y
ε0εr

ln
(
t0
t

)] 1
2

(3.9)

Differentiating Equation 3.9 with respect to t it is found that the t
t0

= 0.6 [105],
which indicates that with the applied voltage, the maximum reduction in thickness
of the DE is 0.4 (40%). If the intrinsic breakdown voltage has not been reached at
that point, then a further increase in voltage will render the thickness of the DE
unstable and cause the DE to collapse at a critical voltage. [105] In this respect,
the critical voltage for the formation of the pull-in instability, Vc−pull, is defined
by substituting t = 0.6t0 in Equation 3.8: [105]

Vc−pull = 0.6t0
(

Y
ε0εr

) 1
2

(3.10)

The critical electrical field for the formation of pull-in instabilities, Ec−pull, is
then defined as: [105]

Ec−pull = 0.6
(

Y
ε0εr

) 1
2

(3.11)

In Equation 3.11, the shear modulus, µ, can be used instead of Y, since from
the assumption of incompressibility of the elastomer, the Y and µ are derived: [46]
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Y = 3µ (3.12)

It has been reported that pull-in instability can be followed by wrinkling
instabilities of the DE [101, 108, 109], which have been observed for prestretched
DEs with compliant electrodes. [100, 108, 109] When the prestretched DE is under
voltage at a certain level, some areas of the DE film will undergo pull-in instability
and get thinner, while other areas will stay flat (thick). [100] The thickness of
the areas under pull-in instability is stabilised by steep strain-stiffening of the
DE, so the area of the DE under pull-in instability can survive without leading
to electrical breakdown and coexist with the flat area of the DE. [100, 108] Since
the area under pull-in instability is constrained by the surrounding flat area, this
causes the area of the DE to wrinkle. [100] Furthermore, as more charge is supplied
to the DE film, the wrinkled area gets bigger until it covers the whole film, finally
leading to electrical breakdown. [100]

Creasing instabilities

When the DE is constrained on one side by a stiff electrode, the pull-in instability
effect is disabled, due to incompressibility of the DE. [102] Instead, under an
applied critical electrical field, the unconstrained flat surface of the DE becomes
unstable, forming a creased pattern. [102] Once these creases form, any further
increase in the electrical field will cause them to deform into creasing-cratering
instabilities, which will finally lead to electrical breakdown. [102] A schematic
illustration of creasing-cratering instabilities is presented in Figure 3.5

Dielectric elastomer Compliant electrode

E↑ E↑↑ Electro-creasing 

induced breakdown

E↑↑↑

Stiff electrode

Figure 3.5: Schematic illustration of creasing-cratering instability leading
to DE breakdown.

Wang et al. [110] proposed a criterion to predict the onset of creasing insta-
bilities, by comparing the potential energy of the DE system in flat and creased
states. The potential energy,

∏
, in the unit thickness of a region of the DE can

be expressed: [97, 111, 112]∏
=
∫
A

W (F )dA+
∫
A

1
2ε0εr |E|2 dA−

∫
S

V ωdS (3.13)
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where F is a deformation gradient, W (F ) elastic energy density, ω surface
charge density and A and S the area and contour of the region, respectively. Elastic
energy is defined by the first term in Equation 3.13, and electrostatic potential
energy is defined by the second and third terms.

Elastic energy is 0 when the DE film is in the flat state. Potential energy per
unit thickness in the flat state,

∏
flat, can then be calculated as: [97, 111]

∏
flat

= −Aε0εrE
2

2 (3.14)

To calculate potential energy in the creased state, a downward displacement L
is prescribed from the top surface to the tip of the formed crease. [97, 111] In this
creased state, deformation and electrical field are not uniform, and the potential
energy of the creased state,

∏
crease, has to be calculated by a numerical method,

such as finite element method. [97, 111] In the finite element method, the size of
the calculation domain is set much larger than the size of the creasing instability,
so that L is the only length scale relevant when comparing potential energies in
the flat and creased states. [97] This analysis led to the following form determining
the difference between potential energies in the creased and flat state: [111]

∆
∏

=
∏

crease
−
∏
flat

= µL2f
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E

(
ε0εr

µ

) 1
2
)

(3.15)

where f
(
E
(
ε
µ

) 1
2
)

is a dimensionless function of the applied electrical field.

Once the applied electrical field reaches a critical value, Ec−crs, both the creased
and the flat state have the same potential energy (∆

∏
= 0), which leads to creasing

deformation, the critical electrical field for which is subsequently derived: [111]

Ec−crs = 1.03
(

µ

ε0εr

) 1
2

(3.16)

As the applied electrical field increases further, transition from electro-creasing
to electro-cratering occurs, finally leading to breakdown. This transition between
creasing and cratering can be also simulated with numerical models. [113]

Electro-cavitation instabilities

Electro-cavitation instabilities represent the third mode of instabilities and occur in
the DE between two stiff electrodes. A schematic illustration of electro-cavitation
instability is presented in Figure 3.6.

In an ideal case, the DE between two stiff electrodes is constrained, so it does
not experience any deformation. [101] However, in reality, there are defects or
impurities such as air and water bubbles, and dust present in the DE. [69, 97, 101]
Since the DE is constrained by the stiff electrodes, under an applied electrical field
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the DE deforms only in the area around these defects. [101] As the applied electrical
field increases, a spherical drop, formed around the defect, in the constrained DE
gradually deforms into a spheroid. [101] When the electrical field reaches a critical
value, the spherical drop abruptly becomes unstable and forms sharp tips on its
apexes, causing electro-cavitation instability [101], and with a further increase in
the electrical field, the sharp tips open up and form a long tube, which leads to
eventual electrical breakdown. [101, 114]

Dielectric elastomer Stiff electrode
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induced 

breakdown
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Figure 3.6: Schematic illustration of electro-cavitation instability leading
to DE breakdown.

Predicting the critical electrical field for electro-cavitation instability is also
possible by using numerical methods, as in the case of creasing instability. Wang et
al. [114] used an axisymetric finite-element model of the soft DE at the apex of
the drop, to obtain an equation to calculate the critical electrical field for the
formation of electro-cavitation instability, Ec−cav as follows:

Ec−cav = 0.55
(

µ

ε0εr

) 1
2

(3.17)

From Equations 3.11, 3.16 and 3.17, it is clear that the magnitude of the
critical electrical field at which electromechanical instabilities occur depends on
the stiffness and dielectric properties of the DE.

Reversibility of electromechanical instabilities

Since all electromechanical instabilities eventually lead to electrical breakdown, it
can be approximated that the breakdown fields of the DE are the same as the critical
fields for the onset of instabilities (EBD ≈ Ec). [103] Wang et al. [97, 111, 114]
proposed methods enabling visual observations of electromechanical instabilities,
such as creasing-cratering instabilities and electro-cavitation instabilities in the DE
under applied voltages. Wang et al. [111] observed creasing-cratering instabilities
on the surface of a soft silicone DE laminated to a rigid dielectric (Kapton) already
laminated to the metal plate. In their example, the top surface of the DE, silicone
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elastomer, is immersed in conductive NaCl solution, and an electrical field is
applied between the metal plate and the conductive NaCl solution. Since Kapton
tape is used as a protective layer to prevent the electrical field from becoming
extensively high and causing electrical breakdown of the DE before creasing-
cratering instabilities occur, the magnitude of the electrical field is expressed using
an equation: [111]

E = V(
t+ tk

εr
εk

) (3.18)

where εr and εk are relative permittivities of the DE and Kapton, and t and tk
are thicknesses of the DE and Kapton, respectively.

When the field reaches a critical value, creasing-cratering instabilities can
appear on the surface of the DE. The transparent conductive solution helps in
visually observing the creasing-cratering instabilities formed on the top surface of
the DE by using an optical microscope. [97, 111]

Wang et al. [111] also reported that the theoretically predicted critical electrical
field is roughly consistent with the experimental data. The reported experimentally
measured critical electrical field, Ec−crs−exp, for creasing instabilities can be
expressed as:

Ec−crs−exp = 0.85
(

µ

ε0εr

) 1
2

(3.19)

Their experiments also showed that electromechanical instabilities are reversible
(recoverable), in that if the electrical field is removed in a timely manner, the DE
will return to its original shape without leading to electrical breakdown. [97, 111,
114] This reversibility of electromechanical instabilities has opened new applications
for the DE in which it functions on the edge of electromechanical instabilities. [101]
Shivapooja et al. [58] demonstrated the use of creasing-cratering instabilities on the
top surface of the DE for preventing and detaching biofouling. When the electrical
field reaches a critical value, the surface of the DE significantly deforms, due to
creasing-cratering instabilities, thus removing over 90% of the biofilm (Escherichia
coli) attached to the surface of the DE.



CHAPTER4
Softening effect of commercial

silicone elastomers for soft robotics

The following chapter is a copy of the article Importance of Mullins effect in
commercial silicone elastomer formulations for soft robotics published in J Appl
Polym Sci. with additional characterization of the material and the results of
characterization.

The article in its published format can be seen in the Appendix A.

4.1 Introduction

Soft robotics application receives significant attention with the development of the
new technology. The engineering of electrical and mechanical actuation as well as
sensing, provide the basis of soft robotics. [115] The electrical actuation relies on
electrical stimulation of the DE, while mechanical actuation relies on mechanical
stimulation of the DE. In Chapter 3 questions were raised up: what are the
deformation limits of the DE with the applied mechanical load, and what are the
deformation limits with the applied voltage? [68] While the obstacles in achieving
large deformations with voltage were discussed in detail, the answer to the first
question was simple and indicated that length of the elastomer can be easily
increased several times by using mechanical force, until it reaches strains below
the strain at break of the DE sample. [68] However, since mechanical properties
such as ultimate tensile strain and ultimate tensile stress are time and frequency
dependent properties, that also depend on the chemical and physical characteristics
of the DE, and since the DE in the DET can be stretched and relaxed many times
with a different frequency, the answer to the first question also gets complicated.
Therefore, these time and frequency dependent properties of the materials must
be understood and described in order to make reliable DE-based devices. [72]

What has caused the mechanical properties of (silicone) elastomers to become
too complicated to fully describe? First of all, most commercial silicone elastomers
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consist of a covalently crosslinked network of polymer chains that are: 1) fully
elastic – defined as a chain connected to an active crosslinker at both ends; 2)
dangling – defined as a chain connected to an active crosslinker at one end only;
or 3) soluble – defined as a chain being not connected to an active crosslinker, also
denoted the sol fraction. [116, 117] An active crosslinker is defined as a crosslinker
that is connected to the infinite network by more than 2 covalent bonds. The
structure of this covalent network is challenging to describe theoretically due to
complex statistics, not to mention imperfections in the reactants that further
complicate the determinations. [118] Furthermore, all three types of network
constituents have different dynamics, which additionally depend on their structure
and molecular weight. Hierarchical relaxation therefore prevails; however, due
to the vast number of structures with different relaxation times, the overall
relaxation spectrum will be extremely complicated. Elastic polymer chains can be
modelled as elastic springs (Hookean behavior) if they are relatively short (with a
molecular weight below the entanglement threshold, occurring at approximately
2Me=24.000 g/mol for PDMS) [119]. However, when these chains become longer,
more complex phenomena take place due to entanglements and the complicated
relaxation processes related to them. [120–122] Dangling chains and branched
substructures have very long time scales of relaxation and therefore act as elastic
strands on short time-scales and as plasticizers on longer time-scales. [123] The
sol fraction acts as a plasticizer at most relevant time-scales.

In addition to the complex behavior of the elastomer strands themselves, there
are also almost always fillers of varying types present. For silicone elastomers, the
most dominating by mass, and effect, are silica fillers, [124] which can be replaced
by resins if optical transparency or low viscosity are needed for a given application.
However, when resins are present, additional covalent bonds are introduced into
the network (as compared to non-covalent interactions with, e.g. silica) and the
polymer network formed has a higher crosslinking density than that of networks
with only silica fillers present in the same concentration. Fillers are most commonly
added to silicone elastomers in order to produce a required mechanical strength
especially tear strength, as well as to lower the price of the elastomer. A common
rule of thumb is that the percolation threshold for silica in silicone is about 5 parts
per hundred rubber (phr). [46] Solid fillers in the silicone matrix are rarely found
as single, individual particles. Rather, the particles usually form clusters, known
as aggregates, which form agglomerates via further joining. [125] In other words,
when silica is present in silicone elastomers, there are also particle-particle and
particle-polymer interactions to account for in addition to the covalent interactions.
All these different interactions, together with the nano- and micro-scale damages
within the elastomer, reduce the reversibility of the elastomer dimensions after
subjection to a cyclic strain deformation: this is called the Mullins effect. [126–129]
In rheological terms, it means that the elastomer has a stress memory function,
such that the stress at a given strain will depend on the strain history of the
sample. Even though the Mullins effect has been observed in unfilled elastomer
rubbers, this strain-induced phenomenon is more pronounced in filler-reinforced
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elastomers. [130]
Research over the past several decades has given different explanations for

the physical mechanisms behind the Mullins effect, including polymer-filler chain
breakage [131–133], sliding of molecular chains [134], rupture of filler clusters [135],
and chain disentanglement [136]. However, a comprehensive explanation of this
mechanism has yet to be articulated, though the effect most likely depends on a
wide range of different parameters such as: type of rubber and additives, presence
of resins, filler type and aspect ratio, filler modification, and strain rate. [137]

In this work, four commercial silicone formulations (Sylgard 184, Sylgard
186, Ecoflex 00-30 and Ecoflex 00-50), two combinations of commercial silicone
formulations (Sylgard 184 and Ecoflex 00-30, Sylgard 184 and Ecoflex 00-50) and
two silicone formulations mixed at different stoichiometric ratios (Sylgard 184 and
Sylgard 186) were made and tested in order to determine ultimate mechanical
properties, and illustrate commonly encountered strain-induced phenomena in
silicone elastomers. Moreover, correlations between softening effect and different
silicone elastomer formulations were made using the strain energy function.

4.2 Materials and sample preparation

Four different two-part (A and B) commercial Pt-curing silicone elastomers are
used. Sylgard 184 and Sylgard 186 silicone elastomers are obtained from Dow
Corning, Germany, while Ecoflex 00-30 and Ecoflex 00-50 elastomers, are obtained
from FormX, Netherlands. The term “blend” will be used throughout the article
to refer to the formulations obtained by combining two different commercial
silicone formulations. Sample compositions are shown in Table 4.1. Parts A and
B are weighed according to the mixing ratio and mixed in a SpeedMixerTM DAC
150 FVZ-K for 2 minutes at 2000 rpm. Since resins and inorganic fillers (most
commonly silica fillers) are already present in silicone elastomer formulations, the
elastomers are prepared as received from the supplier, without introduction of
additional fillers.

In the case of blends, two different formulations are blended in the ratios
specified in Table 4.1 for another 2 minutes at 2000 rpm, after which the blends
are used to prepare samples. The manufacturer’s recommended mixing ratio for
Sylgard formulations is 10:1 (part A:part B), while for Ecoflex formulations the
ratio is 1:1 (part A:part B). To make films, mixtures are then blade casted on
acetate/polyester support film (purchased from Pütz GmbH + Co. Folien KG,
Germany). A blade gap of 400 µm is used in order to obtain an approximately
300 µm thick film after curing. Samples are cured at 80 ◦C for 2 hours. After
curing, all films have a thickness of 300 µm ± 25 µm. The precise sample thickness
is determined using optical microscopy. Since no solvents are used, a direct post-
curing process [138] is rendered unnecessary and samples are expected to be fully
cured by the procedure described above.
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Table 4.1: Sample names with their corresponding mixing ratios (part A
and part B); blending ratios with other formulations.

No. Sample name Part I∗ Ratio Part II∗ Ratio

1 S184_5:1 Sylgard 184
(5:1)

- - -

2 S184_10:1 Sylgard 184
(10:1)

- - -

3 S186_5:1 Sylgard 186
(5:1)

- - -

4 S186_10:1 Sylgard 186
(10:1)

- - -

5 Eco 30 Ecoflex 00-30
(1:1)

- - -

6 Eco 50 Ecoflex 00-50
(1:1)

- - -

7 MIX Eco
30_S184_3:1

Sylgard 184
(10:1)

1 Ecoflex 00-30
(1:1)

3

8 MIX Eco
50_S184_3:1

Sylgard 184
(10:1)

1 Ecoflex 00-50
(1:1)

3

∗ Mixing weight ratios for parts A and B (A:B) of the respective silicone kits (in brackets)

4.3 Experimental

4.3.1 Fourier Transform Infrared Spectroscopy Analysis
Fourier transform infrared (FTIR) spectroscopy is carried out using a Nicolet iS50
FTIR spectrometer (Thermo Fisher Scientific, USA). Wavenumbers between 400
and 4000 cm-1 are recorded with 64 interferograms for each sample formulation as
well as their respective A and B parts, in transmission mode.

4.3.2 Extraction measurements
The gel fractions are determined using gel extraction, in which small pieces of the
sample film (∼200 mg) are immersed in chloroform (∼10 mL) for 48 h at room
temperature (approximately 23 ◦C). The solvent is replaced after 24 h; after 48
h, the solvent is poured out and the films are washed twice with fresh solvent.
The samples are then dried for 48 h at room temperature under ambient pressure,
until constant weight is obtained. Gel fractions are calculated as wgel= me/m0,
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where me is the weight after extraction and drying, and m0 is the initial weight of
the sample. [139]

4.3.3 Thermogravimetry analysis
Thermogravimetry analysis (TGA) of the sample films is performed on a thermo-
gravimetric analyzer Discovery series (TA instruments). Samples (∼10 mg) are
heated from room temperature to 900 ◦C in a platinum pan under a nitrogen flow
(25 mL min-1) at a heating rate of 10 ◦C min-1. Measurements are repeated 3
times.

4.3.4 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) measurements of A and B parts of soft
and hard formulations are performed on a Discovery DSC (TA Instruments, USA)
in a nitrogen atmosphere with a heating and cooling rate of 10 ◦C min-1. The
weight range of tested sample is 2-5 mg, and all samples are heated from -90 ◦C to
200 ◦C, cooled to -90 ◦C, and finally heated to 300 ◦C. Crystallization temperature
(Tc) and melting temperature (Tm) of tested formulations are determined from
the DSC thermograms.

4.3.5 Nuclear Magnetic Resonance Spectroscopy
Nuclear magnetic resonance (NMR) spectroscopy is performed on a Bruker
300 MHz spectrometer. A and B parts of Ecoflex 00-30 and Ecoflex 00-50 formu-
lations (approximately 50 mg) are dissolved in 0.7 mL of chloroform-d (CDCl3).
Data are analyzed using TopSpin version 3.5 pl 7 from Bruker.

4.3.6 Size exclusion chromatography
Size exclusion chromatography (SEC) is performed on a chromatographic system
consisting of a PL-ELS 2100 module connected to a Viscotek TriSEC model 302
triple detector array (RI, light scattering, viscometer). The PL Guard and two PL
gel mixed D columns from Polymer Laboratories are connected in series, providing
resolution up to 300,000 Daltons. The system is calibrated using linear PDMS
standards acquired from PSS (Mainz, Germany). SEC measurements of A and B
parts of soft and hard formulations are performed. Both A and B parts of soft
formulations are first dissolved in toluene and filtered through Celite (Celite® 545,
Merck KGaA) and filter paper (VWR), retaining particles 5-13 µm in size. A
and B parts of soft and hard formulations (approximately 2.5 mg) are dissolved
in 1 mL of toluene and again filtered through a filter syringe with 0.45 µm pore
size. Samples are run at a room temperature (23 ◦C) in tetrahydrofuran (THF)
as mobile phase, with a flow rate of 1 mL min-1. Molar mass characteristics are
calculated using OmniSEC software.
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4.3.7 Sample thickness measurements

Silicone film sheets of around 300 cm2 in area are prepared for each composition.
In order to determine the film thickness small sample pieces (around 2 x 10 mm)
are cut out from three different locations on the sample sheet and the thickness of
cross-sections of these pieces is evaluated using optical microscopy. Three thickness
measurements are performed for each piece (9 values in total) in order to calculate
the average thickness and standard deviation of the silicone film sheets.

4.3.8 Mechanical measurements

Stress-strain measurements and cyclic uniaxial tension tests are performed on
an Instron 3345 tensile tester equipped with a 500 N load cell. Stress-strain
measurements are performed in order to determine ultimate mechanical properties,
which will present limits for the subsequent cyclic uniaxial tension testing. For
both tests with Instron, dog bone-shaped (Figure S1. in Appendix B) samples
115 mm in length, 25 mm and 6 mm in width (wide and narrow parts, respectively)
and 300 µm ± 20 µm in thickness are used. When samples are clamped onto
the test fixtures, the measuring area is 75 mm in length, 6 mm in width, and
300 µm in thickness. For stress-strain measurements, samples are stretched with a
2 mm/s strain rate until broken, and measurements are repeated 4 times. Strain
rate is also 2 mm/s for cyclic uniaxial tests, but the measurements are performed 3
times for each composition. All measurements are performed at room temperature
(approximately 23 ◦C). Bluehill Universal software is used to calculate the ultimate
mechanical properties of different formulations: Y (as a tangent at 10% strain),
εT, and σT. All reported stresses are engineering stresses, i.e. forces per initial
cross-sectional area of the samples.

Two different types of cyclic tests are performed. One cycle is defined as the
stretching of the sample to a certain strain value (loading path), after which the
stretching force is removed and the sample is relaxed to a state of zero stress
(unloading path). Three cycles are performed for each strain in all measurements.

In the first experimental test, samples are first stretched to 20% strain and
then relaxed to a state of zero stress. Strain is further increased every three cycles
until it reaches a value close to the value of strain at break for each composition
(“strain rise path”), see Figure 4.1a. After stretching the sample to maximum
strain, strain is reduced following the “strain drop path”. The term “1st test” will
be added to the sample name and used throughout the rest of this thesis to refer
to the type of experimental test described above. In the second experimental test,
the samples are first stretched to a strain close to the strain at break for each
composition. Strain is then incrementally reduced every three cycles until 20%
strain is reached (“strain drop path”), see Figure 4.1b. After stretching the sample
to 20% strain, strain is again increased following the “strain rise path”. The term
“2nd test” will be added to the sample name and used throughout the rest of the
thesis to refer to the experimental test described above.
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(a)

(b)

Figure 4.1: Schematic illustration of the (a) 1st and (b) 2nd experimental
test.
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4.4 Results and discussion

Below, the respective formulations will be extensively investigated in order to
obtain further details regarding the chemical structure of the resulting networks.
This investigation is not a full characterization of the network structure, however,
since silicone elastomers are complex mixtures of polymers and crosslinkers, and
potentially also inorganic fillers, resins, chain extenders, and additives.

4.4.1 Analysis of chemical characteristics of the elastomers
FTIR was used to analyze molecular structure and functional groups in the
prepared silicone films. FTIR analysis of A and B parts of each formulation was
also performed. The FTIR results for the S184_10:1 as well as A and B parts
of the Sylgard 184 formulation are shown in Figure 4.2. While A and B parts of
Sylgard 184 and S184_10:1 serve as an example, all formulations investigated in
this study showed similar behavior (Data in Appendix B).

Figure 4.2: FTIR spectra of part A (red) and part B (blue) of Sylgard
184 formulation, and the final elastomer S184_10:1 sample (black).

The transmittance peaks at 2960 cm-1 were attributed to the C–H stretching
vibration of the -CH3. The peaks at 1460 cm-1 were attributed to the C=C
deformation of Si–CH=CH2. Both A and B parts of the formulation contain
PDMS with vinyl functionalities. Furthermore, the presence of the peaks at
1460 cm-1 in the case of S184_10:1 indicates that not all vinyl groups reacted in the
hydrosilylation reaction. The peaks at 1255 cm-1 were attributed to the symmetric
deformation of Si–CH3. The strong transmittance peaks at 1000–1100 cm-1 were
attributed to the stretching vibrations of Si–O–Si. The strong peaks at 800 cm-1

were attributed to the Si–C stretching vibrations of Si–(CH3)2. All these peaks are
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characteristic of the PDMS. In the case of part B of Sylgard 184, the distinctive
transmittance peaks at 2158 cm-1 and 910 cm-1 were attributed to Si–H vibrations,
indicating that part B also contains PDMS with hydride functionality. The
disappearance of these Si–H peaks in the case of S184_10:1 indicates that the
hydrosilylation reaction was successfully finished. The presence of the C=C peaks
and disappearance of the Si–H peaks in the case of S184_10:1 indicates an excess
of vinyl groups in the formulation.

Peaks at 2158 cm-1 and 910 cm-1 were also observed in the case of part B of
the other hard formulation, Sylgard 186 (Data in Appendix B). In case of part
B of soft formulations (Ecoflex 00-30 and Ecoflex 00-50), however, the peak at
2158 cm-1 was not observed, while the intensity of the peak at 910 cm-1 was quite
low (Data in Appendix B). This indicates a low concentration of hydride groups
(below the instrument’s detection limit) in the soft formulations, a finding that is
in good agreement with their low crosslinking densities.

The amount of bonded (gel fraction) species in the networks was determined
from swelling experiments with chloroform, the results of which are presented in
Table 4.2. In general, the gel fraction was found to be above approximately 95%
w/w for all hard formulation films, and above approximately 52% w/w for the Eco
50 film. However, the gel fraction was found to be less than 44% w/w for the Eco
30 film. These findings are in good agreement with the elastomers’ properties as
claimed on their respective data sheets (to be elucidated further in this article).
The gel fractions of the blends (MIX Eco 30_S184_3:1 and MIX Eco 50_S184_3:1)
were also found to be higher compared to the respective soft formulations (Eco
30 and Eco 50). However, the gel fraction of MIX Eco 50_S184_3:1 film was
approximately 7.7% (relatively) higher than the soft formulation Eco 50 film, while
the gel fraction of MIX Eco 30_S184_3:1 was approximately 31% (relatively)
higher than the soft formulation Eco 30. These results suggest that blending
soft and hard segments, as in the case of MIX Eco 50_S184_3:1, can induce a
small inhibitory effect on the crosslinking efficiency of the two formulations in the
blend. This is not surprising, however, since the crosslinking of the blends was not
optimized in these studies.

Thermogravimetric analysis of cured silicone formulations was performed from
room temperature to 900 ◦C under nitrogen atmosphere to inspect general thermal
decomposition behavior of the cured silicone elastomer formulations and obtain
information on the solid residue after thermal treatment. The onset of thermal
degradation is commonly predicted using the temperature at which 5% weight
loss is recorded. [140–142] Onset temperatures of degradation, residual weights
at 900 ◦C, and amounts of filler in each formulation are presented in Table 4.2.
As indicated above, resins and inorganic fillers (most commonly silica fillers) are
already present in the silicone elastomer formulations. However, it is difficult to
determine the amount of resins as well as the type and modification of the fillers
already embedded [143] in a commercial formulation and certainly beyond the
scope of this article. The term “filler(s)” will therefore be used throughout the
rest of this thesis to refer to both resins and inorganic fillers present in the silicone
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Table 4.2: Analysis of the gel fraction and TGA data of commercial
silicone formulations.

Sample name wgel
∗ Onset

degradation
Residual
weight at
900 ◦C

Amount of
filler

[◦C]∗∗ [%]∗∗ [%]∗∗∗

S184_5:1 0.95 373 46.1 46

S184_10:1 0.95 380 54.7 54

S186_5:1 0.96 415 68.3 68

S186_10:1 0.96 428 62.3 62

Eco 30 0.44 308 30.2 30

Eco 50 0.52 301 31.9 31

MIX Eco
30_S184_3:1

0.58 297 40.3 40

MIX Eco
50_S184_3:1

0.56 312 44.6 44

∗ Experimentally determined weight fraction of gel.

∗∗ Values calculated as an average value of data from three TGA measurements.

∗∗∗ Amount of filler is estimated to be equal to the residual weight at 900 ◦C.

elastomers.
S186 formulations showed the highest thermal stability of all investigated

silicone formulations, as can be seen from the degradation onset temperatures
(Table 4.2). S186 formulations also showed the highest residual weight at 900 ◦C.
Soft formulations (Eco 30 and Eco 50) were observed to have similar thermal
stability and similar residual weight at 900 ◦C. Both thermal stability and residual
weight of soft formulations (Eco 30 and Eco 50) were significantly lower compared
to hard formulations (S184 and S186). In the case of MIX Eco 30_S184_3:1,
blending of soft and hard segments was observed to decrease thermal stability
compared to the respective soft and hard formulations in the blend, as onset
temperature of degradation shifted towards lower values. This is most likely
caused by the presence of further unreacted groups due to nonstoichiometric
crosslinking reaction conditions, as discussed above. The presence of unreacted
vinyl has previously been shown to decrease thermal stability. [144] However, the
residual weights of blends at 900 ◦C resulted in intermediate values, as expected
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from the combination of formulations with relatively low and high filler contents.
Ogliani et al. [144] reported data from thermogravimetric analysis under ni-

trogen of pure silicone networks resulting from Pt catalyzed silylation reactions
with different crosslinking densities and showed that the residual weight of pure
silicone networks at 700 ◦C is 0%. Due to the lack of available data on the
chemistry of fillers and additives in the formulations investigated here, we assume
that the residue of formulations at 900 ◦C corresponds to the amount of filler in
the formulation.

The hard Sylgard 184 formulation has low viscosity and contains fillers which
maintain transparency, while the hard Sylgard 186 formulation and soft formula-
tions (Ecoflex 00-30 and Ecoflex 00-50) have high viscosities and contain relatively
high amounts of fillers, affecting transparency and causing their characteristic
opacity. As discussed in the Introduction of this chapter, if optical transparency or
low viscosity is needed for a given application, resins are usually added rather than
silica. It can therefore be concluded that the Sylgard 184 formulation contains
a higher amount of resin compared to Sylgard 186, Ecoflex 00-30, and Ecoflex
00-50 formulations. Data presented in Table 4.2 shows that, as expected, the hard
formulations contain a higher amount of filler than the soft formulations. It was
observed that S186 formulations contained higher amounts of filler compared to
S184 formulations. The amount of filler is higher in the case of S186_5:1 compared
to S186_10:1, indicating that part B of the formulation contains more filler than
part A. In the case of S184 formulations, the amount of filler in S184_5:1 is lower
compared to S184_10:1, indicating that part A of the formulation has more filler
than part B. Furthermore, Eco 30 has a slightly lower amount of filler compared to
Eco 50. Our results are in contrast with previous studies indicating that Ecoflex
is an unfilled silicone rubber. [145] The blends (MIX Eco 30_S184_3:1 and MIX
Eco 50_S184_3:1) were observed to have intermediate filler contents compared to
the respective soft and hard formulations used.

A common rule when formulating silicone elastomers is that the Pt catalyst
should be kept separate from any hydride functional oligomers and polymers,
since the Pt catalyst may facilitate condensation of the hydride group over time.
One premix therefore usually contains the polymer (vinyl functional) and the
catalyst, while the other contains crosslinker mixed with polymer (vinyl functional).
The other constituents are mixed into the respective parts depending on their
functionalities and their compatibility with Pt and hydride. The A part of all
investigated elastomer formulations in this study can easily be shown to contain
the catalyst and polymer, with the B part containing hydride functional crosslinker
and polymer, as confirmed by a simple experiment in which a drop of catalyst and
a drop of crosslinker, respectively, were added to the two parts. A parts became
solid upon the addition of crosslinker, but not upon addition of catalyst, while B
parts behaved oppositely.

DSC analysis of A and B parts of soft and hard formulations as well as cured
silicone formulations was performed to inspect general thermal behavior of the
elastomer formulations during cooling and melting processes, and obtain informa-



42
4. Softening effect of commercial silicone elastomers for soft

robotics

(a) (b)

Figure 4.3: DSC thermogram of (a) part A and (b) part B of Ecoflex
00-30 formulation (exothermic phenomena up)

tion on melting (Tm) and crystallization (Tc) temperatures of tested formulations.
DSC thermograms of A and B parts of Ecoflex 00-30, and Eco 30 film are pre-
sented in Figures 4.3 and 4.4, respectively. Tm of A and B parts of soft and hard
formulations, and the Tc and Tm of cured silicone formulations are presented in
Table 4.3.

DSC thermograms of A and B parts of Ecoflex 00-30 formulation presented in
Figure 4.3a and 4.3b, respectively, showed two endothermic peaks. Same behavior
was observed in case of A and B parts of hard Sylgard 186 and soft Ecoflex 00-50
formulations (Data in Appendix C). The first endothermic peak in both parts
of Ecoflex 00-30 formulation occurred at -51 ◦C, and the second endothermic
peak occurred at -39 ◦C. These endothermic peaks were attributed to the melting
temperatures of the crystalline phases. The presence of two melting temperatures
(Tm1 and Tm2) indicates that both A and B parts of soft (Ecoflex 00-30 and
Ecoflex 00-50) and hard Sylgard 186 formulations contain two polymers. On the
other hand DSC thermogram of the Eco 30 film, showed one exothermic and one
endothermic peak (Figure 4.4). Same behavior was observed in case of films of
hard S186_5:1 and S186_10:1, soft Eco 50 and blends (MIX Eco 30_S184_3:1 and
MIX Eco 50_S184_3:1) (Data in Appendix C). The exothermic peak at -66 ◦C,
in case of Eco 30, was attributed to the Tc of the silicone elastomer, while the
endothermic peak at -44 ◦C was attributed to the Tm of silicone elastomer. DSC
thermograms of A and B parts of hard Sylgard 184 formulation, and S184_5:1
and S184_10:1 films did not show any endothermic or exothermic peaks (Data in
Appendix C). This could indicate that the Tm and Tc of A and B parts of Sylgard
184 formulation and of cured films S184_5:1 and S184_10:1 are below the lowest
temperature of the DSC cooler which is -90 ◦C. Crystallization temperatures of A
and B parts of other tested formulations are below the crystallization temperature
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of the film, and below the lowest temperature of the DSC cooler.

Figure 4.4: DSC thermogram of Eco 30 film (exothermic phenomena
up).

From the Table 4.3 it can be seen that A and B parts of soft formulations
(Ecoflex 00-30 and Ecoflex 00-50) have similar Tm1 and Tm2 values, which are
slightly lower than the Tm1 and Tm2 values of A and B parts of hard Sylgard 186
formulation. This indicates that A and B parts of hard Sylgard 186 formulation
are slightly harder than A and B parts of soft formulations. Tm of films of Eco 30,
Eco 50 and blends (MIX Eco 30_S184_3:1 and MIX Eco 50_S184_3:1) resulted in
intermediate value between two melting temperatures (Tm1 and Tm2) of A and B
parts of respective soft formulations (Ecoflex 00-30 and Ecoflex 00-50). While, the
Tm of S186_5:1 and S186_10:1 had similar value as the lower melting temperature
(Tm1) of A and B parts of Sylgard 186 formulation. This result could indicate
well developed crystalline structure after A and B parts are mixed together. Tc of
S186 films are lower compared to the Eco 30 and Eco 50 films, and blends (MIX
Eco 30_S184_3:1 and MIX Eco 50_S184_3:1), indicating stronger interactions
between the molecules in the hard S186 films. Slightly lower values of Tc in case of
the blends (MIX Eco 30_S184_3:1 and MIX Eco 50_S184_3:1) compared to the
respective soft formulation films (Eco 30 and Eco 50) could indicate that blending
of hard and soft segments, hinders the strong interactions between the molecules
of the soft segments. Meanwhile, there is no significant difference in the Tm of the
blends and the soft formulation films.

1H NMR spectra of A and B parts of Ecoflex 00-30 are presented in Figure 4.5.
1H NMR spectra of A and B parts of Ecoflex 00-50 are similar and are presented
in Figure S2 in the Appendix B. CDCl3 was used as the solvent for NMR measure-
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Table 4.3: Thermal properties of commercial silicone elastomers.

Sample name
Tm1

* Tm2
**

Sample name
Tc

*** Tm
****

[◦C] [◦C] [◦C] [◦C]

Part A Sylgard
184

- - S184_5:1 - -

Part B Sylgard
184

- - S184_10:1 - -

Part A Sylgard
186

-48.0 -38.0 S186_5:1 -72.0 -47.0

Part B Sylgard
186

-49.0 -38.0 S186_10:1 -73.0 -48.0

Part A Ecoflex
00-30

-51.0 -39.0 Eco 30 -66.0 -44.0

Part B Ecoflex
00-30

-51.0 -39.0 MIX Eco
30_S184_3:1

-69.0 -45.0

Part A Ecoflex
00-30

-51.0 -39.0 Eco 50 -66.0 -44.0

Part B Ecoflex
00-30

-51.0 -39.0 MIX Eco
50_S184_3:1

-67.0 -45.0

∗ Values determined from the first endothermic peak of DSC thermogram of A and B parts
of silicone formulations.
∗∗ Values determined from the second endothermic peak of DSC thermogram of A and B
parts of silicone formulations.
∗∗∗ Values determined from the exothermic peak of DSC thermogram of silicone formulation
films.
∗∗∗∗ Values determined from the endothermic peak of DSC thermogram of silicone formulation
films.

ments and resulted in a strong signal at 7.25 ppm. Methylsilyl groups exhibited
strong signals between -0.25 ppm and 0.5 ppm. Signals between 5.68 ppm and
6.19 ppm were assigned to vinyl groups, while signals at 0.88 ppm and 1.21 ppm
were assigned to geminate silanol and isolated silanol, respectively. [143] Broad
signal at 1.64 ppm was assigned to water, which is most likely introduced via the
solvent. [146]

Even though FTIR spectra of A and B parts of Ecoflex 00-30 did not indicate
the presence of the characteristic hydride peak, 1H NMR spectroscopy revealed
that part B contains hydride functionalities, as can be seen from the strong
peak at 4.72 ppm. This suggests that Ecoflex formulations are likely cross-linked
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Part I of Ecoflex 00-30

Part II of Ecoflex 00-30

Figure 4.5: 1H NMR spectra of part A (black line) and part B (grey
line) of Ecoflex 00-30.

by hydride addition to vinyl groups in the presence of Pt catalyst [147, 148].
However, the NMR analysis can not verify if there is more than one type of
crosslinker, or potentially chain extenders (small, linear polymers with terminal
hydride functionalities) as well.

1H NMR spectra of extracts of cured Eco 30 and Eco 50 films showed clear
hydride peaks, indicating that not all hydride functions reacted (Figure S3 in
Appendix B). This result agrees with extraction experiments, which showed low
gel fraction in the films. NMR spectra of Eco 30 and Eco 50 extracts also showed
peaks which most likely originate from the Pt-catalyst; this was confirmed by
1H NMR of the Karstedt’s catalyst (Figure S3 in Appendix B).

A and B parts of hard formulations Sylgard 184 and Sylgard 186, as well
as of soft formulations Ecoflex 00-30 and Ecoflex 00-50, were analyzed by size
exclusion chromatography to assess the apparent molecular mass (Mn and Mw),
polydispersity, weight fractions of long chains in each part (A and B) of the
formulations, and overall weight fraction of long chains in hard and soft formulations
as a whole. These distributions give an indication of the formulation strategy used.
Chromatograms of A and B parts of all formulations showed bimodal distributions.
A summary of results for all A and B parts is shown in Table 4.4, along with
interpretation of the resulting weight fraction of long polymer chains in the final
elastomer mixtures.

Data indicates that both parts of all investigated compositions consist of both
long (high molecular weight) and short (low molecular weight) polymer chains. The
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results can be interpreted as the Sylgard formulations are relatively closely related,
with the vinyl functional polymers having a molecular weight in the range of 10-
30 kg/mol and being crosslinked by low molecular weight crosslinkers, potentially
also with chain extenders. The softer of these two formulations (Sylgard 186)
is characterized by longer vinyl functional polymers. The low molecular weight
species in part A may be a low molecular weight vinyl functional polymer, which
produces better properties due to the bimodality of the resulting networks. [149]
The Ecoflex formulations show higher molecular weights across all components.
The relatively low fractions of long polymer (Wf long chains) indicate a very different
formulation strategy from that of the Sylgard formulations. However, their inherent
softness indicates a long distance between crosslinking sites, so either they use
chain extenders and/or, as indicated by NMR/FTIR, incomplete crosslinking due
to nonstoichiometric ratios between hydride and vinyl functional constituents.
Summarized findings of different properties of characterized silicone elastomers
are presented in Table 4.5.
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Table 4.5: Summarized findings of different properties of commercial
silicone formulations.

Sample name Formulation
type∗

Network
crosslinking
degree∗∗

Amount of
fillers∗∗∗

Molecular
weight∗∗∗∗

S184_5:1 Hard High High (mostly
resins) Low

S184_10:1 Hard High High (mostly
resins) Low

S186_5:1 Hard High High Medium

S186_10:1 Hard High High Medium

Eco 30 Soft Low Low High

Eco 50 Soft Medium Low High

MIX Eco
30_S184_3:1 Blend Medium Medium -

MIX Eco
50_S184_3:1 Blend Medium Medium -

∗ Evaluation based on physical and mechanical characteristics of different formulations.
∗∗ Evaluation made by comparing values of sample films’ gel fractions.
∗∗∗ Evaluation made by comparing filler content in different formulations and by accounting
viscosities and transparencies of different formulations.
∗∗∗∗ Evaluation made by comparing molecular weights of long and short polymer chains in A
and B parts of different formulations.



4.4. Results and discussion 49

4.4.2 Ultimate mechanical properties
Mechanical properties of different formulations obtained by stress-strain mea-
surements, Y, εT and σT, are presented in Table 4.6. Based on the value of εT
and its standard deviation εT−STD, the εmax value, up to which different sample
formulations were stretched in the cyclic tests without breaking, were defined. In
general, εmax was chosen as εT−STD; the cycle strain was further reduced for some
samples if the given value did not allow for the number of cycles. Data for εT−STD
and εmax are presented in Table 4.6.

Table 4.6: Ultimate mechanical properties, εT−STD and εmax of different
silicone elastomers.

Sample name
Y εT εT−STD σT εmax

∗

[MPa] [%] [%] [MPa] [%]

S184_5:1 2.57 113 10.0 7.51 100

S184_10:1 2.26 132 11.2 7.35 120

S186_5:1 1.33 380 8.30 5.71 340

S186_10:1 1.01 434 47.3 5.96 340

Eco 30 0.16 730 49.9 1.45 680

Eco 50 0.23 749 14.5 2.53 680

MIX Eco 30_S184_3:1 0.41 254 33.5 1.86 180

MIX Eco 50_S184_3:1 0.62 252 9.39 2.00 240
∗ Determined maximum tensile strain value up to which different sample formulations can be
stretched in the cyclic tests, without breaking.

S184_5:1 and S184_10:1 were observed to have the highest Young’s moduli,
Y=2.57 MPa and Y=2.26 MPa, respectively, but also limited extensibility (113%
and 132%, respectively). On the other hand, both Eco 30 and Eco 50 had low
Young’s moduli but high extensibility (Y=0.16 MPa and Y=0.23 MPa; 730%
and 749%, respectively). Ecoflex formulations’ low Young’s moduli and high
extensibility indicate that they do not possess a unimodal network structure in
which part A contains vinyl terminated long and short polymer chains and the Pt
catalyst, while part B contains vinyl terminated long polymer chains and crosslinker
agents with hydride or hydride and vinyl terminated crosslinker agents, since a
higher modulus and lower extensibility would be expected for such a network. The
low Y of Eco 30 and Eco 50 can be increased by blending with S184 [150, 151],
which can be seen from the Young’s moduli of MIX Eco 30_S184_3:1 and MIX
Eco 50_S184_3:1 given in Table 4.6. As expected, the addition of soft elastomer
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formulations (Eco 30 and Eco 50) to a hard elastomer formulation (S184_10:1)
resulted in intermediate properties. These results are in good agreement with those
described in Vaicekauskaite et al. [151] For Eco 50, the resulting tensile strength
actually decreased upon “reinforcement” with S184, indicating that the mixture is
not ideal seen from a performance point of view, resulting from incompatibility
between the two commercial silicone formulations.

After performing cyclic uniaxial tension tests up to various stretch levels on
all these elastomers, we observed effects related to Mullins softening that were
dependent upon the material formulations and the cyclic path (1st and 2nd test)
followed during these tests.

4.4.3 Cyclic uniaxial tension tests
The stress-strain response of S184_10:1 in both 1st and 2nd tests is presented
in Figures 4.6a and 4.6b, respectively. While S184_10:1 serves as an example,
all formulations investigated in this study showed similar behavior (Data in
Appendix B).

As Figure 4.6a shows, constant softening was observed in every first cycle when
the maximum strain was increased. Second and third cycle loading curves, closely
followed the unloading curve of the first cycle with the same strain. On the other
hand, second and third cycle unloading curves showed significantly less softening
compared to the first unloading curve within the same strain. In other words,
the response became almost entirely elastic after the first cycle. Further, when
every subsequent loading surpassed the previous maximum strain, it acted as a
continuation of the previous maximum loading curve, indicating that the second
and third cycles at the previous strain had little to no influence on the strain
history, and thereby again confirming that the second and third cycles were fully
elastic. After εmax was applied in the 1st test, the material stress-strain response
within the whole “strain drop path”, closely followed the path of the first εmax
unloading. In Figure 4.6b, the same observation is noted for the 2nd test type. In
this case, however, all subsequent loading and unloading curves followed the first
cycle’s unloading curve, after εmax was applied. Once again, the stress response
and softening of soft formulations (Eco 30 and Eco 50; data in Appendix B),
similar to the response of the filler-reinforced [145] hard formulations, confirms
that Ecoflex is a filled rubber. If Ecoflex were an unfilled rubber, the softening
effect would be almost negligible. [130]

In both tests, the most pronounced softening resulted after the unloading curve
of the εmax, while significantly less or no softening resulted after all subsequent
unloading curves. This finding is confirmed by the determined Young’s moduli
as function of cycle number, as shown in Figure 4.7. It can be seen that the
most pronounced decrease in Y is after εmax. In the 1st test of S184_10:1, this
decrease occurred after the thirteenth cycle, which corresponds to the first cycle of
εmax (see Figure 4.7a); in the 2nd test of S184_10:1, this decrease occurred after
first cycle (see Figure 4.7b). Only Eco 50 already showed pronounced softening
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(a)

(b)

Figure 4.6: Stress-strain response of S184_10:1 submitted to (a) 1st test,
in which cycle strain is gradually increased, and (b) 2nd test, in which
sample is subjected to maximum strain first. Tests were performed with 2
mm/s strain rate and at room temperature (23 ◦C).
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and decreased Y at 480% strain in the “strain rise path” of the 1st test, which is
significantly below εmax (Data in Appendix B).

It has been reported in the literature [134, 137, 152] that most significant
softening in different materials results after the first unloading cycle. [152–156]
Here, however, we have to account for a difference between the first unloading
cycle within each strain and the first unloading cycle within the test as a whole.
Figure 4.7a shows that when samples were stretched up to strain values above 80%
in the 1st test, significant softening occurred after the first unloading cycle within
same strain. When samples were stretched to lower strain values (20% and 40%),
negligable softening occurred. On the other hand, the most significant softening
observed in the 2nd test resulted after the first unloading cycle within the whole
test, while in all subsequent first cycles within same strain there was significantly
less or no softening (Figure 4.7b).

The stress softening effect can be represented using a strain-energy function.
The area under the loading stress-strain curve represents total energy, consisting
of inelastic energy (heat dissipated energy) and recoverable elastic strain energy.
Elastic energy is calculated from the area under the unloading stress-strain curve,
and the difference between total and elastic energy represents the inelastic, or
dissipated, heat energy. [157, 158] Total energy and elastic energy values for
S184_10:1 in both tests, are plotted in Figures 4.8a and 4.8b, and Figures 4.9a
and 4.9b, respectively. Figures 4.10a and 4.10b present a comparison of the energies
in the first three cycles, at 20% and 40% strain in the 1st test, and 120% and 100%
strain in the 2nd test, respectively.

Figures 4.8a, 4.8b, 4.9a, 4.9b show that both total and elastic energy increased
with increasing applied strain in both tests, and decreased with decreasing applied
strain. 1st test data (Figures 4.8a and 4.9a) indicate that total energy values and
elastic energy values for low strains (20% and 40%), did not change with cycle
number within the same strain in the “strain rise path”. The same behavior was
seen in all cycles following the “strain drop path” (cycle no. 16-27). A comparison
between energies at 20% and 40% strain in the 1st test showed that their ratio
was close to 1 (Figure 4.10a), which means that S184_10:1 at low strains acts
almost like an ideal elastomer, as discussed earlier. However, when strain value
was above 80% in the “strain rise path” (Figure 4.8a), the total energy decreased
with the cycle number within the same strain, while the decrease in elastic energy
was less pronounced (Figure 4.9a). A comparison of total and elastic energy values
in the second and third cycles of higher strains proves that response in these cycles
was almost entirely elastic. Both total and elastic energy had higher values in the
“strain rise path” compared to the “strain drop path” at the same applied strain.
Additionally, the difference between total and elastic energy in the “strain rise
path” was higher than the difference between these energies in the “strain drop
path”. This indicates that most of the dissipated energy in the 1st test derives
from the “strain rise path”.

2nd test data (Figures 4.8b and 4.9b) indicate that total energy experienced
the largest decrease after the first cycle, while the decrease in elastic energy was
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(a)

(b)

Figure 4.7: Young’s modulus (at 10% strain) as a function of cycle
number for different strains for S184_10:1 subjected to (a) 1st test, and
(b) 2nd test. After cycles 13-15, the strain path was reversed.
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(a)

(b)

Figure 4.8: Total energy as a function of cycle number for different
strains of S184_10:1 submitted to: (a) 1st test, and (b) 2nd test. After
cycles 13-15, the strain was reversed.
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(a)

(b)

Figure 4.9: Elastic energy as a function of cycle number for different
strains of S184_10:1 submitted to: (a) 1st test, and (b) 2nd test. After
cycles 13-15, the strain was reversed.
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(a)

(b)

Figure 4.10: Total energy and Elastic energy of S184_10:1 in the first
six cycles of the (a) 1st test and (f) 2nd test.
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less pronounced. After the first cycle, the change in total and elastic energy within
the same strain was negligable. A comparison between energies after the first cycle
shows a ratio close to 1 (Figure 4.10b), which means that S184_10:1 starts to
act almost like an ideal elastomer after εmax is applied. Both total energy and
elastic energy had similar values in the “strain rise path” and “strain drop path”
within the same applied strain, except in the first cycle at εmax. This indicates
that the largest energy dissipation in the 2nd test occurs in the first cycle. It is
therefore clear that the silicone elastomer formulations exhibit idealized Mullins
behavior after the first cycle in the 2nd test, since the softening effect is negligible
in all subsequent deformation cycles. [125] This suggests that the softening effect
can be avoided in silicone elastomer formulations by prestretching the sample to
εmax of the particular formulation (or, alternatively, beyond the maximum strain
envisioned for the product) one time before the elastomer is employed at the given
product.

The strain energy function of the 1st test can be used to quantify the Mullins
effect in the different commercial formulations. Since the largest energy dissipation
occurs in every first cycle in the strain rise path of the 1st test, the dissipated
energy, normalized by the total energy in every first cycle, can be used as a measure
of the softening effect at different strains. Different formulations can be compared
via the softening effect at identical applied strains. However, this comparison
between different formulations at the same applied strain may lead to incorrect
conclusions, since the stresses developed in the elastomer will be very different
at an absolute strain, of e.g., 20%. For example, the applied strain in the first
cycle of the 1st test is 20%, which, in the case of hard formulations (S184 and
S186), is 5 and 17 times lower, respectively, than the maximum strain that these
formulations can sustain without breaking, but is 34 times lower in the case of
soft formulations.

Figure 4.11 presents the dissipated energy normalized by the total energy for
different formulations in the first cycle of the 1st test at a strain of approximately
20% of εT for each formulation. This measure enables comparison of the softening
effect in formulations at the same strain level relative to εT.

Data presented in Figure 4.11 shows that hard formulation S184_10:1 has
a lower softening effect compared to S186_10:1, likely due to its lower filler
content. The softening effect also decreased in S184_5:1 and S186_5:1 compared
to S184_10:1 and S186_10:1, respectively. This decrease is as expected for
S184_5:1, which contains less filler than S184_10:1. However, S186_5:1 has a
higher filler content than S186_10:1; yet both S184_5:1 and S186_5:1 formulations
contain higher percentage of part B compared to S184_10:1 and S186_10:1. Since
part B of the elastomer formulations contains functionalized polymer chains as
crosslinker, formulations with a 5:1 ratio of A and B parts contain a larger number
of crosslinking points compared to formulations with 10:1. These results suggest
that a highly crosslinked network with higher concentration of crosslinking points
experiences less reorganization and less sliding of fillers, as well as less chain
slippage, resulting in a reduced softening effect compared to networks with lower
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Figure 4.11: Dissipated energy normalized by the total energy of different
silicone formulations in the first cycle of the 1st test at approximately 20%
of strain at break.

concentrations of crosslinking points. Unsurprisingly, then, Eco 50 and blends
(MIX Eco 30_S184_3:1 and MIX Eco 50_S184_3:1) exhibit a lower softening effect
compared to hard formulations. SEC data indicates that all formulations consist
of both high and low molecular weight polymer chains. However, soft formulations’
polymer chains have significantly higher molecular weights compared to those of
hard formulations. This is also expected, since elasticity scales with crosslinking
density, which again scales inversely to the molecular weight of the polymer. TGA
data also show that the soft formulations contain less filler compared to hard
formulations, suggesting that this lower filler content is one reason for the lower
softening effect in soft formulations compared to hard. The synergetic effect of
long and short polymer chains in the soft formulations may also contribute to
soft formulations and blends’ comparatively reduced softening effect in relation
to purely hard formulations. [159] Both long and short polymer chains in soft
formulations are significantly longer compared to those in hard formulations. The
unexpectedly high softening effect observed in case of Eco 30 compared to all other
formulations may be a result of the relatively high sol fraction in Eco 30 films.
All polymer chains are initially stretched under low applied strain, contributing
to overall stress, [159] upon increased strain, however, the sol fraction polymer
chains will relax their stresses and not contribute further to the overall stress.
At 120% strain and below, Eco 30 displays a higher softening effect than Eco
50. However, this situation reverses at higher applied strains (See Figure S47
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(a) (b)

Figure 4.12: Samples of (a) Eco 50 and (b) S184_10:1 before (bottom
specimens) and after (top specimens) cyclic uniaxial tension test.

in Appendix B). Blends MIX Eco 30_S184 and MIX Eco 50_S184 have lower
softening effect compared to the soft formulations (Eco 30 and Eco 50). Results
show that blending increases the reversibility of the sample geometry compared
to both soft and hard formulations used in the blend, as expected due to the
increased crosslinker content compared to the soft formulations. Results also show
that the Mullins effect is indeed more pronounced in elastomers which contain
higher amounts of filler [130] (hard formulations). However, in contrast to the
common understanding that the Mullins effect increases with increasing filler
content (hardness), our results show that the Mullins effect actually becomes more
prominent when the elastomer network becomes very soft. This indicates that
the Mullins effect is not only impacted by the presence of fillers, but also by the
number of bonded species in the network (gel fraction), number of crosslinking
points, and the molecular weight of polymer chains. This further suggests that the
softening effect may be limited by choosing a silicone elastomer formulation with
low filler content, high molecular weight polymer chains, and a high number of
crosslinking functionalities, thereby ensuring that a network with low sol fraction
is obtained.

Residual extension of the material remaining after subjection to the cyclic
uniaxial test, known as permanent set, was also observed in some formulations.
In the case of soft formulations Eco 30 and Eco 50, as well as their blends
with S184_10:1, permanent set was observed after stretching samples to εmax;
permanent residual extension of the elastomer was then visually confirmed by
comparing the deformed sample with a non-deformed (pristine) one after the test is
finished (Example of non-stretched and stretched Eco 50 presented in Figure 4.12a).
Permanent set was not observed in Sylgard 184 and Sylgard 186 formulations.
Examples of a deformed S184_10:1 sample and a non-deformed S184_10:1 sample
are presented in Figure 4.12b.
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All mechanical test methods reported here are in agreement with previous
studies [125, 145, 160–165] on the Mullins effect in elastomers, with some differences.
Previous studies used either rectangular shaped specimens [145, 161, 164, 165] or
different dog bone shaped specimens [160, 162, 163]. These studies also reported
different strain rates, number of cycles, and maximum applied strains, all of which
affect results. Reported maximum applied strains of soft formulation samples (Eco
30 and Eco 50) in uniaxial cyclic tests are significantly lower than the maximum
applied strains in this work. [145, 161] The higher extensibility of the dog bone
shaped elastomer samples reported here is expected, since the dog bone geometry
is used to eliminate high stress concentrations. Furthermore, previous studies did
not report test methods containing both “strain rise” and “strain drop” paths. [145,
160, 161, 163–165]

4.5 Conclusion

We investigated the Mullins effect in four commercial silicone formulations (Sylgard
184, Sylgard 186, Ecoflex 00-30 and Ecoflex 00-50), two combinations of two
commercial silicone formulations (Sylgard 184 and Ecoflex 00-30, Sylgard 184
and Ecoflex 00-50) and two silicone formulations mixed at different stoichiometric
ratios (Sylgard 184 and Sylgard 186). Two types of cyclic uniaxial tension tests
were performed, and results showed that the point of softening greatly depends on
both the elastomer formulation and strain history. Young’s moduli, total energy
and elastic energy were determined for every cycle. In the 1st test, constant
softening was observed in every first cycle, with significantly less or no softening
in the second and third cycles within the same strain. In both tests, the most
pronounced softening resulted from the unloading curve of the εmax, which occurs
in the first cycle of the 2nd test. Significantly less or no softening resulted from
all subsequent unloading curves. In other words, elastomers’ response is almost
entirely elastic after εmax is applied. Total and elastic energy values indicate that
the largest energy dissipation in the 1st test occurs within the “strain rise path”,
while in the 2nd test the maximum energy dissipation occurs in the first cycle.
Dissipated energy normalized by the total energy in the first cycle of the 1st test
at approximately 20% of εT of each formulations enabled comparison of softening
effect in different formulations. Mullins effect is significant in the formulations
which contain high amount of fillers. Moreover, data indicates that when the
elastomer network becomes very soft the Mullins effect becomes more pronounced.
Significant permanent set was observed in the softest commercial formulations
which reveals that it is not just the filler content that dictates the Mullins effect,
but rather a complicated interplay between the fillers and the covalent network
structure.
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Passive approach for detection of

biofouling

As indicated in Chapter 2, methods in the marine industry for detecting biofouling
are quite limited. Recently, progress in this regard has been made, and a number
of these technologies are now commercially available. However, despite the fact
that these recent technologies do provide acceptable accuracy, they have still not
achieved widespread usage, due to disadvantages such as high costs, difficulties
in implementing them on large-scale structures, the large numbers of workers
required and the fact that they are particularly time-consuming. As a result, the
monitoring of biofouling on marine surfaces exposed to an aqueous environment
is still done by visual inspection, which is costly and inefficient, and depends on
the judgment of the marine taxonomist. Some of the disadvantages of existing
technologies could be avoided by developing a sensor to monitor biofouling and
which would be embedded in any surface susceptible to this issue. This solution
would offer real-time detection. In this study, we propose biofouling sensor models
that will be deployed on exposed surfaces. The proposed sensors, based on two
working principles explained in the following sections, use an approach defined as
the “passive” detection of biofouling. Conversely, an “active” detection approach
will be introduced in Chapter 6.

5.1 Proposed monitoring method I

The proposed sensor unit that functions as a deformable capacitor under applied
water pressure is illustrated in Figure 5.1. The sensor consists of one stiff electrode
and one compliant electrode, both of which are separated by DE. The capacitive
sensor can be fabricated from materials that are already used in the coating
industry, such as silicone elastomers, as the dielectric material of the sensor,
carbon black nano-particles dispersed in the silicone elastomer as a compliant

61
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electrode and the metal surface of a ship or some other offshore structure as a
second electrode.

LCR meter 

(C )

LCR meter 

(C’)
A

t t’

A’

Water pressure

(a)

Biofouling

LCR meter 

(C )

LCR meter 

(C ”)
A

t t”

A”

Water pressure

Dielectric elastomer

Metal electrode

Compliant electrode

(b)

Figure 5.1: Schematic illustration of the passive sensor.

Sensor capacitance is defined in Equation 3.2.
When water pressure is applied to a clean sensor surface, it will deform the area

of the top electrode and the thickness of the DE (Figure 5.1a). This deformation of
the sensor leads to a direct change in capacitance. The capacitance of a clean and
deformed sensor is C ′. On the other hand, when biofouling attaches to the surface
of the sensor, it induces a stiffening effect on the surface of the DE. Therefore,
with the same water pressure applied as in the previous case, deformation of the
sensor will be different, and thus the capacitance of the sensor, C” (Figure 5.1b).
The measurement method is based on a comparison of two sensor units, namely a
clean sensor unit, C ′, and a fouled sensor unit, C”.

However, when under water, water pressure is exerted on the sensor not
only from the top, but also from the lateral sides, as illustrated in Figure 5.2.
Since silicone elastomer is an incompressible material, when exposed to water
pressure, sensor deformation will not occur – and therefore we will see no change
in capacitance. Thus, fouling detection will not be possible.
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LCR 

meter (C )
A

t

Water pressure

Dielectric elastomer

Metal electrode

Compliant electrode

Figure 5.2: Schematic illustration of the sensor exposed to water pressure
from all sides.

In order to enable the DE deformation, a metal shield may be placed around
the lateral sides of the sensor, as illustrated in Figure 5.3. In this way, water
pressure is exerted only on the top side of the sensor, and deformation of the
sensor is thus enabled.

Water pressure Compliant 

electrode

Shield

Dielectric 

elastomer

Metal electrode

Free

space

Figure 5.3: Schematic illustration of the proposed sensor model I with a
shield enabling the deformation of the DE under applied water pressure.

The shield around the DE should remain undeformed under water pressure
and create enough free space for the DE to expand in a lateral direction. In order
to prevent the water from penetrating into the free space between the shield and
the DE, the top edge of the DE is bonded to the edge of the shield. When water
pressure is applied to the top surface, it is the deformation of the thickness of the
DE that causes the change in capacitance.

It has to be noted that from a practical point of view, fabrication of the
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proposed sensor would be extremely difficult. One of the main challenges would be
the connection between the soft dielectric material and the stiff shield. Therefore,
simulations of the model are first performed using the commercial finite-element-
method (FEM) software ANSYS Workbench. Simulations help to verify whether
the mechanical deformation of a sensor under applied water pressure is large
enough to induce a significant change in capacitance when there is no fouling
attached to the surface of the sensor. The capacitance of a deformed sensor under
applied pressure is calculated using Matlab.

5.2 Finite element method simulations of sensor model I

The configuration of the model used throughout this work is a cylindrically-shaped
DE, with thickness t and radius r, as shown in Figure 5.4. The geometry is
implemented into the commercial FEM software ANSYS Workbench, where it is
utilised that the sensor model is 2D axisymmetric, as seen in Figure 5.4, and thus
a 2D axisymmetric model is set up. The module used in the ANSYS Workbench
is “Static structural”.
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Figure 5.4: The configuration throughout this work is a cylinder with
a thickness t and a radius r. Due to symmetry, the actual 3D geometry
may be modelled as 2D axisymmetric geometry.

Two silicone elastomers, as dielectric materials in the sensor, are simulated in
this work, namely Sylgard 184 from Dow Corning, with a Y of 2.4 MPa and a εr of
3.1 at a frequency of 1 Hz, and Ecoflex 00-10 from FormX, with a Y of 0.05 MPa
and a εr of 3.4 at a frequency of 1 Hz. [151] The Poisson’s ratio is set at 0.49 in
the simulations. In the 2D axisymmetric model in the “Static structural” module,
it is specified that the bottom surface and top-right corner of the geometry are
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restricted from moving in the x direction and the y direction, and that pressure,
P , is applied only to the top surface (see Figure 5.4). The thickness and radius
of the cylinder are varied, and a pressure of 10 kPa, which corresponds to water
pressure at a depth of 1 m, is applied to the top surface of the cylinder. Two radii
(25 and 50 mm), and seven thicknesses (500, 1000, 3000, 6000, 9000, 12000 and
20000 µm) are simulated. While varying one parameter, others remain constant.
Afterwards, the model with the highest deformation when 10 kPa is applied is
simulated with higher applied pressures (30, 60 and 90 kPa). The term “sensor”
will be used throughout the sections related to the sensor model I, to refer to the
modelled cylinder.

The baseline capacitance, C, of the undeformed sensor is calculated using
Equation 3.2, where the area, A, of the electrode is calculated as follows:

A = r2π (5.1)

As already indicated, due to the constraints set in the model, deformation of
the DE is limited, and only deformation (displacement) of the thickness of the DE
induces any change in capacitance. To calculate the capacitance of the deformed
sensor, the deformed cylinder is divided into hollow cylinders. It is approximated
that the capacitance of the deformed cylinder, C ′, is equal to the sum of the
capacitances of all hollow cylinders, as presented in the following equation:

C ′ =
∑
i

ε0εr
2πr(i)∆r(i)

t(i)
(5.2)

where t(i) is the average thickness of each deformed hollow cylinder, ∆r(i) is
the width of the base of each hollow cylinder and r(i) is the average radius of each
hollow cylinder. The symbols in the Equation 5.2 are also illustrated in Figure 5.5.

The t(i) is calculated using the following equation:

t(i) = t+ ∆ty(i) (5.3)

where ∆ty(i) is thickness displacement in the y direction obtained from ANSYS.
The sensitivity of the sensor, S, is then calculated using the following equation:

S = (C ′ − C)
C

100% (5.4)

5.3 Results and discussion

Figure 5.6 shows the resulting total displacement of the DE Ecoflex 00-10 with a
thickness of 20000 µm and a radius of 25 mm, under an applied pressure of 10 kPa.

This example experiences the largest deformation under an applied pressure
of 10 kPa. The initial 2D axisymmetric geometry of the sensor is displayed by
the red dashed line, while the simulated displacement of a given point is shown
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Figure 5.5: Pressure applied to the sensor induces a change in the
thickness and radius of the sensor in some areas of the sensor.

in colour. As illustrated in the figure, displacement gradually increases from no
displacement at the bottom, to maximum displacement at the top part of the
DE. In other simulated sensors, the profile of the total displacement is slightly
different, as indicated by the thickness displacement of the sensor as a function
of the radius. Thickness displacement under an applied pressure of 10 kPa as
a function of the radius, for Sylgard 184 and Ecoflex 00-10-based sensors with
different thicknesses, is presented in Figure 5.7. Thickness profiles as a function of
the radius of deformed Sylgard 184 and Ecoflex 00-10-based sensors are presented
in the Appendix D.

From Figures 5.7a, 5.7b, 5.7c and 5.7d, it is evident that thickness displacement
under an applied pressure of 10 kPa for all sensors is small. A negative thickness
displacement shows that deformation of the sensor is compressive. Thickness
displacement in the case of Ecoflex 00-10 is higher than in the case of Sylgard 184,
as expected, since the former is significantly softer than the latter. Furthermore,
thickness displacement increases in line with an increase in the thickness of the
DE. For sensors with a thickness of DE of 500 µm, almost no displacement is
noticed. The displacement is lower for sensors with a 50 mm radius. Furthermore,
different displacement profiles are noticed between the sensors with the different
radii – and for both materials. It is notable that for the sensors with a 50 mm
radius, compared to the 25 mm radius examples, pressure has a greater impact in
the area where the material would be fixed to the shield. Thickness displacement
in this area reaches its maximum, while in the central area of the sensor it stays
lower. From Figures 5.7c and 5.7d it is also notable that the fixed area in the
corner (connection to the shield) is larger for the Ecoflex 00-10 sensors than the
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Figure 5.6: Simulation of the sensor with Ecoflex 00-10 as the dielectric
material with a thickness of 20000 µm and a radius 25 mm. Total deforma-
tion of the sensor is displayed. The initial 2D axisymmetric geometry of
the sensor is displayed by the red dashed line, while the coloured surface
displays the resulting total displacement of a given point in m.

Sylgard 184 sensors, and it increases in line with the thickness of the DE. This
area had to be increased in the simulations, in order for the FEM software to solve
the model.

From the data obtained from the simulations, capacitance values of the deformed
sensors under applied pressure are calculated using Equation 5.2. Capacitance as
a function of thickness and sensitivity as a function of thickness, of undeformed
and deformed Sylgard 184 and Ecoflex 00-10-based sensors, with two different
sensor radii, are presented in Figure 5.8 and 5.9, respectively.

From Figures 5.8a and 5.9a, we see that the capacitance values range from
a few to approximately 500 pF. With the increase in the thickness of the DE,
the capacitance of the sensors decreases, and with an increase in the radius, the
capacitance increases, as expected. It can also be seen that the capacitances
of undeformed and deformed sensors C and C ′ are almost the same. However,
sensitivity S, as a function of thickness, shows that there is a slight difference
between C and C ′. From Figures 5.8b and 5.9b, we note that sensitivity increases
in line with the thickness of the DE and is higher for sensors with a smaller radius
(25 mm). The sensitivity of the Sylgard 184-based sensors is low, up to 0.20% for
the sensor with the greatest DE thickness and a radius of 25 mm. Conversely, the
sensitivity of Ecoflex 00-10-based sensors is higher and reaches approximately 7%
(for the sensor with the highest DE thickness and a radius of 25 mm). Figure 5.8b
shows that in the case of Sylgard 184 with a radius of 25 mm, sensitivity reaches a
plateau with an increase in DE thickness, from 12000 µm to 20000 µm, indicating
that any further increase in the thickness would not induce higher sensor sensitivity.
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(a) (b)

(c) (d)

Figure 5.7: Thickness displacement under an applied pressure of 10 kPa
as a function of the radius of Sylgard 184-based sensors with different
thicknesses and a radius of (a) 25 mm, and (b) 50 mm, and Ecoflex 00-10-
based sensors with different thicknesses and a radius of (c) 25 mm, and
(d) 50 mm.

This sensitivity plateau is not reached in the case of Sylgard 184 sensors with a
radius of 50 mm, or for the Ecoflex 00-10 sensors.

However, even if sensitivity could be increased significantly with the use of
a thicker DE layer, from a practical point of view the use of a 20 mm thick DE
sensor would not be a solution, as its presence on a ship would induce higher
resistance on its hull, even without fouling attached to it.

After investigating the deformation of DE under an applied pressure of 10 kPa,
and calculating the capacitance and sensitivity of the sensors, the influence of
different pressures at 30, 60 and 90 kPa, which correspond to different water
depths (3, 6 and 9 m), on the Sylgard 184 sensor with the highest sensitivity was
simulated. Simulations were also attempted with the Ecoflex 00-10-based sensor
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(a) (b)

Figure 5.8: (a) Capacitance of the undeformed and deformed sensors as
a function of thickness and (b) sensitivity of the sensor as a function of
thickness, with Sylgard 184 as the dielectric material.

(a) (b)

Figure 5.9: (a) Capacitance of the undeformed and deformed sensors as
a function of thickness and (b) sensitivity of the sensor as a function of
thickness, with Ecoflex 00-10 as the dielectric material.

with the highest sensitivity, but due to the high softness of the material, the sensor
was completely destroyed under higher pressures.

Thickness displacement under different applied pressures as a function of radius,
for Sylgard 184 with thickness of 20000 µm and a radius of 25 mm, is presented in
Figure 5.10.

From Figure 5.10, it is evident that thickness displacement increases in line with
an increase in applied pressure, as expected. It is observed that higher pressure
induces slightly higher displacement in the area where the material is fixed to the
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Figure 5.10: Thickness displacement of Sylgard 184 sensor with a
thickness of 20000 µm and radius of a 25 mm, under different applied
pressures.

shield.

(a) (b)

Figure 5.11: (a) Capacitance as a function of applied pressure and (b)
sensitivity as a function of applied pressure of undeformed and deformed
sensors with the dielectric material Sylgard 184, with a thickness of
20000 µm, and a radius of 25 mm.

Capacitances as a function of applied pressure and sensitivity as a function
of applied pressure, of an undeformed and a deformed Sylgard 184 sensor with a
thickness of 20000 µm, and a radius of 25 mm, are presented in Figure 5.11.

Figure 5.11a highlights that the capacitance values range from 2.7 to 2.75 pF.
As expected, with an increase in the applied pressure, the capacitance of the
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deformed sensor increases. From Figure 5.11b, we observe that a sensitivity of 2%
is reached when the applied pressure is 90 kPa.

Results show that the simulated sensor models, based on Sylgard 184 and
Ecoflex 00-10, have low sensitivity. Therefore, they would not be able to detect
the presence of biofouling attached to them.

5.4 Proposed monitoring method II

Since previous sensor model for detecting biofouling experienced small deformations
under applied water pressure, and therefore low sensitivity, we propose a capacitive
sensor model whereby water flow (dynamic water pressure), when a ship moves
through the water, deforms the sensor, as illustrated in Figure 5.12. A capacitive
stretching sensor with a thin DE and compliant electrodes, may be placed in
different positions, such as positions 1, 2 or 3 of the DE geometry, as also indicated
in Figure 5.12a. Alternatively, the whole DE geometry may act as a sensor,
with compliant electrodes, for example, on the front side (positions 1 and 2) and
back side (position 3) of the geometry. When the surface of the DE geometry
is clean and dynamic water pressure is applied, it will induce stretching and
bending deformation of the whole geometry – and thus deformation of the sensor
on positions 1, 2, or 3. Deformation of the sensor leads to a direct change in
capacitance. As in the previous model, the capacitance of undeformed sensor is C,
and the capacitance of the clean and deformed sensor is C ′. On the other hand,
when biofouling attaches to the surface of the DE (Figure 5.12b), it induces a
stiffening effect. Therefore, when the same dynamic water pressure is applied, DE
deformation will be different, and thus the deformation and the capacitance of the
sensor, C”, in positions 1, 2 or 3. The fouling detection method is again based
on a comparison of two sensor units, namely a clean sensor unit, C ′, and a fouled
sensor unit, C”.

5.5 Finite element method simulations of sensor model II

Model simulations are performed using commercial FEM software ANSYS Work-
bench, in order to investigate mechanical deformation of the DE element under
applied pressure. Different geometrical parameters of the DE element are varied
to investigate the effect of geometry on the mechanical deformation. This investi-
gation enables to identify the position of the DE element where sensor unit may
be placed in order to achieve highest deformation of the sensor and thus highest
sensitivity. Two potential sensor positions on the geometry are investigated with
respect to the change of size of the area of the sensors. The change of size of
the area will indicate if significant change of capacitance of the sensor may be
expected.

Sylgard 184 from Dow Corning, with a Y of 2.4 MPa and a εr of 3.1 at a
frequency of 1 Hz, is simulated in this model. [151] The Poisson’s ratio is set at
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Figure 5.12: Schematic illustration of the sensor model for detecting
biofouling when dynamic water pressure is applied.

0.49 in the simulations. The geometry used is a triangular prism connected to
a square prism, as illustrated in Figure 5.13. The geometry is implemented in
the ANSYS Workbench, and the module used is “Static structural”. The bottom
surface with a width w and length at + as is restricted from moving in the x, y
and z directions. A nodal pressure of 29150 Pa is applied in the x direction on
the front part of the geometry, namely the side of the triangular prism with the
length ct and width w, and the side of the square prism with height h and width
w. This is approximately the pressure that is exerted on the surface of a ship’s
hull at a depth of 1 m, when it is moving at a speed of 22 km per hour (average
speed of a tanker ship).

The base case geometry of the model has the following dimensions: bottom
side width of both prisms w = 50 mm, bottom side length of triangular prism
at = 25 mm and bottom side length of square prism as = 10 mm, height of
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Figure 5.13: Schematic illustration of the 3D geometry used throughout
this work.

triangular prism b = 25 mm and height of the top part of square prism h = 10 mm.
In this regard, parameters at, b and h are varied, while other parameters remain
unchanged. First, both at and b are varied from 25 to 80 mm, with the step
∆at = ∆b = 5 mm. Then, only parameter b is varied from 25 to 80 mm, with
step ∆b = 5 mm. And finally, parameter h is varied from 10 to 30 mm, with step
∆h = 5 mm.

Position 1 (tilted front area of the geometry) and position 2 (back side area of
the geometry), indicated in Figure 5.13 are considered good positions for placing
stretchable sensors. The terms “area 1” and “area 2” are used throughout the
rest of the chapter to indicate the geometrical area of position 1 and position 2,
respectively.

Undeformed area 1, A1, is calculated using the following equation:

A1 = wct (5.5)

where ct=
√
a2
t + b2. Undeformed area 2, A2, is calculated using the following

equation:

A2 = whts (5.6)

In order to calculate deformed area 1 and area 2, they are divided into deformed
rectangles. It is approximated that the total deformed area 1 and area 2 is equal
to the sum of all deformed rectangles in area 1 and area 2, respectively. Thus,
deformed area 1, A′1, is calculated using the following equation:

A′1 =
∑
i

∆w(i)ct(i)′ =
∑
i

∆w(i)
((

at + |∆x(i)|
)2

+
(
b− |∆y(i)|

)2
)1/2

(5.7)
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where ∆w(i) is the width of each deformed rectangle in area 1, ∆x(i) is
the displacement of the top edge points in area 1 in the x direction and ∆y is
displacement of the same points in the y direction. The second part of the equation
(under square root) calculates the average value of the deformed length c′t.

Deformed area 2, A′2, is calculated as follows:

A′2 =
∑
i

∆w(i)hts(i)′ =
∑
i

∆w(i)
((

hts − |∆y(i)|
)2

+
(

∆x(i)
)2
)1/2

(5.8)

where ∆w(i) is the width of each deformed rectangle in area 2, ∆x(i) is
the displacement of the top edge points in area 2 in the x direction and ∆y(i)
is displacement of the same points in the y direction. The second part of the
equation (under square root) calculates the average value of the deformed height
h′ts.

In both cases, it is approximated that deformed sides will have a straight and
not a parabolic shape, and that the width of the top part of the geometry will
not change. These approximations are valid for small deformations, but for large
examples, they give just a rough estimation of the size of the deformed area.

5.6 Results and discussion

Figure 5.14 shows the resulting total deformation (displacement) of the base
case geometry. A lateral side of the initial (undeformed) geometry is indicated
by the red dashed line, while the simulated displacement at the given point of
the geometry is presented in colour. As seen from the figure, total deformation
gradually increases, from no deformation at the bottom, to maximum deformation
at the top of the DE geometry. Deformation in the central part of the geometry
is slightly higher compared to the lateral sides of the geometry. Other simulated
cases show similar behaviour. The resulting total deformations of the geometry
when varied parameters have maximum values are presented in the Appendix D.
With the applied pressure, the geometry deforms so that the front part stretches,
while the back part bends.

Maximum total displacement of the geometry as a function of varied parameters
is presented in Figure 5.15. From the figure, it is notable that with an increase
in both the at and the b parameters, maximum displacement increases linearly.
While with change of only b, and only h the maximum total displacement sees an
exponential increase. By increasing the h by a factor of 3 compared to the base
case, maximum displacement increases by a factor of 10. In addition, increasing
only b or both at and b by a factor of 3, compared to the base case, the maximum
displacement increases by a factor of 13 and factor of 3, respectively. These results
indicate that changes to b and h have significant impacts on the deformation of
the geometry. However, the total height (hts) of the geometry when b is increased
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Figure 5.14: Simulation of the base case geometry. A lateral side of initial
(undeformed) geometry is represented by a red dashed line. Colourful
areas of the deformed geometry display the resulting total deformation
(displacement) of a given point in m.

by a factor of 3 is 85 mm, and when h is increased by a factor of 3, the total height
of the geometry is 55 mm, which is significantly lower.

Figure 5.15: Maximum total displacement as a function of various
geometry parameters.

Total deformation is different across the geometry. Since position 1 and position
2 are considered as good locations for a stretchable sensor, the displacement of
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the top edge of area 1 and area 2 is investigated. Total displacement as a function
of the width of the geometry when different parameters are varied is presented in
Figures 5.16, 5.17 and 5.18. In Figures 5.16a and 5.16b it is evident that when both
at and b increase, there is a linear and small increase in the total displacement of
the top edge of both area 1 and area 2. The magnitude of the total displacement
of the top edge of area 2 is higher compared to area 1. However, with the increase
in at and b, the factor of change of total displacement compared to the base case
geometry is slightly higher in area 1 compared to area 2. This indicates that
with an increase in both at and b, deformation of the front part of the geometry
increases slightly more compared to the back side of the geometry. The profile of
the total displacement of the top edge of area 1 and area 2 as a function of width
is slightly curved, thereby indicating that total displacement in the central part is
higher compared to the sides.

(a) (b)

Figure 5.16: Total displacement of the top edge of (a) area 1 and (b)
area 2, as a function of the width of the geometry, when parameters at
and b are varied.

Figures 5.17a and 5.17b indicate that when only b is increased, there is an
increase in the total displacement of the top edge of both area 1 and area 2. The
magnitude of the total displacement of the top edge of area 2 is slightly higher
compared to area 1. The factor of change for the total displacement of the top edge
of area 1 and area 2 with an increase in b, compared to the base case geometry, is
similar. This demonstrates that an increase in b induces a similar magnitude of
total deformation in terms of both the front and the back part of the geometry.
In this case also, the profile of the total displacement of the top edge of area 1
and area 2 as a function of width is slightly curved, thereby indicating that total
deformation in the central areas is higher compared to the sides.

Figures 5.18a and 5.18b illustrate that when only h is increased, there is an
increase in the total displacement of the top edge of both area 1 and area 2. The
magnitude of the total displacement of the top edge of area 2 is significantly higher
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(a) (b)

Figure 5.17: Total deformation of the top edge of (a) area 1 and (b) area
2, as a function of the width of the geometry, when parameter b is varied.

compared to area 1. We see that the profile of the total displacement as a function
of the width of the top edge of area 1 is more curved compared to the profile for
area 2, thereby showing that an increase in h induces higher deformation of the
central part of area 1. Deformed geometry looks slightly folded in the central part
compared to the sides, indicating that the width of the top part of the geometry
changes under applied pressure, which in turn will have an influence on the size of
the deformed area. However, this change of width in the top parts of areas 1 and
2 is neglected in the calculations.

(a) (b)

Figure 5.18: Total deformation of the top edge of (a) area 1 and (b) area
2, as a function of the width of the geometry, when parameter h is varied.

Deformed area 1 and area 2 are calculated using Equation 5.7 and 5.8, re-
spectively. Undeformed and deformed area 1 and area 2 as a function of varied
parameters are shown in Figures 5.19, 5.20, and 5.21. In line with an increase in
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varied parameters, areas 1 and 2 deform. The data indicate that area 1 expands
while area 2 compresses under applied pressure. With increases in the values
of the varied parameters, we see an increase in the expansion of area 1 and the
compression of area 2. In Figure 5.19, it is notable that in line with an increase in
both at and b, the expansion of area 1 and the compression of area 2 are quite
small – as expected from the total deformation values. This confirms that there
would not be a significant change in capacitance for sensors placed in positions
1 and 2 in these cases. On the other hand, in Figures 5.20 and 5.21, the slightly
higher expansion of area 1 and the compression of area 2 are observed following
an increase in only b and h, compared to the previous case for an increase in at
and b. Furthermore, the data indicate that area 2 is more compressed (following
an increase in only b and h) than area 1 is expanded. Values of A′2 at higher b and
h start to reach a plateau, thereby indicating that with any increase in b above 80
mm, and h above 30 mm, no further compression of area 2 will occur.

Figure 5.19: Undeformed and deformed area 1 and area 2 as a function
of varied parameters at and b.

The data demonstrate that in all cases, the expansion of the area 1 and
the compression of the area 2 are small, and therefore they would not cause
significant changes in the capacitance of deformed sensors in position 1 and
position 2. It should be noted that values of the deformed areas are calculated
with approximations indicated above, which has an influence on the results. With
an increase in parameters b and h, deformation of the geometry is higher, and
therefore the approximations used in the calculations will provide lower values
for the deformed areas. However, even with slightly higher deformed area values,
which would induce a significant change in capacitance, having such a large element
(95 mm total height of the sensor when b = 80 mm) on the surface of a ship would
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Figure 5.20: Undeformed and deformed area 1 and area 2 as a function
of varied parameters b.

Figure 5.21: Undeformed and deformed area 1 and area 2 as a function
of varied parameters h.

induce greater drag on the hull, even without fouling attached to it, which we aim
to eliminate. Furthermore, only an ideal case whereby pressure is applied to the
front side of the geometry is simulated in the model, and so water pressure applied
to the lateral sides and the back surface of the geometry, due to turbulent water
flow, is not considered. This will also have an influence on the deformation of
the geometry. Therefore, the results calculated herein may be considered a rough
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estimation of the magnitude of the deformation of the area 1 and area 2.

5.7 Conclusion

In this work, two DE-based sensor models for detecting biofouling are proposed.
Biofouling detection with the first sensor model relies on the mechanical

deformation of the DE under hydrostatic water pressure, while in the second
sensor model, mechanical deformation is due to dynamic water pressure. When
biofouling is attached to the surface of the sensors, it induces a stiffening effect
on the surface of the DE, thereby resulting in different DE deformations under
applied hydrostatic and dynamic water pressure. When comparing the capacitance
values of the two sensor units, the clean sensor unit and the fouled sensor unit
enable the detection of biofouling.

Two different silicone elastomers, Sylgard 184 and Ecoflex 00-10, were investi-
gated as dielectric materials for sensor model I. A study of the sensor’s geometrical
parameters was conducted. The FEM analysis predicted the thickness displacement
of the sensor under applied pressure. The Ecoflex 00-10-based sensors experienced
larger thickness displacement under applied pressure, and therefore higher sensi-
tivity compared to the Sylgard 184-based sensors. However, the sensitivity of the
modelled clean sensors was low, so they cannot be used for detecting biofouling.

Silicone elastomer Sylgard 184 was investigated for use as a dielectric material
in the deformable geometry of sensor model II. Geometry can have embedded
sensor units in different areas. A study of the geometrical parameters of the
proposed geometry was conducted. The FEM analysis predicted deformation of
the geometry under applied pressure. Different parts of the geometry experienced
different types of deformation, such as stretching and compression, and the results
obtained with certain approximations showed that the extension of the analysed
stretched area, and the compression of analysed compressed area of the geometry,
were small and would therefore not cause a significant change in the capacitance
of the sensors. This indicates that biofouling detection with these sensors would
not be possible.



CHAPTER6
Creasing instabilities for detecting

biofouling

Some of the results from the following chapter have been published in conference
proceedings Active deformation of dielectric elastomer for detection of biofouling
in Electroactive Polymer Actuators and Devices (EAPAD) XXII, 2020. The article
in its published format can be seen in the Appendix A.

Since the simulations showed that the passive approach to detecting biofouling
would not provide satisfactory results, an active approach to detecting biofouling
was considered.

As described in Chapter 3, the reversibility of electromechanical instabilities
that occur in the DE under applied voltages created new avenues for applying the
DEs where they function on the verge of instability. Wang et al. [111] proposed
that creasing instabilities, which may occur on the top surface of the substrate-
bonded DE under certain voltages, if rationally controlled, can be potentially
used for different applications, one of which is the active control of biofouling.
Shivapooja et al. [58] first demonstrated that the deformation of substrate-bonded
elastomer surfaces under applied voltages can detach different biofouling species,
so the addition of a detection method to an active antifouling system would be
beneficial.

6.1 Introduction

In this work, a “self-sensing” system is proposed for detecting biofouling. When
a substrate-bonded DE is subjected to high voltage, deformations in the form
of creases may develop on the surface of the DE. A device consisting of a metal
surface, such as the hull of a ship or some other offshore structure, a thin silicone
elastomer (coating on the surface of a ship), is immersed in saline water (seawater),
which acts as one electrode, with the metal surface being the second electrode.
This structure acts as a capacitor, and throughout the rest of this thesis, the term
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“sensor” will refer to a capacitor. Under applied voltage, the surface of the DE is
initially in a flat state, without any deformation. However, when a critical voltage
is reached DE starts to deform through a pattern of creases. By measuring the
capacitance of the sensor as a function of applied voltage, the threshold voltage at
which creases occur when there is an increase in capacitance is identified. Since the
DE is bonded to a rigid metal substrate, and because elastomers are incompressible,
voltages below the creasing threshold create no deformation at the top surface
of the DE – and therefore no change in capacitance. However, the formation
of creases increases the capacitance of the sensor. Biofouling attachment to the
surface of the silicone elastomer causes a change in the surface stiffness of the
silicone elastomer, and as a result the threshold voltage necessary to develop the
creases on the surface of the silicone increases. Measuring capacitance versus
applied voltage helps to identify the voltage threshold, and therefore monitor
biofouling growth.

An experimental method used to directly detect the creasing instabilities of
substrate-bonded DE is proposed, which is the first part of the working mechanism
of a sensor for monitoring biofouling growth. Creasing instabilities appear at a well-
defined creasing voltage, which depends, among parameters such as thickness and
dielectric permittivity, on the mechanical stiffness of the active layer, as described
in Chapter 3. Modification of the stiffness caused by attaching biofoulants will be
detected via an increase in the threshold voltage at which creases appear. To verify
this hypothesis, sensors were exposed to UV light, in order to simulate the stiffening
effect that biofouling has on the surface of the sensor, and electrical measurements
were then performed. The influence of UV exposure on the mechanical and
dielectric properties of the DE is also investigated.

6.2 Materials and sample preparation

Due to limitations imposed by lab instrumentation (maximum voltage that can
be measured is 10 kV), the soft commercial silicone elastomer Ecoflex 00-30 was
chosen as the dielectric material for the sensor.

Preparation procedure for thin film and thick round samples

A two-part (A and B) commercial Pt-curing silicone elastomer Ecoflex 00-30,
obtained from FormX, was used. Parts A and B were weighed according to the
manufacturer’s mixing ratio 1:1 and mixed in a SpeedMixerTM DAC 150 FVZ-K
for 2 minutes at 2000 rpm. The sample preparation procedure is illustrated in
Figure 6.1.

To make thin films, mixtures were blade-cast on a poly(methyl methacrylate)
(PMMA) support sheet, using an automatic film applicator (3540 bird, Elcometer,
Germany), which was moved at the lowest possible speed, approximately 5 mm/s,
in order to obtain films with homogeneous thickness. An applicator blade gap of
200 µm was used, in order to obtain an approximately 100 µm thick film after
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Figure 6.1: Schematic illustration of the preparation procedure.

curing. Samples were cured at 80 ◦C for 2 hours. After curing, all films had a
thickness of approximately 100 µm ± 30 µm.

To make thick round samples, mixtures were first cast into 30 x 30 mm square
holes in a 1 mm thick metal frame attached to the PMMA support sheet. Samples
were cured at 80 ◦C for 2 hours. After curing, all samples had a thickness of
1 mm ± 0.5 mm. Round samples were then cut with a cylindrical blade (25 mm
diameter).

Commercial silicone film Elastosil 2030, with a precise thickness of 50 µm
and relative dielectric permittivity of 2.8, was obtained from Wacker Chemie AG,
Germany, and used for breakdown measurements in the conductive solutions. [166]

Materials for preparing the sensor

A schematic illustration of the sensor preparation procedure is presented in Fig-
ure 6.2.

Ecoflex 00-30 films, of around 250 cm2 in area, were prepared as previously
described. However, in this case, a blade gap of 80 µm was used, in order to obtain
approximately 50 µm thick films after curing. The silicone films were then cured
at 80 ◦C for 2 hours, after which square samples of around 25 cm2 were cut and
used to make the sensors. All samples had different thicknesses (50 µm ± 30 µm),
which were recorded thereafter with a profilometer. The cut Ecoflex 00-30 film
was transferred from the PMMA support sheet onto the polyimide film, which was
bonded to a copper plate. The rigid polyimide film tape (Kapton) was used as a
second dielectric material in the sensor, thereby preventing the applied electrical
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Figure 6.2: Schematic illustration of the sensor preparation procedure.

field from becoming extenssively high and causing electrical breakdown prior to
the formation of creases on the surface of the silicone elastomer, as reported in
the literature. [111] Two Kapton film tapes were used throughout the experiments:
(1) Kapton film with a thickness of 63 µm, from Baskiville, New Zealand, and (2)
Kapton film with a thickness of 69 µm, from DuPontTM, USA.

A PMMA hollow cylinder – cut with a laser – was then glued to the surface of
the Ecoflex 00-30 and filled with a 3.5 wt% NaCl solution (resembling seawater
concentration [20]) and acted as one electrode, with the metal plate being the
second capacitor/sensor electrode.

6.3 Experimental

6.3.1 Sample thickness measurements

Thickness measurements of the thin film and thick round samples

In order to determine the thickness of the prepared silicone films, small sample
pieces (around 2 x 10 mm) were cut out at three different locations on the sample
sheet, and the thickness of the cross-sections of these pieces was then evaluated
by using an optical microscope (LEICA DM LB microscope). Each piece was
measured three times (nine values in total), in order to calculate the average
thickness of the silicone film sheets.

The thickness of the thick silicone samples was determined with a calliper.
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Five thickness measurements were performed for each sample, in order to calculate
average thickness.

Thickness measurements of the silicone film in the sensor

The thickness of the silicone film in the sensor was measured after electrical
measurements were performed (after electrical breakdown occurred). The PMMA
pool was detached from the surface of the sensor’s silicone layer, following which
all sensor layers were separated. Silicone film thickness was then measured, using
a Profilometer VR-3000 G2. Five thickness measurements were performed for
each sample, in order to calculate the average thickness of the silicone film in the
sensor.

6.3.2 Electrical breakdown measurements
Electrical breakdown measurements – DE between two spherical metal
electrodes

Electrical breakdown measurements were performed on an in-house-built instru-
ment, manufactured based on international standards (IEC 60243-1 (1998) and IEC
60243-2 (2001)). A film sample was placed between two spherical electrodes. As
described previously, film thickness was first measured with an optical microscope.
An indent of less than 5% of the sample’s thickness was applied to ensure good
contact between the spherical electrodes and the sample film. Breakdown strength
was measured by applying a stepwise increasing voltage (50-100 V step-1) at a rate
of 0.5-1 steps s-1 until electrical breakdown occured, or until the voltage reached
20000 V, which is the instrumentation’s limit. Each sample was tested 12 times,
and an average of these values was given as the breakdown strength of the sample.

Electrical breakdown measurements – DE between metal electrode and
NaCl conductive solution

In order to demonstrate that the salinity of the liquid electrode would not influence
the DE breakdown point, electrical breakdown measurements were performed with
four different conductive solutions used as the top electrode (tap water, 3.5 wt%
NaCl, 10 wt% and 20 wt% NaCl solutions) at room temperature (approximately
23 ◦C). Commercial silicone elastomer Elastosil 2030 (Wacker Chemie AG) with a
thickness of 50 µm, and Kapton film (Baskiville, New Zealand) with a thickness
of 63 µm and a commercial silicone film bonded together were laminated to the
stiff metal electrode and immersed in the above-mentioned conductive solutions.
Electrical breakdown measurements were then taken, using a Trek 610E, USA,
high-voltage power supply controlled via National Instruments LabVIEW software.
A voltage was applied between the conductive solution and the metal plate, starting
from 1000 V and further increasing with a holding time of 50 ms and at a rate of
10 V step-1, until electrical breakdown occurred or the voltage reached 9500 V,
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which was close to the instrumentation’s limit. Each sample was tested 20 times,
and an average of these values was given as a breakdown strength of the sample
in the conductive solution.

6.3.3 Sample exposure to 3.5 wt% NaCl solution at different
temperatures

Ecoflex 00-30 film and round samples were exposed to a 3.5 wt% NaCl solution,
in order to evaluate whether this exposure to the 3.5% NaCl would influence the
mechanical and dielectric properties of the silicone elastomer. Four containers
were filled with a pre-prepared 3.5 wt% NaCl solution. Thin film samples and
round samples were then placed into the solution, following which every container
was stored at a different temperature, namely 2 ◦C, 8 ◦C, 23 ◦C and 30 ◦C,
respectively. Temperature and solution concentration in each container were
kept constant for 250 hours. Electrical breakdown measurements, shear moduli
measurements, relative permittivity measurements and FTIR measurements were
performed before and after sample exposure to the 3.5 wt% NaCl solution at
different temperatures.

6.3.4 Fourier Transform Infrared Spectroscopy Analysis
FTIR spectroscopy was carried out, using a Nicolet iS50 FTIR spectrometer
(Thermo Fisher Scientific, USA). Wavenumbers between 400 and 4000 cm-1 were
recorded with 64 interferograms for each Ecoflex 00-30 silicone film sample in
transmission mode.

6.3.5 Shear moduli measurements
Shear moduli measurements of the prepared thick round silicone samples were
performed with an ARES-G2 rheometer (TA Instruments, USA) set to a 2%
controlled strain mode, thus ensuring it would be within the linear viscoelastic
regime by conducting initial strain sweeps. Measurements were performed with a
parallel plate geometry of 25 mm in diameter, with a normal force of approximately
7 N, in the frequency range 100–0.01 Hz and at room temperature (approximately
23 ◦C).

6.3.6 Relative permittivity measurements
Dielectric relaxation spectroscopy (DRS) was performed on a Novocontrol Alpha-A
high performance frequency analyser (Novocontrol Technologies GmbH & Co)
operating in the frequency range 10−1 to 106 Hz at room temperature (approx-
imately 23 ◦C) and with a low electrical field (approximately 1 V mm-1). The
thickness of the tested round samples was 1 mm ± 0.5 mm, and the diameter of
the active part of the sample with the metal electrode was 20 mm.
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6.3.7 Electrical measurements of creasing-cratering instabilities
The sensor, which acts as a capacitor, C, was first connected to the impedance
analyser KEYSIGHT E4990A (Keysight Technologies, US) to measure baseline
capacitance at 20 Hz (the lowest available frequency of this analyser).

After baseline capacitance measurements were taken, the sensor was detached
from the impedance analyser and connected in series with a 50 MΩ resistor, R.
This formed an RC circuit, which was connected to a high voltage power supply
(Trek 30/20A), VS , which amplifies the input voltage generated by a computer
(PC)-controlled waveform generator and oscilloscope (Digilent Analog Discovery
2), with an amplification factor of 3000. A square wave voltage was applied to
the RC circuit causing sensor/capacitor to charge and discharge with the voltage
applied. A schematic illustration of RC circuit connected to the square wave
voltage source is presented in Figure 6.3.

R

C VC

VS +
+ + + +

- - - -

C – capacitor (sensor)

R – resistor (50 MΩ)

VS – voltage source

VC – voltage across the capacitor

Figure 6.3: Schematic illustration of RC circuit.

Voltage across the capacitor, VC , was measured when a square wave voltage
(at the frequency of 1 Hz) was applied to the RC circuit, in order to calculate
sensor capacitance. Measurements of the voltage across the capacitor were taken
with a specially designed sensor box, which was again connected to the computer
(PC)-controlled waveform generator and oscilloscope (Digilent Analog Discovery
2). A schematics of the sensor box can be found in Appendix E.

The measured voltage across the capacitor was then plotted as a function of
time. Time constant, τ , value was calculated, using Matlab, by extrapolating
the initial slope of the charging curve with a straight line until it intersected
with the final voltage level over the capacitor. This was one of three available
methods for calculating the time constant, and it was used in all further capacitance
calculations. The results obtained with the three different methods for calculating
the time constant are provided in the Appendix E. Having obtained the value of
the time constant and the known resistance of the resistor in the RC circuit, the
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capacitance of the charging capacitor was calculated using the following equation:

τ = RC (6.1)

All capacitance values are reported herein as means of five measurements.
The transparency of the conductive solution, acting as the top compliant

electrode in the sensor, enabled the monitoring of silicone surface deformation
when a voltage was applied to the sensor. It is one of the first methods reported in
the literature for detecting creasing instabilities. [111] A computer (PC)-controlled
camera microscope was used for visually detecting creasing instabilities. This
visual detection of creasing instabilities at critical voltage was used for verification
of electrical measurements, all of which were performed at room temperature
(approximately 23 ◦C).

6.3.8 UV light exposure
Sensors were exposed to UV light in order to simulate the stiffening effect that
biofouling has on the surface of the coating. Ecoflex 00-30 thin film and thick
round samples were exposed to UV light to determine the effect of UV light on the
mechanical and dielectric properties of silicone elastomers. A UV lamp G20T10
UVC 20W from Sankyo Denki, which emits ultraviolet radiations at a wavelength
of 253.7 nm, with a UV output of 7.5 W was used in these experiments. Samples
were exposed to UV light for different time periods (24-240 hours). Shear moduli
measurements, relative permittivity measurements and extraction measurements
were performed before and after sample exposure to UV light.

6.3.9 Extraction measurements
Gel fractions were determined by using gel extraction, whereby small pieces of the
Ecoflex 00-30 sample film (∼200 mg) were immersed in chloroform (∼10 mL) for
48 h at room temperature (approximately 23 ◦C). The solvent was replaced after
24 h, and after 48 h, it was poured out and the films were washed twice with fresh
solvent. The samples were then dried for 48 h at room temperature under ambient
pressure, until a constant weight was obtained. The gel fractions were calculated
as wgel = me/m0, where me was the weight after extraction and drying, and m0
was the initial weight of the sample. [139]

6.3.10 Scanning electron microscopy analysis
The surface morphology of the silicone elastomer (Ecoflex 00-30) layer of the sensor
was investigated with scanning electron microscope (ESEM, Quanta, FEG 250),
equipped with a field emission gun. The sample was detected in low-vacuum mode
(200 Pa) with a Gaseous Analytical Detector-Angular Backscattered Detector
(GAD-ABS) for an incident electron beam of spot 5 accelerated to 10 keV.
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6.4 Results and discussion

6.4.1 Effect of the conductive solution on the electrical
breakdown of the silicone elastomer

Electrical breakdown measurements in different conductive solutions (tap water, 3.5
wt% NaCl, 10 wt% and 20 wt% NaCl solutions) were taken, in order to investigate
whether a solution would have an effect on the breakdown voltage, VBD, of DE.
A voltage was applied between a metal plate and the conductive solution. When
breakdown occured, a small pinhole was observed in the DE film. Breakdown
voltages for 50 µm thick Elastosil 2030, as well as 50 µm thick Elastosil 2030 and
63 µm thick Kapton tape bonded together, in different conductive solutions, are
presented in Figure 6.4.

Figure 6.4: Breakdown voltages of 50 µm thick Elastosil 2030 (grey
columns) and 50 µm thick Elastosil 2030 and 63 µm thick Kapton tape
bonded together (white columns), in different conductive solutions. An
arrow indicates higher breakdown voltage than the stated value. Break-
down voltages above 9500 V could not be detected, due to instrumentation
limits.

When electrical breakdown occured within the tested voltage range, a break-
down voltage value was recorded. An average of 20 measurements is presented
in the Figure 6.4. However, when electrical breakdown did not occur within an
applied voltage range (1000-9500 V), the experiment was terminated, the results
for which are presented in Figure 6.4 (an arrow indicates that the breakdown
voltage has a higher value than stated).

Data indicate that the breakdown voltages of Elastosil 2030 across all of the
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tested solutions were similar. Breakdown voltages for Kapton tape and Elastosil
2030 bonded together were higher than for Elastosil 2030 alone, as expected. In the
case of Elastosil 2030 and Kapton tape bonded together, in most of measurements
and within the tested voltage range (1000-9500 V), electrical breakdown did not
occur. However, it should be noted here that in three out of the 20 measurements
with water, electrical breakdown occurred at a voltage just below 9500 V. A
lower breakdown voltage was also noted in 14 out of the 20 measurements with
the 3.5 wt% NaCl solution, and in five out of the 20 measurements with the 10
wt% NaCl solution. Only when using the 20 wt% NaCl solution breakdown was
not detected in any of the performed measurements in the applied voltage range.
Results obtained for Elastosil 2030 indicate that the type of liquid electrode has
no influence on the breakdown voltage.

6.4.2 Effect of exposure to a 3.5 wt% NaCl solution at different
temperatures

The sensor outlined herein should be used for detecting marine fouling of ships, and
it will use seawater as an electrode. Therefore, the effect of exposure to artificial
seawater (3.5 wt% NaCl solution) on the mechanical and dielectric properties of
Ecoflex 00-30, the dielectric material in the sensor, has to be investigated. Since
the temperature of the open seas varies according to latitude, from -2 ◦C at the
poles to 28 ◦C at the Equator, where the temperatures can also reach 35 ◦C close
to the shore [20], this temperature range was chosen for the experiments.

FTIR analysis

FTIR was first performed in order to analyse molecular structures and functional
groups in the Ecoflex 00-30 films, before and after exposure to the 3.5 wt%
NaCl solution at different temperatures for 250 hours, and thus to verify whether
the solution would penetrate into the elastomer matrix. The FTIR spectra are
presented in Figure 6.5.

No difference was noted in the FTIR spectra of Ecoflex 00-30 before and after
exposure to a 3.5 wt% NaCl solution at different temperatures. The transmittance
peaks at 2960 cm-1 were attributed to C–H stretching vibration of the -CH3.
Peaks at 1460 cm-1 were attributed to the C=C deformation of Si–CH=CH2. The
presence of peaks at 1460 cm-1 was the result of excess of vinyl groups in the
formulation. Peaks at 1255 cm-1 were attributed to the symmetric deformation of
Si–CH3. The strong transmittance peaks at 1000–1100 cm-1 were attributed to
stretching vibrations of Si–O–Si. The strong peaks at 800 cm-1 were attributed
to Si-C stretching vibrations in Si–(CH3)2. All of these peaks are characteristic
of the PDMS. All spectra exhibited a weak peak at 1632–1635 cm-1, which was
attributed to the stretching and bending modes of adsorbed water molecules. Since
the peak was also present in the spectra of the reference sample, which was not
exposed to the conductive solution, water in the surrounding environment may
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Figure 6.5: FTIR spectra of the Ecoflex 00-30 films before (Ref.) and
after exposure to a 3.5 wt% NaCl solution at different temperatures for
250 hours.

have been detected by the instrument. The results of the FTIR analysis indicate
that the conductive solution did not penetrate into the silicone elastomer matrix.

Shear modulus

The shear moduli of the Ecoflex 00-30 samples, before and after exposure to a
3.5 wt% NaCl solution at different temperatures for 250 hours, were measured by
linear shear rheology, and the resulting storage shear moduli, µ′, are presented in
Figure 6.6. This investigation, together with the investigation of relative dielectric
permittivity, is highly important, since the magnitude of the critical electrical field
at which creasing instabilities occur depends on these parameters. From the µ′
values, it can be concluded that there was no significant change in µ′ after exposure
to the 3.5 wt% NaCl solution at different temperatures for 250 hours. Any slight
differences between the values were due to differences in sample thickness.

Relative permittivity

Relative permittivity measurements were performed over a wide frequency range,
from 10-1 Hz to 106 Hz, before and after exposure to a 3.5 wt% NaCl solution at
different temperatures, the values for which are presented in Figure 6.7. These
measurements were taken in order to determine whether exposure to a 3.5 wt% NaCl
solution at different temperatures would have an effect on the relative permittivity
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Figure 6.6: Storage shear modulus, µ′, as a function of frequency, of
Ecoflex 00-30 samples before (triangular symbol) and after (square symbol)
exposure to a 3.5 wt% NaCl solution at different temperatures for 250
hours.

of Ecoflex 00-30. Data show that the relative permittivity of all samples, before
and after exposure to the conductive solution, exhibited a slight change when the
frequency was increased. A slightly higher relative permittivity values in the low
frequency range, from 100 to 10−1 Hz, may be due to Maxwell–Wagner–Sillars
relaxation that takes place at low frequencies. [167] Since electronic polarisation
dominates at higher frequencies, relative permittivity slightly decreases in line
with an increase in frequency. [168]

Compared to the reference values, there was no significant change in the
samples’ relative permittivity after exposure to a 3.5 wt% NaCl solution at different
temperatures for 250 hours. Slight differences between the relative permittivity
values was due to difference in sample thickness.

Electrical breakdown strength

The electrical breakdown strength of Ecoflex 00-30 films, unexposed and exposed
to a 3.5 wt% NaCl solution at different temperatures for 250 hours, is presented in
Figure 6.8. References with a breakdown strength of 40 Vµm-1 were set at 100%.
The breakdown strength of unexposed (Ref.) and exposed films to the 3.5 wt%
NaCl solution at different temperatures was similar.

All of the investigations indicate that the exposure of Ecoflex 00-30 to a
conductive solution at different temperatures for a period of 250 hours has no
effect on the network structure or mechanical and dielectric properties of Ecoflex
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Figure 6.7: Relative permittivity, εr, as a function of frequency, of
Ecoflex 00-30 samples before (triangular symbol) and after (square symbol)
exposure to a 3.5 wt% NaCl solution at different temperatures for 250
hours.

00-30.
All further electrical sensor measurements were conducted with the 3.5 wt%

NaCl solution as the top electrode at room temperature (approximately 23 ◦C).

6.4.3 Electrical measurements of creasing instabilities
When a square wave voltage was applied to the sensor, the surface of the silicone
film was initially in a flat and smooth state, without any observed deformation
(Figures 6.9a and 6.9c). However, when the voltage was further increased and
reached a certain critical value, the surface of the silicone elastomer started to
deform in a pattern of creases (Figures 6.9b and 6.9d).

Capacitance as a function of the applied voltage, of the sensor with the thickness
of Ecoflex 00-30 layer of 44.2 µm, is presented in Figure 6.10a.

Critical (creasing) voltage was detected as the onset voltage at which creasing
instabilities occur, and there was a change in capacitance (Figure 6.10a). Since
the change in capacitance was small (approximately 15 pF in Figure 6.10a), it was
more obvious from the first derivative of capacitance as a function of voltage, where
the largest peak indicated the value of the creasing voltage (Figure 6.10b). From
Figures 6.10a and 6.10b, it is evident that for the sensor with an Ecoflex 00-30
layer of 44.2 µm in thickness, the critical creasing voltage was at 2.8 kV. Since the
membrane was bonded to a rigid substrate (constraint), and because elastomers
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Figure 6.8: Electrical breakdown strength, EBD, of unexposed (black
Ref.) and exposed (colored) Ecoflex 00-30 film samples to a 3.5 wt% NaCl
solution at different temperatures for 250 hours.

are incompressible, voltages below the creasing threshold created no deformation in
the membrane – and therefore no change in capacitance. However, the formation
of creasing instabilities at the onset voltage increased the capacitance of the device.
It should be noted that creasing instabilities were not seen or measured in every
sensor, since, as indicated in Chapter 3, electrical breakdown occurs before creasing
instabilities develop. Also, when repeating the measurements, large number of
sensors experienced electrical breakdown before reaching the creasing voltage
measured for the first time. Furthermore, creasing instabilities in some cases did
not cause a noticeable increase in capacitance at the creasing voltage.

By combining Equation 3.16, where µ = µ′(1 Hz), and Equation 3.18, the
onset voltage at which creasing instabilities occur can be theoretically predicted.
Values of the relative dielectric permittivity of the Kapton tape and Ecoflex 00-30,
which are used for the theoretical prediction of the creasing voltage, were measured
experimentally (data in the Appendix E; values obtained at a frequency of 1 Hz
were used in the calculations). Experimentally detected and theoretically predicted
critical voltages for sensors with different Ecoflex 00-30 thicknesses are presented
in Figure 6.11. Data indicate differences between the theoretical and experimental
creasing voltage values, the reasons for which may be due to uncertainty in
the theoretical calculations, caused by deviations in values of thickness, relative
permittivity and shear modulus of Ecoflex 00-30 and Kapton tape. In addition,
just by removing the silicone elastomer film from the PMMA support sheet in
order to transfer it to the Kapton tape, we may have introduced some stretching
of the material – and in that way induced softening effect – which would have
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Figure 6.9: Silicone surface image in a (a) flat and (b) a creased state,
and a schematic illustration of the sensor when the surface of the dielectric
elastomer was in a (c) flat state and a (d) creased state.

an impact on the critical voltage and therefore cause the difference between the
theoretically predicted and the experimentally obtained values. As indicated in
Chapter 3, differences between the theoretically predicted and experimentally
obtained critical electrical fields at which creases occur were also identified by
Wanget al. [111]. However, in our case, these differences did not present a problem
for the proposed sensor work, since our aim was to detect experimentally changes
in the onset voltage over time.

The sensors were then exposed to a natural seawater environment at a testing
site at Hundested, Denmark. Details of the sensors, before and after two weeks’
exposure to the natural environment, are presented in Figure 6.12. A detailed
visual inspection of the sensors by a profilometer showed that dirt and slime had
attached to the surface of some of the sensors, as illustrated in Figure 6.13.

After two weeks of exposure to a natural seawater environment, the sensors
were taken out from the water to repeat the electrical measurements. However,
when connected to a power supply, almost all of them were short-circuited or they
broke well before reaching the onset voltage that was measured before exposing
them to the natural aqueous environment. Short-circuited sensors indicate a hole
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(a) (b)

Figure 6.10: (a) Capacitance as a function of the applied voltage and
a (b) derivative of the capacitance, as a function of the applied voltage
with the onset of creasing voltage at 2.8 kV. The thickness of the sensor’s
Ecoflex 00-30 layer was 44.2 µm, whilst for the Kapton layer it was 69 µm.

in the DE layer. A raft with the sensors was placed in the harbour, where due
to the high number of traffic, larger amounts of particles in the water can be
found compared to the open sea. These particles can easily scratch thin and soft
DE and therefore destroy a sensor. However, it has to be noted that holes in
the DE, when inspected with a profilometer, were not observed (Figure 6.13),
albeit they may have been of a size that was not detectable with this instrument.
Since almost all of the tested sensors were short-circuited after exposure to the
natural seawater environment, we decided to simulate the effect that biofouling
attachment would have on the surface of the silicone elastomer by exposing the
sensors to UV light, following which we would take electrical measurements. This
would facilitate the experiments, thus avoiding exposure of the sensors to the
harsh natural environment in this phase of the demonstration.

6.4.4 Effect of exposure to UV light
Experiments were first performed to investigate the effect of exposure to UV light
on the gel fraction and mechanical and dielectric properties of a silicone elastomer.

Gel fraction

In order to illustrate the amount of bonded (gel fraction) and non-bonded (sol
fraction) species in the silicone elastomer network, the gel fractions of the unexposed
films and films exposed to UV light were determined from swelling experiments
with chloroform. Figure 6.14 highlights that the gel fraction increases in line with
UV exposure time. A low gel fraction of the unexposed film (Ref.) indicates that
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Figure 6.11: Theoretically predicted and experimentally detected creas-
ing voltage for sensors with different DE Ecoflex 00-30 thicknesses.
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Figure 6.12: Sensors before (a) and after (b) two weeks’ exposure to the
natural seawater environment.

not all reactive end groups of the PDMS have reacted, thereby resulting in a larger
fraction of non-bonded species (dangling chains and loose or slack chains) in the
network. An increase in the gel fraction following UV exposure indicates that
these non-bonded species, namely dangling chains, connect when exposed to UV,
thus contributing to the network.
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(a) (b)

Figure 6.13: Sensor before (a) and after (b) exposure to a natural
seawater environment.

Shear moduli

The mechanical properties of the Ecoflex 00-30 thick round samples, before and
after exposure to UV light, were measured via linear shear rheology, and the
resulting shear moduli are presented in Figure 6.15.

Measurements were taken after every 24 hours of UV exposure. The silicone
elastomer became stiffer and the shear modulus increased in line with an increase
in exposure time under UV light. This was expected, because with UV exposure
the fraction of non-bonded species decreases, thus indicating that non-bonded
structures make a considerable contribution to the viscoelastic properties of the
silicone elastomer. After the first 24 to 72 hours, the change in µ′ was similar and
approximately 30%, relative. Figure 6.16 illustrated the factors of change of µ′
at a frequency of 1 Hz and as a function of UV exposure time. It is notable that
the µ′ increased exponentially in line with UV exposure time. As similar trend
was noted when the gel fraction increased in line with UV exposure time. Data
indicate that the storage shear modulus after 240 hours (the longest exposure time
in the experiments) was approximately 10 times higher than the storage shear
modulus of the sample before exposure to UV light. We can therefore conclude
that exposing the sample to UV light for 240 hours significantly changed the bulk
of the silicone elastomer’s mechanical properties.

However, it has to be noted that some samples saw almost no µ′ change after
the first 24 hours of UV exposure (see Figure in Appendix E). Since the measured
samples had slightly different thicknesses – and thus different gel fractions – this
could be the reason for the slightly different behaviours after the first 24 to 48
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Figure 6.14: Gel fraction of the Ecoflex 00-30 film as a function of UV
exposure time.

Figure 6.15: Storage shear modulus, µ′, as a function of frequency for
the Ecoflex 00-30 sample, before and after exposure to UV light and for
different periods of time.

hours of UV exposure. Furthermore, samples with a larger fraction of non-bonded
species may be more susceptible to the influence of UV light, and therefore the
change in µ′ in the first 24 to 48 hours was more pronounced.
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Figure 6.16: Factor of change of µ′ at a frequency of 1 Hz, as a function
of exposure time, for the Ecoflex 00-30 sample, before (Ref.) and after
exposure to UV light for different periods of time.

Relative permittivity

The relative permittivity of the samples was also measured before and after
exposure to UV light. As shown in Figure 6.17, the relative permittivity of
Ecoflex 00-30 as a function of frequency increased in line with exposure to UV
light. However, the highest increase in relative permittivity was observed in the
low-frequency range after 48, 72 and 96 hours of UV exposure. This may be due
to the enhanced mobility of the chains that were connecting under the influence of
UV light. However, this increase did not continue with further UV exposure but
gradually declined, which may be due to the limited mobility of the chains in a
new and stricter environment.

Electrical measurements of creasing instabilities after UV exposure

The sensors were exposed to UV light, and electrical measurements were performed
every 24 hours in order to follow changes to the onset voltage. Capacitance as
a function of an applied voltage, for a sensor with an Ecoflex 00-30 thickness of
36 µm, before UV exposure and after 24 and 48 hours thereafter, is presented in
Figure 6.18.

Figure 6.18a shows an increase in capacitance at an onset voltage of 2.75 kV.
After 24 hours of UV exposure, electrical measurements were repeated and a small
increase in capacitance was again observed at a voltage of 2.75 kV (Figure 6.18b).
Furthermore, weak creasing was observed at the measured creasing voltage after
24 hours. These results could indicate that there was no significant increase in
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Figure 6.17: Relative permittivity, εr, as a function of frequency for
Ecoflex 00-30 samples before and after exposure to UV light for different
periods of time.

the shear modulus. However, a gradual increase in capacitance at the low applied
voltages, until the creasing voltage was reached, was also observed. This could
indicate that changes in the DE started to occur after 24 hours’ UV exposure,
but they were not significant. Alternatively, they may have been compensated
with a DE softening effect, which may have occurred after the initial electrical
measurements and thus did not induce any change in the creasing voltage.

When measurements were repeated after 48 hours of UV exposure, a gradual
increase in capacitance in the low voltage range was not observed (Figure 6.18c).
Furthermore, creases were not visually observed, and there was no increase in
capacitance at the previously detected onset voltage (2.75 kV). However, the sensor
after 48 hours of UV exposure experienced electrical breakdown at significantly
lower voltage than the maximum voltage applied in the previous measurements,
and no new onset voltage was detected. This result was unexpected, since when
performing electrical breakdown measurements before and after approximately 250
and 500 hours of UV exposure (data in Appendix E), breakdown strength after UV
exposure actually increased. However, after 48 hours of UV exposure, a significant
increase in relative permittivity in the low frequency range was observed, which
may have had an influence on electrical breakdown strength after 48 hours of UV
exposure. Samples after UV exposure became sticky, and particles easily attached;
these particles may have caused the electrical breakdown of the sensors at a lower
voltage than the maximum voltage applied in previous measurements.

The results indicate that creases do not appear after 48 hours of UV exposure.
However, due to the electrical breakdown of the sensors at a lower voltage than the
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(a) (b)

(c)

x

Figure 6.18: Capacitance, C, as a function of applied voltage, VS , (a)
before UV exposure, (b) after 24 hours of UV exposure and (c) after 48
hours of UV exposure. Thickness of Ecoflex 00-30 layer of the sensor is 36
µm, and thickness of the Kapton layer is 69 µm.

maximum voltage applied in previous creasing measurements, we were not able
to identify the new threshold of the onset voltage. Extremely low sensor lifetime
was therefore the main issue with this method, used to verify the hypothesis that
biofouling attachment shifts the onset voltage towards a higher value. It has to
be noted that the unexposed sensors also experienced electrical breakdown after
repeating the measurements for a second or a third time. Therefore, short lifetime
after UV exposure cannot be entirely assigned to the effect of UV light; instead, it
may be a general problem with these sensors.

6.4.5 Surface evaluation
Since most of our sensors had a short lifetime and experienced electrical breakdown
after repeating the electrical measurements for a second and a third time, the
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hypothesis was that creasing deformations leave permanent damage on the top
surface of a silicone elastomer. In addition, repeating these measurements drives
the electrical breakdown of the DE at the voltage significantly lower than the onset
voltage at which creasing instabilities occur. In order to verify the hypothesis,
the surface of the sensor was investigated before and after detecting creasing
deformation, using scanning electron microscope (SEM). The SEM images in this
regard are presented in Figures 6.19a and 6.19b, respectively.

(a) (b)

Figure 6.19: SEM images of the sensor surface (a) before and (b) after
electrical measurements of creasing instabilities.

SEM images showed that silicone elastomer used as DE in the sensor had fillers
(white spots in Figure 6.19a), which was in agreement with our investigations
indicating that Ecoflex 00-30 is filled rubber. [169] The fillers in the silicone
elastomer were in clusters and approximately 10 µm in size. Except the NaCl
crystals on the surface of the DE after electrical measurements were performed
(Figure 6.19b), no additional differences between the SEM images before and
after electrical measurements were noted. The SEM analysis therefore indicates
that there is no damage on the top surface of the DE induced by the creasing
deformation. However, it has to be noted that there could be defects that were
not detectable with SEM, and maybe some other method such as atomic force
microscopy (AFM) or scanning acoustic microscopy (SAM) would provide more
reliable results.

6.5 Conclusion

In summary, we have reported a new method for detecting creasing instabilities on
the top surface of a DE bonded to a rigid substrate. A metal plate was used as one
electrode, and a conductive 3.5 wt% NaCl solution was used as a top compliant
electrode. Creasing deformation at the onset voltage changed the capacitance
of the sensor. At the beginning, when voltage was applied, the film was in a
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flat state and capacitance did not change when voltage was applied. However,
when a certain voltage value was reached, the surface started to deform and
influenced an increase in capacitance – this was identified as “creasing voltage”.
For Elastosil 2030, we observed that the type of conductive solution does not
influence breakdown. However, in the case of Kapton tape and Elastosil 2030
bonded together, we were unable to conclude whether the type of liquid electrode
has any influence on breakdown voltage, since due to instrumentation limitations
in large numbers of measurements, breakdown was not detected. Exposure of
the silicone elastomer to the 3.5 wt% NaCl solution for 250 hours at different
temperatures was shown not to have an influence on the chemical structure or the
mechanical and dielectric properties of the silicone elastomer. On the other hand,
the gel fraction, relative permittivity and storage shear modulus of the silicone
elastomer changed following UV exposure. Furthermore, creasing instabilities
were not detected after 48 hours of UV exposure, because the sensors experienced
electrical breakdown. The experiments illustrated that the lifetime of creasing
actuators with self-sensing ability is extremely short, thus indicating that further
experiments need to be performed, in order to prolong their lifespan.



CHAPTER7
Conclusion and Outlook

In this project, different sensor models – based on a silicone elastomer for de-
tecting biofouling – are proposed and investigated. To ensure efficient work of
silicone elastomer transducers under continuous deployment, the softening effect
of silicone elastomers, which can affect their properties and thus the response of
soft transducers, was investigated.

The Mullins effect in four commercial silicone formulations (Sylgard 184,
Sylgard 186, Ecoflex 00–30 and Ecoflex 00–50), two combinations of two commercial
silicone formulations (Sylgard 184 and Ecoflex 00–30, Sylgard 184 and Ecoflex
00–50) and two silicone formulations mixed at different stoichiometric ratios
(Sylgard 184 and Sylgard 186) were examined. Two types of cyclic uniaxial tension
tests were performed, and the results showed that elastomer formulation and
strain history have a major influence on the softening effect of commercial silicone
elastomers. The stress-softening effect is represented using a stress-energy function.
Young’s moduli, total energy (dissipated and recoverable elastic strain energy)
and elastic strain energy were determined for every cycle. In the 1st test, constant
softening was observed in every first cycle, with significantly less or no softening
in the following cycles within the same strain. In both tests, the most pronounced
softening resulted in the unloading curve of the εmax, which occurs in the first
cycle of the 2nd test. Less or no softening resulted from all subsequent unloading
curves. In other words, the elastomers’ responses were almost entirely elastic
after εmax was applied. Total and elastic energy values indicate that the greatest
energy dissipation in the 1st test occurred within the “strain rise path”, while in
the 2nd test, maximum energy dissipation occurred in the first cycle. Dissipated
energy normalised by total energy in the first cycle of the 1st test at approximately
20% of the εT of each formulation enabled a comparison of the softening effect
in different formulations. The Mullins effect was significant in the formulations,
which contained high amounts of fillers. Moreover, our data indicate that when the
elastomer network became very soft, the Mullins effect became more pronounced.
A significant permanent set was observed in the softest commercial formulations,
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thereby revealing that it is not just filler content that dictates the Mullins effect
but rather a complicated interplay between these fillers and the covalent network
structure.

Three different sensor models for detecting biofouling were proposed and
investigated.

Biofouling detection with the first sensor model relied on the mechanical
deformation of the DE under hydrostatic water pressure, while in the second
sensor model, mechanical deformation was due to dynamic water pressure. When
biofouling attaches to the surface of the sensors, it induced a stiffening effect
on the surface of the DE and therefore different DE deformations under applied
hydrostatic and dynamic water pressure. A comparison of the capacitance values
of two sensor units, namely a clean sensor unit and a fouled sensor unit, would
enable the detection of biofouling.

Two different silicone elastomers, Sylgard 184 and Ecoflex 00-10, were investi-
gated for use as a dielectric material in sensor model I. A study of geometrical
sensor parameters was conducted. The FEM analysis predicted the thickness dis-
placement of the sensor under applied pressure. The Ecoflex 00-10-based sensors
experienced greater thickness displacement under applied pressure, and therefore
higher sensitivity, compared to the Sylgard 184-based sensors. However, the
sensitivity of the modelled clean sensors was low, and therefore these particular
sensors cannot be used for detecting biofouling.

The silicone elastomer Sylgard 184 was investigated for use as a dielectric
material of the deformable geometry in sensor model II. Geometry can have
embedded sensor units in different areas. A study of the geometrical parameters
of the proposed geometry was conducted. The FEM analysis predicted the
deformation of the geometry under applied pressure. Different parts of the geometry
experienced different types of deformation, such as stretching and compression.
Results obtained with certain approximations show that any extension to the
analysed stretched area, and the compression of the analysed compressed area of
the geometry, were small, indicating that no significant change in the capacitance
of the sensors would occur. Thus, detecting biofouling with these sensors is not
possible.

In the third sensor model, a sensing capability was added to the actuator
with creasing deformation. Voltage-induced creasing instability in a dielectric
elastomer film bonded to a rigid substrate in a 3.5 wt% NaCl conductive solutions
used as a top electrode was reported. In order to verify whether the conductive
solution would have an influence on DE breakdown, measurements were first
taken in different conductive solutions (tap water, 3.5 wt% NaCl, 10 wt% NaCl
and 20 wt% NaCl. In the case of Elastosil 2030, we observed that the type of
conductive solution does not influence breakdown. However, in the case of Kapton
tape and Elastosil 2030 bonded together, we were restrained from concluding
whether the type of liquid electrode has any influence on breakdown voltage, due
to instrumentation limitations in large numbers of measurements. DE samples
were then exposed to a 3.5 wt% NaCl for 250 hours at different temperatures,
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following which the chemical structure and mechanical and dielectric properties of
DE were investigated. It was determined that the exposure of the DE to 3.5 wt%
NaCl for 250 hours at different temperatures has no influence on chemical structure
or mechanical and dielectric properties. Experiments were performed to produce
creasing instabilities and detect the onset voltage at which these instabilities occur.
It was established that creasing deformation at the onset voltage changes the
capacitance of the DE. At the beginning, when voltage was applied, the film was
in a flat state and there was no change in capacitance. However, when a certain
critical voltage value was reached, the surface started to deform and influence
changes in capacitance. Sensors were then exposed to UV light, in order to simulate
the stiffening effect of biofouling on the surface of the silicone elastomer coating.
It was established that the exposure of silicone elastomer to UV light increases the
gel fraction of the silicone elastomer network, as well as the shear modulus and the
relative permittivity of the silicone elastomer. Furthermore, it was demonstrated
herein that creasing instabilities do not appear on the surface of a sensor after
48 hours of UV exposure. However, new onset voltage was not detected herein,
since the sensors experienced electrical breakdown prior to creasing instabilities
forming, and at a voltage significantly lower than the maximum voltage reached
in the previous measurements. Thus, sensors with creasing deformation had short
lifetimes, implying that further work should be undertaken in order to improve
the lifespan of sensors.
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Abstract

Silicone elastomers are used in a wide range of applications, including artificial

muscles, biomedical devices, and soft robotics, for which chemical, thermal,

and mechanical stability are important requirements that these elastomers

must fulfill. However, to ensure that silicone elastomers' properties and perfor-

mance remain constant under long-term deployment, it is necessary to exam-

ine and account for the Mullins effect, which has the potential to significantly

alter certain elastomer properties of interest. In this article, the mechanical

properties of soft and hard commercial silicone elastomers and two blends of

commercial silicone elastomers are investigated—specifically their softening

behavior due to the Mullins effect. Ultimate stresses, ultimate strains, and

Young's moduli are obtained from uniaxial tensile tests. Results show that the

point of softening greatly depends on both the elastomer type and its strain

history. Furthermore, a significant permanent set is observed in the softest

commercial formulations.

KEYWORD S

mechanical properties, structure–property relationships, thermogravimetric analysis, viscosity

and viscoelasticity

1 | INTRODUCTION

Silicone elastomers are becoming increasingly important
in modern technology as a result of their multiple appli-
cations in soft robotics. Silicone elastomers' exceptional
versatility for soft robotics arises from their inherent soft-
ness, as well as their thermal, and chemical stability.1,2

The similarity of their mechanical properties to those of
human muscles facilitates biomimicry.3,4 The era of the
elastomers is coming, but the underlying theory is easily
forgotten. Simplistic models were initially developed in
the 1940s.5–9 They were followed by more complicated
but more realistic rubber elasticity theories. Recent
advances into modeling of elastic phenomena have
become increasingly complex and thus more difficult to
understand. What is causing the mechanical properties of
(silicone) elastomers to become so complicated to fully

describe? First of all, most commercial silicone elasto-
mers consist of a covalently crosslinked network of poly-
mer chains that are: (1) fully elastic–defined as a chain
connected to an active crosslinker at both ends; (2) dan-
gling–defined as a chain connected to an active
crosslinker at one end only; or (3) soluble–defined as a
chain being not connected to an active crosslinker, also
denoted the sol fraction.10,11 An active crosslinker is
defined as a crosslinker that is connected to the infinite
network by more than two covalent bonds. The structure
of this covalent network is challenging to describe theo-
retically due to complex statistics, not to mention imper-
fections in the reactants that further complicate the
determinations.12 Furthermore, all three types of network
constituents have different dynamics, which additionally
depend on their structure and molecular weight. Hierar-
chical relaxation therefore prevails; however, due to the
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vast number of structures with different relaxation times,
the overall relaxation spectrum will be extremely compli-
cated. Elastic polymer chains can be modeled as elastic
springs (Hookean behavior) if they are relatively short
(with a molecular weight below the entanglement thresh-
old, occurring at approximately 2Me = 24.000 g mol−1 for
polydimethylsiloxane [PDMS]).13 However, when these
chains become longer, more complex phenomena take
place due to entanglements and the complicated relaxa-
tion processes related to them.14–16 Dangling chains and
branched substructures have very long time scales of
relaxation and therefore act as elastic strands on short
time-scales and as plasticizers on longer time-scales.17

The sol fraction acts as a plasticizer at most relevant
time-scales. In addition to the complex behavior of the
elastomer strands themselves, there are also almost
always fillers of varying types present. For silicone elasto-
mers, the most dominating by mass, and effect, are silica
fillers,18 which can be replaced by resins if optical trans-
parency or low viscosity are needed for a given applica-
tion. However, when resins are present, additional
covalent bonds are introduced into the network
(as compared to non-covalent interactions with,
e.g., silica) and the polymer network formed has a higher
crosslinking density than that of networks with only sil-
ica fillers present in the same concentration. Fillers are
most commonly added to silicone elastomers in order to
produce a required mechanical strength especially tear
strength, as well as to lower the price of the elastomer. A
common rule of thumb is that the percolation threshold
for silica in silicone is about 5 phr (parts per hundred
rubber).19 Solid fillers in the silicone matrix are rarely
found as single, individual particles. Rather, the particles
usually form clusters, known as aggregates, which form
agglomerates via further joining.20 In other words, when
silica is present in silicone elastomers, there are also
particle–particle and particle–polymer interactions to
account for in addition to the covalent interactions. All
these different interactions, together with the nano and
microscale damages within the elastomer, reduce the
reversibility of the elastomer dimensions after subjection
to a cyclic strain deformation: this is called the Mullins
effect.8,21–23 In rheological terms, it means that the elasto-
mer has a stress memory function, such that the stress at
a given strain will depend on the strain history of the
sample. Even though the Mullins effect has been
observed in unfilled elastomer rubbers, this strain-
induced phenomenon is more pronounced in filler-
reinforced elastomers.24

Research over the past several decades has given dif-
ferent explanations for the physical mechanisms behind
the Mullins effect, including polymer-filler chain
breakage,25–27 sliding of molecular chains,28 rupture of

filler clusters,29 and chain disentanglement.30 However, a
comprehensive explanation of this mechanism has yet to
be articulated, though the effect most likely depends on a
wide range of different parameters, such as type of rubber
and additives, presence of resins, filler type and aspect
ratio, filler modification, and strain rate.31 Without a
comprehensive theory to rely on, then how and where,
do we observe the Mullins effect in practical terms? A
common way to make thin elastomers is to coat the liq-
uid silicone elastomer mixture onto a substrate—e.g., a
plastic film or glass plate—and then cure the elastomer
on the substrate. The elastomer is then released from the
substrate after curing, but since the adhesion forces are
relatively large compared to the elastic forces of the thin
silicone elastomer, it undergoes stretching that is often
beyond the elastic regime of its particle–particle interac-
tions. The mechanical properties of the elastomer may
already have experienced the Mullins effect by this
stretch, and in this way its material properties become
sensitive to processing conditions. Elastomers are typi-
cally observed to exhibit their highest Young's modulus
in the first deformation cycle; when reporting data or
designing products, one must therefore be aware that the
first cycle at, for example, constant stress, will give lower
strain response than the subsequent steady-state cycles.19

Reversible stretchability and flexibility render silicone
elastomers suitable materials for soft transducers,32–34

soft robots,35 medical devices,32,36 and many other futur-
istic applications. Silicone elastomers used for different
applications are expected to maintain reliable properties
and performance under long-term employment. Account-
ing for the Mullins effect in silicone formulations offers a
simple means of avoiding experimental discrepancies and
product unreliability. The Mullins effect has been widely
characterized and modeled in natural rubbers with and
without fillers dispersed.7,23,28,31,33,35,37–40 Among silicone
elastomers, Sylgard formulations are by far the most
investigated ones, and Sylgard 184 is often considered as
a benchmark for commercial silicone elastomers.33,35,39

However, the Ecoflex formulations with Shore hardness
values ranging from 00–10 to 00–50 have lately gained
significant attention in different applications due to their
increased softness and stretchability compared to the
more rigid Sylgard 184.34,35,38,41,42 While investigations of
Sylgard formulations are extensive, investigations of
Ecoflex are still quite limited, and a thorough, consistent
characterization of the Ecoflex remains lacking. In this
work, four commercial silicone formulations (Sylgard
184, Sylgard 186, Ecoflex 00–30 and Ecoflex 00–50), two
combinations of commercial silicone formulations
(Sylgard 184 and Ecoflex 00–30, Sylgard 184 and Ecoflex
00–50) and two silicone formulations mixed at different
stoichiometric ratios (Sylgard 184 and Sylgard 186) were
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made and tested in order to illustrate commonly encoun-
tered strain-induced phenomena. Moreover, correlations
between softening effect and different silicone elastomer
formulations were made using the strain energy function.

2 | MATERIALS AND SAMPLE
PREPARATION

Four different two-part (A and B) commercial Pt-curing
silicone elastomers are used. Sylgard 184 and Sylgard
186 silicone elastomers are obtained from Dow Corning,
Germany, while Ecoflex 00–30 and Ecoflex 00–50 elasto-
mers, are obtained from FormX, Netherlands. The term
“blend” will be used throughout the article to refer to the
formulations obtained by combining two different com-
mercial silicone formulations. Sample compositions are
shown in Table 1. Parts A and B are weighed according
to the mixing ratio and mixed in a SpeedMixer™ DAC
150 FVZ-K for 2 min at 2000 rpm. Since resins and inor-
ganic fillers (most commonly silica fillers) are already
present in silicone elastomer formulations, the elasto-
mers are prepared as received from the supplier, without
introduction of additional fillers.

In the case of blends, two different formulations are
blended in the ratios specified in Table 1 for another
2 min at 2000 rpm, after which the blends are used to
prepare samples. The manufacturer's recommended
mixing ratio for Sylgard formulations is 10:1 (part A:part
B), while for Ecoflex formulations the ratio is 1:1 (part A:
part B). To make films, mixtures are then blade casted on
acetate/polyester support film (purchased from Pütz
GmbH + Co. Folien KG, Germany). A blade gap of
400 μm is used in order to obtain an approximately
300 μm thick film after curing. Samples are cured at 80�C
for 2 h. After curing, all films have a thickness of
300 ± 25 μm. The precise sample thickness is determined
using optical microscopy. Since no solvents are used, a

direct post-curing process43 is rendered unnecessary and
samples are expected to be fully cured by the procedure
described above.

3 | MEASUREMENTS

3.1 | Fourier transform infrared
spectroscopy analysis

Fourier transform infrared (FTIR) spectroscopy is carried
out using a Nicolet iS50 FTIR spectrometer (Thermo
Fisher Scientific, USA). Wavenumbers between 400 and
4000 cm−1 are recorded with 64 interferograms for each
sample formulation as well as their respective A and B
parts, in transmission mode.

3.2 | Extraction measurements

The gel fractions are determined using gel extraction, in
which small pieces of the sample film (�200 mg) are
immersed in chloroform (�10 ml) for 48 h at room tem-
perature (approximately 23�C). The solvent is replaced
after 24 h; after 48 h, the solvent is poured out and the
films are washed twice with fresh solvent. The samples
are then dried for 48 h at room temperature under ambi-
ent pressure, until constant weight is obtained. Gel frac-
tions are calculated as wgel = me/m0, where me is the
weight after extraction and drying and m0 is the initial
weight of the sample.44

3.3 | Thermogravimetry analysis

Thermogravimetry analysis (TGA) of the sample films is
performed on a thermogravimetric analyzer Discovery
series (TA instruments). Samples (�10 mg) are heated

TABLE 1 Sample names with their corresponding mixing ratios (part 1 and part 2); blending ratios with other formulations

No. Sample name Part 1a Ratio Part 2a Ratio

1 S184_5:1 Sylgard 184 (5:1) — — —

2 S184_10:1 Sylgard 184 (10:1) — — —

3 S186_5:1 Sylgard 186 (5:1) — — —

4 S186_10:1 Sylgard 186 (10:1) — — —

5 Eco 30 Ecoflex 00–30 (1:1) — — —

6 Eco 50 Ecoflex 00–50 (1:1) — — —

7 MIX Eco 30_S184_3:1 Sylgard 184 (10:1) 1 Ecoflex 00–30 (1:1) 3

8 MIX Eco 50_S184_3:1 Sylgard 184 (10:1) 1 Ecoflex 00–50 (1:1) 3

aMixing weight ratios for parts A and B (A:B) of the respective silicone kits (in brackets).
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from room temperature to 900�C in a platinum pan
under a nitrogen flow (25 ml min−1) at a heating rate of
10�C min−1. Measurements are repeated three times.

3.4 | Nuclear magnetic resonance
spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is per-
formed on a Bruker 300 MHz spectrometer. A and B
parts of Ecoflex 00–30 and Ecoflex 00–50 formulations
(approximately 50 mg) are dissolved in 0.7 ml of
chloroform-d (CDCl3). Data are analyzed using TopSpin
version 3.5 pL 7 from Bruker.

3.5 | Size exclusion chromatography

Size exclusion chromatography (SEC) is performed on a
chromatographic system consisting of a PL-ELS 2100
module connected to a Viscotek TriSEC model 302 triple
detector array (RI, light scattering, viscometer). The PL
Guard and two PL gel mixed D columns from Polymer
Laboratories are connected in series, providing resolution
up to 300,000 Daltons. The system is calibrated using
linear PDMS standards acquired from PSS (Mainz,
Germany). SEC measurements of A and B parts of soft
and hard formulations are performed. Both A and B parts
of soft formulations are first dissolved in toluene and
filtered through Celite (Celite® 545, Merck KGaA) and
filter paper (VWR), retaining particles 5–13 μm in size. A
and B parts of soft and hard formulations (approximately
2.5 mg) are dissolved in 1 ml of toluene and again filtered
through a filter syringe with 0.45 μm pore size. Samples
are run at a room temperature (23�C) in tetrahydrofuran
as mobile phase, with a flow rate of 1 ml min−1. Molar
mass characteristics are calculated using the OmniSEC
software.

3.6 | Sample thickness measurements

Silicone film sheets of around 300 cm2 in area are pre-
pared for each composition. In order to determine the
film thickness small sample pieces (around 2 × 10 mm)
are cut out from three different locations on the sample
sheet and the thickness of cross-sections of these pieces is
evaluated using optical microscopy. Three thickness mea-
surements are performed for each piece (nine values in
total) in order to calculate the average thickness and SD
of the silicone film sheets.

3.7 | Mechanical measurements

Stress–strain measurements and cyclic uniaxial tension
tests are performed on an Instron 3345 tensile tester
equipped with a 500 N load cell. Stress–strain measure-
ments are performed in order to determine ultimate
mechanical properties, which will present limits for the
subsequent cyclic uniaxial tension testing. For both tests
with Instron, dog bone-shaped (Figure S1) samples
115 mm in length, 25 mm and 6 mm in width (wide and
narrow parts, respectively), and 300 ± 20 μm in thickness
are used. When samples are clamped onto the test fix-
tures, the measuring area is 75 mm in length, 6 mm in
width, and 300 μm in thickness. For stress–strain mea-
surements, samples are stretched with a 2 mm/s strain
rate until broken, and measurements are repeated four
times. Strain rate is also 2 mm/s for cyclic uniaxial tests,
but the measurements are performed three times for each
composition. All measurements are performed at room
temperature (approximately 23�C). Bluehill Universal
software is used to calculate the ultimate mechanical
properties of different formulations: Young's modulus, Y
(as a tangent at 10% strain), ultimate elongation at break,
ϵT, and ultimate tensile strength σT. All reported stresses
are engineering stresses, that is, forces per initial cross-
sectional area of the samples.

Two different types of cyclic tests are performed. One
cycle is defined as the stretching of the sample to a cer-
tain strain value (loading path), after which the
stretching force is removed and the sample is relaxed to a
state of zero stress (unloading path). Three cycles are per-
formed for each strain in all measurements.

In the first experimental test, samples are first
stretched to 20% strain and then relaxed to a state of zero
stress. Strain is further increased every three cycles until
it reaches a value close to the value of strain at break for
each composition (“strain rise path”), see Figure 1(a)).
After stretching the sample to maximum strain, strain is
reduced following the “strain drop path.” The term “1st
test” will be added to the sample name and used through-
out the rest of this article to refer to the type of experi-
mental test described above.

In the second experimental test, the samples are first
stretched to a strain close to the strain at break for each
composition. Strain is then incrementally reduced every
three cycles until 20% strain is reached (“strain drop
path”), see Figure 1(b). After stretching the sample to
20% strain, strain is again increased following the “strain
rise path”. The term “2nd test” will be added to the sam-
ple name and used throughout the rest of the article to
refer to the experimental test described above.
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4 | RESULTS AND DISCUSSION

Below, the respective formulations will be extensively
investigated in order to obtain further details regarding
the chemical structure of the resulting networks. This
investigation is not a full characterization of the network
structure; however, since silicone elastomers are complex
mixtures of polymers and crosslinkers, and potentially
also inorganic fillers, resins, chain extenders, and
additives.

4.1 | Analysis of the chemical
characteristics of the elastomers

FTIR was used to analyze molecular structure and func-
tional groups in the prepared silicone films. FTIR analy-
sis of A and B parts of each formulation was also
performed. The FTIR results for the S184_10:1 as well as
A and B parts of the Sylgard 184 formulation are shown
in Figure 2. While A and B parts of Sylgard 184 and
S184_10:1 serve as an example, all formulations investi-
gated in this study showed similar behavior (Data in SI).

The transmittance peaks at 2960 cm−1 were attributed
to the C H stretching vibration of the methyl group
( CH3). The peaks at 1460 cm−1 were attributed to the
C C deformation of Si CH CH2. Both A and B parts of
the formulation contain PDMS with vinyl functionalities.
Furthermore, the presence of the peaks at 1460 cm−1 in
the case of S184_10:1 indicates that not all vinyl groups
reacted in the hydrosilylation reaction. The peaks at
1255 cm−1 were attributed to the symmetric deformation
of Si CH3. The strong transmittance peaks at
1000–1100 cm−1 were attributed to the stretching vibra-
tions of Si O Si. The strong peaks at 800 cm−1 were
attributed to the Si C stretching vibrations of Si (CH3)2.

All these peaks are characteristic of the PDMS. In the
case of part B of Sylgard 184, the distinctive transmit-
tance peaks at 2158 and 910 cm−1 were attributed to
Si H vibrations, indicating that part B also contains
PDMS with hydride functionality. The disappearance of
these Si H peaks in the case of S184_10:1 indicates that
the hydrosilylation reaction was successfully finished.
The presence of the C C peaks and disappearance of the
Si H peaks in the case of S184_10:1 indicates an excess
of vinyl groups in the formulation.

Peaks at 2158 and 910 cm−1 were also observed in the
case of part B of the other hard formulation, Sylgard
186 (Data in SI). In case of part B of soft formulations
(Ecoflex 00–30 and Ecoflex 00–50), however, the peak at

FIGURE 1 Schematic illustration of the first (a) and second (b) experimental test. The time scales in the two figures vary slightly due to

different number of cycles at highest and lowest strains [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 Fourier transform infrared (FTIR) spectra of part a

(red) and part B (blue) of Sylgard 184 formulation, and the final

elastomer S184_10:1 sample (black) [Color figure can be viewed at

wileyonlinelibrary.com]
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2158 cm−1 was not observed, while the intensity of the
peak at 910 cm−1 was quite low (Data in SI). This indi-
cates a low concentration of hydride groups (below the
instrument's detection limit) in the soft formulations, a
finding that is in good agreement with their low
crosslinking densities.

The amount of bonded (gel fraction) species in the
networks was determined from swelling experiments
with chloroform, the results of which are presented in
Table 2. In general, the gel fraction was found to be
above approximately 95% wt/wt for all hard formulation
films, and above approximately 52% wt/wt for the Eco
50 film. However, the gel fraction was found to be less
than 44% wt/wt for the Eco 30 film. These findings are in
good agreement with the elastomers' properties as
claimed on their respective data sheets (to be elucidated
further in this article). The gel fractions of the blends
(MIX Eco 30_S184_3:1 and MIX Eco 50_S184_3:1) were
also found to be higher compared to the respective soft
formulations (Eco 30 and Eco 50). However, the gel frac-
tion of MIX Eco 50_S184_3:1 film was approximately
7.7% (relatively) higher than the soft formulation Eco
50 film, while the gel fraction of MIX Eco 30_S184_3:1
was approximately 31% (relatively) higher than the soft
formulation Eco 30. These results suggest that blending
soft and hard segments, as in the case of MIX Eco
50_S184_3:1, can induce a small inhibitory effect on the
crosslinking efficiency of the two formulations in
the blend. This is not surprising, however, since the
crosslinking of the blends was not optimized in these
studies.

Thermogravimetric analysis of cured silicone formu-
lations was performed from room temperature to 900�C
under nitrogen atmosphere to inspect general thermal
decomposition behavior of the cured silicone elastomer
formulations and obtain information on the solid residue

after thermal treatment. The onset of thermal degrada-
tion is commonly predicted using the temperature at
which 5% weight loss is recorded.45–47 Onset tempera-
tures of degradation, residual weights at 900�C, and
amounts of filler in each formulation are presented in
Table 2. As indicated above, resins and inorganic fillers
(most commonly silica fillers) are already present in the
silicone elastomer formulations. However, is difficult to
determine the amount of resins as well as the type and
modification of the fillers already embedded2 in a com-
mercial formulation and certainly beyond the scope of
this article. The term “filler(s)” will therefore be used
throughout the rest of this article to refer to both resins
and inorganic fillers present in the silicone elastomers.

S186 formulations showed the highest thermal stabil-
ity of all investigated silicone formulations, as can be
seen from the degradation onset temperatures (Table 2).
S186 formulations also showed the highest residual
weight at 900�C. Soft formulations (Eco 30 and Eco 50)
were observed to have similar thermal stability and simi-
lar residual weight at 900�C. Both thermal stability and
residual weight of soft formulations (Eco 30 and Eco 50)
were significantly lower compared to hard formulations
(S184 and S186). In the case of MIX Eco 30_S184_3:1,
blending of soft and hard segments was observed to
decrease thermal stability compared to the respective soft
and hard formulations in the blend, as onset temperature
of degradation shifted towards lower values. This is most
likely caused by the presence of further unreacted groups
due to nonstoichiometric crosslinking reaction condi-
tions, as discussed above. The presence of unreacted vinyl
has previously been shown to decrease thermal stability.1

However, the residual weights of blends at 900�C resulted
in intermediate values, as expected from the combination
of formulations with relatively low and high filler
contents.

TABLE 2 Analysis of the gel fraction and TGA data of commercial silicone formulations

Sample name wgel
a Onset degradation (

�
C)a Residual weight at 900�C (%)b Amount of filler (%)c

S184_5:1 0.95 373 46.1 46

S184_10:1 0.95 380 54.7 54

S186_5:1 0.96 415 68.3 68

S186_10:1 0.96 428 62.3 62

Eco 30 0.44 308 30.2 30

Eco 50 0.52 301 31.9 31

MIX Eco 30_S184_3:1 0.58 297 40.3 40

MIX Eco 50_S184_3:1 0.56 312 44.6 44

Abbreviation: TGA, thermogravimetry analysis.
aExperimentally determined weight fraction of gel.
bValues calculated as an average value of data from three TGA measurements.
cAmount of filler is estimated to be equal to the residual weight at 900�C.
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Ogliani et al.1 reported data from thermogravimetric
analysis under nitrogen of pure silicone networks
resulting from Pt catalyzed silylation reactions with dif-
ferent crosslinking densities and showed that the residual
weight of pure silicone networks at 700�C is 0%. Due to
the lack of available data on the chemistry of fillers and
additives in the formulations investigated here, we
assume that the residue of formulations at 900�C corre-
sponds to the amount of filler in the formulation.

The hard Sylgard 184 formulation has low viscosity
and contains fillers, which maintain transparency, while
the hard Sylgard 186 formulation and soft formulations
(Ecoflex 00–30 and Ecoflex 00–50) have high viscosities
and contain relatively high amounts of fillers, affecting
transparency and causing their characteristic opacity. As
discussed in the Introduction, if optical transparency or
low viscosity is needed for a given application, resins are
usually added rather than silica. It can therefore be con-
cluded that the Sylgard 184 formulation contains a higher
amount of resin compared to Sylgard 186, Ecoflex 00–30,
and Ecoflex 00–50 formulations. Data presented in
Table 2 show that, as expected, the hard formulations
contain a higher amount of filler than the soft formula-
tions. It was observed that S186 formulations contained
higher amounts of filler compared to S184 formulations.
The amount of filler is higher in the case of S186_5:1
compared to S186_10:1, indicating that part B of the for-
mulation contains more filler than part A. In the case of
S184 formulations, the amount of filler in S184_5:1 is
lower compared to S184_10:1, indicating that part A of
the formulation has more filler than part B. Furthermore,
Eco 30 has a slightly lower amount of filler compared to
Eco 50. Our results are in contrast with previous studies
indicating that Ecoflex is an unfilled silicone rubber.41

The blends (MIX Eco 30_S184_3:1 and MIX Eco
50_S184_3:1) were observed to have intermediate filler
contents compared to the respective soft and hard
formulations used.

A common rule when formulating silicone elastomers
is that the Pt catalyst should be kept separate from any
hydride functional oligomers and polymers, since the Pt
may facilitate condensation of the hydride group over
time. One premix therefore usually contains the polymer
(vinyl functional) and the catalyst, while the other con-
tains crosslinker mixed with polymer (vinyl functional).
The other constituents are mixed into the respective parts
depending on their functionalities and their compatibility
with Pt and hydride. The A part of all investigated elasto-
mer formulations in this study can easily be shown to
contain the catalyst and polymer, with the B part con-
taining hydride functional crosslinker and polymer, as
confirmed by a simple experiment in which a drop of cat-
alyst and a drop of crosslinker, respectively, were added

to the two parts. A parts became solid upon the addition
of crosslinker, but not upon addition of catalyst, while B
parts behaved oppositely.

1H NMR spectra of A and B parts of Ecoflex 00–30
are presented in Figure 3. 1H NMR spectra of A and B
parts of Ecoflex 00–50 are similar and are presented in
Figure S2 in the SI. CDCl3 was used as the solvent for
NMR measurements and resulted in a strong signal at
7.25 ppm. Methylsilyl groups exhibited strong signals
between −0.25 and 0.5 ppm. Signals between 5.68 and
6.19 ppm were assigned to vinyl groups, while signals at
0.88 and 1.21 ppm were assigned to geminate silanol and
isolated silanol, respectively.2 Broad signal at 1.64 ppm
was assigned to water, which is most likely introduced
via the solvent.48

Even though FTIR spectra of A and B parts of Ecoflex
00–30 did not indicate the presence of the characteristic
hydride peak, 1H NMR spectroscopy revealed that part B
contains hydride functionalities, as can be seen from the
strong peak at 4.72 ppm. This suggests that Ecoflex for-
mulations are likely cross-linked by hydride addition to
vinyl groups in the presence of platinum catalyst.49,50

However, the NMR analysis can not verify if there is
more than one type of crosslinker, or potentially chain
extenders (small, linear polymers with terminal hydride
functionalities) as well.

1H NMR spectra of extracts of cured Eco 30 and Eco
50 films showed clear hydride peaks, indicating that not
all hydride functions reacted (Figure S3 in SI). This result
agrees with extraction experiments, which showed low
gel fraction in the films. NMR spectra of Eco 30 and Eco
50 extracts also showed peaks which most likely originate
from the Pt-catalyst; this was confirmed by 1H NMR of
the Karstedt's catalyst (Figure S3 in SI).

A and B parts of hard formulations Sylgard 184 and
Sylgard 186, as well as of soft formulations Ecoflex 00–30
and Ecoflex 00–50, were analyzed by size exclusion chro-
matography to assess the apparent molecular mass, poly-
dispersity, weight fractions of long chains in each part
(A and B) of the formulations, and overall weight fraction
of long chains in hard and soft formulations as a whole.
These distributions give an indication of the formulation
strategy used. Chromatograms of A and B parts of all for-
mulations showed bimodal distributions. A summary of
results for all A and B parts is shown in Table 3, along
with interpretation of the resulting weight fraction of
long polymer chains in the final elastomer mixtures.

Data indicates that both parts of all investigated com-
positions consist of both long (high molecular weight)
and short (low molecular weight) polymer chains. The
results can be interpreted as the Sylgard formulations are
relatively closely related, with the vinyl functional poly-
mers having a molecular weight in the range of
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10–30 kg mol−1 and being crosslinked by low molecular
weight crosslinkers, potentially also with chain extenders.
The softer of these two formulations (Sylgard 186) is charac-
terized by longer vinyl functional polymers. The low molec-
ular weight species in part A may be a low molecular
weight vinyl functional polymer, which produces better
properties due to the bimodality of the resulting networks.51

The Ecoflex formulations show higher molecular weights
across all components. The relatively low fractions of long

polymer (Wf long chains) indicate a very different formulation
strategy from that of the Sylgard formulations. However,
their inherent softness indicates a long distance between
crosslinking sites, so either they use chain extenders and/or,
as indicated by NMR/FTIR, incomplete crosslinking due to
nonstoichiometric ratios between hydride and vinyl func-
tional constituents. Summarized findings of different prop-
erties of characterized silicone elastomers are presented in
Table 4.

FIGURE 3 1H nuclear magnetic resonance (NMR) spectra of part a (black line) and part B (gray line) of Ecoflex 00–30 [Color figure

can be viewed at wileyonlinelibrary.com]

TABLE 3 SEC data of commercial silicone formulations

Sample name
Mn

a

(g mol−1)
Mn

b

(g mol−1)
Mw

a/Mn
a

(long chains)

Mw
b/Mn

b

(short chains)

Mn-tot

(g mol−1)
Mw-tot

(g mol−1)
Wlong

chains
a (wt%)

Wf long

chains
c

(wt%)

Part A Sylgard 184 10,000 900 3.8 1.0 7700 39,000 97 86a) 91b)

Part B Sylgard 184 21,000 1300 1.9 1.2 1800 14,000 31

Part A Sylgard 186 22,000 1000 1.9 1.2 13,000 41,000 97 96a) 96b)

Part B Sylgard 186 27,000 1200 1.8 1.2 10,000 45,000 92

Part A Ecoflex 00–30 59,000 2900 1.5 1.4 4900 28,000 24 24c)

Part B Ecoflex 00–30 83,000 4400 1.4 1.4 7100 37,000 23

Part A Ecoflex 00–50 70,000 3900 1.5 1.4 7300 46,000 35 35c)

Part B Ecoflex 00–50 68,000 3600 1.5 1.5 6700 45,000 35

Note: All samples show a bimodal distribution and thus a pair of number average and weight average molecular weights is given for all samples along with
overall average molecular weights Mn-tot and Mw-tot. The wt percentage of the high molecular weight parts is stated as Wlong, and overall wt percentage of high
molecular weight parts in the hard and soft formulations is stated as Wf long chains.
Abbreviation: SEC, size exclusion chromatography.
aValues determined from the first peak of size exclusion chromatography.
bValues determined from the second peak of size exclusion chromatography.
cValues determined by accounting for mixing ratios of A and B parts in hard and soft formulations: a) ratio of A and B parts in hard formulations 5:1, b) ratio
of A and B parts in hard formulations 10:1, and c) ratio of A and B parts in soft formulations 1:1.
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4.2 | Ultimate mechanical properties

Mechanical properties of different formulations obtained
by stress–strain measurements, Y, ϵT, and σT, are pres-
ented in Table 5. Based on the value of ϵT and its SD ϵT-
STD, the maximum tensile strain value, ϵmax, up to which
different sample formulations were stretched in the cyclic
tests without breaking, were defined. In general, ϵmax was
chosen as ϵT-STD; the cycle strain was further reduced for
some samples if the given value did not allow for the
number of cycles. Data for ϵT-STD and ϵmax are presented
in Table 5.

S184_5:1 and S184_10:1 were observed to have the
highest Young's moduli, Y = 2.57 MPa and
Y = 2.26 MPa, respectively, but also limited extensibility
(113% and 132%, respectively). On the other hand, both
Eco 30 and Eco 50 had low Young's moduli but high
extensibility (Y = 0.16 MPa and Y = 0.23 MPa; 730% and
749%, respectively). Ecoflex formulations' low Young's
moduli and high extensibility indicate that they do not
possess a unimodal network structure in which part A
contains vinyl terminated long and short polymer chains
and the Pt catalyst, while part B contains vinyl termi-
nated long polymer chains and crosslinker agents with
hydride or hydride and vinyl terminated crosslinker
agents, since a higher modulus and lower extensibility
would be expected for such a network. The low Y of Eco
30 and Eco 50 can be increased by blending with
S184,33,52 which can be seen from the Young's moduli of
MIX Eco 30_S184_3:1 and MIX Eco 50_S184_3:1 given in
Table 5. As expected, the addition of soft elastomer for-
mulations (Eco 30 and Eco 50) to a hard elastomer for-
mulation (S184_10:1) resulted in intermediate properties.
These results are in good agreement with those described
in Vaicekauskaite et al.52 For Eco 50, the resulting tensile
strength actually decreased upon “reinforcement” with

S184, indicating that the mixture is not ideal seen from a
performance point of view, resulting from incompatibility
between the two commercial silicone formulations.

After performing cyclic uniaxial tension tests up to
various stretch levels on all these elastomers, we observed
effects related to Mullins softening that were dependent
upon the material formulations and the cyclic path (1st
and 2nd test) followed during these tests.

4.3 | Cyclic uniaxial tension tests

The stress–strain response of S184_10:1 in both 1st and
2nd tests is presented in Figure 4(a),(b), respectively.
While S184_10:1 serves as an example, all formulations
investigated in this study showed similar behavior (Data
in SI).

As Figure 4(a)) shows, constant softening was
observed in every first cycle when the maximum strain
was increased. Second and third cycle loading curves,
closely followed the unloading curve of the first cycle
with the same strain. On the other hand, second and
third cycle unloading curves showed significantly less
softening compared to the first unloading curve within
the same strain. In other words, the response became
almost entirely elastic after the first cycle. Further, when
every subsequent loading surpassed the previous maxi-
mum strain, it acted as a continuation of the previous
maximum loading curve, indicating that the second and
third cycles at the previous strain had little to no influ-
ence on the strain history, and thereby again confirming
that the second and third cycles were fully elastic. After
ϵmax was applied in the 1st test, the material stress–strain
response within the whole “strain drop path”, closely
followed the path of the first ϵmax unloading. In Figure 4
(b)), the same observation is noted for the 2nd test type.

TABLE 4 Summarized findings of different properties of commercial silicone formulations

Sample name Formulation typea Network crosslinking degreeb Amount of fillersc Molecular weightd

S184_5:1 Hard High High (mostly resins) Low

S184_10:1 Hard High High (mostly resins) Low

S186_5:1 Hard High High Medium

S186_10:1 Hard High High Medium

Eco 30 Soft Low Low High

Eco 50 Soft Medium Low High

MIX Eco 30_S184_3:1 Blend Medium Medium —

MIX Eco 50_S184_3:1 Blend Medium Medium —
aEvaluation based on physical and mechanical characteristics of different formulations.
bEvaluation made by comparing values of sample films' gel fractions.
cEvaluation made by comparing filler content in different formulations and by accounting viscosities and transparencies of different formulations.
dEvaluation made by comparing molecular weights of long and short polymer chains in A and B parts of different formulations.
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In this case, however, all subsequent loading and
unloading curves followed the first cycle's unloading
curve after ϵmax was applied. Once again, the stress
response and softening of soft formulations (Eco 30 and
Eco 50; data in SI), similar to the response of the filler-
reinforced41 hard formulations, confirms that Ecoflex is a
filled rubber. If Ecoflex were an unfilled rubber, the soft-
ening effect would be almost negligible.24

In both tests, the most pronounced softening resulted
after the unloading curve of the ϵmax, while significantly
less or no softening resulted after all subsequent
unloading curves. This finding is confirmed by the deter-
mined Young's moduli as function of cycle number, as
shown in Figure 5. It can be seen that the most pro-
nounced decrease in Y is after ϵmax. In the 1st test of
S184_10:1, this decrease occurred after the thirteenth
cycle, which corresponds to the first cycle of ϵmax (see
Figure 5(a))); in the 2nd test of S184_10:1, this decrease
occurred after first cycle (see Figure 5(b))). Only Eco
50 already showed pronounced softening and decreased

Y at 480% strain in the “strain rise path” of the 1st test,
which is significantly below ϵmax (Data in SI).

It has been reported in the literature28,31,53 that most
significant softening in different materials results after
the first unloading cycle.7,40,53–55 Here, however, we have
to account for a difference between the first unloading
cycle within each strain and the first unloading cycle
within the test as a whole. Figure 5(a)) shows that when
samples were stretched up to strain values above 80% in
the 1st test, significant softening occurred after the first
unloading cycle within same strain. When samples were
stretched to lower strain values (20% and 40%), negligible
softening occurred. On the other hand, the most signifi-
cant softening observed in the 2nd test resulted after the
first unloading cycle within the whole test, while in all
subsequent first cycles within same strain there was sig-
nificantly less or no softening (Figure 5(b)).

The stress softening effect can be represented using a
strain-energy function. The area under the loading
stress–strain curve represents total energy, consisting of

TABLE 5 Ultimate mechanical

properties, ϵT-STD and ϵmax of different

silicone elastomers

Sample name Y (MPa) ϵT (%) ϵT-STD (%) σT (MPa) ϵmax (%)a

S184_5:1 2.57 113 10.0 7.51 100

S184_10:1 2.26 132 11.2 7.35 120

S186_5:1 1.33 380 8.30 5.71 340

S186_10:1 1.01 434 47.3 5.96 340

Eco 30 0.16 730 49.9 1.45 680

Eco 50 0.23 749 14.5 2.53 680

MIX Eco 30_S184_3:1 0.41 254 33.5 1.86 180

MIX Eco 50_S184_3:1 0.62 252 9.39 2.00 240

aDetermined maximum tensile strain value up to which different sample formulations can be stretched in
the cyclic tests, without breaking.

FIGURE 4 Stress–strain response of S184_10:1 submitted to (a) 1st test, in which cycle strain is gradually increased, and (b) 2nd test, in

which sample is subjected to maximum strain first. Tests were performed with 2 mm/s strain rate and at room temperature (23�C)
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inelastic energy (heat dissipated energy) and recoverable
elastic strain energy. Elastic energy is calculated from the
area under the unloading stress–strain curve, and the dif-
ference between total and elastic energy represents the
inelastic, or dissipated, heat energy.56,57 Total energy and
elastic energy values for S184_10:1 in both tests, are
plotted in Figure 6(a),(c), and Figure 6(b),(d), respec-
tively. Figure 6(e),(f ) present a comparison of the ener-
gies in the first three cycles, at 20% and 40% strain in
the 1st test, and 120% and 100% strain in the 2nd test,
respectively.

Figure 6(a)–(d) shows that both total and elastic
energy increased with increasing applied strain in both
tests, and decreased with decreasing applied strain. 1st
test data (Figure 6(a),(c)) indicate that total energy values
and elastic energy values for low strains (20% and 40%),
did not change with cycle number within the same strain
in the “strain rise path”. The same behavior was seen in
all cycles following the “strain drop path” (cycle
no. 16–27). A comparison between energies at 20% and
40% strain in the 1st test showed that their ratio was close
to 1 (Figure 6(e))), which means that S184_10:1 at low
strains acts almost like an ideal elastomer, as discussed
earlier. However, when strain value was above 80% in the
“strain rise path” (Figure 6(a)), the total energy decreased
with the cycle number within the same strain, while the
decrease in elastic energy was less pronounced (Figure 6
(c)). A comparison of total and elastic energy values in
the second and third cycles of higher strains proves that
response in these cycles was almost entirely elastic. Both
total and elastic energy had higher values in the “strain
rise path” compared to the “strain drop path” at the same
applied strain. Additionally, the difference between total
and elastic energy in the “strain rise path” was higher
than the difference between these energies in the “strain
drop path.” This indicates that most of the dissipated
energy in the 1st test derives from the “strain rise path.”

2nd test data (Figure 6(b),(d)) indicates that total
energy experienced the largest decrease after the first
cycle, while the decrease in elastic energy was less pro-
nounced. After the first cycle, the change in total and
elastic energy within the same strain was negligable. A
comparison between energies after the first cycle shows a
ratio close to 1 (Figure 6(f)), which means that S184_10:1
starts to act almost like an ideal elastomer after ϵmax is
applied. Both total energy and elastic energy had similar
values in the “strain rise path” and “strain drop path”
within the same applied strain, except in the first cycle at
ϵmax. This indicates that the largest energy dissipation in
the 2nd test occurs in the first cycle. It is therefore clear
that the silicone elastomer formulations exhibit idealized
Mullins behavior after the first cycle in the 2nd test, since
the softening effect is negligible in all subsequent defor-
mation cycles.20 This suggests that the softening effect
can be avoided in silicone elastomer formulations by
prestretching the sample to ϵmax of the particular formu-
lation (or, alternatively, beyond the maximum strain
envisioned for the product) one time before the elastomer
is employed at the given product.

The strain energy function of the 1st test can be used
to quantify the Mullins effect in the different commercial
formulations. Since the largest energy dissipation occurs
in every first cycle in the strain rise path of the 1st test,
the dissipated energy, normalized by the total energy in
every first cycle, can be used as a measure of the soften-
ing effect at different strains. Different formulations can
be compared via the softening effect at identical applied
strains. However, this comparison between different for-
mulations at the same applied strain may lead to incor-
rect conclusions, since the stresses developed in the
elastomer will be very different at an absolute strain of,
for example, 20%. For example, the applied strain in the
first cycle of the 1st test is 20%, which, in the case of hard
formulations (S184 and S186), is 5 and 17 times lower,

FIGURE 5 Young's modulus (at 10% strain) as a function of cycle number for different strains for S184_10:1 subjected to (a) 1st test

and (b) 2nd test. After cycles 13–15, the strain path was reversed [Color figure can be viewed at wileyonlinelibrary.com]
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respectively, than the maximum strain that these formu-
lations can sustain without breaking, but is 34 times
lower in the case of soft formulations.

Figure 7 presents the dissipated energy normalized by
the total energy for different formulations in the first
cycle of the 1st test at a strain of approximately 20% of ϵT
for each formulation. This measure enables comparison
of the softening effect in formulations at the same strain
level relative to ϵT. Data presented in Figure 7 show that
hard formulation S184_10:1 has a lower softening effect
compared to S186_10:1, likely due to its lower filler

content. The softening effect also decreased in S184_5:1
and S186_5:1 compared to S184_10:1 and S186_10:1,
respectively. This decrease is as expected for S184_5:1,
which contains less filler than S184_10:1. However,
S186_5:1 has a higher filler content than S186_10:1; yet
both S184_5:1 and S186_5:1 formulations contain higher
percentage of part B compared to S184_10:1 and
S186_10:1. Since Part B of the elastomer formulations
contains functionalized polymer chains as crosslinker,
formulations with a 5:1 ratio of A and B parts contain a
larger number of crosslinking points compared to

FIGURE 6 Total energy (a), (b) and elastic energy (c), (d) as a function of cycle number for different strains of S184_10:1 submitted to

a 1st test (a), (c) and 2nd test (b), (d). After cycles 13–15, the strain was reversed. Total energy and elastic energy of S184_10:1 in the first six

cycles of the (e) 1st test and (f) 2nd test [Color figure can be viewed at wileyonlinelibrary.com]
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formulations with 10:1. These results suggest that a
highly crosslinked network with higher concentration of
crosslinking points experiences less reorganization and
less sliding of fillers, as well as less chain slippage,
resulting in a reduced softening effect compared to net-
works with lower concentrations of crosslinking points.
Unsurprisingly, then, Eco 50 and blends (MIX Eco
30_S184_3:1 and MIX Eco 50_S184_3:1) exhibit a lower
softening effect compared to hard formulations. SEC data
indicates that all formulations consist of both high and
low molecular weight polymer chains. However, soft for-
mulations' polymer chains have significantly higher
molecular weights compared to those of hard formula-
tions. This is also expected, since elasticity scales with
crosslinking density, which again scales inversely to the
molecular weight of the polymer. TGA data also show
that the soft formulations contain less filler compared to
hard formulations, suggesting that this lower filler con-
tent is one reason for the lower softening effect in soft
formulations compared to hard. The synergetic effect of
long and short polymer chains in the soft formulations
may also contribute to soft formulations and blends' com-
paratively reduced softening effect in relation to purely
hard formulations.58 Both long and short polymer chains
in soft formulations are significantly longer compared to
those in hard formulations. The unexpectedly high soft-
ening effect observed in case of Eco 30 compared to all
other formulations may be a result of the relatively high
sol fraction in Eco 30 films. All polymer chains are ini-
tially stretched under low applied strain, contributing to
overall stress,58 upon increased strain, however, the sol
fraction polymer chains will relax their stresses and not
contribute further to the overall stress. At 120% strain
and below, Eco 30 displays a higher softening effect than
Eco 50. However, this situation reverses at higher applied
strains (See Figure S47 in SI). Blends MIX Eco 30_S184

and MIX Eco 50_S184 have lower softening effect com-
pared to the soft formulations (Eco 30 and Eco 50).
Results show that blending increases the reversibility of
the sample geometry compared to both soft and hard for-
mulations used in the blend, as expected due to the
increased crosslinker content compared to the soft for-
mulations. Results also show that the Mullins effect is
indeed more pronounced in elastomers which contain
higher amounts of filler24 (hard formulations). However,
in contrast to the common understanding that the
Mullins effect increases with increasing filler content
(hardness), our results show that the Mullins effect actu-
ally becomes more prominent when the elastomer net-
work becomes very soft. This indicates that the Mullins
effect is not only impacted by the presence of fillers, but
also by the number of bonded species in the network (gel
fraction), number of crosslinking points, and the molecu-
lar weight of polymer chains. This further suggests that
the softening effect may be limited by choosing a silicone
elastomer formulation with low filler content, high
molecular weight polymer chains, and a high number of
crosslinking functionalities, thereby ensuring that a net-
work with low sol fraction is obtained.

Residual extension of the material remaining after
subjection to the cyclic uniaxial test, known as perma-
nent set, was also observed in some formulations. In the
case of soft formulations Eco 30 and Eco 50, as well as
their blends with S184_10:1, permanent set was observed
after stretching samples to ϵmax; permanent residual
extension of the elastomer was then visually confirmed
by comparing the deformed sample with a non-deformed
(pristine) one after the test is finished (Figure 8(a)). Per-
manent set was not observed in Sylgard 184 and Sylgard
186 formulations. Examples of a deformed S184_10:1
sample and a non-deformed S184_10:1 sample are pres-
ented in Figure 8(b).

FIGURE 7 Dissipated energy

normalized by the total energy of

different silicone formulations in the

first cycle of the 1st test at approximately

20% of strain at break [Color figure can

be viewed at wileyonlinelibrary.com]
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All mechanical test methods reported here are in agree-
ment with previous studies20,35,38,41,42,59–61 on the Mullins effect
in elastomers, with some differences. Previous studies used
either rectangular shaped specimens38,41,60,61 or different dog
bone shaped specimens.35,42,59 These studies also reported dif-
ferent strain rates, number of cycles, and maximum applied
strains, all of which affect results. Reported maximum applied
strains of soft formulation samples (Eco 30 and Eco 50) in uni-
axial cyclic tests are significantly lower than the maximum
applied strains in this work.38,41 The higher extensibility of the
dog bone shaped elastomer samples reported here is expected,
since the dog bone geometry is used to eliminate high stress
concentrations. Furthermore, previous studies did not report
test methods containing both “strain rise” and “strain drop”
paths.35,38,41,59–61

5 | CONCLUSION

We investigated the Mullins effect in four commercial sil-
icone formulations (Sylgard 184, Sylgard 186, Ecoflex
00–30 and Ecoflex 00–50), two combinations of two com-
mercial silicone formulations (Sylgard 184 and Ecoflex
00–30, Sylgard 184 and Ecoflex 00–50) and two silicone
formulations mixed at different stoichiometric ratios
(Sylgard 184 and Sylgard 186). Two types of cyclic uniax-
ial tension tests were performed, and results showed that
the point of softening greatly depends on both the elasto-
mer formulation and strain history. Young's moduli, total
energy, and elastic energy were determined for every
cycle. In the 1st test, constant softening was observed in
every first cycle, with significantly less or no softening
in the second and third cycles within the same strain. In
both tests, the most pronounced softening resulted from
the unloading curve of the ϵmax, which occurs in the first
cycle of the 2nd test. Significantly, less or no softening
resulted from all subsequent unloading curves. In other
words, elastomers' response is almost entirely elastic after

ϵmax is applied. Total and elastic energy values indicate that
the largest energy dissipation in the 1st test occurs within
the “strain rise path”, while in the 2nd test the maximum
energy dissipation occurs in the first cycle. Dissipated
energy normalized by the total energy in the first cycle of
the 1st test at approximately 20% of ϵT of each formulations
enabled comparison of softening effect in different formula-
tions. Mullins effect is significant in the formulations, which
contain high amount of fillers. Moreover, data indicates that
when the elastomer network becomes very soft the Mullins
effect becomes more pronounced. Significant permanent set
was observed in the softest commercial formulations, which
reveals that it is not just the filler content that dictates the
Mullins effect, but rather a complicated interplay between
the fillers and the covalent network structure.
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Abstract 
 

Biofouling accumulation on synthetic underwater surfaces presents serious economic problem for the marine industry. 
When a substrate-bonded dielectric elastomer (DE) is subjected to high voltage, deformations in form of creases can be 
formed at the surface of the DE. This deformation, has been already demonstrated for the prevention and detachment of 
biofouling from the surface of DEs. In this work, we add sensing capability to the anti-biofouling effect of active DE 
surfaces. A device consisting of a metallic plate, a Kapton sheet, and a thin silicone membrane is immersed in conductive 
solution, which acts as one electrode, with the metal plate being the second electrode. Two different conductive solutions 
were used 3.5 wt% NaCl and 20 wt% NaCl. The surface deformation of the silicone as a function of applied voltage is 
monitored under microscope in order to verify electrical measurements. Breakdown measurements of the dielectric 
material in different conductive solutions are also performed. Because the membrane is made from incompressible 
elastomer and bonded to a rigid substrate, voltages below the creasing threshold create no deformation in the membrane, 
and therefore no change in capacitance. Above the voltage threshold, creasing instabilities appear at the surface of the 
silicone, thus increasing the capacitance of the device. Therefore, the capacitance of the sensor is measured as a function 
of applied voltage, and the voltage at which the capacitance increases is the threshold voltage at which creases occur. 
Creases are identified when using both 3.5 wt% NaCl and 20 wt% NaCl as top electrode. Theoretical values of creasing 
voltage deviate from the experimental measurements. Type of conductive solution is shown to have no significant influence 
on a breakdown voltage.   
 
Keywords: dielectric elastomer, sensor, creasing, biofouling. 
 

1. Introduction 
 
Marine biofouling presents unwanted accumulation of biological organisms (bacteria, sponges, tubeworms, algae, mussels 
etc.) on surfaces which are exposed to natural aqueous environment (eg. ships and vessels, oil and wind-turbine sea-
platforms).1 Increased costs related to transport delays, high fuel consumption, hull maintenance and repair, frequent 
cleaning of marine surfaces, are consequence of limited performance of devices, materials and underwater structures 
covered with biofouling.1–3 Greenhouse gas emission4,5, spreading of non-native biofouling species6 all over the world and 
then development of antifouling coatings, which implied use of toxic ingredients for coating formulation and in that way 
caused extinction of certain biofouling species, are some of the environmental concerns7 caused by biofouling. Therefore, 
this natural phenomenon presents a major economic and ecological problem for the marine industry. Hence, in the last few 
decades, efforts have been put into development of efficient, ecologically and economically friendly antifouling 
technologies. Currently used antifouling strategies may be divided into two types: biocide-release-based antifouling 
coatings and non-biocide-release-based antifouling coatings.1,8 Biocide-release-based antifouling coatings release 
biocides, which kill biological organisms and in that way restrain biofouling attachment. On the other hand, non-biocide-
release-based antifouling coatings significantly reduce the adhesion strength of biofouling species to the surface causing 
that biofoulants are easily removed by simple mechanical cleaning or just by movement of the ship through the water.8 
Most commonly used commercial coatings which reduce adhesion of biofouling to the surface are mainly made of silicone 
elastomers5,6, due to their low surface energy and high smoothness.  
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In contrast to previously described antifouling strategies, in recent years new solutions to prevent biofouling have been 
proposed. Some of these new approaches are inspired by nature, and they offer biofouling control through permanent nano 
and micro-topography modification.6,9 One of the examples is biomimicry6,10 of the antifouling mechanism of shark 
skin.2,6,7 As a result of the riblet microtexture of the shark’s skin and the mucous layer, biofoulants do not attach to the 
shark. Even though these approaches have potential for further development, they do have disadvantages, such as: nature’s 
complex design is not easy to copy on the macroscale, the fabrication process is somewhat complicated and may not lead 
to the required homogeneity, and patterned coatings are not suitable for harsh aqueous environments.8  
 
Other antifouling approaches have been inspired by methods used in soft-robotics systems based of dielectric elastomers 
(DEs). Wang et al11 proposed that creasing instabilities, which occur at the top surface of substrate bonded DE under 
applied voltages, if rationally controlled, can be potentially used for different applications, among which is active control 
of biofouling. Studies were first performed to fundamentally understand and control instabilities of soft dielectrics under 
various working conditions in order to be used for desired applications.11–17 Then, it has been demonstrated that the 
deformation of substrate bonded elastomer surfaces under applied voltages can detach different biofoulingspecies.8,12,18 
Fabrication of the dynamic surfaces over large areas through simple and practical processes is the advantage of this 
approach, which is stimulating further research in this direction. Therefore, building on this technology, it is of great 
interest to add the capability of detecting presence of biofouling and measuring the efficiency of DE-based antifouling. In 
this work we present an experimental method to directly detect creasing instabilities at the surface of the substrate bonded 
DE, which is a first step in making a sensor for monitoring the growth of biofouling. Since creasing instabilities appear at 
a well-defined voltage that depends on the mechanical stiffness of the active layer, the modification of the stiffness caused 
by the attachment of biofoulants will be detected by an increase of the threshold voltage at which creases appear. 
 
Key innovation of our idea is that to the DE actuator with a creasing deformation, we add self-sensing capability. When a 
substrate-bonded DE is subjected to high voltage, deformations in form of creases can be formed at the surface of the DE. 
A device consisting of metal surface, which could be metal surface of the ship or some other offshore structure, a thin 
silicone elastomer (silicone coating on the surface of the ship), is immersed in salty water (sea water), which acts as one 
electrode, with the metal surface being the second electrode. This structure forms a device which acts as an capacitor. 
Throughout the article the term “sensor” will refer to the capacitor. Under applied voltage, the surface of the DE is initially 
in a flat state without deformation. However, when critical voltage is reached DE starts to deform in a pattern of creases. 
By measuring capacitance of the sensor as a function of applied voltage, the threshold voltage at which creases occur when 
there is an increase of capacitance is identified. Because the DE is bonded to a rigid metal substrate, and because elastomers 
are incompressible, voltages below the creasing threshold create no deformation at the top surface of the DE, and therefore 
no change in capacitance. However, formation of creases increases the capacitance of the sensor. Attachment of the stiff 
biofouling material to the surface of the silicone elastomer, causes the change of the surface stiffness of the silicone 
elastomer. Due to this change, the threshold voltage necessary to develop the creases at the surface of the silicone increases. 
Measuring the capacitance versus applied voltage enables to identify the voltage threshold, and therefore monitor 
biofouling growth. 
 
Experiments are conducted with a simple structure – a soft commercial silicone (Elastosil 00-30), on one side bonded to 
the stiff substrate (Kapton tape bonded to metal plate), and on other side immersed to conductive solution. Electrical 
measurements are performed and method is developed to detect creasing deformation at the top surface of a DE, as a first 
part of the proposed idea of the actuator with self-sensing capability. Since, critical electric field, 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, for the electro-
creasing instability of the elastomer, can be expressed by using the equation19: 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≈ 1.03�𝜇𝜇𝑒𝑒 𝜀𝜀𝑒𝑒′𝜀𝜀0�           (1) 

where 𝜇𝜇𝑒𝑒 and 𝜀𝜀𝑒𝑒′ are the shear modulus and relative permittivity of the silicone elastomer, and 𝜀𝜀0 = 8.85e-12 F/m is the 
vacuum permittivity. And since, the magnitude of the applied electrical field can be also expressed as16:  

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

�𝑐𝑐𝑒𝑒+𝑐𝑐𝑘𝑘
𝜀𝜀𝑒𝑒′

𝜀𝜀𝑘𝑘′
�
             (2) 

Where 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the applied creasing voltage and, 𝜀𝜀𝑒𝑒′ and 𝜀𝜀𝑘𝑘′ are the relative permittivities of the DE and Kapton tape, 
and 𝑡𝑡𝑒𝑒 and 𝑡𝑡𝑘𝑘 are the thicknesses of the DE and Kapton tape, respectively. Theoretical calculations of the critical voltage 
are determined using equations (1) and (2), and compared with experimental values obtained from electrical measurements.  
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2. Experimental 
 
Instabilities of soft dielectrics under applied voltage sometimes lead to breakdown of the DE before creasing instabilities 
occur.20,21 In order to demonstrate that the salinity of the liquid electrode does not influence the breakdown of the DE, 
breakdown voltage measurements are performed with four different conductive solution used as top electrode (tap water, 
3.5 wt% NaCl, 10 wt% and 20 wt% NaCl solutions). Breakdown voltage of commercial silicone film (Elastosil 2030, 
Wacker Chemie AG) with thickness of 50µm, and Kapton film (Baskiville, New Zealand) with thickness of 63 µm and 
commercial silicone film bonded together, is measured in above mentioned solutions. Films are on one side bonded on to 
a copper substrate, while on the top surface films are immersed in different conductive solutions (tap water, 3.5 wt% NaCl, 
10 wt% and 20 wt% NaCl solutions). A voltage is applied between conductive solution and copper plate, until electrical 
breakdown occurs, or until voltage reaches 9500 V, which is close to instrumentation limit. Since measured breakdown 
voltage values of DE films are quite stochastic due to different factors such as presence of dust particles or other defects 
in the DE film, it is necessary to perform large number of tests in order to obtain a reasonable average value of the 
breakdown voltage.17 Therefore, the measurements of the breakdown voltage are repeated 20 times. 
 
It has been reported in the literature that Kapton film is used as protective layer,16 which prevents the electric field in the 
deformed DE to become excessively high and causes electrical breakdown before creases appear. Therefore, in this study, 
a rigid polyimide tape, Kapton, with a thickness of 63.5 µm, and relative permittivity of 3.4 is also used as protective layer 
in the sensor. Elastosil 2030 silicone film, with precise thickness of 50 µm, relative permittivity of 2.822 and calculated 
shear modulus of approximately 393 KPa23, is first considered to be used in the sensor. Theoretical value of the voltage 
necessary to produce the creases at the top surface of the Elastosil 2030 film, bonded to the Kapton tape, is approximately 
13.3 kV. Even though use of Elastosil 2030 film is convenient because it is already made and has a precise thickness, the 
equipment limit is much lower (5000 V) than calculated value of the onset voltage, and therefore, eliminates the use of 
Elastosil 2030 in in the creasing experiments. Hence our choice is much softer silicone elastomer Ecoflex 00-30.  
 
Ecoflex 00-30, two-parts (A and B) commercial Pt-curing silicone elastomer is used as a dielectric material in the sensor. 
Silicone elastomer is obtained from FormX, Australia. Parts A and B are weighed according to the manufacturer’s 
recommended mixing ratio 1:1 (part A: part B) and mixed in a speed mixer (Thinky Mixer ARE-250) for 2 minutes with 
2000 rpm. The corresponding shear modulus for this mixing ratio is found to be 20 KPa,24 while relative permittivity is 
3.4.23 To make films, mixture is then blade casted on poly(methyl methacrylate) (PMMA) support sheet. Silicone films, 
of around 400 cm2 in area, are prepared. Blade gap of 100 µm is used in order to obtain an approximately 50 µm thick 
films after curing. Silicone films are cured at 80 ⁰C for 2 hours, which ensures that silicone is fully cured. Post-curing of 
the silicone films was not deemed necessary.25 After curing, samples of around 20 cm2 are cut and used to make sensors. 
All samples have different thickness (50 µm ± 25 µm). Since samples are cut from different parts of the silicone sheet, this 
could be the cause of the large variation in the sample thickness. The sample thickness is determined using optical 
microscope after electrical measurements are performed, or after electrical breakdown in the sample occurred. Since 
silicone is bonded to Kapton tape and electrical measurements are performed first, this could have an influence on sample 
thickness and cause uncertainties in thickness measurements.  
 
The schematic illustration of the sensor is presented in Figure 1. A rigid polyimide tape, Kapton, is bonded on a metal 
plate. Prepared silicone elastomer, Ecoflex 00-30 is then transferred from PMMA support sheet on the Kapton film. 
Ecoflex 00-30 film is then immersed in a transparent conductive solution, which acts as an electrode, with the metal plate 
being second electrode. 
 

 
Figure 1. Schematic illustration of the sensor. On the top surface of the DE creasing instabilities are produced and measured. 
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Two conductive solutions with 3.5 wt% and 20 wt% of NaCl are prepared. The 3.5 wt% is the preferred amount of salt in 
the solution, due to the fact that same amount of salt is to be found in sea water, while 20 wt% of NaCl is amount of salt 
reported in the literature when studying creasing deformation of DEs. Transparency of conductive solutions enables the 
monitoring of the silicone surface deformation under microscope as a function of the applied voltage, which is a first 
method for detection of creases reported in the literature. In this case, visual detection of creases appearance at certain 
voltage is used for verification of electrical measurements. The sensor, which acts as a capacitor, C, is connected in series 
with a 50 MΩ resistor, R. This forms an RC circuit, which is connected to a high voltage power supply (Trek 610E, USA). 
A square wave voltage is applied to the RC circuit and the sensor / capacitor charges and discharges with the voltage 
applied. Schematic illustration of RC circuit connected to square wave voltage source is presented in Figure 2. 
 

 
Figure 2. Schematic illustration of RC circuit connected to the square wave voltage source, Vs. 

 
Voltage across the capacitor, Vc, is measured when a square wave voltage (at the frequency of 1Hz) is applied to the RC 
circuit, in order to calculate capacitance, of the sensor. Measured voltage across the capacitor is plotted as a function of 
time. Time constant values are calculated by extrapolating the initial slope of the charging curve with a straight line until 
it intersects the final voltage level over the capacitor. With obtained value of the time constant and known resistance of 
the resistor in the RC circuit, capacitance of the charging capacitor is calculated. All capacitance values are reported as 
means of five measurements.  
  

3. Results and Discussion 
 
3.1 Breakdown instabilities 
 
Breakdown voltages of 50 µm thick Elastosil 2030, as well as 50 µm thick Elastosil 2030 and 63 µm thick Kapton tape 
bonded together, in different conductive solutions are presented in Figure 3.  
 

 
Figure 3. Breakdown voltages of 50 µm thick Elastosil 2030 (grey columns) and 50 µm thick Elastosil 2030 and 63 µm thick 
Kapton tape bonded together (white columns), in different conductive solutions. Arrow indicates higher breakdown voltage than 
value stated. Breakdown voltage above 9500 V could not be detected due to instrumentation limit.  
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Data indicates that the breakdown voltages of Elastosil 2030 across all tested solutions are similar. In case of Elastosil 
2030 and Kapton tape bonded together in most of measurements, within tested voltage range (0-9500 V), breakdown is 
not detected. However, here it should be noted that in 3 out of 20 measurements with water, breakdown occurred at voltage 
just below 9500 V. Lower breakdown voltage is also noted in 14 out of 20 measurements with 3.5 wt% NaCl solution, and 
in 5 out of 20 measurements with 10 wt% NaCl solution. Only when using 20 wt% NaCl solution, breakdown was not 
detected in any of the performed measurements in the tested breakdown range. Results obtained for Elastosil 2030 indicate 
that type of the liquid electrode has no influence on the breakdown voltage. Breakdown voltages for Kapton tape and 
Elastosil 2030 bonded together are higher than for Elastosil 2030 alone, as expected.  
 
3.2 Creasing instabilities 
 
Initially the surface of the membrane is in a flat and smooth state without any observed deformation (Figure 4A). However, 
when a certain voltage is reached, surface of the DE suddenly starts to deform in a pattern of creases as shown in Figure 
4B. 
 

 
     Figure 4. Schematic illustration of the sensor when surface of the dielectric elastomer is in (A) flat state and in (B) creased state.  

 
Capacitance as function of applied voltage, of sensors where top electrode is 3.5 wt% NaCl and 20 wt% NaCl, is presented 
in Figure 5A and 5B, respectively.  
 

 
Figure 5. Capacitance as a function of applied voltage of the sensors with creasing voltage at (A) 2.9 kV, thickness of DE 25.6 µm 
and top electrode 3.5 wt% NaCl solution and (B) 3 kV, thickness of DE 36.4 µm  and top electrode 20 wt% NaCl solution.  

 
Creasing voltage is detected as onset voltage at which creases occur, and there is change of capacitance. Creases are 
detected with both conductive solutions used as top electrode. In Figure 5A, it can be seen that for the sensor with thickness 
of Ecoflex 00-30 of 25.6 µm and top electrode 3.5 wt% NaCL, creasing voltage is 2.9 kV, while from Figure 5B it can be 
seen that for the sensor with thickness of Ecoflex 00-30 of 36.4 µm and top electrode 20 wt% NaCL, the creasing voltage 
is 3 kV. Creases at the top surface are also visually observed at these voltages (video in Supplementary material). Because 
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the membrane is bonded to a rigid substrate, and because elastomers are incompressible, voltages below the creasing 
threshold create no deformation in the membrane, and therefore no change in the capacitance. However, the formation of 
creases at the onset voltage increases the capacitance of the device. It should be noted that creasing instabilities are not 
seen and measured in all sensors. However, all samples where creasing deformation is visually observed, also show 
capacitance increase at the creasing voltage. 
 
By combining equations (1) and (2), we can predict onset voltage at which creasing instabilities occur. Experimentally 
detected and theoretically predicted critical voltage for sensors with different thickness of Ecoflex 00-30, with 3.5 wt% 
NaCl and 20 wt% NaCl conductive solutions as top electrode are presented in Figure 6A and 6B, respectively.   
 

 
Figure 6. Experimentally detected creasing voltage (electrical measurements and visual conformation) and theoretical prediction 
of the creasing voltage for sensors with different thickness of DE and (A) 3.5 wt% NaCl and (B) 20 wt% NaCl solution as top 
electrode.  

 
Data indicates difference between theoretical and experimental values of creasing voltage. This difference between 
experimental and theoretical values is higher in case of the sensors with 3.5 wt% NaCl (Figure 6A). Theoretical calculations 
show increase of the creasing voltage with the thickness of the DE. However, this trend in is not experimentally confirmed 
in our study. The reasons for the significant difference between theoretical predictions and experimentally obtained values 
of the creasing voltage, may be due to the uncertainty in the theoretical calculations which are caused by deviations in 
values of thickness, dielectric permittivity and shear modulus of Ecoflex 00-30 and Kapton tape. However, the difference 
between the predicted creasing voltage and effective creasing voltage does not present a problem for the proposed method, 
since our aim is to detect the change of the onset voltage over time.  
 

4. Conclusion and outlook 
 
We report the voltage-induced creasing instability in dielectric elastomer membrane bonded on a rigid substrate in two 
different conductive solutions used as top electrode. In order to verify whether conductive solution could have influence 
on breakdown of the DE, breakdown measurements are first performed in different conductive solutions (tap water, 3.5 
wt% NaCl, 10 wt% NaCl and 20 wt% NaCl. In case of Elastosil 2030, we observed that type of conductive solution does 
not influence the breakdown. However, in case of Kapton tape and Elastosil 2030 bonded together we are restrained from 
concluding whether type of liquid electrode has any influence on breakdown voltage, since due to instrumentation limit in 
large number of measurements breakdown is not detected. Experiments are performed to produce creasing instabilities and 
detect the onset voltage at which these instabilities occur. Creases are detected with both 3.5 wt% NaCl and 20 wt% NaCl 
conductive solutions used as top electrode. We demonstrate that creasing deformation at the onset voltage changes the 
capacitance of the DE. At the beginning when voltage is applied, the film is in the flat state and there is no change in the 
capacitance. However, when certain value of voltage is reached the surface starts to deform and influences change of the 
capacitance. Further experiments will be performed with attached stiff biofouling layer on the surface of the silicone layer. 
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When stiff biofouling material is attached to the surface of the silicone elastomer, the threshold voltage necessary to 
develop the creases on the surface of the silicone increases. Measuring the capacitance versus voltage enables identification 
of the voltage threshold, and therefore monitoring of biofouling growth.  
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Supplementary material

Video 1. Video illustrates creasing deformation of the top surface of the Ecoflex 00-30 membrane. Images showing state when 
there are no creases at the top surface (no voltage applied) and state when creases appear at the top surface (e.g. voltage of 4 kV 
is applied) are connected in the video. http://dx.doi.org/10.1117/12.2558402.1
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Figure S1. Schematic illustration of a “Dog bone” shape ASTM D412 standard. Size is given 

in mm. 

 
Figure S2. 1H NMR spectra of extracts of part A (grey line) and part B (black line) of Ecoflex 

00-50. 
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Figure S3. 1H NMR spectra of extracts of Eco 30 (red) and Eco 50 (green), and Karstedt’s 

catalyst in xylene (blue). 

 

Figure S4. FTIR spectra of part A (red) and part B (blue) of Sylgard 184 formulation, and 

S184_5:1 sample (black). 
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Figure S5. FTIR spectra of part A (red) and part B (blue) of Sylgard 186 formulation, and 

S186_5:1 sample (black). 

 

Figure S6. FTIR spectra of part A (red) and part B (blue) of Sylgard 186 formulation, and 

S186_10:1 sample (black). 
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Figure S7. FTIR spectra of part A (red) and part B (blue) of Sylgard 184 formulation, part A 

(pink) and part B (turquoise) of Ecoflex 00-30 formulation and MIX Eco 30_S184_3:1 sample 

(black). 

 

Figure S8. FTIR spectra of part A (red) and part B (blue) of Sylgard 184 formulation, part A 

(pink) and part B (turquoise) of Ecoflex 00-50 formulation and MIX Eco 50_S184_3:1 sample 

(black). 
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Figure S9. FTIR spectra of part A (red) and part B (blue) of Ecoflex 00-30 formulation, and 

Eco 30 sample (black). 

 

Figure S10. FTIR spectra of part A (red) and part B (blue) of Ecoflex 00-30 formulation, and 

Eco 50 sample (black). 
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Figure S11. TGA curves of different silicone formulations. 

 
Figure S12. Stress-strain response of S184_5:1 submitted to a) 1st test, in which cycle strain is 

gradually increased, and b) 2nd test, in which sample is subjected to maximum strain first. Tests 

were performed with 2 mm/s strain rate and at room temperature (23 ⁰C). 
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Figure S13. Stress-strain response of S186_5:1 submitted to a) 1st test, in which cycle strain is 

gradually increased, and b) 2nd test, in which sample is subjected to maximum strain first. Tests 

were performed with 2 mm/s strain rate and at room temperature (23 ⁰C). 

 
Figure S14. Stress-strain response of S186_10:1 submitted to a) 1st test, in which cycle strain is 

gradually increased, and b) 2nd test, in which sample is subjected to maximum strain first. Tests 

were performed with 2 mm/s strain rate and at room temperature (23 ⁰C). 
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Figure S15. Stress-strain response of MIX Eco 30_S184_3:1 submitted to a) 1st test, in which 

cycle strain is gradually increased, and b) 2nd test, in which sample is subjected to maximum 

strain first. Tests were performed with 2 mm/s strain rate and at room temperature (23 ⁰C). 

 
Figure S16. Stress-strain response of MIX Eco 50_S184_3:1 submitted to a) 1st test, in which 

cycle strain is gradually increased, and b) 2nd test, in which sample is subjected to maximum 

strain first. Tests were performed with 2 mm/s strain rate and at room temperature (23 ⁰C). 

 

 



  

9 

 

 
Figure S17. Stress-strain response of Eco 30 submitted to a) 1st test, in which cycle strain is 

gradually increased, and b) 2nd test, in which sample is subjected to maximum strain first. Tests 

were performed with 2 mm/s strain rate and at room temperature (23 ⁰C). 

 
Figure S18. Stress-strain response of Eco 50 submitted to a) 1st test, in which cycle strain is 

gradually increased, and b) 2nd test, in which sample is subjected to maximum strain first. Tests 

were performed with 2 mm/s strain rate and at room temperature (23 ⁰C). 
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Figure S19. Young’s modulus (at 10% strain) as a function of cycle number for different strains 

of S184_5:1 subjected to a 1st test. After cycles 13-15, the strain path was reversed. 

 
Figure S20. Young’s modulus (at 10% strain) as a function of cycle number for different strains 

of S184_5:1 subjected to a 2nd test. After cycles 13-15, the strain path was reversed. 



  

11 

 

 
Figure S21. Young’s modulus (at 10% strain) as a function of cycle number for different strains 

of S186_5:1 subjected to a 1st test. After cycles 16-18, the strain path was reversed. 

 
Figure S22. Young’s modulus (at 10% strain) as a function of cycle number for different strains 

of S186_5:1 subjected to a 2nd test. After cycles 16-18, the strain path was reversed. 
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Figure S23. Young’s modulus (at 10% strain) as a function of cycle number for different strains 

of S186_10:1 subjected to a 1st test. After cycles 16-18, the strain path was reversed. 

 
Figure S24. Young’s modulus (at 10% strain) as a function of cycle number for different strains 

of S186_10:1 subjected to a 2nd test. After cycles 16-18, the strain path was reversed. 
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Figure S25. Young’s modulus (at 10% strain) as a function of cycle number for different strains 

of MIX Eco 30S184_3:1 subjected to a 1st test. After cycles 13-15, the strain path was reversed. 

 
Figure S26. Young’s modulus (at 10% strain) as a function of cycle number for different strains 

of MIX Eco 30_S184_3:1 subjected to a 2nd test. After cycles 13-15, the strain path was reversed. 
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Figure S27. Young’s modulus (at 10% strain) as a function of cycle number for different strains 

of MIX Eco 50_S184_3:1 subjected to a 1st test. After cycles 13-15, the strain path was reversed. 

 
Figure S28. Young’s modulus (at 10% strain) as a function of cycle number for different strains 

of MIX Eco 50_S184_3:1 subjected to a 2nd test. After cycles 13-15, the strain path was reversed. 
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Figure S29. Young’s modulus (at 10% strain) as a function of cycle number for different strains 

of Eco 30 subjected to a 1st test. After cycles 25-27, the strain path was reversed. 

 
Figure S30. Young’s modulus (at 10% strain) as a function of cycle number for different strains 

of Eco 30 subjected to a 2nd test. After cycles 25-27, the strain path was reversed. 
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Figure S31. Young’s modulus (at 10% strain) as a function of cycle number for different strains 

of Eco 50 subjected to a 1st test. After cycles 25-27, the strain path was reversed. 

 
Figure S32. Young’s modulus (at 10% strain) as a function of cycle number for different strains 

of Eco 50 subjected to a 2nd test. After cycles 25-27, the strain path was reversed. 
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Figure S33. Total energy a) and elastic energy b) as a function of cycle number for different 

strains of S184_5:1 submitted to a 1st test. After cycles 13-15, the strain was reversed. 

 
Figure S34. Total energy a) and elastic energy b) as a function of cycle number for different 

strains of S184_5:1 submitted to a 2nd test. After cycles 13-15, the strain was reversed. 

 
Figure S35. Total energy a) and elastic energy b) as a function of cycle number for different 

strains of S186_5:1 submitted to a 1st test. After cycles 16-18, the strain was reversed. 
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Figure S36. Total energy a) and elastic energy b) as a function of cycle number for different 

strains of S186_5:1 submitted to a 2nd test. After cycles 16-18, the strain was reversed. 

 
Figure S37. Total energy a) and elastic energy b) as a function of cycle number for different 

strains of S186_10:1 submitted to a 1st test. After cycles 16-18, the strain was reversed. 

 
Figure S38. Total energy a) and elastic energy b) as a function of cycle number for different 

strains of S186_10:1 submitted to a 2nd test. After cycles 16-18, the strain was reversed. 
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Figure S39. Total energy a) and elastic energy b) as a function of cycle number for different 

strains of MIX Eco 30_S184_3:1 submitted to a 1st test. After cycles 13-15, the strain was 

reversed. 

 
Figure S40. Total energy a) and elastic energy b) as a function of cycle number for different 

strains of MIX Eco 30_S184_3:1 submitted to a 2nd test. After cycles 13-15, the strain was 

reversed.   

 
Figure S41. Total energy a) and elastic energy b) as a function of cycle number for different 

strains of MIX Eco 50_S184_3:1 submitted to a 1st test. After cycles 13-15, the strain was 

reversed. 
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Figure S42. Total energy a) and elastic energy b) as a function of cycle number for different 

strains of MIX Eco 50_S184_3:1 submitted to a 2nd test. After cycles 13-15, the strain was 

reversed. 

 
Figure S43. Total energy a) and elastic energy b) as a function of cycle number for different 

strains of Eco 30 submitted to a 1st test. After cycles 25-27, the strain was reversed. 

 
Figure S44. Total energy a) and elastic energy b) as a function of cycle number for different 

strains of Eco 30 submitted to a 2nd test. After cycles 25-27, the strain was reversed. 
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Figure S45. Total energy a) and elastic energy b) as a function of cycle number for different 

strains of Eco 50 submitted to a 1st test. After cycles 25-27, the strain was reversed. 

 
Figure S46. Total energy a) and elastic energy b) as a function of cycle number for different 

strains of Eco 50 submitted to a 2nd test. After cycles 25-27, the strain was reversed. 

 

Figure S47. Dissipated energy normalized to total energy of different silicone formulations in 

every first cycle at different strains applied in the 1st test. 
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(a) (b)

Figure C.1: DSC thermogram of (a) part A and (b) part B of Sylgard
184 formulation (exothermic phenomena up)
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(a) (b)

Figure C.2: DSC thermogram of (a) S184_5:1 and (b) S184_10:1 film
(exothermic phenomena up)

(a) (b)

Figure C.3: DSC thermogram of (a) part A and (b) part B of Sylgard
186 formulation (exothermic phenomena up)
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(a) (b)

Figure C.4: DSC thermogram of (a) S186_5:1 and (b) S186_10:1 film
(exothermic phenomena up)

(a) (b)

Figure C.5: DSC thermogram of (a) part A and (b) part B of Ecoflex
00-50 formulation (exothermic phenomena up)
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Figure C.6: DSC thermogram of Eco 50 film (exothermic phenomena
up).

(a) (b)

Figure C.7: DSC thermogram of (a) MIX Eco 30_S184_3:1 and (b)
MIX Eco 50_S184_3:1 film (exothermic phenomena up)
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(a) (b)

Figure D.1: Thickness profile under an applied pressure of 10 kPa as a
function of radius of deformed Sylgard 184-based sensors with different
thicknesses and a radius of (a) 25 mm and (b) 50 mm.
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(a) (b)

Figure D.2: Thickness profile under an applied pressure of 10 kPa as a
function of radius of deformed Ecoflex 00-10-based sensors with different
thicknesses and a radius of (a) 25 mm and (b) 50 mm.

Figure D.3: Thickness profile of deformed Sylgard 184 sensor with a
thickness of 20000 µm and radius of a 25 mm, under different applied
pressures.
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Figure D.4: Simulation of the geometry when at = 80 mm and b = 80 mm
(maximum values simulated), whilst other parameters have the same values
as the base case geometry. Colourful areas of the deformed geometry
display the resulting total deformation (displacemet) of a given point in
m.

Figure D.5: Simulation of the geometry when b = 80 mm (maximum
value simulated), whilst other parameters have the same values as the
base case geometry. Colourful areas of the deformed geometry display the
resulting total deformation (displacemet) of a given point in m.
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Figure D.6: Simulation of the geometry when h = 30 mm (maximum
value simulated), whilst other parameters have the same values as the
base case geometry. Colourful areas of the deformed geometry display the
resulting total deformation (displacemet) of a given point in m.
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Schematics of the sensor box used for electrical measurements

Dr. Hui Zhi Beh from The University of Auckland has made the schematics of the
sensor box.
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Methods for calculating capacitance of the sensor

Method 1
In the method 1, measured voltage across the capacitor was first plotted as a

function of time. The equation for voltage across the capacitor as a finction of
time when charging a capacitor through a resistor, is as follows:

VC = VS

(
1− exp

(
− t

RC

))
(E.1)

where VS is the applied voltage to the RC circuit. By fitting the Equation E.1,
using Matlab, to the obtained experimental data, capacitance of the charging
capacitor was calculated. Capacitance calculated using method 1, as function of
applied voltage is presented in Figure E.1. All capacitance values are reported as
means of five measurements.

Figure E.1: Capacitance as a function of the applied voltage. The
thickness of the sensor’s Ecoflex 00-30 layer was 44.2 µm, whilst for the
Kapton layer it was 69 µm. Capacitance was determined using method 1.

Method 2
In the method 2, measured voltage across the capacitor was first plotted as a

function of time. Time constant value was calculated, using Matlab, as a time taken
for the capacitor to charge to 63% of its supply voltage. With obtained value of the
time constant and known resistance of the resistor in the RC circuit, capacitance of
the charging capacitor was calculated using Equation 6.1. Capacitance calculated
using method 2, as a function of applied voltage is presented in Figure E.2. All
capacitance values are reported as means of five measurements.
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Figure E.2: Capacitance as a function of the applied voltage. The
thickness of the sensor’s Ecoflex 00-30 layer was 44.2 µm, whilst for the
Kapton layer it was 69 µm. Capacitance was determined using method 2.

Method 3
In the method 3, measured voltage across the capacitor was first plotted

as a function of time. Time constant value was calculated, using Matlab, by
extrapolating the initial slope of the charging curve with a straight line until it
intersected with the final voltage level over the capacitor. Having obtained the
value of the time constant and the known resistance of the resistor in the RC
circuit, the capacitance of the charging capacitor was calculated using Equation 6.1.
Capacitance calculated using method 3, as function of applied voltage is presented
in Figure E.2. All capacitance values are reported as means of five measurements.
Method 3 was used in all capacitance calculations presented in Chapter 6.
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Figure E.3: Capacitance as a function of the applied voltage. The
thickness of the sensor’s Ecoflex 00-30 layer was 44.2 µm, whilst for the
Kapton layer it was 69 µm. Capacitance was determined using method 3.
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Relative permittivity and storage shear modulus of Ecoflex 00-30 and
Kapton tape

(a) (b)

Figure E.4: (a) Relative permittivity as a function of frequency of Ecoflex
00-30 sample and 2 batches of Kapton tape samples and (b) storage shear
modulus as a function of frequency of Ecoflex 00-30 sample.

Table E.1: Relative permittivity of Ecoflex 00-30 and Kapton tape
samples, and storage shear modulus of Ecoflex 00-30 sample at a frequency
of 1 Hz. Data were used for calculations of the theoretical value of the
creasing voltage.

Sample name εr (at 1 Hz) µ′ (at 1 Hz)

[Pa]

Ecoflex 00-30 4.01 18 946

Kapton tape 1st batch 2.85 -

Kapton tape 2nd batch 2.74 -
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Figure E.5: Storage shear modulus, µ′, as a function of frequency for
the Ecoflex 00-30 sample, before and after exposure to UV light and for
different periods of time.

Figure E.6: Electrical breakdown strength, EBD, of unexposed (Ref.)
and UV exposed Ecoflex 00-30 film samples for period of 250 and 500
hours.





List of Acronyms

-CH3 methyl group

CDCl3 chloroform-d

CO2 carbondioxide

DE dielectric elastomer

DEA dielectric elastomer actuator

DEG dielectric elastomer generator

DES dielectric elastomer sensor

DET dielectric elastomer transducer

DRS dielectric relaxation spectroscopy

DSC differential scanning calorimetry

EAP electroactive polymer

FEM finite-element-method

FTIR fourier transform infrared

NIS non-indigenous marine species

NMR nuclear magnetic resonance

PDMS poly(dimethylsiloxane)

phr parts per hundred rubber

PMMA poly(methyl methacrylate)
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174 List of Acronyms

Pt platinum

SEC size exclusion chromatography

SEM scanning electron microscope

TBT tributyltin

TGA thermogravimetry analysis

THF tetrahydrofuran



List of Symbols

Symbol Description Unit

A electrode area m2

P applied pressure Pa

A1 area 1 of the geometry of the sensor model II m2

A′1 deformed area 1 of the geometry of the sensor
model II

m2

A2 area 2 of the geometry of the sensor model II m2

A′2 deformed area 2 of the geometry of the sensor
model II

m2

as bottom side length of square prism of the sensor
model II

m

at bottom side length of triangular prism of the
sensor model II

m

b height of triangular prism of the sensor model
II

m

EBD electrical breakdown strength V m−1

C capacitance (baseline) F

C ′ capacitance of deformed sensor F

C” capacitance of sensor with biofouling attached F

c′t deformed top side of the triangular prism of the
sensor model II

m
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Symbol Description Unit

Ec−cav critical electrical field for the formation of the
electro-cavitation instability

V m−1

Ec−crs critical electrical field for the formation of the
creasing instability

V m−1

Ec−crs−exp experimentally measured critical electrical field
for the formation of the creasing instability

V m−1

Ec−pull critical electrical field for the formation of the
pull-in instability

V m−1

E electric field V m−1

W (F ) elastic energy density J m−3

h height of the top part of square prism of the
sensor model II

m

hts total height of the geometry of the sensor model
II

m

h′ts deformed total height of the geometry of the
sensor model II

m

m0 initial weight of the sample g

p Maxwell pressure Pa

me weight after extraction and drying g

Mn number average molecular weight g mol−1

Mn-tot overall number average molecular weight g mol−1

Mw weight average molecular weight g mol−1

Mw-tot overall weight average molecular weight g mol−1

εr relative permittivity of dielectric elastomer -

εk relative permittivity of Kapton tape -

ε0 vacuum permittivity F m−1

ν Poisson’s ratio -∏
potential energy in a unit thickness of dielctric
elastomer

J m−1

∏
crease potential energy in a unit thickness of dielectric

elastomer in the creased state
J m−1
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Symbol Description Unit

∆
∏

difference between the potential energies in the
creased and flat state

J m−1

∏
flat potential energy in a unit thickness of dielectric

elastomer in the flat state
J m−1

Q charge C

r radius of dielectric elastomer geometry of sensor
model I

m

R resistance Ω

S sensitivity of the capacitive sensor to applied
pressure

F Pa−1

µ shear modulus Pa

µ′ storage shear modulus Pa

s strain %

εmax maximum tensile strain %

σ stress Pa

ω surface charge density C m−2

t thickness of the dielectric elastomer m

τ time constant of the capacitor s

Tc crystallization temperature ◦C

Tg glass transition temperature ◦C

tk thickness of the Kapton tape m

Tm melting temperature ◦C

U electrostatic energy J

εT ultimate elongation at break %

σT ultimate tensile stress Pa

V voltage V

VBD breakdown voltage V

VC voltage accross the capacitor V

Vc−pull critical voltage for the formation of the pull-in
instability

V
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Symbol Description Unit

VS voltage source V

w width of the geometry of the sensor model II m

ct top side length of the triangular prism of the
sensor model II

m

wgel gel fraction %

Wlong chains wt% of the high molecular weight parts in soft
and hard formulations

wt%

Wf long chains overall wt% of the high molecular weight parts
in soft and hard formulations

wt%

Y Young’s modulus Pa
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