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Dielectric elastomer actuators (DEAs) occupy a niche in haptic technology, and Senseg Oy
has developed a new type of DEA that is suitable also in haptic applications: a product called
Elastomer Film Actuator (ELFIAC). ELFIAC is a thin, flexible elastomer actuator where insulated
electrodes are separated by micropillars made of liquid silicone rubber (LSR). It has been verified
that ELFIAC provides strong actuation at low frequencies and relatively low voltages. One of the
essential work phases during productization, is the evaluation of product lifetime to prevent material degradation. For ELFIAC, ageing or degradation caused by corona discharge which generates ozone, is the most imminent due to the oxidation of the insulator surface leading to loss in
hydrophobicity of the LSR micropillars. A hydrophilic LSR layer on ELFIAC could weaken or prevent the actuation. The fundamental aim of this thesis was to study the durability and the degree
of degradation of the micropillars as a function of actuation cycles with various electrical input
parameters in terms of AC corona ageing. In addition, one goal was to find the breakdown voltage
where loss in hydrophobicity occurs at LSR surface. It is important to acknowledge that the electrical input parameters during these experiments are only test parameters designed to stress the
system and can notably differ from the driving parameters of the end-product.
The durability of the micropillars were studied by exposing the actuators to high-cycle actuation
and static pressure load of nearly 1.5 MPa simultaneously. The actuation cycles varied from 143
million to 1 billion cycles. Surface wettability and dielectric properties were studied as a function
of actuation cycles at both low and high frequency AC voltages. The effect of hot humidity at 60
°C and 95% relative humidity (RH) was studied to simulate a different type of use-case environment for ELFIAC. A corona ageing test was conducted for sealed actuators since the ozone generated by corona discharges has less oxygen to recover back to oxygen in a sealed sachet. A
sachet could result to higher and faster damage effecting negatively to the lifetime of ELFIAC.
Surface properties were examined with static contact angle measurements by sessile drop technique. Capacitance of the actuator was measured throughout the experiments to study if any
drastic change occurs that might indicate changes in dielectric constant or change in elastic modulus of the micropillars. Chemical properties of the silicone surface were analyzed with Fouriertransform Infrared Spectroscopy (FTIR) measurements.
Actuator samples driven at 166 Hz of AC indicated no sign of surface degradation whereas
driving at 20 kHz AC exhibited more hydrophilic LSR surface. Based on the capacitance measurements, change in dielectric properties was not detected to be relative to the ageing tests. Small
chemical modification was detected with all actuator samples but according to these test results
it had no effect on the surface or dielectric properties. Ageing was not observed under high RH
nor under sealed sachets. The breakdown voltage where loss in hydrophobicity occurs, was examined and found. As a conclusion, ELFIAC shows surface degradation only when subjected to
high frequency AC and in all other cases exhibits no signs of degradation or ageing. Based on
these experiments, it can be stated that with most studied input parameters, ELFIAC provides
excellent durability under cyclic stress.
Keywords: Dielectric elastomer actuator, liquid silicone rubber, micropillars, productization,
ageing, degradation, hydrophobicity, capacitance, FTIR
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Dielektristen elastomeeriaktuaattoreiden tutkimus ja kehitys ovat olleet kasvussa, mutta niitä
on hyvin vähän hyödynnetty haptisen teknologian alalla. Senseg Oy on kehittänyt uudenlaisen,
ohuen ja joustavan dielektrisen elastomeeriaktuaattorin, joka sopii muun muassa haptiikan
käyttökohteisiin. Tuotteen nimi on Elastomer Film Actuator (ELFIAC), ja ELFIACin yksi erikoisuus
on nestesilikonikumista valmistetut mikropylväät. Aktuaattorin elektrodit ovat molemmin puolin
eristettyjä, ja jokaisen elektrodien välissä sijaitsee ohut silikonikerros, jonka päällä mikropylväät
ovat. Sähköteknisesti elektrodit ovat kytketty toisiinsa rinnakkain. Uuden tuotteen tuotteistamisen
yksi keskeisimmistä vaiheista on selvittää tuotteen ikääntymiseen ja heikkenemiseen vaikuttavat
tekijät, jotta tuotteen elinikää hidastavia tekijöitä voidaan minimoida. Koronaikääntyminen
aiheuttaa tunnetusti pintavaurioita aiheuttaen hydrofobisuuden laskua, kemiallisten ja
mekaanisten ominaisuuksien heikkenemistä ja pahimmissa tapauksissa jopa fyysisiä halkeamia.
ELFIAC tuotteelle, koronaikääntyminen on yksi olennaisimmista haasteista, ja myös tämän työn
keskeisin tutkimuskysymys. ELFIAC aktuaattorin hydrofiilinen silikonikumipinta voi heikentää tai
pahimmillaan estää aktuoinnin. Työn tavoitteena oli tutkia ELFIAC aktuaattoreiden kestävyyttä,
ja mahdollisia ikääntymisen merkkejä altistamalla aktuaattorit koronasäteilylle runsailla sykleillä.
Tavoitteena oli myös selvittää läpilyöntijännite, jossa hydrofobisuuden laskua esiintyy.
Koronaikääntymistestit suoritettiin ELFIAC aktuaattoreilla eri syklimäärillä vaihtelevasti 143
miljoonasta miljardiin sykliin matala- ja korkeataajuuksisilla AC jännitteillä. Pintaominaisuudet,
dielektriset ja kemialliset ominaisuudet tutkittiin syklimäärien suhteen eri ajoparametreilla.
Rasituksen maksimoimiseksi, aktuattorit altistettiin myös samanaikaisesti staattiseen
puristukseen kohdentamalla niihin painetta lähes 1,5 MPa. On tärkeää huomata, että testeissä
käytetyt ajoparametrit ovat vain testiparametreja, joiden tarkoituksena oli rasittaa aktuaattoreita.
Lopputuotteen ajoparametrit voivat erota huomattavasti testiparametreista. Lämpimän kosteuden
vaikutus tutkittiin 60 °C ja 95% suhteellisessa kosteudessa. Testin tarkoitus oli simuloida aitoa
tuotekokemusta
erilaisessa
ympäristöolosuhteessa.
Suljetun
ympäristön
vaikutus
koronaikääntymiseen tutkittiin laittamalla ELFIAC aktuaattoreita suljettuun happitiiviiseen pussiin,
missä koronan vaikutuksesta syntyvällä otsonilla on vähemmän happea reagoida matalamman
energiatason muotoonsa. Pintaominaisuudet selvitettiin kosketuskulmamittausten avulla
sessiilipisaramenetelmällä. Aktuaattorien kokonaiskapasitanssien muutos indikoi muutosta joko
materiaalien
dielektrisyyskertoimessa
tai
mikropylväiden
elastisessa
kertoimessa.
Pintakemialliset ominaisuudet analysoitiin FTIR-spektroskopian avulla.
Pintaominaisuuksien muutosta ei havaittu matalilla 166 Hz:in taajuuksilla toisin kuin korkean
20 kHz:in taajuuden signaalin altistus aiheuttaa hydrofiilisemman pinnan. Ikääntymisen ja
rasituksen vaikutusta kapasitanssiin ei havaittu eikä näiden testitulosten perusteella voida
päätellä, että muutoksia dielektrisissä ominaisuuksissa olisi tapahtunut. Pientä kemiallista
muutosta havaittiin kaikissa aktuaattoreissa, mutta se ei vaikuttanut fysikaalisiin ominaisuuksiin.
Suljetulla ympäristöllä eikä lämpimällä kosteudella ollut mitään vaikutusta aktuaattoreiden
kestävyyteen tai ikääntymiseen. Läpilyöntijännite onnistuttiin kartoittamaan ikääntymistestien
avulla. Korkean taajuuden jännite on ainoa tekijä, joka aiheuttaa hydrofobisuuden laskua, mutta
muuten ikääntymistä ei havaittu. Näin voidaan todeta, että ELFIAC aktuaattorit kestävät
erinomaisesti syklistä rasitusta, eikä heikkenemistä havaittu suurimmalla osalla tutkituilla
testiparametreilla.
Avainsanat: Dielektrinen elastomeeriaktuaattori, nestesilikonikumi, mikropylväät,
tuotteistaminen, koronaikääntyminen, heikentyminen, hydrofobisuus, kapasitanssi, FTIR
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1. INTRODUCTION

Dielectric elastomers (DEs) are a class of electrically active polymers (EAPs), often
called as artificial muscles due to their resemblance of natural muscle in strain [1]. The
basic principle of dielectric elastomer actuators (DEAs) is based on an elastomer film
sandwiched between thin and compliant electrodes. When voltage is applied across the
elastomer film, the film is compressed in thickness direction and expanded in parallel
direction [2]. DEAs are known for their high speed of response transforming electric energy into mechanical actuation, large elongation strains and large stresses [3-5]. Until
today, DEAs occupy a niche in haptic technology, but they are the most promising EAPs
not only for haptic interface applications but also applications in loudspeakers, pumps,
toys, games, smart sensors and even energy harvesters [6-9].
Senseg Oy is a R&D company that has developed a new type of DEA: a product called
Elastomer Film Actuator (ELFIAC®). ELFIAC is thin, flexible elastomeric film actuator
consisting of micro-sized liquid silicone rubber (LSR) pillars that separate the insulated
electrode layers apart. Unlike traditional DEAs, which provide actuation by the expansion
of a DE film, the operation principle of ELFIAC is based on the decompression of solid
LSR micropillars. Figure 1 illustrates a single layer unit of ELFIAC where the electrostatic
attraction is created between the electrode layers 101 and 102 by applying voltage [10].

Figure 1. A single layer unit, 100, of ELFIAC. The electrode layers 101 and 102
are both side insulated where the insulation layers are marked as 103 and 104.
The silicone layer consists of the base-layer 105 and the LSR micropillars 106
[10].
The micro-sized LSR pillars (106) and the LSR base-layer (105) are between insulated
electrode layers. The insulation layers (103 and 104) are in contact to the micropillars.
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ELFIAC is a multi-layered actuator where single layer units represented in the Figure 1
are stacked on top of each other electrically parallel. The actuation displacement can be
increased by stacking more layers. The displacement depends also on the input voltage,
signal type, the dimensions of the micropillars and properties of the actuating material.
The mechanical and dynamic properties of the LSR micropillars on the other hand are
relative to the chemical structure of the material and the physical dimensions of the micropillars.
The interest of silicone rubbers (SRs) as DEAs is increasing due to their inherent reliability which originates from the covalently crosslinked silicone polymer chains [11]. However, depending on the working conditions, material ageing and degradation processes
has been observed for SRs [12, 13]. For ELFIAC, ozone generated corona discharge
caused ageing or degradation is the most imminent due to the oxidation of the insulator
surface leading to loss in hydrophobicity of the LSR micropillars. A hydrophilic LSR layer
on ELFIAC would weaken or prevent the actuation when salt is introduced. Based on
several studies [14-20], the effect of corona discharges on hydrophobicity of LSR is a
well-known phenomenon. One of the most relevant process phases of productization of
new type of DEA is the evaluation of total lifetime and the identification of the principal
factors involved in order to prevent or delay material degradation [12]. The fundamental
aim of this thesis was to study the durability and the degree of degradation of the micropillars as a function of actuation cycles with various electrical input parameters in
terms of corona ageing. Firstly, actuator samples were run in various number of actuation
cycles both at low and high frequency AC voltages. Secondly, the effect of hot humidity
at 60 °C and 95% RH was studied to simulate a different type of use-case environment
for ELFIAC. Thirdly, a corona ageing test was conducted for sealed actuators since the
ozone generated by corona discharges has less oxygen to recover back to oxygen in a
sealed sachet. A sachet could result to higher and faster damage effecting negatively to
the lifetime of ELFIAC. Fourthly, the goal was to find out the breakdown voltage where
loss in hydrophobicity occurs at LSR surface.
The theory part of this thesis reviews the chemical structure of SRs and the mechanical,
dynamic and dielectric properties of LSRs in Chapter 2. Next, the relevant ageing and
degradation mechanisms are introduced in Chapter 3. Chapter 4 presents as a literature
review the manufacturing methods of polydimethylsiloxane (PDMS) microstructures
which could be applied in a way or another to the production of PDMS-based micropillars.
Finally, the experimental part from Chapter 5 to 7 includes the experimental test methods, results, discussion and conclusions.
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2. LIQUID SILICONE RUBBERS

SRs are an important class of inorganic polymers which can be found in various industrial
uses. The chemical structure of SR provides the characteristics of both organic and inorganic materials. The key advantages are excellent chemical and oxidation resistance,
superior heat stability, low surface tension, good UV-light resistance, biodurability and
biocompatibility. In general, the low tensile and tear strength of SRs can be improved
with silica fillers or replacing some of the oxygen atoms with benzene in the polymer
backbone [21]. However, for ELFIAC this is not a matter of concern.
SRs can be divided in two groups depending on their molecular weight (MW ) and curing
temperature [22, 23]. These are the traditionally used high temperature vulcanization
(HTV), also called solid silicone rubber, with higher MW, and room temperature vulcanizable rubbers (RTV) with lower MW [23].
HTV silicone rubbers can be even further classified depending on their physical state as:
liquid silicone rubbers (LSR) and solid millable rubber, also called as high consistency
rubber (HCR) [24]. Obviously, LSRs have lower MW than HCRs and thus, lower viscosity.
The viscosity of LSRs can vary from liquid-like to paste. The following Chapters 2.1 –
2.5 will discuss about the chemical, dielectric, mechanical and dynamical properties of
LSR. Chapters 2.1 - 2.2 are introducing the chemical structure of polysiloxanes and the
curing mechanisms of LSRs, in general to understand the chemical background of the
material that has been studied. Rest of the subchapters are limited to focus on the most
relevant features of ELFIAC.

2.1

Chemical structure of polysiloxanes

SRs are polysiloxanes-based inorganic synthetic elastomers consisting of silicon-oxygen
mainchain (-Si-O-Si-O-) arranged either in a linear or cyclic pattern [21]. Each silicon has
two oxygen atoms attached to it. In most cases, polysiloxanes have alkyl groups attached
to the backbone replacing one or more oxygen atoms [25]. Common examples are methyl (-CH3) and ethyl (-CH2CH3) groups [21]. Polysiloxanes that contain alkyl groups can
be called as organosiloxanes. The physical and chemical properties of organosiloxanes
polymers can be modified by using various alkyl groups with various lengths and conformations providing a wide range of different products [25, 26]. The most widely used siloxane elastomer is polydimethylsiloxane (PDMS) which has two methyl side groups
linked to silicon atoms as seen from the Figure 2. The chemical formula of PDMS is
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[Si(CH3)2O]n where n is the amount of repetition of the dimethyl siloxane monomer unit
[27].

Figure 2. The chemical structure of dimethyl siloxane [27].
Methyl groups in PDMS can be substituted with other organic groups such as vinyl, phenyl, fluorine and nitrile groups to improve heat stability, chemical resistance, flexibility,
hydrophobicity and solubility in organic solvents [21]. The presence of methyl groups
makes silicone rubbers extremely hydrophobic [21]. Since PDMS has only methyl groups
in the backbone, it is classified as methyl silicone rubber (MQ). SR where part of the
methyl groups (<0.5%) are replaced with vinyl groups, is a co-polymer from dimethyl
siloxane and vinylmethylsiloxane [28]. This is called vinyl methyl silicone rubber (VMQ).
The addition of vinyl side groups eases the curing and reduces deformation set of the
rubber [29-31]. Besides MQ and VMQ, there are other listed SRs such as phenylmethyl
siloxane rubber (PMQ), phenyl vinyl methyl siloxane rubber (PVMQ) and fluorovinylmethyl siloxane rubber (FVMQ), which are intended to more specialized applications rather
than general use as seen from Table 1 [28].
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Table 1.

Silicone rubbers with different substituent groups in the
polymer backbone [28]. PDMS is classified as methyl silicone rubber
(MQ).

Material Type
MQ
VMQ
PMQ
PVMQ
FMQ
FVMQ

Contains

Pendant group

CH3

Methyl

CH2 = CH

Vinyl

C6H5

Phenyl

CH2 = CH
C6H5
CF3CH2CH2

Vinyl phenyl

CH2 = CH
CF3CH2CH2

Trifluoropropyl
Vinyl trifluoropropyl

SRs with both methyl and vinyl side groups are most common but with the use of phenyl,
fluorine and nitrile the properties of SR can be altered depending on the desired application [21]. MQ and PMVQ have 5% to 10% phenyl groups instead of methyl groups
improving the use for low temperature applications. Fluorosilicones are used in applications where enhanced oil and solvent resistance is needed [28].
The unique properties of SRs generate from the simultaneous presence of inorganic and
organic elements [21]. In the periodic table, the silicon atom is below carbon having similar electron arrangement, of 1s2, 2s2, 2p6, 3s2 and 3p2. A single Si-Si bond is less energetic than C-C due to the larger atomic radius. Si-Si bond energy is 222 kJ/mol whereas
C-C is 346 kJ/mol. Nevertheless, Si-O bond energy is 452 kJ/mol while C-O bond energy
is 358 kJ/mol [32]. Due to the strong, inorganic bonds of silicone chains, SRs exhibit
excellent heat and UV resistance. SRs are highly used for high voltage insulation applications because of their excellent ozone resistance and good insulation properties [21].
Both features are significant benefits for ELFIAC since exposure to ozone generated by
partial discharge is possible for high voltage insulation applications.
The Si-O bond is very polar, but the four chains of silicon atom make the molecule nonpolar [25]. Even though the backbone of PDMS-based SR is relatively nonpolar with very
hydrophobic feature, the polarity can be manipulated, within limits, by substituting other
functional groups for some of the methyl. Substitution of an electronegative functional
side group would decrease the number of Si-C bonds and increase the number of Si-O

6
bonds [25]. Naturally, introducing an electropositive side group would have an opposite
effect. The wide angle of Si-O-Si bond and the large interatomic distance leads to very
low rotational energy of Si-O [25]. Hence, the molecular chains of LSRs, and SRs generally, are exceptionally flexible. When MW is high, the flexible chains of LSR get entangled resulting in the unusually high level of viscoelasticity. Besides the effect of the crosslinks, the macromolecular chains of silicone must be free to move reversibly passing
each other. The substituent groups that were listed in the Table 1 provide low interchain
forces that are necessary to enable the free movement especially in the case of PDMS
that has methyl groups in the mainchain. The main intermolecular interactions between
PDMS chains are the low London dispersion forces (LDF) which are the weakest type of
the van der Waals forces [22]. The combination of highly flexible siloxane backbone and
low methyl-methyl interchain interactions are the reasons why PDMS-based SR has an
extremely low glass transition temperature, Tg, of -127 °C, and melting transition temperature, Tm of – 55 °C [22]. After crosslinking, LSRs are semi-crystalline elastomers at low
temperatures whereas at operating temperatures PDMS-based LSRs are amorphous.

2.2

Curing mechanisms

Various curing methods are employed for SRs but LSR is a two-component system
where the curing process is induced by an additive, also called as a crosslinking agent
or hardener [33]. It is based on a platinum-catalyzed addition curing by hydrosilylation
reaction which provides curing in few seconds at elevated temperatures. Hydrosilylation
is the addition of Si-H bond across C=C double bond catalyzed by transition metal complexes forming both H-C and Si-C bonds [33]. Even though some LSRs can be cured at
room temperature, their curing can be accelerated with additional heat [34]. Uncured SR
consists of chains with different lengths from very short to very long [35]. PDMS has low
viscosity and exhibits so called viscous flow behavior at room temperature before crosslinking [35]. During the curing process, the small and few randomly oriented crystalline
domains are embedded in randomly oriented amorphous part of the material [35]. After
crosslinking, PDMS becomes solid and depending on the degree of crosslinking, the
elasticity varies [36].
A rather new degree of silicone elastomers has been developed by few manufacturers
where the curing is achieved with UV-light. Even though, the curing process of LSRs is
much more rapid compared to HCRs, UV-curable LSRs provide an even faster and more
energy-efficient way for curing [37]. UV-curable LSR can be processed in the same way
as conventional LSR but a transparent mould is required to penetrate the UV-light. Since
no heat is required for UV-curing, shrinkage and occurrence of flash can be avoided.
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The higher speed and energy-efficiency of UV-curing becomes more apparent, the
thicker the curable LSR material is [37].

2.3

Dielectric properties and actuation

Dielectric materials are insulators where electric polarization exhibits when electric field
is applied [38]. The lack of free electrons causes the buildup of charge on the electrodes
when positive dipoles within the dielectric align towards the electric field and negative
dipoles the opposite direction [1, 38]. High speed of response in the desired frequency
range are required for the ELFIAC micropillars. The actuation response of DEAs results
from the attraction between the opposite charges in the electrodes which leads to the
compression of DEs in-thickness direction but expanding it in plane direction as seen in
the Figure 3 [1, 39, 40].

Figure 3. Operational principle of dielectric elastomer actuators [40].
The conversion of electrical energy into mechanical work is generally expressed with
Maxwell pressure, ∑, which is generated by the compliant electrodes of the actuator due
to the surrounding electric field (E) demonstrated with the following formula,
∑= ε' · ε0 · E2

(1)

where ε' is the storage permittivity, also called dielectric constant, of the material and ε0
is the storage permittivity of free space [38]. Electric field can be expressed by the applied voltage V and the distance d between the electrodes when the Maxwell equation
can be presented further as:
𝑉
𝑑

∑= ε' · ε0 ·( )2

(2)

It can be seen from the Equation (2) that with higher dielectric constant, lower voltage
is required to achieve the same amount of compression. Compressional strain in thickness direction can be defined by dividing Maxwell pressure with the elastic modulus of
the material [38, 41],
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s

SZ =Y

(3)

where Y is the elastic modulus and SZ is the compressional strain in thickness. According
to the law of volume consistency,
(1 + SZ) · (1 + SP) = 1

(4)

strain in planar direction, SP, can be expressed as
SP =

1
1+ 𝑆𝑍

ε′ ε 𝐸 2

– 1 = 𝑌− ε′0ε

0𝐸

2

.

(5)

Even though the validity of Maxwell pressure theory and non-linear field theory has been
verified, it can be applied only to ideal DEs, to elastomers with low crosslink densities or
with small deformations [38]. At times, DEAs show poorer actuation in experiment compared to the calculated ones from Maxwell pressure theory [42]. This can be explained
by electromechanical pull-in stability, also known as electromechanical instability (EMI)
which occurs when Maxwell pressure exceeds locally the compressive stress of the elastomer [38, 43]. This leads to uneven compression in thickness direction after the electric
field has exceeded a certain limit.
The dielectric constant, or the storage permittivity of the DE can be determined by measuring capacitance C according to the following Equation (6) that has been derived originally from Gauss’s law:

𝜀 ′ 𝜀0A
C=
𝑑

(6)

where A is the area of the conductor and d the distance between the two conductors. As
before mentioned, ε' is the dielectric constant of the material and ε0 is the storage permittivity of free space.
Dielectric loss can be illustrated by the loss tangent, as
tan δ = ε”/ ε´

(7)

where ε´ is the storage permittivity and ε” is the loss permittivity which is attributed to
dipole relaxation phenomena resulting energy loss. Thus, low dielectric loss and high
relative permittivity are desired for any DEAs. Generally, silicone rubbers have been
used for actuation purposes due to their inherent softness and compliance. However,
one of the drawbacks is the low dielectric permittivity of SRs [39, 43]. Chapter 2.5 will
discuss briefly about the most commonly used fillers to increase dielectric permittivity of
SRs.
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2.4

Mechanical and dynamic properties

Stiffness of the pillars is one of the key properties to influence the actuation displacement
of ELFIAC. The elastic modulus, also referred as Young’s modulus (Y), is the ability of a
material to resist elastic deformation when a stress is applied to it [35, 44]. Linear elasticity and rubber elasticity are both extreme cases of elastic behavior. Linear elasticity is
the type of elasticity the material experiences where linear elastic deformation exceeds
only to few tenths of total deformation [35, 44]. In linear elasticity only primary bonds
stretch and distort [44]. Rubber elasticity, on the other hand, is the type of elasticity where
rubbers can experience reversible extensions up to 1000% when the elasticity is not
linear elastic deformation [35, 44]. The elastic modulus of a material is defined by the
linear slope of its stress-strain curve in the elastic deformation range. The Young’s modulus is defined by,
Y=

σ
ε

(8)

where σ expresses the tensile or compressive stress and ε strain [44]. Linear elastic
deformation occurs at relatively small strains and represents small portion of total material deformation before rupture [44]. Traditionally, Young’s modulus is symbolized with E
but since the theoretical part of this thesis presents another term with same symbol, the
Young’s modulus is now defined by Y. The higher the Young’s modulus is, the stiffer are
the micropillars. This results from higher degree of crosslinking in the polymer network
[35]. Conversely, the lower the degree of crosslinking, the lower is its stiffness and exhibits lower Young’s modulus. Amplitude of actuation in ELFIAC depends on the input
parameters of the electrical energy but also both on the mechanical properties and the
physical dimensional parameters of the micropillars. Based on linear elasticity, Maxwell
theory is valid for only ideal DEs [45], and hence, there are several different models to
predict the mechanical response of actuators such as The Hookean [46], Mooney-Rivlin
[46, 47], Ogden [48], Yeoh [49] and Arruda-Boyce models [50]. A suitable and applicable
model is chosen depending on the scale of strain [47].
The crystalline part of the rubber extends until Tm after which significant changes in the
viscoelastic and mechanical behavior are exhibited [35]. After Tm, PDMS-based LSRs
have excellent heat stability up to +150 °C without changes in mechanical properties of
the bulk material [51, 52]. The use-case environment for ELFIAC is roughly from – 30 °C
to + 50 °C. Below 100 °C, the structural and mechanical changes are negligible, and
PDMS ageing occurs mainly at the surface of the material [53]. Outside this temperature
range, temperature has a great impact on the mechanical properties of LSRs. Below Tg,
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LSR is glassy and rather brittle. Obviously, the modulus is relatively high in this region
because the molecular motions are limited to vibrations and small-scale rotations [35].
The beginning of long-range, coordinated molecular motion results from the increasing
temperature. Below Tg only 1 to 4 chain atoms are in motion whereas just above Tg, 40
PDMS chain atoms can move [35]. In rubbery region, which occurs at higher temperatures than Tg, the polymers exhibit long-range rubber elasticity meaning that the elastomer can be stretched and recovered back to original state on a release. The molecular
motion is rapid and coordinated where the chain ends are combined to the crosslinks
[35].
Indentation hardness is a measure of surface resistance to deformation or penetration
by means of abrasion, drilling or scratching which is often scaled by the Shore durometer
hardness device [44, 54]. Shore A scale is the one used for LSRs. Shore A of LSR can
vary from 5 to 80. A shoe heel has an 80 Shore A providing no elasticity whereas a
rubber band has a 20 Shore A [55]. The Shore A can be modified by changing the ratio
of the base polymer and crosslinking agent. The increased amount of crosslinking agent
creates higher number of crosslinks in the rubber which then increases the Young’s modulus. The optimal hardness and elastic modulus vary with the physical dimensional values of the micropillars, and these all influence the speed of response and actuation force
at different frequencies. Also, the curing temperatures and longer curing times increase
the number of crosslinks in SRs. The post-curing of LSR occurs even at room temperatures which increases the Young’s modulus. According to a study conducted by Liu et
al., the Young’s modulus of PDMS membranes changes its behavior depending on the
membrane thickness [56]. A bulk behavior exhibits for membranes above 200 µm and
dimension-dependent behavior plays the role for thinner membranes. This stems from
the reordering of the polymer chains during the membrane fabrication. Hence, the material properties of the LSR layer in ELFIAC depends greatly on the dimensions of the
micropillars and the base-layer. Liu et al. proved that the curing temperature can notably
change the material properties of thin PDMS films [56]. Johnston et al. demonstrated
that changing the curing temperature from 25 °C to 200 °C has an impact to Young’s
modulus of 1.32 – 2.97 MPa and compressive modulus of 117.8 – 186.9 MPa in a range
up to 40% strain and hardness of Shore A 44 – 54 [57]. Mix et al. have related Young’s
modulus to ASTM D2240 standardized hardness scale reading by adimensionalizing the
linear elastic mechanics for the indentation caused by each standardized indentor tip
shape in ASTM D2240 [58]. Next, they managed to discover general framework to interpret hardness measurements with respect to Young’s modulus [58].
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Due to the viscoelastic behavior of polymers, the linear elastic deformation is time dependent and thus, the deformation is nonlinear in terms of stress and exhibits hysteresis
[44]. This has been noticed in the Senseg laboratory, too, where four cycles have been
measured by applying and releasing load to a one pillar layered ELFIAC actuator. Hysteresis of PDMS was observed because of the viscoelastic behavior of the micropillars.
The interaction between viscosity and elasticity show stress relaxation when strain is
held constant and creep when stress remains constant [51]. During ELFIAC ageing experiments, a constant stress was applied to the actuators simultaneously with the cyclic
actuation. Creep was not studied but the molecular modes are occurring in SRs are discussed in Chapter 3. SRs have high resilience, low creep and compression set which
are desired properties for ELFIAC that must withstand long-term actuation cycles.

2.5

Additives and fillers

The dielectric and mechanical properties of LSR can be modified with additives, fillers or
by altering the amount of certain functional groups [59, 60]. In general, the low Young’s
modulus and low tear strength of SRs are the mechanical properties that are desired to
improve [35]. However, for silicone-based DEAs decreasing Young’s modulus can be a
benefit since low modulus is generally desired [4]. Silicone oils or other plasticizers can
be used to decrease the modulus [4]. From ELFIAC point of view, relevant electromechanical properties to alter are Young’s modulus and dielectric permittivity. Both can be
modified with additives and fillers to an extent.
Dielectric permittivity of LSR can be improved by integrating metal oxides in the silicone
matrix such as titanium dioxide (TiO2), barium titanite, (BaTiO₃) or graphene oxide (GO)
due to their high dielectric constant [4, 18, 59, 60]. For silicone-based DEAs the amount
of the fillers is crucial since above mentioned metal oxides increase Young’s modulus
and decrease breakdown strength of the DE [4]. Additionally, fumed silica can be used
for improving both dielectric permittivity and increasing modulus [18]. Particle size, particle surface modification and filler amount play a great role how much addition of the
filler effects on the material properties. Smaller particle size indicates stronger increase
in modulus than larger ones due to higher interphase area and shorter distance between
the particles increasing the modulus [60].
As known, SRs have high hydrophobicity due to the methyl groups in the siloxane chain
[14]. This leads to low adhesion properties almost to any substrate except substrates
containing SiO2, which is why adhesion between most glass substrates is very good [61,
62]. Adhesion between thermoplastic polymers can be enhanced by substituting side
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groups, addition of silane precursors or surface modification [61-63]. Surface modification methods generally involve plasma or corona flame treatment which on the other
hand changes the LSR surface into hydrophilic [61]. The presence of humidity and introduction of salt can turn the LSR layer to conductive which prevents the silicone layer
functioning as a DE. Hence, for ELFIAC this is a situation to be avoided.
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3. AGEING AND DEGRADATION

Many ageing mechanisms are prone to occur during usage of the material [64]. Like
other polymers, PDMS degrades when subjected to continuous mechanical stress, oilbased chemicals, high voltage, extreme thermal and radiation conditions. Due to the lack
of carbon in the backbone of SR, it has excellent thermal resistivity, and possibly this
results to differing degradation mechanisms compared to traditional polymers with carbon mainchain [65]. The molecular causes for stress relaxation and creep can be classified into five groups, which are chain scission, bond interchange, viscous flow, thirion
relaxation and molecular relaxation [35]. It must be noted that more than one of these
relaxation modes can be acting during any real operation. Chain scission and bond interchange are relevant molecular phenomena in terms of ELFIAC experiments conducted in this thesis, but the other mentioned relaxation modes are explained briefly.
Oxidative degradation and hydrolysis are the primary causes for chain scission where
breakage of a chain leads into the reduction in modulus during stress relaxation [35].
Bond interchange is an ongoing phenomenon in polysiloxanes, with or without stress.
Because the chain portions change partners, stress is released, and MW decreases as
seen from the Figure 4 [35].

Figure 4. During bond interchange the chain parts changing partners release the
overall stress, and this is commonly an ongoing phenomenon for polysiloxanes
[35].
Viscous flow is caused by linear chains slipping past one another. Thirion relaxation is a
reversible relaxation of the physical crosslinks or trapped entanglements in elastomeric
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networks [35]. Usually an elastomer will relax about 5% by thirion relaxation. Molecular
relaxation will exhibit especially near to T g. Near Tg, the chains relax approximately the
same rate as the time frame of the experiment [35]. It is now clear that relaxation and
creep occur by molecular diffusional motions which becomes more rapid when temperature is increased. As mentioned, the chains are in constant thermal motion and temperature is a measure of molecular motion. The higher the temperature, the faster the molecules move [35].
In general, SRs including LSRs are durable but remarkable signs of ageing have been
observed to appear in high-voltage conditions [11, 14, 19, 20, 64, 66]. Electrical breakdown mechanisms occur rather rapidly for PDMS-based DEs [64]. Electrical and water
trees, on the other hand, develop over a long period of time [64]. Ageing caused by partial
discharge can lead to loss in hydrophobicity and after long-term subjection even to mechanical cracking [14]. One type of partial discharge is corona discharge, and corona
ageing is commonly studied phenomenon for high voltage insulation systems. In this
thesis, corona ageing mechanisms are the key target of research due to the high-cycle
electromechanical stress that the ELFIAC micropillars are subjected to. Because of the
excellent temperature-resistance of SRs, thermal ageing does not occur in this temperature range. One of the apparent use applications for ELFIAC now is automotive industry
where standard qualifications demand for full operation at +65 °C and 95% RH. Based
on the available simulation conditions, the effect of hot humidity to corona ageing was
tested for ELFIAC under +60 °C and 95% RH. The influence of temperature to SR properties are introduced in terms of how relevant each testing parameter is for ELFIAC.
Chapter 3.1 discusses about the degradation of the mechanical properties of SRs where
temperature induced ageing is on focus. Chapter 3.2 elaborates the effect of different
electrical breakdown mechanisms on the SR ageing both in general and from the operative aspect of ELFIAC.

3.1

Degradation of mechanical properties

This chapter will discuss in general about the degradation of mechanical properties of
SRs. The focus relies on temperature induced ageing on mechanical properties. The
experimental part of this thesis was not focused to study the mechanical properties of
ELFIAC nor influence of temperature above 60 °C but rather to examine loss in hydrophobicity, change in dielectric and chemical properties during corona ageing. However,
because the effect of hot humidity was tested by studying the above-mentioned test parameters, the possible effect of thermal ageing is discussed generally and in terms of
how relevant the degradation possibly might be for ELFIAC. For an unaged elastomer,
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even a slight change in chemical structure and crosslinking network can have a major
impact on the mechanical properties [67]. Thermal ageing studies, in general, have
shown that the mechanical properties of SRs decrease at elevated temperatures over
time [43, 67, 68]. It must be stated that significant ageing of SR occurs at elevated temperatures, usually above 120 °C. According to Zakaria et al., mechanical ageing is highly
thickness-dependent because the enhancement of mechanical properties, before the
ageing, is slower for thicker films [69].
A study conducted by Xiang et al., where PDMS samples were subjected to nine temperatures ranging from 85 °C to 250 °C for 50 days prove that thermal ageing can affect
remarkably to mechanical properties of SRs [67]. The ageing process was analyzed by
measuring creep, compression set and tensile elongation. The activation energy for tensile elongation tests are higher than for creep or compression set measurements. Thus,
tensile elongation was the most sensitive to temperature. This results from the decrease
of the crosslinking network and chemical structure of the main chain during thermal degradation [35, 67]. In this case, the degradation process of the SR is based on bond interchange and depolymerization leading to chain scission and cleavage of backbone which
then produces dangling ends. This increases the hardness of the material [35, 67]. the
activation energies differed depending on the measurement type, linear relationships
between tensile elongation, creep and compression set measurements were observed
[67]. It was stated that the Time-Temperature-Superposition (TTS) principle stands. Figure 5 represents the normalized tensile elongation as a function of ageing time for the
nine temperatures from 85 °C to 250 °C [67].
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Figure 5. Normalized tensile elongation as a function of aging time at nine temperatures. The error bars represent the standard deviation [67].
Figure 5 shows that ageing at 90 °C is rather minor compared to higher temperatures.
Because the maximum use-case temperature for ELFIAC does not exceed 90 °C, ageing
at higher temperatures than that are not relevant.
An ageing study by Kashi et al. [70] investigates the effect of temperature to statically
strained SR samples for a six-week period. Additionally, the effect of polyalkylene glycol
(PAG) medium was studied as seen in the Table 2 that represents all the studied SR
materials.
Table 2.

The effect of strain ageing, the medium and temperature was studied for
eight silicone rubber samples. Samples that were aged in air were placed at
22 °C [70].

Samples 1 and 2 were studied at 22 °C where Sample 2 was subjected to 200% strain.
Samples 5 and 6 were studied at 180 °C where Sample 6 was subjected to 200% strain
and other one to 0% [70]. The characteristic absorbance peaks of SR in FTIR spectra
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[(–CH3), Si–CH3 bond, Si–O–Si, and Si–(CH3)2] for all samples did not indicate any detectable changes when compared to unaged samples [70]. DSC measurements pointed
out that the samples aged at elevated temperatures showed smaller crystallinity than
samples from 22 °C [70]. This was speculated to result from the different crosslinking
degrees of samples at 180 °C but further experiments were not performed to verify this
theory [70]. The sample that was strained 200% under 22 °C had nearly 20% lower hardness compared to non-strained one. Samples (5 and 6) that were examined at elevated
temperatures, both strained and not, showed an increase of 40% in hardness compared
to unaged sample. Hardness of samples from elevated temperatures between 0% and
200% strain were nearly equal. Hence, the effect of strain to hardness was negligible
whereas temperature had significant effect. The modulus at 100% strain was measured
and the sample that was strained 200% indicated an increase of 220% whereas nonstrained sample increased only 120% at 180 °C as seen from the Figure 6 [70]. Sample
2 indicated 40% lower modulus compared to Sample 1. Samples 3,4, 7 and 8, that have
red background, are not relevant since they were placed in PAG medium and the effect
of the medium is out of this research scope.

Figure 6. Modulus at 100% strain. Samples 1 and 2 were aged at 22 °C whereas
Samples 5 and 6 at 180 °C. Samples 2 and 6 were statically strained 200%.
The effect of temperature is significant compared to static strain ageing [70].
Samples 3,4, 7 and 8, with the red background, were placed in polyalkylene glycol medium and that is why they are out of the thesis scope.
It was stated that the effect of thermal ageing to mechanical properties of SR was significant compared to the static strain ageing [70]. According to Madsen et al. [4] a pure LSR
sample without any fillers show no significant ageing effects on mechanical properties
even after three months of 60% static strain ageing. However, the first month the hardness and tensile strength increases due to evaporation of small siloxanes, which are the
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by-products from the SR synthesis and the diffusion of residual solvents [4]. The hardness and tensile strength reduce then again, to values before ageing that results from
the reduced crosslinking density which can be seen from the black curve in Figure 7.

Figure 7. The black curve presents the liquid silicone rubber sample without any
soft fillers, and it is evident that mechanical ageing, due to static strain, does not
occur over three months [4].
Wu et al. [68] also verified that hardness and compression set increase as temperature
increases because of the evaporation of oligomers, small siloxanes and residual solvents. Thermal ageing from 120 °C to 180 °C were studied. The simultaneous event
where bond interchange and crosslinking between molecular chains occur, influence on
the degradation rate. As the degradation rate accumulates, the hardness and compression reduce whereas if the conjugated reaction has greater portion, the increase is more
obvious [68].
Zakaria et al. proved that with increasing temperature the PDMS film gets harder [71].
The storage modulus of Elastosil PDMS film by Wacker increases remarkably at higher
temperatures than the use range of ELFIAC. No change was noticed at temperatures
below 190 °C. The storage permittivity and the loss permittivity were examined as a
function of temperature from 25 °C to 450 °C [71]. From 25 °C to 100 °C, there was a
minor reduction on storage permittivity for both Elastosil and low-viscosity LSR by
Wacker. The loss permittivity graph was decreasing and then again increasing from 25
°C to 100 °C for Elastosil whereas the low-viscosity LSR kept increasing from the beginning. The overall change in loss permittivity was relatively minor. The increase in loss
permittivity at elevated temperatures (above 300 °C) relates to more dissipation of the
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electrical energy into heat [71]. As a conclusion, it can be said that significant increase
of the loss permittivity starts above 150 °C [71]. According to Ghanbari-Sianhkali et al.
and Mlyniec et al PDMS degrades mainly at the surface at temperatures below 100 °C
[51, 53]. The structural and mechanical changes are negligible because of the insufficient
amount of energy to cause a reaction [51].

3.2

Electrical breakdown

Electrical breakdown can be caused by several different factors such as intrinsic breakdown, thermal breakdown, electromechanical breakdown and partial discharge breakdown as seen from the Figure 8 [13].

Figure 8. The electric fields and time when dielectrics commonly breakdown [13].
Depending on the dielectric strength of the material, the breakdown mechanism varies.
Hence, the time to breakdown depends on the breakdown mechanism. ELFIAC actuators are prepared from Sylgard 184 which is a PDMS component kit provided by Dow
Corning [31]. The breakdown strength for Sylgard 184 is 19 V/µm [31]. Based on Figure
8, thermal breakdown and partial discharge breakdown are possible mechanisms occurring for ELFIAC. Nevertheless, electromechanical breakdown is discussed rather briefly.
The experiments conducted for ELFIAC are focused particularly to ageing and degradation caused by partial discharge, specifically corona discharge since it is the fundamental
question in the experimental part of this thesis.
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3.2.1 Thermal breakdown
Material optimization with the only purpose to increase the dielectric permittivity may
cause an introduction of problematic phenomena such as premature electrical breakdown because of the high leakage currents of the thin elastomer film [11, 13, 66]. Electrical breakdown reveals the homogeneity of the sample and dielectric losses that are
present in the materials [11, 13, 71]. Imperfections might cause premature treeing and
local heating because of the differing thermal conductivity in the material [71]. When the
heat generated within the materials cannot be dissipated sufficiently, a critical voltage
can be reached when the applied voltage is increased [71]. This is called maximum thermal voltage and it is the voltage before thermal runaway occurs [71].
In solid dielectrics, electrical breakdown can be thermal meaning that the heat generated
within the film cannot be dissipated sufficiently which leads to thermal instability [11, 71].
Additionally, the occurrence of electrothermal breakdown of various PDMS films with
silica and other fillers loaded into it were studied, and thermal gravimetric (TGA) analysis
showed that all the PDMS films start to degrade after 300 °C [71]. According to the work
results, thermally induced breakdown fields are much higher than the electrical breakdown strengths that are generally reported for PDMS in the range from 19 to 133 V/µm
[71]. Nonetheless, the higher electrical conductivity results to a lower breakdown field
which is why electrothermal breakdown is relevant at room temperature as well when the
electrical conductivity of the material is high. The electrothermal breakdown of PDMS is
strongly influenced by the increase in dielectric permittivity and conductivity. The breakdown strength is higher for thinner PDMS films especially thinner than 60 µm [71]. The
volumetric Joule heating from the applied voltage across the film is raised with two for
thin films and is calculated with the Equation (9),
P = γ E2

(9)

Where γ is the electrical conductivity and E is the applied electric field [71, 72].

3.2.2 Electromechanical breakdown
Electrical breakdown may appear as thermal breakdown mechanisms where the heating
occurs locally increasing the conductivity which then leads to further Joule heating [11].
An accelerating coupling arises because of the exponential increase of conductivity with
the temperature [11]. Hence, the heating can cause instantaneous breakdown, but it can
be an introduction for degradation of the elastomer and loss of mass which results to
electromechanical breakdown because of the decreased thickness [4, 11]. According to
Figure 8, electromechanical breakdown is not possible to occur for ELFIAC when it is
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prepared with two-component PDMS kit by Dow Corning (Sylgard 184) as it is in this
ELFIAC study. However, there is a situation where electromechanical breakdown for
ELFIAC is possible to occur, and that is when another type of LSR material, with higher
dielectric strength than Sylgard 184, is used as a DE material. However, further studies
are required to verify the occurrence of electrical treeing mechanisms. The treeing mechanisms that are discussed in this subchapter are initiated with needle-plate electrode
systems when the test condition is not directly comparable to ELFIAC ageing experiments underlying this thesis. The input parameters presented for electrical treeing are
partially in the range where ELFIAC can be used at. Next, electrical and water treeing
are presented in more detail to understand the phenomena.
Electrical treeing is a pre-breakdown phenomenon accelerating the occurrence of insulation failure [66]. It has been investigated for the development of high-voltage and highfrequency power electronics. There are four typical types of tree shapes in SRs as shown
in the Figure 9 [66].

Figure 9. The four basic types of tree shapes in silicone rubber of which a) are the
branch-like trees, b) the pine-like trees, c) the bush-type trees and d) is a bubble-shaped deterioration [66].
The branch-like trees are small and sparse whereas the pine-trees are much thicker and
bigger in size [66]. Bush-type trees are very dense but small branches. The bubbleshaped deterioration has been detected when the frequency exceeded to 100 kHz which
is significantly over the use range for ELFIAC. As the voltage frequency increases, the
trees become denser [66] At low frequencies from 50 Hz to 500 Hz, branch-like and pinelike trees are generated with the latter being the more probable one to occur. After 1 kHz,
bush-like trees generate and within voltage frequencies from 1 kHz to 10 kHz their probabilities remained constant. After 10 kHz all the initiated trees become bush-like trees
[66]. The occurrence of the initiated tree-shape types at various voltage frequencies are
represented in the following Figure 10.
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Figure 10.

Probabilities for the different tree-shape types at various voltage
frequencies [66].

As it was mentioned before branch- and pine-like treeing are in the range where the test
parameters for ELFIAC actuators are, but the initiation of the ageing mechanisms are
remarkably different than in ELFIAC experiments. Over time, electrical trees grow larger
causing breakdown [13, 66]. The initiation of electrical treeing is based on the electrons
drifting or extracting alternately in the negative and positive half cycle [66]. In the negative
half cycle, the electrons are accelerated under the high electric field accumulating
enough energy to penetrate SR material and finally causing chain scission. At the same
time, under an AC voltage, electrons are injected from the electrodes in the opposite half
cycle which leads to trapping or recombining with the opposite charges and the energy
released is partially converted to energy cutting off the polymer molecular chains [66].
These form free radicals and leads to a chain reaction, such as H + from a methyl side
group, CH3 from the backbone Si or breakage of the backbone as seen from the following
Figure 11 [66].
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Figure 11.

Chain scission under high electric field in silicone rubber [66].

Generally, the formation of water trees occurs after a long period of time as a deterioration on cable insulators [13, 73]. For DEs, the initiation of water trees is possible at high
electrical stress which are usually generated from voids or existence of contaminant in a
liquid form, protruding conductive points or rough interfaces [13, 73]. If for some reason,
moisture is accumulated on the cable or cable insulator and then continuously subjected
to high voltage, water tree can form and eventually lead to breakdown [73]. Because the
formation of water trees occurs in such high frequencies and high voltages that ELFIAC
is not subjected into, it is very unlikely that water treeing is hazardous phenomenon to
be further worried about.

3.2.3 Partial discharge
High breakdown strength is desirable for DEs to prevent premature failure caused by
electrical breakdown. It has been discovered that the breakdown strength of PDMSbased elastomers increases with increasing Young’s modulus [4, 14, 69, 74, 75]. When
a voltage is applied to an insulator and then increased, a point will be reached where the
insulator loses its ability to insulate [71]. Usually, the breakdown is detected as an electrical arc across the electrodes which causes a sharp decrease in resistance [17]. The
arc is a discharge with short duration and high-power density. They are used deliberately
in a controlled way for example in welding and certain types of lamps. When arcs last for
in the microsecond range, they are called sparks [76]. Shorter discharges than arcs, in
the range of nanoseconds, are called transient discharges. There are two types of mechanisms how transient discharge may be created [76]. When a dielectric layer is covering
one or two electrodes in the discharge gap, necessary level of high voltage between the
electrodes initiate the discharge in the gas volume. It spreads out until it reaches the
electrodes but at the dielectric it builds up a space charge cancelling out the applied
electric field, and the discharge stops [17, 76]. That discharge is called a dielectric barrier
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discharge (DBD) or a partial discharge (PD). DBD or PD are discharges occurring between two electrodes separated by an insulator [17]. PD can be the cause of electrically
induced ageing of insulator materials. Despite the localized nature of PD, it is highly
complex phenomenon where the geometry of the electrodes influences on the input parameters where the initiation occurs [77].

3.2.4 Corona discharge
Corona discharges are one of the PD types in high voltage systems. Corona discharge
occurs in continuous partial breakdown of air under electric field stress [78]. It is based
on the ionization of the air between high voltage electrode and the ground or at any sharp
point under high voltage stress [78]. The ionization is caused by the repeated collision of
accelerated electrons that are pulled by the positive pole. They collide to air molecules
knocking out their electrons. Ozone (O 3) is generated as a side effect. Ozone gas oxidizes on the surface of the insulator. Electrons and ions moving in high speed collide to
the insulator surface wearing them off. All these side effects on top of the corona effect,
cause the dielectric breakdowns and flashovers [17, 76]. The energy of corona discharge
is sufficient to degrade polymeric materials which is one of the ageing mechanisms occurring for insulation failures [20]. Corona ageing can cause loss in hydrophobicity. The
Paschen’s law defines the breakdown voltage V which is the initiator for discharge or
electric arc to occur between two electrodes in a gas as function of pressure and gap
length [79, 80]. The Paschen’s law can be written as,

𝑉=

𝑎(𝑝𝑑)
ln(𝑝𝑑)+𝑏

(10)

where a and b are constants dependent on gas composition [81, 82]. The gap length or
the distance between electrodes is symbolised as d whereas the pressure is p in the
Equation(10). The Paschen’s law equation provides a characteristic shape known as
the Paschen curve which is presented in the Figure 12 [81-83].
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Figure 12.

The Paschen’s curve in air [83].

The limit for corona damage is examined experimentally to define the exact Paschen
voltage in ELFIAC in certain frequency. Corona damage is detected by the reduction in
contact angle on the silicone surface. The loss in hydrophobicity is not desired in
ELFIAC. This is due to the introduction of salts while the wettability has increased which
then might reduce or prevent the actuation of the DE material. The focus in ELFIAC
ageing experiments is the possible plasma production caused by the exceeding of
Paschen voltage.
Chen et al. examined the degradation mechanism of LSR hollow core shed composite
insulators collected from the current and voltage transformers which had visible cracking
on the surface of the material [14]. It was concluded that the ageing originates from the
increase of crystallization due to the rise of crosslinking degree which is why the organic
part of LSR decreased. The FTIR analysis showed that the decrease of absorption peaks
of Si-C bond was much more rapid than for Si-O absorption peaks when the crosslinking
degree of Si-O chain only increased [14]. Thus, the organic side groups, mainly Si(CH 3)2,
are much more prone to ageing than the backbone which is composed by Si-O bonds.
Environmental factors such as heat, UV and oxygen, may lead to the formation of oxygen
free radicals which react easily with Si-C bond [14]. That is why the amount methyl or
other organic side groups are decreasing and the crosslinking degree keeps rising. The
reduction of the organic part of the material results to material hardening as the Shore A
hardness value grows, reduction of mechanical properties and loss of hydrophobicity
[14]. The internal cause of crystallization of LSR was the low MW , and the crosslinking
degree. The electronegativity of Si-O bond results to stronger chemical bonding with
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higher bonding energy than Si-C. Any partial positive or negative charges in the molecule
leads to hydrophilicity. It is well-known that the density of polymer chains increases as
the rising crosslinking degree. The changes in rheological properties of PDMS require
the observation of a long period of time, even up to ten years but according to Hopf et
al. significant changes for Sylgard 184 occur on much shorter time scale indicating that
the crosslinking process did not stop after 26 days [74].
Zhu et al. studied corona ageing by exposing SR samples to corona discharges induced
by needle-plate electrode systems [84]. According to the FTIR analysis of the aged SR
samples, the ratio of Si-CH3 and Si-O-Si bonds decreased significantly after the corona
ageing [84]. This was speculated to attribute to the fact that the energy of some photons
in corona discharges is higher than the binding energies of Si-O-Si (8.3 eV) and Si-CH3
(4.5 eV). The absorbance of side chains and silicone backbone of SR was decreased by
the impingement of photons emitted during the corona ageing [84]. Hydrophilic groups
OH (3700- 3200 cm-1) and C=O bonds (1740 cm -1) appeared after corona ageing [84].
Rajini et al. detected after AC and DC corona ageing tests at 5 kV for 6 hours, that no
carbonyl groups were formed at 1735 cm -1 which indicates to less probability of surface
oxidation [19]. Surface oxidation is known to form a silica-like layer on the SR surface
which has higher wettability and a rigid structure [16].
Based on the studies of Zhu et al., the scanning electron microscopy (SEM) images show
that the ageing is most severe in the area where needle tip was placed, even though the
corona discharges where generated to the needle-tip and to the plate side [20]. Obvious
cracks and white traces occurred but degree of degradation decreased in the direction
towards the plate side as seen from the Figure 13.
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Figure 13.
SEM images from a) the needle-electrode system which with the
corona discharges were induced with, b) unaged silicone rubber sample, c)
aged sample from needle-tip area, d) between the plate side and needle-tip and
e) side of the plate where the corona discharge was also generated to [20].
SEM images were not carried out to ELFIAC actuators, but it was observed that the high
frequencies where corona damage occurred at the surface of PDMS, the area of damage
increased as the contact angle decreased. Most samples that showed lower contact angle had a relatively minor corona damage, so this phenomenon was observed to one of
the ELFIAC actuators that had a severe damage. According to Nazir et al, the loss in
hydrophobicity is the highest at the electrode tip area compared to the vicinity after 96
hours of corona ageing with 8 kVrms AC voltage [18].
Du et al. investigated the effect of low pressure on the corona degradation at 40 kPa
[15]. The samples were exposed to corona discharges for different lapse time. The static
contact angle measurements revealed that the corona degradation was accelerated with
reduced ambient pressure. Multi-needle electrode system was used to generate corona
discharges on the SR specimens. AC voltage of 3 kVrms at 50 Hz was employed. Contact
angle decreased rapidly the first 30 min from 110° to 70°. After this hydrophobicity reduced slowly. Figure 14 shows contact angle after 10 h of corona ageing under different
pressures from 100 kPa to 40 kPa. Specimens aged at 60 kPa showed the most reduction in hydrophobicity as seen from the Figure 14 [15].
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Figure 14.
Contact angle after 10 h of AC corona ageing at different ambient
pressures from 40 kPa to 100 kPa. It is evident that the most reduction in hydrophobicity is showed at 60 kPa [15].
It is worth mentioning that the type of electrode has an impact on the characteristics of
the corona discharges occurring. This was studied by Altamimi et al. with three types of
electrodes: sharp, flat and sphere [78]. They were used to induce corona discharges and
the electrical field distribution for all types of the electrodes were simulated to study the
influence of the field on the PD features [78]. All electrodes were subjected to AC sinusoidal voltage of 50 Hz with 4 cm distance between the high voltage electrode and the
ground. The applied voltage range was from 14 kV to 43 kV. After 500 cycles, the highest
inception voltage was found to be for the sphere electrode (42 kV), followed by the flat
(20.2) and the sharp (13.5), respectively. The partial discharge phase resolved (PRPD)
patterns of corona discharges was different for the three different types of electrodes
investigated [78]. The sharp electrode showed small range of charge magnitude but wide
range of the phase angle. The flat electrode on the other hand occurred small range of
charge magnitude and phase angle whereas the sphere electrode a wide range of
charge magnitude but small range of phase angle. The ELFIAC ageing experiments included flat electrodes where the high voltage and ground were connected.
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4. MANUFACTURING METHODS

Traditionally, liquid injection moulding (LIM) is the conventional method to manufacture
microstructural LSR products but since ELFIAC prototyping and the experimental part of
this thesis is limited to PDMS-based micropillars, the scope of this literature review is on
manufacturing microstructures of PDMS material. The ageing and degradation chapter
discussed generally about SRs with a stronger focus on LSR materials. This chapter is
focused particularly on the manufacturing methods of PDMS microstructures which could
be applied in a way or another to the production of PDMS-based micropillars.

4.1

Lithographic techniques

Lithography is the transfer of geometric shapes on a mask and then to a smooth surface
[85]. Soft lithography is a valid processing method specially to produce structural patterned surfaces and coatings with specific biomolecules [85, 86]. Photolithography is
used in modern semiconductor manufacturing and uses optical radiation to image the
mask on a silicon wafer using photoresist layers [87]. Other methods are electron beam,
scanning probe, X-ray and XUV lithography [85]. When conventional techniques such as
electron beam lithography (EBL) could not provide higher throughput for mass production, nanoimprint lithography (NIL) technology was introduced as a simpler, low-cost and
high-throughput option for micro- and [88-91]. In the following chapters, manufacturing
methods producing microstructures with PDMS are discussed which in this case are
photolithography, soft lithography and NIL.

4.1.1 Photolithography
Photolithography is an essential method to produce integrated circuits [87]. According to
Chen et al., achieving high fidelity lithographic patterning on PDMS was a great challenge in microfluidics [87]. Hence, they introduced a PDMS surface micromachining
method using direct photolithography followed by reactive ion etching (RIE). This method
uses oxygen plasma treatment to PDMS to enable surface patterning. The surface activation allows enhanced photoresist adhesion on PDMS. The fabrication process of surface micromachining of PDMS is presented in the Figure 15.
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Figure 15.

Photolithographic surface micromachining of PDMS [87].

A silicon wafer is silanized with trichlorosilane for one hour under vacuum [87]. PDMS
prepolymer of Sylgard 184 by Dow Corning is prepared by thoroughly mixing the base
polymer and curing agent with the ratio of 1:1. The uncured PDMS is spin coated on the
silanized silicon wafer and cured at 110 °C for 4 hours [87]. The thickness of PDMS layer
is controlled by the spin speed. Very thin PDMS layers of down to 70 nm can be done
by diluting the PDMS prepolymer with hexane [87]. After spin-coat and curing, the PDMS
surface can be oxygen plasma activated for 5 min to increase the wettability. Immediately
after the plasma treatment, photoresist is spin-coated on PDMS, soft baked at 110 °C
for 3 min and then patterned using conventional contact or projection photolithography
[87]. Sudden temperature changes after soft bake of photoresist should be avoided because of the possibility of the development of cracks on the photoresist layer [87]. This
is due to the mismatch of the coefficient of thermal expansion between PDMS and photoresist. The silicon wafer is then processed with RIE to transfer patterns from the photoresist to the underlying PDMS layer [87]. The reactive gas ions etch anisotropically the
exposed PDMS regions, and photoresist striped using solvents or oxygen plasma leaving the desired patterns on PDMS thin films as can be seen in the Figure 15 [87].

4.1.2 Soft lithography
Soft lithography is an extended technique of photolithography [92]. Soft lithography provides various types of methods that use soft polymeric materials to fabricate stamps,
channels or membranes with micro-sized features [86]. Patterning methods such as imprinting, molding and embossing with an elastomeric stamp are the fundamentals of soft
lithography [86, 93]. The soft lithography process includes the fabrication of the elastomeric stamp, most commonly, PDMS and the use of that mold to create a desired shape
form [93]. After fabrication, the master mold is filled with PDMS precursor and degassed
in vacuum [92, 94]. Degassing is a unit process that can be repeated whenever bubbles
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are needed to be removed. Then the PDMS precursor solution is cured at higher temperature. After cooling to room temperature, the PDMS mold can be peeled off and used
for micro molding or stamping [92, 94]. There are many types of soft lithography techniques including for example micro-contact printing, replica molding, solvent-assisted
micro-molding and micro-molding in capillary [86, 94, 95]. Figure 16 presents micromolding in capillary.

Figure 16.
Micro-molding in capillary. The fabrication of PDMS which is in
blue on the substrate is cured with the capillaries where the prepolymer is
shaped into capillary form colored in red in the picture. The PDMS mold is
finally removed [86].

4.1.3 Nanoimprinting lithography, NIL
Both soft lithography and nanoimprinting lithography (NIL) are commonly used methods
for the transformation of nanostructures to final, usually polymeric, substrates [86, 88,
89, 93]. NIL process can be inexpensive, and the nanostructures can be replicated in a
great quantity [96]. While soft lithography uses PDMS mold to shape a polymeric substrate after fabrication, NIL is based on the mechanical deformation of a thin polymer film
using a nanopatterned mold [97, 98]. This can be implemented either with thermo-mechanical or UV curing process [88, 97, 98]. Thermal NIL is an earlier developed nanoimprinting technology where the nanostructures are formed directly onto a heated or molten
thermal substrate material over its Tg under certain pressure as seen from the Figure 17
A [88, 97].
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Figure 17.
Illustration of NIL techniques. A diagram of processing of (A) thermal NIL, (B) UV-curable NIL and (C) micro/nano-contact NIL [99].
The heating and cooling in thermal NIL increase the stamping cycles [88]. Low-temperature NIL technologies have been developed such as UV-curable NIL as in the Figure
17 B [100, 101]. In UV-curable NIL, UV photo initiators are added in the solution, and the
microstructure of the polymer develops at room temperature by UV exposure polymerization. This enables high-speed, large-scale and high-throughput microstructure fabrication [37, 88, 97, 98]. In addition, a simultaneous thermal and UV technology has been
introduced by Obducat (Lund, Sweden) conducting a complete NIL cycle at a constant
temperature using both heating and UV exposure simultaneously on a UV-curable thermoplastic pre-polymer resist [98]. Thermal NIL and UV-curable NIL both are followed by
additional processes to remove the residual materials [88, 98]. As a solution, micro/nanocontact NIL has been reported as an alternative for thermal or UV-curable nanoimprint.
In micro/nano-contact NIL, which is represented in the Figure 17 C, ink materials are
directly transferred onto uneven surfaces and plastic sheets with designed patterns [102,
103]. Pressing the mould with ink on its pattern surface enables the adhesion of the ink
on the desired substrate. Both UV-curable NIL and micro/nano-contact NIL involves high
resolution capabilities down to few nanometers [88]. The low curing temperature of UVcurable LSRs result to no shrinkage the final parts [37]. Additionally, UV-curing provides
fewer air inclusions and higher energy efficiency [37].
New achievements have been done for developing high-speed and large-scale patterns
with NIL technology of which roll-to-roll nanoimprint is a scale-up development for largearea and high-yield microstructure formation providing nanoscale resolution [99, 104,
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105]. Generally, NIL processes can be divided into three based on contact types: plateto-plate (P2P) NIL, roll-to-plate (R2P) NIL and roll-to-roll (R2R) NIL [97]. In P2P NIL, a
rigid flat patterned wafer is used to imprint onto a resist layer on a flat rigid substrate
leading to an area contact as seen from the Figure 18 [97].

Figure 18.
Three contact types of NIL processes which are plate-to-plate
(P2P) NIL, roll-to-plate (R2P) NIL and roll-to-roll (R2R) NIL [97].
P2P NIL can be executed in two manners: single-step imprinting and multiple-step imprinting [97, 98]. Single-step imprinting is typically less suitable for large imprinting areas
since it would require larger forces to provide a suitable imprint pressure [106]. The whole
imprint area is imprinted in a single imprinting cycle regardless of its size [97]. Particularly
in single-step, large-area processes, air bubble entrapment is an issue for P2P NIL which
can cause defects on the imprinted microstructures [106, 107]. The risk of developing
defects increases when the mold has depressions or when the resist is placed as droplets rather than spin-coated allowing the air trap easily [108]. The imprinting should be
done under vacuum to prevent air trapping of air bubbles, but it is difficult to carry out the
process in such environment [98, 109, 110]. According to Hiroshima et al., a usage of
pentafluoro propane as ambient has been introduced to solve the bubble defect problem
[111, 112].
In multi-step imprinting, for providing patterns over a larger area, small wafer sizes in a
matrix form were discovered by Haatainen et al., to reduce both the required force and
air bubble issue which were observed in the single step imprinting [113, 114]. However,
multi-step imprinting is very challenging to implement since the alignment of mold needs
to be accurate during imprinting [97, 112].
R2P NIL utilizes a roller press method providing the imprinting force on a rigid surface
as was seen in the Figure 18 [97].The actual contact area during imprinting is the line
along the roller requiring much less force than P2P NIL and reduced issues with trapped
air bubble issues, thickness variation and pollution of dust [98, 115-117]. R2P NIL can
be conducted in two ways of which the simpler method was introduced first by Tan et al,
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and it uses a roller press to imprint a substrate layer onto a rigid flat mold [116]. The roller
can be used also to a flexible polymer film on the mold for imprinting by thermal NIL (118,
119]. When the polymer film is pressed down with the heated roller, the polymer becomes softer, and fills the mold cavities under the given pressure. After the polymer is
cooled down and solidified, it is separated from the mold [97]. Another R2P method uses
a flexible mold being the roller-reversal imprint where the polymer resist is coated on the
roller mold using slot die instead of being coated on the substrate as represented in the
Figure 19 [120].

Figure 19.

A roller-reversal imprint process [120].

The excess is removed by a blade from the roller mold as it rotates. During contact with
the substrate, the resist will be transferred into the substrate in a similar way as gravure
printing. The transferred resist will be solidified either by UV or thermal curing. According
to Jiang et al, feature sizes ranging from 20 to 130 μm in line width and 10 to 100 μm in
depth patterns have been successfully achieved by the roller-reversal method [120].
Instead of imprinting on a flat plate as in R2P NIL, R2R NIL is a process where an imprint
roller with a patterned surface or wrapped with a flexible mold is used to imprint to a
flexible substrate on a supporting roller [99, 104, 105, 121]. Roll-to-roll manufacturing
process has the advantages of continuous process, high throughput and is competitive
method as a large-scale manufacturing method [105, 122]. Over conventional P2P NIL,
R2P methods have great advantages [119]. However, even though R2P systems allow
continuous imprinting, the throughput of the process is lower than in R2R NIL since the
time to lift and return the imprint roller in position is required [118, 119]. In addition, additional high-precision linear drive system for positioning and alignment is required. R2R
NIL process consists of three main phases [97]. A polyethylene terephthalate (PET) film
is fed into a system where a thin layer of resist is coated. A coating roller measured by a
blade is placed to coat PDMS-based resist for thermal NIL and low-viscosity liquid epoxysilicone for UV NIL onto the PET film continuously. As Figure 20 presents, a prefabricated mold is attached to the imprint roller, and the resist-coated PET film is pressed
against the imprint roller [97].
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Figure 20.

A thermal R2R NIL process with gravure roller resist coating [121].

The imprint pressure leads into the resist reflowing into the mold cavity [97]. Simultaneously the resist is cured using either heat or UV before it is detached from the mold to
the other side of the imprint roller [97, 121]. According to Mäkelä et al., a patterned gravure roller was found to be more efficient way of deposition for resist coating in R2R NIL
as seen from the Figure 20 [121].
Besides roll coating, valve jet or spray coating are also common methods used in R2R
NIL processes [121]. Even though there are great advantages with efficiency, some challenges exist of which the primary bottleneck factor is the fabrication of the special flexible
mold. The mold must be flexible enough to be bent and wrapped around the imprint roller
[121]. Additionally, it needs to have good wear resistance since it should overtake many
cycles in repetition. Low surface energy is also desired so detaching from the mold will
be efficient, easy and defect less [121].
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5. EXPERIMENTAL

Flexible, circle-shaped ELFIAC-actuators with PDMS micropillars were prepared. Corona degradation tests were conducted by driving the actuators with various AC voltages
and frequencies, both monopolar and bipolar signals. The actuators were both side insulated. From a productization point of view, the goal is to study the degree of degradation of the micropillars after high-cycle actuation cycles and subjection to corona discharges. Since the micropillars have air gaps in between the pillars, there is an air gap
between every electrode. According to the Paschen’s law, there is a breakdown voltage
where a dielectric barrier discharge or arc starts between two electrodes. A major concern for ELFIAC actuators is the possible plasma production caused by the exceeding
of Paschen voltage and the aim was to study the effect of corona damage on these
actuators. Different AC-corona degradation tests were carried out and the actuator surfaces were studied by measuring contact angle of the SR and insulator surfaces. The
capacitance of the actuators was measured throughout the ageing process. The PDMS
surfaces were analyzed with FTIR-measurements to characterize possible chemical
modification.

5.1

Sample preparation

The actuator samples were prepared in Senseg laboratory. All the samples had one actuating layer. All the actuators used in the tests were the same size and shape. The
PDMS base-layer and the micropillars, as shown in Figure 1, were prepared by using a
two component PDMS kit, Sylgard 184 by Dow Corning. Since the experiments concern
on the investigation of PDMS properties, the preparation of the micropillars with the baselayer is further discussed, disregarding the rest of the preparation. The Sylgard 184 elastomer kit consists of two components; A and B. Component A is the base polymer and
component B is the curing agent [31]. There are six main processing steps for the micropillars which are mixing the two components, degassing in a vacuum, pouring and
coating on the mold, degassing again in a vacuum, lamination and then curing.
The preparation of the micropillars started by mixing thoroughly ten percent of the curing
agent and 90% of the base polymer. The mixing was conducted with mechanical stirring
for 3 min to ensure the homogeneity of the mix. The mixing process creates air bubbles
due their chemical reaction. The entrapped air bubbles are necessary to remove. The
mixture was placed under a vacuum of -1 kg/cm2 until all the air bubbles were gone. The
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more mixture is placed on the vacuum, the longer it takes to remove all the air bubbles.
In average, the mixtures were kept in the vacuum for 40 min. The bubble-free mixture
was then poured on a mould. When the PDMS was poured with constant speed, it minimized the formation of air bubbles. At this stage, air bubbles were undesired since they
expand with the heat and stay permanently after curing. The uncured PDMS was mechanically spread throughout the mould to coat the whole surface area. The coated
mould was then again placed under the vacuum to ensure the PDMS flow into the cavities.
After degassing the mould, the insulation layer was laminated onto the mould by adding
pressure with a roller machine when the excess, uncured PDMS was removed. The
pressure was adjusted with the roller machine. The base-layer thickness varied slightly
between different actuator layers. In addition, the base-layer thickness can vary between
a same actuator for even 10 µm due to the manual preparation. When the insulator was
laminated on top of the mold, curing took place. Curing was operated first at 80 °C for 4
hours and then at 120 °C for 20 min. After curing, the pillars were peeled from the mold,
and further assembling took place.
The actuator samples consist of two layers of which the top one is silicone-free, only the
insulation layer. The bottom actuator layer has PDMS micropillars with the base-layer of
60 µm in average. The thickness of base-layer can vary for different actuators from 40
to 80 µm and up to 10 µm between a same actuator base-layer. The height of the micropillars were constant for each experiment except the sealed actuator samples where
the pillars are 50% shorter than all the other actuator samples. Even though the manufacturing and structural parameters of the same model actuators are equivalent, they are
not fully identical to each other. The most prominent challenge was the lamination of the
insulator. Another major challenge was to keep a constant thickness of base-layer in
each PDMS layer. These factors effect significantly on the capacitances that were measured.

5.2

Corona ageing tests

According to the literature, to initiate ozone generation by corona discharge, a small air
gap is required [17, 76]. Since the corona discharge degradation is under great interest,
a convex bolt with load on top, was placed on top of the actuator to compress the layers
together and create low enough distance between the actuator surface and the bolt.
Thus, the corona discharge was induced with a convex bolt while the two electrodes both
side of the LSR layer were flat. During this study, most of the actuators were subjected
to 1.5 MPa load. The AC-corona ageing tests were carried out with two different polarity
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signals and frequencies: monopolar AC at 166 Hz and bipolar AC at 20 kHz. The electrical input parameters were randomly chosen test parameters and it is worth to mention
that they are not necessarily the real use-case input parameters for ELFIAC. However,
1.78 kV was the maximum achieved voltage for the lower frequency equipment. A high
frequency test was decided to study to characterize the effect of corona discharges. 20
kHz is on the lower limit of silent frequency value for human ear. The electrical input
parameters for ELFIAC can be modified to meet the customer requirements, and thus
the chosen test parameters are very different to each other. All in all, five types of corona
ageing tests were conducted. The following subchapters present all the experiments carried out. Chapters 5.2.1 and 5.2.2 present the corona ageing tests carried out with
monopolar AC-signals at 166 Hz. Chapters 5.2.3 – 5.2.5 present the ageing tests performed with bipolar AC at 20 kHz.

5.2.1 Sealed sachet test with low frequency AC signal
Since corona discharge is ozone generated and a sealed sachet has less oxygen for the
ozone to recover, a corona ageing test was conducted for sealed actuators. A sachet
could result to higher and faster damage effecting negatively to the lifetime of ELFIAC.
First test was conducted with monopolar, trapezoidal AC-signal at 166 Hz. The voltage
was dropped to 1.5 kV, and each Sample P1, P2, P3 and P4 were run for 330 million
actuation cycles as seen in Table 3. Sample P1 and Sample P2 were sealed in an airtight sachet to investigate the influence of smaller oxygen amount to ozone generated
corona discharge. Sample P3 had an open sachet and Sample P4 had no sachet at all.
This test was carried out in normal room conditions at ambient temperature.
•
•
•
•

Signal type:
Frequency:
Voltage:
Number of actuation cycles:

➢ Measurement methods:

AC monopolar
166 Hz
1.5 kV
330 million cycles
Contact angle / Capacitance
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Table 3.

Sealed actuators- test was conducted with AC monopolar
at 166 Hz and 1.5 kV. Fully sealed sachet was air-tight.

Sample code

Number of actuation cycles

Environmental conditions

Sample P1

330 million

Fully sealed pouch

Sample P2

330 million

Fully sealed pouch

Sample P3

330 million

Open pouch

Sample P4

330 million

No pouch

As Table 3 presents, four parallel actuator samples were placed to same mechanical
set-up as the previous monopolar AC corona ageing tests. The only difference is that the
height of the micropillars were 50% shorter compared to all other actuator samples
throughout the experiments. Contact angle and capacitance were measured before ageing, at 200 million cycles and finally at 330 million cycles.

5.2.2 The effect of humidity with low frequency AC-ageing test
Table 3 presents the two tests conducted with trapezoidal, monopolar AC-signal at 166
Hz and 1.78 kV. Sample 1 and Sample 2 were aged at normal room conditions at room
temperature where 45% RH and 22 °C prevails. Contact angle, capacitance and acceleration measurements were carried out before ageing, at 57 million, 158 million and 244
actuation cycles. To meet the standard product qualifications, ELFIAC is required to endure a hot and humid environment which can be one of the use-cases. Thus, it was
decided to include a second test where these use-case conditions are simulated. The
effect of high relative humidity and elevated temperature to the degradation mechanisms
of ELFIAC actuators were studied by subjecting two parallel actuators (Sample H1 and
H2) in humidity chamber for 143 million cycles. The RH was set to 95% and temperature
to 60 °C as seen in Table 4.
•
•
•

Signal type:
Frequency:
Voltage:

➢ Measurement methods:

AC monopolar
166 Hz
1.78 kV
Contact angle / Capacitance / Acceleration / FTIR
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Table 4.

Tests conducted with AC monopolar at 166 Hz and 1.78 kV.
The environmental conditions are one variable.
Sample code

Total number of
actuation cycles

Environmental
conditions

Sample 1

244 million

22 °C, 45% RH

Sample 2

244 million

22 °C, 45% RH

Sample H1

143 million

60 °C, 95% RH

Sample H2

143 million

60 °C, 95% RH

Because of the inconvenient space of bigger loads inside the humidity chamber, smaller
pressure loads were used comparing to the first test performed at room temperature.
Thus, the bolts where placed on the thinnest base-layer area. The actuators were subjected to 0.5 MPa static load. The relative humidity was set to 95% and the temperature
to 60 °C. Contact angle and capacitance measurements were conducted before ageing,
after 30 million, 86 million and 143 million vibration cycles. Additionally, these samples
were analyzed with FTIR measurements.

5.2.3 High-frequency AC test with differently aged actuators
Next tests presented in Chapter 5.2.3 – 5.2.5., are performed with bipolar AC-sine wave
at 20 kHz for varying actuation cycles. A high-frequency test was performed as an accelerated ageing study, and to confirm the relevance of the Paschen’s law. An ageing
test with bipolar AC-signal was carried out three times of which the first test was performed with four actuator samples. Sample 1 and 2 were already aged samples from
monopolar AC-test whereas Sample 3 and 4 were unaged samples. Sample 1 and 2
were added in the test to study the effect of differently aged actuators in actuation performance or surface degradation. Sample 1, and unaged Sample 3 and 4 were run for
144 million cycles as Table 5 presents. Sample 2 was run for 576 million cycles. The
total number of actuation cycles for Sample 1 was 388 million cycles after this test and
820 million cycles for Sample 2. All the actuator samples were subjected to 1,5 MPa
static pressure load during the experiments. Contact angle, capacitance and FTIR measurements were carried out.
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•
•
•

Signal type:
Frequency:
Voltage:

AC bipolar
20 000 Hz (20 kHz)
1 kV

➢ Measurement methods:
Table 5.

Contact angle / Capacitance / FTIR

High-frequency ageing test was conducted with bipolar AC-signal wave

at 20 kHz and 1 kV. The total number of cycles for Sample 1 was 388 million
cycles and 820 million for Sample 2 after the cycles from monopolar AC-test
were added.
Sample code

Number of actuation cy-

SUM of total actuation

cles

cycles

Sample 1

144 million

388 million

Sample 2

576 million

820 million

Sample 3

144 million

144 million

Sample 4

144 million

144 million

5.2.4 High-frequency AC test with graded test time
Another similar test with high-frequency bipolar AC sine wave was executed where one
sample (Sample 5) was unaged and the two other samples (Sample 3 and Sample 4)
were already aged samples as Table 6 lists. The test duration was graded where Sample
3 was subjected for 288 million cycles, Sample 4 for 432 million cycles, and Sample 5
for 576 million cycles. Samples 3, 4 and 5 were measured before ageing, after 144 million
cycles and after ageing. The total number of actuation cycles are shown in the Table 6.
Contact angle, capacitance and FTIR measurements were conducted. Samples 3, 4 and
5 were measured before, after 1 hours of the test and in the end of the test.
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•
•
•
➢

Signal type:
Frequency:
Voltage:
Measurement methods:

Table 6.

AC bipolar
20 000 Hz (20 kHz)
1 kV
Contact angle / Capacitance / FTIR

High-frequency ageing test conducted the second time where
Sample 5 is the only unaged sample.

Sample code

First measurement

Last measurement

after ageing starts

SUM of total actuation cycles

Sample 3

144 million

288 million

432 million

Sample 4

144 million

432 million

576 million

Sample 5

144 million

576 million

576 million

5.2.5 Breakdown voltage test with high-frequency AC
In the third high-frequency bipolar AC-test the goal was to find the breakdown voltage
where loss in hydrophobicity occurs on the PDMS surface. The actuator samples were
run with bipolar AC-sine wave at 20 kHz, and this time all the actuator samples were run
for the same amount of actuation cycles (432 million cycles). Four voltage values (600
V, 800 V, 900 V and 950 V) were tested to study when the corona discharge is strong
enough to damage the PDMS surface. Each test included three actuators of which one
was already aged sample, except in 950 V-test where the third, aged actuator was discarded during the test due to contamination. Otherwise, rest of the actuator samples are
unaged samples. Contact angle and capacitance measurements were conducted before
and after ageing. The number of actuator cycles before this test are shown in Table 7
for already aged samples and the total ageing cycle in brackets.
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•
•
•

Signal type:
Frequency:
Number of actuation cycles:

➢ Measurement methods:

Table 7.

AC bipolar
20 000 Hz (20 kHz)
432 million cycles
Contact angle / Capacitance

High-frequency ageing test performed to determine the breakdown
voltage where surface degradation of the PDMS layer occurs. Four
voltages where tested 600 V, 800 V, 900 V and 950 V.

5.3

Sample code

Voltage (kV)

Beforehand actuation
cycles

Sample 3

0.6

432 million (all in all 864
million)

Sample 6

0.6

-

Sample 7

0.6

-

Sample 4

0.8

576 million (all in all
1.008 billion)

Sample 8

0.8

-

Sample 9

0.8

-

Sample 5

0.9

576 million (all in all
1.008 billion)

Sample 10

0.9

-

Sample 11

0.9

-

Sample 12

0.95

-

Sample 13

0.95

-

Contact angle measurements

Contact angle measurements were carried out to characterize the loss in hydrophobicity
as a result to ozone generated corona damage. According to the literature, it is wellknown that ozone generated corona damage can occur as an increase in wettability of
the silicone rubber surface [14-16, 19, 20]. Long-term subjection to corona damage will
affect the chemical and physical properties of PDMS and other silicone rubbers with
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several types of ageing mechanisms from mechanical cracking to electrical breakdowns
as introduced in the Chapter 3. To study the possible corona damage occurring on the
ELFIAC actuators, contact angle measurements were conducted with sessile drop technique using an optical tensiometer Attension Theta Flex by Biolin Scientific. The droplet
size was 1.4 µl and as a liquid deionized water was utilized. Since the topography of the
micropillars is not a flat solid, a typical method of measuring the contact angle of the drop
was not implemented. During the contact angle measurements, it was noticed that despite the rough surface of the PDMS layer, the wetting was homogeneous. This is equivalent according to Marmur et al. where a rough surface occurs a homogeneous hydrophobic wetting [123]. There are three types of models to calculate surface wettability
depending on the surface properties [124]. One of them is suitable for rough surfaces
but chemically homogenic surfaces. This is called the Wenzel model and the resting of
the droplet is calculated according to the Wenzel equation can be written as,
cos 𝜃 * = 𝑟 𝑐𝑜𝑠𝜃 Y

(11)

Where 𝜃* is the apparent contact angle and 𝜃 Y is the equilibrium contact angle from
Young’s equation that represents a model for an ideal solid flat surface as seen in the
Figure 21 [123, 125].

Figure 21.
A droplet of the flat, insulation surface forms a characteristic contact
angle θ whereas the drop on a PDMS micropillars forms an intimate contact with
the silicone base-layer. This is called to be a Wenzel state and the contact angle
is determined by the Wenzel equation [123].
The static contact angles were analyzed a software utilizing the Young-Laplace equation
as a reference and fitting the entire drop profile. Hence, further calculations for analyzing
the water contact angles were not implemented.
The contact angle was measured four times per each actuator surface. Contact angles
were measured from near the convex bolt area before and after the test. Average and
standard deviation for the four contact angle measurements were calculated to both
PDMS and insulator layer before and after ageing. Risk of contamination and recovery
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of silicone rubber is high which is why the contact angle was measured immediately after
the experiments. The first characteristic measurements were done after cleaning the actuator layers with denaturized ethanol for 1 min and then left for 60 min at room temperature in normal atmosphere to evaporate. Contact angle was measured from the PDMS
and the insulation surface that was in contact with the micropillars. Even though, the
main subject of research is the corona damage on PDMS layer, the possible wettability
changes on the insulation layer is relevant information for Senseg development. Four
measurements were conducted from each surface layer and then averaged.

5.4

Capacitance measurements

It is evident that the more the micropillars compress, the more capacitance increases
due to the decreasing distance between the electrodes. Naturally, decompression of the
micropillars, decreases capacitance. In addition, a decreased dielectric constant of the
dielectrics, decreases the capacitance. According to the Equation (6), the parameters
that can affect capacitance are dielectric constant of the dielectric material, dielectric
constant of the surrounding environment which is air in this case, distance between the
electrodes and the area of the electrodes. The dielectric constant of air changes with
temperature and humidity but since the actuators were measured at room temperature
the dielectric constant of air is constant throughout the experiments. Dielectric constant
of air at normal conditions is 1. Hence, the distance between the electrodes is the only
variable but because of the complicated structure of the PDMS layer and the inconsistent
lamination quality of the insulation layer the variable is a bit complex. The dielectric constant of PDMS layer was considered to calculate from the capacitance measurements
but it was realized that there are too many unknown variables. Nevertheless, it was very
important for Senseg to measure the capacitance of the actuators because any remarkable change in capacitance during the experiments would indicate that the actuator does
not function as it should be. The capacitance measurements are an important feature to
study for Senseg in terms of other researches too. Thus, the capacitance measurements
were essential to conduct, and was conducted for all the actuator samples throughout
the experiments. Next, the analysis why the permittivity calculations were too challenging
to do is more closely explained.
In this study, the ELFIAC actuators have at least six dielectric layers in series between
two electrodes. As seen in the Figure 1, two of the dielectric layers are the insulator
layers covering the electrodes. The insulator layers have also an adhesive layer which
results to two more dielectric layers. The inconsistent lamination of insulation that was
mentioned, stems from the formation of small bubbles between the insulation and the
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electrode layer. This changes the capacitance by creating an unknown number of dielectric layers in parallel. The fifth known dielectric layer is the PDMS layer consisting of
the base-layer (105 in Figure 1) which is flat, and the PDMS micropillars (106 in Figure
1) which are situated with a certain pitch. Since the thickness of the base-layer can vary
inside one actuator layer, determining the exact distance between the electrodes is not
clear since the measurement of the base-layer was not possible with the tools that were
at the time available. The sixth known dielectric layer is the air between the micropillars
which has the same thickness as the height of the micropillars. The number of unknown
variables influencing on the capacitance falsifies the determination of dielectric constant
of the PDMS layer. In addition, the capacitance is determined with an applied weight so
an exact measurement of the compression of the micropillars increases uncertainty.
The capacitance measurements were conducted in Senseg laboratory. In order to measure capacitance C, the actuator was connected by alligator clips to the clamped wires of
the Precision LCR400 meter by Thurlby Thandar Instruments. The actuator was placed
between two standard plexi coins which were the same size as the actuators. The measurement was conducted with a standard frequency of 100/120 Hz. Loads of 100g, 200g
and 500g were applied on top of the upper plexi coin during the measurements to enable
as consistent and compact compression as possible for the actuator layers. The main
goal was to study if there is change in capacitance during the experiments in singular
actuators instead of comparing the absolute capacitances between actuators. Due to the
viscoelastic behavior of the micropillars, the capacitance was measured several hours
after the long-term ageing experiments.

5.5

Fourier-transform Infrared Spectroscopy (FTIR)

The degradation of PDMS usually involves modifications in the chemical structure. The
creation of plasma during corona ageing, creates oxidation products which are signs of
scission reactions [126]. To characterize possible polymer oxidation caused by corona
ageing during the continuous high-cycle actuation, FTIR measurements were conducted.
The data was obtained in the attenuated total reflectance (ATR) mode, using a 100 cm 1

resolution from 4000 cm-1 to 400 cm-1 with a FTIR spectrometer (Unicam Mattson 300)

at Aalto University. Samples from three different tests were chosen to FTIR measurement analysis. The solid samples did not require further preparation since ATR sampling
technique was used. FTIR measurements were not performed for the actuator samples
used in the sealed sachet and breakdown voltage tests.
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6. RESULTS AND DISCUSSION

The following subchapters are presenting all the experimental results. Five different
types of ageing were carried out as was described in Chapter 5.2 and three measurement methods were applied to the actuator samples. The experimental results are discussed in the following subchapters.

6.1

Hydrophobicity

Surface degradation in terms of change in hydrophobicity was examined by measuring
the static contact angles of the PDMS layer and the opposite insulation layer that was in
contact with the PDMS layer to characterize possible wettability changes. Contact angle
measurements are presented a test at a time in the same order that were presented in
Chapter 5.2.

6.1.1 Low frequency corona degradation tests
Sealed sachet test. A sachet could result to higher and faster damage effecting negatively to the lifetime of ELFIAC. Thus, four parallel actuator samples were studied by
placing each one of them under a convex bolt and adding a static weight of 5 kg. Samples
P1 and P2 were sealed thoroughly whereas Sample P3 had an air hole and Sample P4
had no sealing as a reference. All in all, the actuators were subjected to 330 million
vibration cycles. Contact angle was measured before the test, at 200 million cycles and
finally at 330 million cycles as seen in Figure 22.
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Contact Angle of Sealed actuators
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Figure 22.
Average contact angles with standard deviations during 330 million
vibration cycles for four parallel actuator samples 1-4 subjected to 166Hz AC.
The graph shows measurements only of PDMS surface layers. Sample 1 and 2
were fully sealed in a sachet, Sample 3 was in an open sachet and Sample 4
had no sachet.
Contact angle of Sample P1 decreased but recovered back to nearly original contact
angle as it was shown in the Figure 22. It is possible that contamination occurred since
opening the sealed sachet made the measurement vulnerable. On the other hand, contact angle was measured from a small bolt-area so there was a possibility that the next
water droplet had dropped on a slightly wet area. This can make the wettability greater
which decreases the contact angle. However, the contact angle at 330 million cycles
indicates that it has not really dropped and thus, it can be concluded that surface damage
did not occur. All in all, surface damage has not occurred to any of the pouched Samples
1-4.
Effect of high relative humidity. Two parallel actuator samples were placed in humidity
chamber that were set to 95% RH and 60 °C. The actuator samples were run for 143
million vibration cycles. The average contact angles for both the PDMS and the insulation
layers with standard deviations are showed in Figure 23.
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Contact Angle for High relative humidity aged
actuators
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Figure 23.
Average contact angles with standard deviations during 143 million
vibration cycles for two parallel actuator samples H1 and H2. Test was conducted at high relative humidity with 166 Hz AC. Both PDMS and insulation layers were measured.
The change in contact angle of PDMS surface layer was negligible during 143 million
actuation cycles under high relative humidity. The differences between the measuring
points are so small that it can be said the contact angle has been constant throughout
the experiments. However, the contact angle of the insulator layers of both samples increased.
Two parallel actuator samples were run for 244 million actuation cycles at room temperature at normal room conditions. The input test parameters and the mechanical test setup were parallel to the test conducted in the humidity chamber. The contact angle
measurements are presented in Figure 24.
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Figure 24.
Average contact angles with standard deviations during 244 million
cycles for two parallel actuator samples 1 and 2 under 166 Hz AC. Both PDMS
and insulation layers were measured.
Overall, contact angle of Sample 2 decreased after 244 million cycles but since the
standard deviations are rather high in this measurement, no conclusions of reduction in
hydrophobicity for PDMS surface can be made. Also, the contact angle measurements
of Sample 1 were slightly varying, and considering the error, no conclusions about a
change in contact angle can be made. The contact angle of the insulator, on the other
hand, has been increasing which was also the case in the humidity test. One logical
reason can be that since the measured insulation surface is in direct physical contact
with the PDMS layer, migration of organic groups of PDMS to the insulator surface occurs. The organic groups increase the hydrophobicity of the insulator which has a theoretical contact angle of 68° – 75° depending on the material type. However, this is only
speculation and is not based on the literature. Further studies are required to verify this
theory since FTIR measurements for insulation surfaces were not conducted during this
study. The following Figure 25 shows the contact angle measurements conducted for
actuator samples run both at high relative humidity and room temperature to analyze the
effect of hot relative humidity to ELFIAC actuators. Even though, Samples 1 and 2 were
run for 244 million vibration cycles, Figure 25 illustrates vibration cycles until 157 million
cycles to compare to the humidity aged actuators that were run for 143 million cycles.

51

Contact Angle (°) for
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Figure 25.
Comparison of contact angle measurements for room temperature
aged and high relative humidity aged actuators. Average contact angles with
standard deviations are shown. Sample 1 and 2 were run at room temperature,
at normal room conditions. Even though Sample 1 and 2 were run for 244 million cycles, this graph shows vibration cycles until 157 million cycles. Sample
H1 and H2 were run in humidity chamber for 143 million cycles.
Figure 25 illustrates that hot relative humidity does not have effect on the hydrophobicity
of PDMS layer based on these tests. However, it is evident that the contact angle of the
insulation layer increased during these experiments.

6.1.2 High frequency corona degradation tests
Differently aged samples. The same samples, Sample 1 and Sample 2, were placed
under high frequency of 20 kHz AC voltage. Sample 1 was subjected to 144 million cycles whereas Sample 2 to 576 million cycles. Table 8 lists the average contact angles
and the calculated standard deviations.
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Table 8.

Average contact angles and standard deviation for Sample 1 and 2.
Test was conducted at high frequency AC. The samples were not virgin
samples since the low frequency ageing has been conducted before. Both
PDMS and insulation layers were measured.
Sample 1

Contact Angle (°)

Sample 2

After 144 million
cycles

PDMS Average

Aged 244
million cycles at 166
Hz
101.0

After 576 million
cycles

82.8

Aged 244
million cycles at 166
Hz
95.7

PDMS St.Dev.

2.2

2.6

1.7

4.7

Insulation Average

78.3

80.7

83.0

57.7

Insulation St.Dev.

5.1

4.2

4.1

7.6

33.0

As Table 8 shows, the average contact angle was clearly decreased for both samples
and there has been a severe damage in Sample 2. The lowest singular contact angle for
Sample 2 was 25°. Sample 1 has relatively small damage and even the insulator side
has not decreased. It should be noted that the insulator contact angle has been increasing in all other measurements where even the contact angle of PDMS has not decreased
or has not decreased significantly. This might imply that the decrease in contact angle of
Sample 1 is too minor effect the wettability of the insulator surface.
Contact angles of virgin Samples 3 and 4 were measured before and after high frequency
corona ageing. Sample 3 and Sample 4 were both subjected to 144 million cycles. Table
9 lists the contact angle averages and standard deviations to both PDMS and insulation
sides.
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Table 9.

Average contact angles with standard deviation for Sample 3 and
Sample 4 subjected to 20 kHz AC. Both PDMS and insulation layers were
measured.
Sample 3

Contact Angle (°)

Virgin

PDMS Average
PDMS St.Dev.

Sample 4

After 144 million
Virgin
cycles
110.3
106.3

After 144 million
cycles
107.3
95.0

4.5

5.4

3.4

5.1

Insulation Average

87.3

77.7

106.3

104.0

Insulation St.Dev.

5.2

2.1

1.2

2.0

According to the average contact angle, it could be stated that no obvious, only minor,
change in contact angle occurred for the samples. The lowest contact angle for Sample
3 was 102° which is rather same as unaged silicone rubber surface. Sample 4 had two
points of 90° and 93° which means that small local contact angle change might have
occurred. Sample 3 has decreased contact angle on the insulator surface which might
indicate on the initiation of damage, a contamination or error measurement. The accuracy and reliability of static contact angle measurements are moderate since the risk of
contamination is high enough to cause error measurements and thus, an increased deviation. Additionally, the fact that four measuring points are situated on a very small damage area may cause an increased amount of wettability for the water droplets.
Graded time test. Samples 3, 4 and 5 were examined with a graded aging time where
Sample 3 was corona aged for 288 million cycles, Sample 4 for 432 million cycles and
Sample 5 for 576 million cycles as seen in Table 10 where the test parameters are also
shown. The sub-index of voltage, Vpp, stands for peak-to-peak value.
Table 10.

Used frequency, voltage, pressure load and the number of
cycles for each actuator samples.

Frequency [Hz]

20 000

Voltage [Vpp]

1000

Static weight (kg)

5

Samples:
Sample 3
Sample 4

Number of
cycles
288 · 106
432 · 106

Sample 5

576 · 106
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The average contact angles and the standard deviations for Sample 3, 4 and 5 are listed
in Table 11. The ageing time was graded. As seen from the previous experiment, and
from Table 11, Sample 3 and 4 have been subjected to 20 kHz AC for 144 million cycles
before this experiment. Thus, Sample 5 is the only virgin sample.
Table 11. Average contact angles with standard deviation for Sample 3, 4
and 5. Both PDMS and insulation layers were measured. The subjection
time was graded.
Sample 3

Contact Angle
(°)

PDMS Average

Sample 4

Aged for 144
288 mil144 mil- million lion
lion cycles
104.5
93.0
88.8

Sample 5

Aged
144
432
Virgin 144
576
for 144 million million
million million
million
cycles
108.8
96.3
84.5
116.3
111.8
99.3

PDMS St.Dev.

8.0

6.4

4.9

1.3

2.2

5.5

0.4

2.0

2.3

Insulation Average

89.0

76.3

80.0

95.8

86.0

84.8

94.0

88.0

80.7

3.0

1.2

5.0

5.1

4.3

4.5

6.1

10.7

4.2

Insulation
St.Dev.

There is a possibility that for Sample 3 the middle-measurement, after 144 million cycles,
has misplaced the bolt spot particularly which might falsify the results to some extent. As
Table 11 listed, contact angle has decreased for Samples 3, 4 and 5. Even though, the
subjection time is longest for Sample 5, it has not really reduced hydrophobicity the most.
It must be noted that Sample 5 is the only unaged sample in this test. The theory where
virgin samples exhibit slower physical damage applies also here where clearly, Sample
3 and Sample 4 have more damage and more rapid damage. This is because they have
been aged for 144 million cycles at 20 kHz beforehand. These same contact angles are
also presented in the Figure 26 where the measuring time of the last measuring point is
different for each sample as described in the graph.
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Figure 26.
Average contact angles with standard deviations for Sample 3, 4
and 5 with graded ageing times. Samples were subjected to 20 kHz AC. All
samples 3-5 were measured before ageing, after 144 million cycles and lastly,
after the ageing test. Sample 3 was subjected for 288 million, Sample 4 for 432
million and Sample 5 for 576 million cycles.
As seen in Figure 26, the curve of Sample 3 from 144 million cycles to 288 million cycles
does not decrease as steeply which verifies the possible misplacement of the bolt after
144 million cycles. Without the misplacement, the last contact angle would have been
probably slightly lower and followed the same curve shape as Sample 4 and 5. Furthermore, it can be concluded that the degree of degradation is higher between Sample 3
and 4 compared to the virgin Sample 5. The first high frequency AC ageing test indicated
that Sample 1 and Sample 2, which were corona aged at 166 Hz for 244 million cycles
before the high frequency test, show notably more damage in the same period of time
compared to these which have not been exposed to long-term actuation cycles and corona ageing. This can be seen from the following Figure 27.
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Figure 27.
Average contact angles with standard deviations for Samples 1-5
as a function of number of vibration cycles. Sample 1 and 2 were subjected to
low frequency AC for 244 million cycles and then to high frequency AC: Sample
1 to 144 million cycles and Sample 2 to 576 million cycles. Samples 3-5 were
aged solely at high frequency AC. All samples indicate loss in hydrophobicity.
Figure 27 indicates that even though hydrophobicity of aged samples did not reduce,
chemical modification has acted due to more rapid increase of wettability of PDMS surface under AC-Corona.
Breakdown voltage test. Breakdown voltage where the wettability of the PDMS surface
layer increases was observed by driving the actuator samples at 20 kHz sinusoidal AC.
Four different voltages were tested, and in each test included three parallel actuator
samples. Two out of three samples were virgin samples whereas one of them were an
aged sample to study the severity and speed of contact angle reduction. Each actuator
samples were placed under 1.5 MPa of static pressure load as in previous tests. Contact
angle was measured before ageing and immediately after 432 vibration cycle. Figure 28
presents the two lower voltage tests, 600 Vpp and 800 Vpp where no change in contact
angle occurred. The average contact angles and standard deviations are presented in
the graph.
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Figure 28.

Sample 4

After 432 million cycles at 20 kHz

Average contact angles and standard deviations for samples subjected at 600 Vpp and 800 Vpp of 20 kHz AC signal.

Sample 3 and Sample 4 were the aged samples added in the tests whereas the rest of
the samples are all unaged. Unlike expectations, the aged samples, Sample 3 and 4 did
not exhibit lower contact angles compared to virgin samples. Some of the samples, including Sample 4, exhibited even slightly higher contact angle. Considering the high
standard deviations, the contact angles have been remained quite constant. The contact
angles with standard deviations presented in Figure 28 are listed in Table A.1 from Appendix A. The following Figure 29 presents the contact angle measurements conducted
at higher voltages, 900 Vpp and 950 Vpp. Initiated signs of corona damage were detected.
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Figure 29.

After 432 million cycles at 20 kHz

Average contact angles and standard deviations for samples subjected at 900 Vpp and 950 Vpp of 20 kHz AC signal.

Samples 10 and 12 show a distinct decrease in contact angle indicating corona degradation based on the loss in hydrophobicity. However, the aged actuator Sample 5 did
not show stronger decrease in contact angle as was expected. Based on these test results shown in Figure 29, the breakdown voltage at 20 kHz was detected at 900 Vpp.
Figure 29 showed that contact angle of Sample 10 is 17° lower after the corona ageing
whereas Samples 11 and 5 had too low decrease in contact angle to conclude it as
reduced hydrophobicity. The same applies to even higher voltage, 950 Vpp, where Sample 12 had 14° lower contact angle and Sample 13 indicated a sign of possible ignition
of increasing wettability. Sample 3 was discarded from 950 Vpp test due to contamination
error. Based on these measurements, the ignition voltage for occurrence of PD is somewhere between 800 Vpp and 900 Vpp. Nevertheless, even at 900 Vpp test, all the tested
actuator samples do not show increased wettability which means that the inception voltage for surface wettability appears to be closer to 900 Vpp. The contact angle values
presented in Figure 29 can be found in Table A.2 from Appendix A.
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6.2

Dielectric properties

In each test type, capacitance was measured twice with three weights (100g, 200g and
500g) and averaged. The standard deviations can be seen for each measurement. Naturally, the ratio of the weights and the capacitance is directly proportional which can be
seen from the figures.

6.2.1 Low frequency corona degradation tests
Sealed sachet. Four parallel actuator samples were tested at 166 Hz of trapezoidal AC
voltage. Sample P1 and P2 were fully sealed samples, Sample P3 had an open sachet
and Sample 4 had no sachet. Capacitance of the sealed actuator samples are shown in
Figure 30.

Capacitance of Sealed actuators

55

P1- 100g
P2- 100g

Capacitance [pF]

50

P3- 100g
P4- 100g

45

P1- 200g
40

P2- 200g
P3- 200g

35
P4- 200g
P1- 500g

30

P2- 500g
25
0

100000000
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Number of vibration cycles

Figure 30.

300000000

P3- 500g
P4- 500g

Average capacitance measurements with standard deviations of
sealed actuators during 330 million cycles.

The capacitance was measured before ageing, after 200 million cycles and after 330
million cycles. Sample P1 is the only one where capacitance has decreased throughout
the experiments. The reduction is relatively minor at 200 million cycles considering the
standard deviation but all in all, after 330 million cycles, small reduction had occurred.
Other actuator samples have stable capacitance curve and it can be concluded that capacitance has not changed. Furthermore, Sample P1 exhibited an unexpected decrease
in contact angle but recovered back almost to original value. The sealed sachet test was
repeated with new actuator samples. Briefly, the actuator samples were subjected to
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trapezoidal AC at 166 Hz for 817 million cycles where two out of three actuators were
fully sealed sachets and one had no sachet. The samples showed no change in contact
angle and capacitance even after 817 million cycles. It must be highlighted that instead
of placing 5 kg weight on top of the bolts of each actuator samples, a weight of 1.5 kg
was used for all the three samples together when the mechanical static load was remarkably lighter. Based on this fact, the decrease in capacitance for Sample P1 seems to
result from the static compression. However, this is only speculation and further studies
are required to verify this theory.
High relative humidity. Figure 31 shows the capacitance over 143 million actuation
cycles at RH of 95% and 60 °C. Average capacitance of two parallel measurements and
the standard deviations are presented in Figure 31.

Capacitance of high relative humidity aged
actuators

75,0
70,0

Sample H2100g

65,0

Capacitance [pF]

Sample H1 100g

60,0

Sample H1200g

55,0
50,0

Sample H2200g

45,0

Sample H1500g

40,0
35,0
30,0
0

50000000

100000000

150000000

Sample H2500g

Number of vibration cycles

Figure 31.
Average capacitance measurements with standard deviations during 143 million vibration cycles for Samples H1 and H2. The test was conducted
in high RH and elevated temperature, 60°C.
As known, temperature as low as 60°C, should not lead to ageing of PDMS unlike temperatures above 120°C [67, 68]. Below 100 °C PDMS degradation might occur mainly at
the surface [53]. As well-known, PDMS is very hydrophobic so it is resistant to humidity.
However, the atmospheric relative humidity has a great impact on the PD process, and
PD inception voltage decreases as RH increases [127]. Sample H1 has an increasing
capacitance with all loads whereas the capacitance of Sample H2 has not increased with
lower loads (100g and 200g). Figure 32 presents the measured capacitance of Sample
1 and Sample 2 before ageing, after 57 million, 157 million and 244 million cycles.
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Capacitance of room temperature aged actuators
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Figure 32.
Average capacitances with standard deviations during 244 million
cycles. Capacitance was measured under 100g, 200g and 500g loads.
The capacitance of both samples is increasing with all weights where Sample 1 has a
stronger increase. Sample 1 and 2 have similar capacitances with 100g weight until 57
million cycles after which the capacitance of Sample 1 increases significantly. Due to the
viscoelastic behavior of the micropillars, it was noted how much the capacitance values
recover after 24 hours of the ageing test as seen in Table 12.
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Table 12.

Average capacitance and standard deviations for room temperature
aged Samples 1 and 2. The first part list the capacitances for virgin samples, the second immediately after 244 million cycles of low frequency AC
and the third after 24 hours of the ageing test.
Virgin samples

Capacitance [pF]
100g
200g
500g

Capacitance [pF]

Sample 1
Standard
Average
deviation

43.0
52.5
61.4

0.2
0.9
0.2

Sample 2
Standard
Average
deviation

40.7
47.9
54.0

0.7
1.2
1.0

After 244 million cycles
Sample 1
Sample 2
Standard
Standard
Average
Average
deviation

deviation

100g
200g

71.6
75.9

1.5
1.4

48.0
53.0

1.5
0.9

500g

84.6

1.7

60.3

0.0

Capacitance [pF]

Average

100g
200g
500g

52.5
59.3
67.7

Next day
Standard
Average
deviation
1.3
37.5
1.6
42.5
2.5
49.8

Standard
deviation
0.7
0.5
1.7

Based on Table 12, it is evident that Sample 2 does not exhibit change in capacitance
although based on Figure 32 an opposite conclusion can be drawn. Due to long-term
static compression, the micropillars take more time to recover to their original shape and
size, and thus might exhibit higher capacitance values immediately after the ageing test
where 1.5 MPa of pressure load was placed in a static position. For this reason, the
capacitance measurements conducted for ELFIAC experiments were carried out a) 1
hour after removing the actuator sample from the high voltage when the ageing test was
going to continue and b) 24 hours after removing from high voltage if the measurement
was the last one. In most real use-cases the product would rarely be on function constantly, and thus the slight increase of capacitance for the humidity samples, Sample H1
and H2, is not worrying. A long-term static compression and chain scission in PDMS
during corona ageing is known to increase elastic modulus, Shore A hardness and compression set [4, 14, 43, 67, 68]. The experimental results do not correspond the literature
where increased capacitance points to softened PDMS and decreased elastic modulus.
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However, as Chapter 5.4 highlighted, there are various dielectric layers in the actuator
samples and hence, direct conclusions cannot be made based on these test results.

6.2.2 High frequency corona degradation tests
Differently aged samples. The same Samples 1 and 2 were placed under high frequency AC sinusoidal with varying ageing times and the capacitances of the samples
before and after ageing are not significantly different. However, the static load times during high frequency ageing tests at 20 kHz are much shorter compared to long-term ageing tests at 166 Hz.
Sample 1 was subjected for 144 million cycles whereas Sample 2 to 576 million cycles.
Table 13 presents the average and standard deviation of capacitance measurements for
both Samples 1 and 2. It is evident that capacitance has remained constant for both
Samples 1 and 2.
Table 13.

Average capacitances with standard deviations for room temperature
aged Samples 1 and 2 after ageing test at 20 kHz AC.

Capacitance [pF]

Sample 1

Sample 2

Aged 244 million
cycles at 166 Hz

After 144 million cycles

100g

52.5

Standard Deviation

1.3

200g

59.3

After 576 million cycles

52.6

Aged 244 million cycles at
166 Hz
37.5

0.2

0.7

0.7

42.5

41.9

59.7

38.2

Standard Deviation

1.6

0.4

0.5

0.6

500g

67.7

67.1

49.8

51.0

Standard Deviation

2.5

0.6

1.7

1.2

Virgin Samples 3 and 4 were subjected to corona discharges with parallel set-up as the
previous presented test. Both actuators were run for 144 million cycles. The average
capacitances and standard deviations are listed in Table 14.
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Table 14.

Average capacitances with standard deviations for virgin Samples 3 and 4.
The samples were subjected to 144 million cycles of AC at 20 kHz.

Capacitance [pF]

Sample 3
Virgin

Sample 4

100g

64.7

After 144
million cycles
59.0

Virgin
56.2

After 144
million cycles
43.0

Standard Deviation

0.3

0.3

0.6

0.7

200g

72.8

72.0

61.0

50.2

Standard Deviation

0.3

0.6

1.8

1.1

500g

82.3

83.0

73.3

67.0

Standard Deviation

0.5

0.4

0.8

2.7

Sample 4 has lower capacitance than Sample 3. The capacitance of Sample 4 has decreased notably more compared to Sample 3 as seen from the Table 14. The capacitance of Sample 3 is rather constant whereas Sample 4 has decreased capacitance for
unknown reason.
Graded time test. The same test was repeated for Sample 3 and 4 but a virgin Sample
5 was added. The actuator samples were subjected with graded time as seen in the
Table 15 which lists the average capacitances with standard deviations. No change occurred in capacitance during this experiment.
Table 15.

Average capacitances with standard deviations for Sample 3, 4 and 5.
The ageing time was graded, and all samples were subjected to 20 kHz
AC. Samples 3 and 4 have been subjected to 144 million cycles beforehand
whereas Sample 5 is a virgin sample.

Capacitance [pF]

Sample 3

Sample 4

After 144
million cycles at 20
kHz
59.5

After 288
million cycles

Standard Deviation

Sample 5

After 432
million cycles

60.1

After 144
million cycles at 20
kHz
42.8

43.2

45.9

After
576 million cycles
48.7

0.4

0.7

1.2

0.6

1.2

0.9

200g

72.8

73.2

50.7

51.2

52.0

51.2

Standard Deviation

1.0

0.8

1.5

0.9

0.3

0.5

500g

82.3

82.6

67.9

67.2

62.3

60.1

Standard Deviation

0.8

1.1

1.0

0.5

0.8

1.1

100g

Virgin
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To conclude the measurements conducted for Samples 1-5, these samples are presented in the following Table 16 where both contact angle and capacitance measurements are shown.
Table 16.

Average contact angles and capacitances with standard deviations

for Samples 1-5 as a function of vibration cycles. Samples 1 and 2 were first subjected to low frequency corona after which they were aged at high frequency AC.
Samples 3-5 were subjected solely to high frequency AC. Capacitance measurements listed here are measured under 100g load. The summed number of vibration
cycles are highlighted in the table.
Number of
Contact
vibration cy- angle (°)
cles

St.Dev.

Capacitance
(pF)

St.Dev.

Sample

0

105

2.9

43

0.2

166 Hz

244 million

101

2.2

53

1.3

20 kHz

83

2.6

53

0.2

Sample

384 million
>SUM 628
million
0

103

4.5

41

0.7

166 Hz

244 million

95.7

1.7

38

0.7

20 kHz

816 million
>SUM 1,06
billion
0

33

4.7

38

0.7

110

4.5

65

0.3

20kHz

144 million

106

5.4

59

0.3

20 kHz

432 million
>SUM 576
million
0

89

4.9

60

0.7

107

3.4

56

0.6

20 kHz

144 million

95

5.1

43

0.7

20 kHz

576 million
>SUM720
million
0

85

5.5

43

0.6

116

0.4

46

1.2

576 million

99

2.3

49

0.9

1

2

Sample
3

Sample
4

Sample
5
20 kHz

Sample 1 and Sample 2 were subjected first to low frequency AC for 244 million vibration
cycles at 166 Hz. Rest of the experiments were performed at 20 kHz with high frequency
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AC. It is evident that the slope of Sample 2 is strongly negative compared to others.
Based on this study, continuous high voltage and high frequency AC reduces the hydrophobicity of PDMS surface. Based on the low frequency AC tests of Sample 1 and 2, no
contact angle change was observed. However, subjecting low frequency aged samples
to high-frequency AC-corona showed that surface damage occurred much more rapidly
compared to the virgin samples which were not subjected to the long-term low frequency
AC test at 166 Hz as Table 16 presented.
Breakdown voltage test. Next, the capacitance of breakdown voltage test is presented
in Tables 17-20 separately for each voltage tested. Since the control of distance between
electrodes is not fully developed yet, variation between samples occurs. Table 17 lists
the average capacitance for test conducted at 600 Vpp.
Table 17.

Average capacitances with standard deviations for Sample 3, 6, and 7
before and after 432 million cycles of high frequency AC corona at 600 V pp.
Sample 3 was aged for 288 million cycles beforehand whereas Samples 6
and 7 were virgin actuators. Capacitance was measured under 100g, 200g
and 500g loads.

Capacitance [pF]
600 Vpp

Sample 3

Sample 6
Virgin

Sample 7

After aging
288 million
cycles

After 432
million
cycles

After 432
million cycles

Virgin

100g

62

64

50

49

55

After
432 million cycles
56

Standard Deviation

2.4

0.9

0.1

0.3

1.6

1.1

200g

72

59

58

56

61

63

Standard Deviation

0.9

2.1

0

1.2

2.8

0.3

500g

83

72

68

68

73

76

Standard Deviation

0.6

3.0

1.9

0.3

1.5

1.9

Sample 3 is the only one having more significant capacitance change with applied
weights of 200g and 500g. Capacitance change did not occur for virgin Samples 8 and
9 at 800 Vpp test presented in Table 18. Sample 4 on the other hand had a small increase
in capacitance with 100g.
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Table 18.

Average capacitances with standard deviations for Samples 4, 8 and 9
before and after 432 million cycles at 800 Vpp. Sample 4 was subjected at
20 kHz of AC corona for 432 million cycles beforehand whereas Samples
8 and 9 were virgin actuators. Capacitance was measured under 100g,
200g and 500g loads.

Capacitance [pF]
800 Vpp

Sample 4

Sample 8
Virgin

Sample 9

Aged for
432 million cycles

After 432
million
cycles

After 432
million cycles

Virgin

100g

44

51

42

41

46

After
432 million cycles
45

Standard Deviation

4.4

0.8

1.7

0.3

0.9

0

200g

56

57

52

47

55

52

Standard Deviation

1.3

0.9

5.9

1.1

0.3

1.0

500g

68

71

55

58

65

61

Standard Deviation

0.8

1.1

2.3

1.3

0.3

2.8

Measurements for 900 Vpp before and after 432 million cycles are presented below in
Table 19. Only Sample 11 has a small change upwards with 100g load. Other actuator
samples do not indicate change in capacitance.
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Table 19.

Average capacitances with standard deviations for Samples 5, 10
and 11 after and before 432 million cycles at 900 V pp. Sample 5 was subjected to high frequency AC corona for 576 million cycles beforehand
whereas Samples 10 and 11 were virgin samples. Capacitance was measured under 100g, 200g and 500g loads.

Capacitance [pF]
900 Vpp

Sample 5

Sample 10

Aged for
576 million cycles
47

After 432
million cycles
50

67

70

54

After
432 million cycles
62

Standard Deviation

1.3

1.5

1.7

2.6

1.2

2.1

200g

52

53

78

79

63

67

Standard Deviation

1.3

0.0

0.7

2.3

1.1

1.8

500g

62

65

91

97

76

76

Standard Deviation

1.2

0.7

0.9

0.9

0.4

7.4

100g

Virgin

Sample 11

After 432
million cycles

Virgin

Also, 950 Vpp test shows capacitance changes a bit for virgin Sample 12 as shown in the
Table 20. Sample 12 increases capacitance in all applied loads which might indicate to
softened pillars. Sample 13 has no change. In cases, where singular capacitance
changes occur, no conclusions can be made from the overall operability of the actuators.
To conclude, Sample 3 and Sample 12 have more consistent change in capacitance
whereas all the other actuators keep a steady capacitance curve.
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Table 20.

Average capacitances with standard deviations for Samples 12 and 13
before and after 432 million cycles at 950 Vpp. Both actuator samples were
virgin samples. Capacitance was measured under 100g, 200g and 500g
loads.

Capacitance [pF]
950 Vpp

6.3

Sample 12
Virgin

Sample 13

100g

37

After 432
million cycles
43

Standard Deviation

0.6

200g

Virgin

50

After 432
million cycles
48

0.3

1.0

1.7

42

51

57

56

Standard Deviation

0.4

0.1

0.6

0.5

500g

52

60

73

75

Standard Deviation

2.0

0.3

1.6

1.7

FTIR analysis

Fourier-transform infrared spectroscopy was used to obtain an infrared spectrum of
mainly methyl groups in the silicone rubber from both aged and unaged samples. Aged
samples: 1, 2, 3, 4, 5, H1 and H2 and unaged samples 1, 2, and 3 were examined. The
difference in the corona-damage area compared to non-damage area is not notable but
prominent enough to state it exists. The absorbance in FTIR for several alkyl, alkene and
siloxane groups are studied. The following Table 21 presents the absorbances for the
essential groups studied [128, 129].
Table 21.

Wavenumbers for essential functional groups [128, 129].

Chemical Group

Wavenumbers (cm-1)

-CH3

2847, 2962-2960

-CH2

2912

-CH

1440 -1410

-Si-O-Si-

1130-1000

-Si-O (stretching)

1080

-Si-CH3

1275-1245

-Si-(CH3)2

840-760

Si-H

2280-2080
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The air gap between the insulators can create ozone generated partial discharge over a
certain voltage which is called Paschen voltage [79, 80]. The partial discharge accumulated on the silicone surface creates oxygen free radicals which react with Si-C bond
causing the cleavage of the polar -CH3 groups or other organic functional groups [14].
This leads to the reduction in hydrophobicity. From the literature, X-ray photoelectron
spectroscopy (XPS) analysis have shown that the crosslinking degree of Si-O increases
resulting to the reduction of Si-C and -CH3 groups as seen from the experimental FTIR
measurements [14]. Since almost full recovery had occurred for both samples before
FTIR analysis, significant decrease in absorption is not expected for CH3. The absorbance peaks of Sample 2 are presented in Figure 33. As a reference, the absorbance of
one unaged actuator surface is added in the same graph where the essential functional
groups are marked. The blue dotted lines in the Figure 33 stand for the absorbance peak
ends for aged Sample 2.

Figure 33.
FTIR measurements of aged Sample 2 and a virgin sample as a
reference. The red curve is the aged Sample 2 and blue curve is the virgin sample as a reference. The examined functional groups are marked in the spectrum.
The absorbance of Si-(CH3)2, Si-O-Si and Si-CH3 are clearly lower for the aged sample
that is the red curve in the Figure 33. Absorbance of CH3 is decreased only slightly,
almost a negligible amount. According to the literature [14, 15, 19, 84], the organic part
of the SR is much more sensitive to ageing that the siloxane main chain. Based on the
FTIR spectrum of Sample 2, the siloxane main chain is as sensitive as the methyl bonds
with silicone. The reduction methyl groups lead to loss in hydrophobicity when there are
relatively more Si-O bonds in the SR resulting to rise in crosslinking degree and Shore
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A hardness [14]. It must be noted that FTIR measurement was done a week after the
ageing when almost full surface recovery of Sample 2 was achieved. Thus, the absorbance peaks of Si-(CH3)2, Si-CH3 and CH3 could have been much lower if the FTIR analysis
would have been conducted immediately after corona subjection. Figure 34 presents the
FTIR measurement graph for Sample 1.

Figure 34.

FTIR spectrum for Sample 1.

Absorbance peaks are presented in Table 22 for all examined samples with high frequency AC. Three unaged samples are added as reference. All the FTIR spectra measured in this thesis experiments are available in Figures B.1 – B.10 from Appendix B.
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Table 22.

The absorbance peaks for all examined actuator samples.
Absorbance Unit

Sample type

CH3

Si-CH3

Si-O-Si

Si-(CH3)2

Unaged1

0.09

0.35

0.93

1.04

Unaged2

0.1

0.38

0.93

1.08

Unaged area of
Sample 2

0.1

0.35

0.91

1.2

Sample 1

0.09

0.33

0.86

0.975

Sample 2

0.09

0.33

0.85

0.97

Sample 3

0.075

0.325

0.85

1

Sample 4

0.075

0.33

0.85

0.975

Sample 5

0.075

0.325

0.875

1

Sample H1

0.08

0.32

0.84

0.975

Sample H2

0.08

0.3

0.079

0.9

Absorbance of CH3 is slightly higher in the aged Sample 1 compared to Sample 2. All in
all, the absorbance peaks are nearly identical to Sample 2 which is equivalent to the fact
that the wettability was nearly recovered in both samples. The recovery of the damaged
PDMS surface occurs rapidly since low molecular weight (LMW) siloxanes from the bulk
migrate to the surface of PDMS [4, 20]. There is nearly none change in CH3 and Si-CH3
groups but the absorbance of siloxane chain and (Si-CH3)2 is clearly lower. The difference between absorptions of Sample 1 and 2 are negligible due to full recovery. However, a perfect recovery has not yet occurred based on FTIR analysis. All PD-aged samples, the siloxane groups and Si-(CH3)2 has clearly lower absorbance compared to the
unaged specimens. The absorbance of CH3 and Si-CH3 is also lower. Samples 3, 4 and
5 were examined with FTIR the following day after the corona-tests and thus, there has
not been much recovery time. This can be seen in absorbance of methyl group clearly
which is responsible for the hydrophobic nature of PDMS. Samples 3, 4 and 5 have
distinguishably lower CH3 absorbance. The less polar CH3 there is in PDMS, more hydrophilic it will be. Otherwise, the aged samples have similar amounts of the examined
groups.
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6.4

Discussion of all test results

According to the low frequency test results at high RH, no contact angle reduction was
noticed but FTIR measurements showed a decrease in absorption peaks of both organic
parts and siloxane main chain. From literature, this was deducted to result from the chain
scission of organic side groups in PDMS which have shown to increase compression set
and Shore A hardness [4, 14]. Additionally, loss in hydrophobicity is caused from decrease in methyl groups. Based on the analytical results, the reduction of CH 3 is minor.
High frequency tests on the other hand have showed a great impact on loss in hydrophobicity for every actuator sample, especially the low frequency aged samples. The
virgin samples, during high frequency test, degrade slower and with lower degree of
degradation compared to the before aged ones. Samples 3, 4 and 5 had smallest absorption peaks for methyl group which makes sense due to the inexistent recovery time
of the silicone surface. This experiment proves that the surface damage is mild enough
or contact angle measurements are not accurate enough to show contact angle changes,
but chemical modification has occurred based on FTIR analysis.
From the sealed actuators- test it was concluded that no surface damage occurred even
after 330 million cycles. The contact angle of Sample P1 decreased but recovered back
nearly to the original value. A possible contamination or error measurement might have
had an act on it. Expectation was that capacitance does not change at all the high frequency tests which were rather short-term compared to the low frequency tests that
lasted for several days. For unknown reason, Sample 4 was the only one showing a
decrease in capacitance after first high frequency tests. Sample 1 exhibited increase of
capacitance after 244 million cycles. The actuator samples from humidity chamber also
increased in capacitance.
According to Ghanbari-Sianhkali et al. and Mlyniec et al PDMS degrades mainly at the
surface at temperatures below 100 °C [51, 53]. The structural and mechanical changes
are negligible because of the insufficient amount of energy to cause a reaction [51]. This
is analogical with the ELFIAC ageing experiments where the actuators aged at 60 °C
and 95% RH, showed decreased absorbance peaks in FTIR analysis compared to room
temperature aged ones. Additionally, the minor reduction of storage and loss permittivity
in this temperature range, indicates that the capacitance should remain constant. Based
on the test results of ELFIAC ageing experiments, the capacitance remained mostly constant even though singular changes occurred.
Based on the FTIR analysis of the aged SR samples, the ratio of Si-CH3 and Si-O-Si
bonds decreased significantly after the corona ageing. This was speculated to attribute
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to the fact that the energy of some photons in corona discharges is higher than the binding energies of Si-O-Si (8.3 eV) and Si-CH3 (4.5 eV). The absorbance of side chains and
silicone backbone of SR was decreased by the impingement of photons emitted during
the corona ageing [20]. This is equivalent to the test results analyzed in ELFIAC ageing
experiments. However, hydrophilic groups OH (3700 – 3200 cm-1) and C=O bonds (1740
cm-1) appeared after corona ageing which was not detected in the ELFIAC experiments.
Rajini et al. detected after AC and DC corona ageing tests at 5 kV for 6 hours, that no
carbonyl groups were formed at 1735 cm-1 which indicates to less probability of surface
oxidation [19]. Surface oxidation is known to form a silica-like layer on the SR surface
which has higher wettability and a rigid structure [16]. The microscopical studies in
ELFIAC ageing experiments showed no change visually when the occurrence of surface
oxidation is very unlikely.
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7. CONCLUSIONS AND FURTHER WORK

The aim of the current work was to examine possible ozone production on PDMS layer
of ELFIAC generated by corona discharges. The occurrence of corona discharges in
long-term leads to surface degradation, decrease of mechanical properties and eventually mechanical cracking. The durability of the micropillars was studied as a function of
number of actuation cycles. Two degradation mechanisms were suspected on the
ELFIAC micropillars before the experiments. With possible corona discharge, bond scission was expected that can cause whether increased degree of crosslinking or reduction
of MW. Change in contact angle caused by ozone can form oxygenated compounds near
the surface causing increased wettability of the surface.
In this study the durability of ELFIAC was proved even after a billion actuation cycles.
Ageing did not occur to actuators that were studied under high relative humidity or under
sealed sachets. ELFIAC shows surface degradation at high frequencies but in all other
cases it exhibits no signs of degradation or ageing. The breakdown voltage where loss
in hydrophobicity initiates, was successfully found. Ageing was not observed for actuators that were subjected solely to low frequency AC signals. However, all aged actuator
samples showed small chemical modification according to FTIR measurements. Actuators indicated no surface degradation or ageing signs after low frequency ageing test
until after they were subjected to high frequency AC signals. Compared to virgin samples
that were then subjected solely to high frequency AC signal, these low-high-frequency
actuators exhibited increased wettability more rapidly as a function of actuation cycles.
Even though there was no surface degradation, it verifies the change in chemical properties during the low frequency ageing test.
Because carbonyl groups have not formed, there is less probability of surface oxidation.
The decreased absorption peaks for -Si-(CH3)2 (760 cm-1) and Si-CH3 (1260 cm-1) show
net reduction of CH3 functional groups in silicone mainchain which suggests reduced
hydrophobicity. Surprisingly, Si-O-Si bonds at 1010 cm -1 indicate reduced crosslinking
density. Actuator samples that had capacitance change, had an increased capacitance
and this may result from softened pillars. This would be conflicting with the theory where
chain scission of small siloxanes hardens the elastomer which would then cause a decrease in capacitance. In this case crosslinking density should increase but it must be
noted that the decrease of siloxane mainchain (Si-O-Si) is minor, if negligible.
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The effect of static compression and high actuation cycles on capacitance over a longer
period of time could be interesting to study separately to characterize why the capacitance changes. To reduce the dielectric layer amount, only the actuating material could
be investigated to understand the material properties. Finally, only actuation can reveal
the real performance of the actuators, and for this thesis experiments the actuation
measurements were not possible to carry out with a reliable testing machine. The actuation displacement of unaged and severely corona aged samples could be studied to
verify that ELFIAC actuators have very long lifetime.
The following conclusions can be drawn based on the results and discussions:
•

Loss in hydrophobicity of PDMS occurs only at high frequency sinusoidal AC at
20 kHz starting from 900 V. Long-term AC ageing at 166 Hz showed no sign of
ageing even though mainly increase in capacitance was detected to some of the
samples. This may have been resulted from the softened micropillars, but further
experiments are required to verify this theory.

•

Even though no contact angle change was detected in long-term low frequency
AC ageing tests, some chemical modification was observed. Aged samples exhibited more severe and more rapidly corona degradation compared to unaged
samples. Hence, the level of degradation is increased by an increasing number
of actuation cycles and the combination of low and high frequency tests. As level
of degradation rises, the corona damage area grows.

•

FTIR analysis showed smaller absorbance peaks for -Si-(CH3)2, Si-O-Si and SiCH3. Chemical modification was observable for all aged actuators even though
full recovery had occurred to some of the samples. The smallest absorbance
peaks were detected for actuator samples from the humidity chamber. Oxidation
was found to be less although it cannot be eliminated. The extent of oxidation
depends on time and intensity of radiation. With this work it was verified that chain
scission and bond interchange have been occurred although physical changes
were not detected in all cases.

•

Hot humidity at 60 °C and 95% RH has no effect at all to ELFIAC actuators.

•

Even though in a closed air-tight system ozone generated by corona discharges
have less oxygen, a fully sealed actuator shows no more change in contact angle
as an open actuator.
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APPENDIX A: CONTACT ANGLE MEASUREMENTS
Table A.1. Contact angles of samples subjected to 600 V and 800 V at AC-sine of 20
kHz for 432 million cycles.
Sample

Voltage

Before

After 6h

σ

σ

3

600

104

3,9

103

5,5

6

600

101

4,3

101

6,6

7

600

105

4

108

4

8

800

104

3,6

106

5,3

9

800

108

3

107

2,6

4

800

105

3,3

108

2,8

Table A.2. Contact angles for samples subjected to 950 V and 900 V at AC-sine of
20 kHz for 432 million cycles.

Sample

Voltage

Before

10

900

105

11

900

106

5

900

110

12

950

104

13

950

109

After 6h

σ
6,1
7,7
3,1
4,6
6,2

σ
85
101
102
90
100

10,9
5,6
9
10,4
8,1
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APPENDIX B: FTIR SPECTRA

Figure B.1. FTIR absorbance of unaged PDMS

Figure B.2. FTIR absorbance of unaged PDMS
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Figure B.3. FTIR measurements for Sample 2 from unaged area

Figure B.4. FTIR measurements for Sample 1 aged area
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Figure B.5. FTIR measurement absorbances for Sample 2 from aged area.

Figure B.6. FTIR measurement of Sample 3 from aged area.
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Figure B.7. FTIR measurement of Sample 4 from aged area.

Figure B.8. FTIR measurement of Sample 5 from aged area.
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Figure B.9. FTIR measurement of Sample H1 from aged area.

Figure B.10. FTIR measurement of Sample H2 from aged area.

