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Abstract

Dielectric elastomer actuators (DEAs) feature high energy efficiency, lightweight, design
flexibility and the use of low cost materials and processes. This holds particularly true for
membrane actuators, which, in addition to the dielectric elastomer comprise a separate
biasing system. The particular design of the biasing system may dramatically improve the
DEA performance, but at the same time, it adds complexity to such a design process.
Therefore, in this work, a systematic design approach to adapt DEA systems to specific
applications is developed. It allows calculation of all relevant design parameters and
incorporates experimentally validated scaling laws to account for actuator geometry
effects. Finally, the capability of the design process is illustrated at two examples. In the
first one, the force output of circular membrane DEAs, which is typically in the hundreds of
millinewton range, is increased by more than two orders of magnitude. For the first time,
record-high forces of 100 Newton are generated, while an innovative overall system design
maintains compactness. The second system is designed for high reversible actuation strains
in the range of >50%. The use of silicone as elastomer additionally results in high-speed
actuation. DEA systems with such outstanding performance prove that they are capable of
competing with existing technologies such as solenoids, while adding additional

functionality and, in the future, smartness through “self-sensing” properties.
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Zusammenfassung

Dielektrische Elastomeraktoren (DEA) weisen eine hohe Energieeffizienz, geringes
Gewicht und Designflexibilitat, bei gleichzeitig geringen Herstellungskosten, auf. Dies trifft
speziell auf Membran DEA zu, die zusatzlich Gber einen Vorspannmechanismus verfiigen.
Diese Kombination zu einem DEA System ermdglicht eine deutliche Leistungssteigerung,
birgt jedoch eine deutlich erhohte Komplexitat. Daher wird in dieser Arbeit ein
systematischer Auslegungsprozess entwickelt, um solche Aktorsysteme
anwendungsspezifisch anzupassen. Dieser erlaubt, unter anderem mit empirisch
ermittelten Skalierungsgesetzen zur Aktorgeometrie, alle notwendigen Aktorparameter zu
bestimmen. AbschlieBend wird die Leistungsfahigkeit des Auslegeprozesses an zwei
Beispielen illustriert. Im ersten wird die Kraft eines Membran DEA, die typischerweise im
Bereich von einigen hundert mN liegt, um zwei Grof8enordnungen erhéht. Erstmals erreicht
ein solcher Aktor Krafte von 100 N, wahrend eine innovative Konstruktion dennoch fir
Kompaktheit sorgt. Mit dem zweiten Aktor kénnen wiederholbare und schnelle (bis zu
0,3 m s!) Aktuierungsdehnungen von >50% erzeugt werden. DEA Systeme, die eine solche
Leistungsfahigkeit aufweisen, zeigen, dass sich die Technologie mit herkémmlichen
Aktorprinzipien (z.B. elektromagnetische) messen kann. Darliber hinaus bieten DEA
zusatzliche Funktionalitdt und kénnen in Zukunft durch ihre Méglichkeit des ,,Self-sensing”

auch zur Entwicklung intelligenter Systeme fiir die Industrie 4.0 beitragen.
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Chapter 1 Introduction

Many modern applications, such as biomedical devices, robotics or automation, can
benefit from small, lightweight, low cost, mechanically compliant, and energy efficient
actuators. The members of a group of materials with intrinsic transduction properties,
which are known as “smart” or “intelligent” materials, exhibit at least some of these
advantages compared to conventional actuator technologies such as pneumatic or
electromagnetic (EM) ones. Common smart materials are electroactive ceramics (EACs),
shape-memory-alloys (SMAs), and electroactive polymers (EAPs). While EACs have already
entered the market in numerous applications, e.g., micro motors [1] and injectors [2], and
SMAs start to establish themselves in first niche areas, e.g., seat inflation valves [3], EAPs
are a relatively new and emerging technology [4]. EAP technology started to gain research
interest in the early 1990s with the work of Pelrine and others at Stanford Research
Institute International [5,6], even though Rontgen already described a reversible
electrically-induced elongation of a natural rubber band in 1880 [7], which was likely the

first dielectric EAP. This thesis deals with such dielectric EAPs.

1.1 Motivation

Dielectric EAPs, most commonly referred to as dielectric elastomers (DE), consist of a
dielectric elastomer membrane, which is sandwiched between compliant electrodes,
resulting in what could be called a flexible capacitor. In this configuration, they can function
as sensors, generators, and actuators. Due to their ability to transform mechanical energy
into electrical energy and vice versa, they are also named DE transducers (DETs). DETs
represent a promising technology for building small, lightweight, and energy efficient
systems [4,8]. DE actuators (DEAs) in particular outperform existing technologies, such as
voice coils, in terms of energy density, actuation pressure, and strain. Their large actuation

strain (up to 380%) [9] is unique even in the class of smart materials (see Table 1.1).
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Table 1.1: Comparison of smart materials properties and conventional EM actuators (voice coil).

Data refers to [10] unless otherwise stated.

Property DEA SMA© EAC ¢ EM®©
Density (g cm™3) [11] 1-2.5 5-6 6-8 8
Modulus 0.1-3 MPa [4] 20-80 GPa [4] ~60GPa[12] -
Actuation Strain (%) 120% / 380° <5 0.2 50
Actuation Pressure (MPa) 32/7.2° <400 110 0.1
Reaction Speed pustoms [13]  msto min [11] us [11] ps [11]
Driving Voltage [11] 10-150 V/um 1-10V 50-80 V typ. 0-120V
Specific Energy Density (Jg')  0.75%/3.4° > 15 0.013 0.003
Energy Density () cm?3) 0.75%/ 3.4° > 100 0.1 0.025

9 Silicone-based DEA

b Acrylic-based DEA

¢ Nickel-titanium alloy (NiTi)

9 Lead zirconate titanate (PZT), at a maximum electric field of 4 V um™

€ EM: Values based on array of 10 mm thick voice coils, 50% conductor, 50% permanent
magnet, 1 T magnetic field, 2 ohm-cm resistivity, and 40,000 W m2 power dissipation.

In addition to their outstanding actuation properties, DETs show potential to make use
of the “self-sensing” effect for building smart systems. The effect is based on their
capacitor-like structure. Every change in geometry results in a measurable capacitance
change, which directly relates to the state of deformation without requiring external
sensors [14].

Due to these unique properties, several DET applications have been proposed and
documented in recent literature, e.g., valves [15,16], pumps [17,18], optical
switches [19,20], braille displays [21], loudspeakers [22], translation [23] and positioning
stages [24], tunable lenses [25], and grippers [26,27]. In addition, applications such as
pressure [28] or weight sensing [29], as well as energy harvesting [30-32], have been
documented. The inherent softness of the elastomer is also of particular interest for the
emerging field of soft robotics, in which many applications, such as the ones shown in [33],

have been proposed.
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1.2 Research objective and thesis structure

The applications presented above are just a few examples with potentially many more
that have yet to be studied. However, each of these applications presents different
requirements, and in order to increase the acceptance of the technology among engineers
and designers, it is an important task to establish systematic design rules and scaling laws.
This will support the future development of novel solutions in a broad field of applications
and will aid to access the large potential of dielectric elastomers.

In addition to the development of a systematic design methodology, it is also important
to understand how advanced design concepts may help expand the limits of DE
applications. In this thesis, a DE membrane actuator system will be introduced that
provides force outputs three orders of magnitude larger than previously introduced
membrane solutions. Furthermore, a new concept is introduced that allows linear
actuation strokes of up to 50% of the original actuator length. Both of these examples
emphasize the importance of proper design concepts based on a thorough understanding
of the material’s behavior.

One of the specific aims of this work is the development of scaling laws, which can be
used to adapt DEAs to various applications. The focus of the development is on the actuator
geometry and the mechanics of biasing subsystems, useful for the operation of membrane
DEAs. The goal is a prediction method for the DEAs’ performance, which does not make
use of complex and time-consuming finite element (FE) simulations (see, e.g., [34,35]), but
it establishes clear rules that can be directly employed by the design engineer.

The gained knowledge on scaling is subsequently used to developed design methods,
which expand the limits (in terms of stroke and force output) of state-of-the-art DEAs. This
specifically involves:

a) a systematic approach for the intelligent combination of a biasing
mechanism with particular DEA designs to enable high-forces and/or high
strokes,

b) novel biasing and manufacturing concepts for stacks of membrane DEAs,

c) and the integration of both (DEAs and biasing) within a simple and compact
design.

Each of the presented high-performance DEA systems employs state-of-the-art

industrial manufacturing techniques and commercially available materials.
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To achieve the aims stated above, this thesis is organized as follows:

Chapter 2 gives an introduction into the operating principles of DEAs, different actuator
configurations, the materials used, and the manufacturing process. In addition, basic

mechanical and electrical characterization techniques are described.

Chapter 3 deals with the DEA design process, which is based on a method using force
equilibria between DEA, biasing mechanism, and external loads. The influence of different
biasing mechanisms and DEA geometries on the performance of DEA systems is described
and scaling laws are obtained by the empirical characterization of DEAs with different
geometries. Based on these results, a straight-forward modeling method for the force-
displacement characteristic of circular membrane DEAs is developed. Finally, the gained
knowledge is used to develop a design process for application-specific DEA systems with a

focus on intelligent combinations of DEAs with biasing mechanisms.

Chapter 4 describes the use of the methods and the design process mentioned in the
previous chapter for the design of a high-force actuator. Novel biasing, stacking, and
integration concepts, which are needed for pushing the output force of membrane DEAs
from a few hundreds of millinewtons to the 100 N level, are described. Finally,

characterization results and performance of the high-force DEA systems are documented.

Chapter 5 discusses strip-in-plane DEAs to achieve high-stroke. This type of actuator, in
combination with an appropriate biasing mechanism, is well-suited for fast high-stroke
applications (actuation strain >60%). The performance of a technology demonstrator is

documented.

Chapter 6 summarizes the results and concludes this thesis by giving an outlook on

future research topics.



Chapter 2 Fundamentals of dielectric

elastomers

EAP actuators can be classified by actuation principle as ionic or electronic polymers. For
ionic EAPs, commonly referred to as ionic polymer-metal composites (IPMC), the generated
motion is based on the migration of mobile ions. An electric field imposed across their
thickness causes mobile ions to move into or out of the polymer matrix towards the
respective electrode, resulting in swelling, shrinking, or large bending displacement [36].
Electronic EAPs are divided into two subcategories: ferroelectric and dielectric. The shape
change of ferroelectric EAPs is related to attraction or repulsion of polymer chains within
the material induced by an electric field, while dielectric EAPs, mostly referred to as
dielectric elastomers, which are studied in this thesis, are driven by Coulomb forces [37].

This chapter starts with a description of the fundamental design and actuation principles
of DEAs, followed by an introduction into different actuator configurations reported in the
recent literature. Subsequently, different DE materials and their effects on performance
are described along with a screen-printing process used for manufacturing. Finally, basic
characterization setups for DEAs, which are frequently used within this thesis, are

explained.

2.1 Electromechanical transduction principle

Figure 2.1 (a) shows the basic structure of DEs. They typically consist of an elastomer
layer, which is sandwiched between electrode layers. These electrode layers must be able
to stretch and contract with the elastomer. Therefore, they need to be highly compliant.
Given this basic structure, the DEs are electrically recognized as capacitors with the

capacitance C, which can be written as

A
C = €ofr 7 (2.1)
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where g, is the vacuum permittivity, €, the relative permittivity of the elastomer, A the
overlapping area of the opposing electrodes, and t the thickness of the elastomer (in the
direction of z). The area defined by A is also referred to as ‘active area’. equation (2.1) is
only true for an ideal DE with zero resistance in the electrode, an infinite resistance through
the elastomer, and elastomer properties of a perfect dielectric, which means a constant &,
[4]. The capacitor-like structure explains the first operational mode of DEs. Any change of
its geometry, caused by an external force, changes its capacitance and can be related to its
deformation. This effect is utilized for the sensor mode and can be used in applications such

as strain [38] or pressure [28] sensing.

O

V=0V

(a) (b)

Figure 2.1: (a) Basic configuration of a DE in its initial and (b) in its charged state.

DEs can operate in two additional modes. They offer a transducer technology for
converting electrical into mechanical energy and vice versa. They use a reversible
electromechanical transduction mechanism, which allows them to operate in generator or
actuator mode, depending on the direction of energy conversion [4]. However, the
generator mode (see [30-32,39]) is not further discussed, as it is not the subject of this
thesis.

In actuator mode, electrical energy is used to generate mechanical work. To do so, a
high voltage (HV), referred to as U,,,, in Figure 2.1 (b), is applied to the DE to charge the
capacitor. The opposing unlike charges on the electrodes attract each other and cause a
thickness compression of the elastomer. Additionally, the incompressible nature of
elastomers and the repelling forces of like charges (on the same electrode) cause an
expansion of the elastomer surface area [40]. Both, reduction of thickness and surface area

expansion can be used for actuation. Typical actuation voltages are between 1 and 10 kV
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for an elastomer thickness of 10 to 100 um [41]. Thinner elastomer layers can reduce the
driving voltage as shown by Poulin et al. in [42]. They manufactured DEAs with 3 um thick
membranes, which exhibit an actuation strain of 7.5% at 245 V applied. However, these
thin membranes are very difficult to handle and the influence of the mechanical properties
of the electrodes increases dramatically.

The force output of a DEA is directly related to the Maxwell pressure p, which can be

written as:

174 2
p = g0&,E? = gq¢, <?> ) (2.2)

where E is the applied electric field across the elastomer and V is the applied voltage.
equation (2.2) can be derived by an approach, which equalizes mechanical and electrical
energy introduced by Pelrine et al. in [8]. To do this, additional assumptions need to be
made. The first one is a further simplification to the ones mentioned above, for the
capacitance of a DE: the elastomer is considered perfectly elastic with no dissipative
mechanical losses; and the second one is the assumption that the volume of an elastomer
stays constant under deformation [43]. The ability of a DE to reduce thickness and increase
the area at the same time, when exposed to an electric field, leads to another interesting
fact. Compared to air-gap, electrostatic actuators with two parallel rigid electrode plates,
the resultant Maxwell pressure is twice as big for DEs, which can be explained by the
additional degree-of-freedom (DOF). This additional DOF, namely the increase of area,
couples (additionally to the reduced plate distance) into the energy conversion from
electrical to mechanical energy [4].

The resultant strain of a DEA depends on a number of factors such as boundary
conditions, elastic modulus, and loading conditions. In the unloaded and unconstrained
case, which is the simplest, the thickness strain can be calculated by balancing the Maxwell
pressure of (2.2) and the elastic force of the elastomer film. After which, thickness strain s,

is typically written as:

(2.3)
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with Y as the elastic modulus, despite the fact that elastomers show a non-linear stress-
strain characteristic [8]. It should be kept in mind that equation (2.3) is not valid for loaded

or biased DEAs discussed later in this work.

2.2 Actuator configurations

Flexibility in design is one of the major advantages of DEAs. They can be manufactured
in many different sizes and shapes to suit the requirements of the intended application.
Therefore, a variety of different actuators have been proposed within the last 30 years. In
general, they are divided into two groups, following their actuation direction with respect
to the applied electric field: Stack actuators use the thickness compression parallel to the
electric field, whereas membrane actuators utilize the area expansion transversal to the
electric field. In the following sections of this chapter, these two actuator types, along with
roll (or rather tube) actuators, which are a particular 3-dimensional configuration of

membrane actuators, are explained in detail.

2.2.1 Stack actuators

Stack actuators are a very popular actuator configuration. They have been studied by
various research groups [44—47] and are even one of the few commercially available DE
products [48]. They consist of multiple layers of DE stacked on top of each other (see Figure
2.2 (a) and (b)). An applied voltage causes the whole stack to contract by As (see Figure 2.2
(c)) and thereby produce a linear motion. The maximum achievable stroke is the sum of the
contraction of each individual layer and thus scales with the number of layers. Typical
contraction strains are in the range of 5 to 20% [47,49] depending on the design and the
material used as dielectric. The force of such actuators scales with the active area of the DE
layers.

Recent literature proposes three different automated manufacturing methods for stack
DEAs. The first one from TU Darmstadt, Germany, is based on a completely wet
process [44], which means the material is applied in liquid form. It starts with a spin-coating

process, followed by a heat-induced cross-linking process to manufacture a dielectric layer
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made of silicone. The electrodes are applied by spraying a graphite powder/solvent mixture
through a shadow mask. These processes are repeated until the desired final layer number
is reached. The other two processes are using a pre-fabricated elastomer film. The process
of Empa, Switzerland, uses VHB (‘Very High Bond’) tape produced by the company 3M as a
dielectric. The tape is coated with an electrode material and afterwards cut into discs.
These discs can be stacked to reach the desired final number of layers (see Figure 2.3 (c)
and (d) [47]. The process of University of Applied Sciences Ostwestfalen-Lippe (HS-OWL),
Germany, is similar to the one of Empa. It uses a pre-fabricated silicone or polyurethane
film, which is spray-coated with structured electrodes. Instead of stacking individual layers,
a folding process is used to manufacture small stack modules, which are then cut out. These
modules are combined afterwards to form larger stacks. The connection of the individual
layers is made by an elastomer strip coated with electrode material, which is wrapped
around the stack (see Figure 2.3 (a), left) [45]. The advantage of the process of Empa and
HS-OWL is the ability to manufacture sub-modules, which can be tested before combining

them into a stack with several hundred layers, thus resulting in higher yields.

Cross-section A-A

sV

Electrode,
active area

Passive area

Elastomer

V=0 V=V pax
(b) (c)

Figure 2.2: (a) Sketch of a stack actuator, (b) cross-section through the stack with electrical

connections, and (c) cross-section through an activated stack.

The advantage of stack DEAs are their simple design, low integration effort,
compactness, and ability to provide relatively high forces. However, their actuation strain

is very limited and the passive area (see Figure 2.2 (a)), which is needed for insulation,
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hinders the actuation. Nevertheless, this kind of actuator has shown its functionality in

applications such as peristaltic pumps [44] or valves (see Figure 2.3 (d)) [16].

(a)

Figure 2.3: Examples of stack actuators. (a) Stack actuator from University of Applied Sciences
Ostwestfalen-Lippe, Germany, manufactured by folding and stacking [50]. (b) Commercial stack
actuator made by CT-Systems, Switzerland [51] with process of Empa. (c) Stack actuator made by
Empa, Switzerland, lifting a weight [47]. (d) Stack actuator for valve applications with sealing pad

on top made by Empa, Switzerland [16].

2.2.2 Membrane actuators

Membrane actuators are the second very popular actuator configuration. In contrast to
stack actuators, they make use of the area expansion for actuation. In their simplest
configuration, they consist of a single DE layer. However, in order to generate a reasonable
amount of strain, membrane actuators need to be biased by an external force. This force is
typically generated by pre-stretching the membrane or using passive biasing elements like
hanging masses, springs, or non-linear springs. For a detailed discussion of different biasing
systems and their influence on the actuator performance, see Section 3.1. The force of a
membrane actuator scales with the active area and the number of layers, while the stroke
scales with the length of the active area in the direction of movement [52]. Depending on
the direction of actuation, membrane DEAs are divided into two groups: out-of-plane and

in-plane actuators.

10
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A special configuration, which is somewhere in-between the two groups, and acting in
bending mode, are the minimum energy structure actuators [23]. They are typically based
on a bi-layer, consisting of a support structure and a DE layer, which is attached after being
pre-stretched. The pre-stretch causes the bi-layer to bend. The area expansion of the DE,
triggered by an applied voltage results, in a relaxation of the DE and therefore in a reduced
bending of the bi-layer. A minimum energy structure actuator, designed as a gripping

device, is shown in Figure 2.4.
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Figure 2.4: Minimum energy structure consisting of PET foil and a DE layer (a) at 0V and (b)

activated with 3.8 kV manufactured by Ecole Polytechnique Fédérale de Lausanne [27].

In-plane actuators

Circular-in-plane (CIP) DEAs, also called expanding circle DEAs, are a common
representative of the in-plane actuators. They are based on equi-biaxially pre-stretched DE
membranes with a circular active area. To maintain the pre-stretch of the membrane, it is
typically attached to a circular stiff frame (see Figure 2.5 (a)). If a voltage is applied, the
circular electrode area expands radially (see Figure 2.5 (b)). This configuration is mainly
used for evaluation of new elastomers, electrodes, and their combinations. When doing so,
the conditions (frame size, electrode size, etc.) mentioned in [53] should be considered in
any test setup to achieve a high level of comparability of the results. Rosset et al. [54] also
proposed CIP-DEAs for electrode degradation tests (see Figure 2.6 (a)).

A very similar configuration, which uses a ring electrode instead of a circular one, has

also practical use in optical applications like tunable lenses [25,55] or laser speckle
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reduction [55]. These are some of the few commercial DE products. An additional
interesting field of application are tunable windows (see Figure 2.6 (c)).

Another interesting and one of the simplest actuator configurations is the strip-in-plane
(SIP) DEA. They often consist of a rectangular DE membrane attached to rigid frames at two
opposing sides (see Figure 2.5 (c)). An external biasing force causes the membrane to
expand uniaxially when the DE is charged (see Figure 2.5 (d)). The performance of such
actuators strongly depends on the pre-stretch being perpendicular to the moving direction
and the biasing force characteristic. Kollosche et al. [56] studied these influences and

achieved a non-reversible voltage induced strain of 360% followed by an electrical break

down.
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Figure 2.5: CIP-DEA biased by elastomer pre-stretch at (a) 0 V and (b) a high voltage applied. Strip
in-plane (SIP) DEA biased by an external force at (c) 0 V and (d) a high voltage applied.

The SIP-DEA configuration is used by scientists to study material properties as well as
electrically induced stress and strain distributions [57,58]. For any such characterization,
the conditions mentioned in the ‘Standard for dielectric elastomer transducers’ [53] should
be considered for experimental set-ups. Artificial Muscle Inc., USA, developed a haptic
feedback device based on SIP-DEAs. The external force for this device is generated by the
film pre-stretch (see Figure 2.6 (d)). The SIP-DEA configuration is also studied in detail in

Chapter 5 of this thesis.
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A special in-plane configuration is the diamond-shaped actuator extensively studied by
Vogan [59] and Plante [60] shown in Figure 2.6 (b). The name comes from the diamond-
shaped compliant frame, which is attached to the elastomer film to maintain the pre-
stretch applied before the attachment of it. Additionally, the frame is coupled to two elastic
beams, which bias the whole structure. When a voltage is applied, this actuator generates
a linear movement, while the stress and stretch stays evenly distributed across the entire
active area. This is the particular advantage of the design (in terms of reliability) in addition
to the high stroke being achieved [61]. It is worth mentioning, that Berselli and Vassura

studied several additional designs of in-plane DEAs for soft robotic applications in [62].

Linkiéing bar
RN ..

Inertial mass

Figure 2.6: Examples for in-plane actuators. (a) CIP-DEA for material evaluation developed by Ecole
polytechnique fédérale de Lausanne, Switzerland [54]. (b) Diamond-shaped linear actuator at its
initial state and activated, manufactured by Massachusetts Institute of Technology, USA [61].
(c) CIP-DEA changing the light transmission developed by Nanyang Technological University,
Singapore [19]. (d) Haptic feedback actuator and driving electronic designed for an iPod Touch by
Artificial Muscle Inc., USA [51].

Out-of-plane actuators

This actuator type generates motion out of the elastomer plane. The most prominent
representative design for this actuator category are circular out-of-plane (COP) DEAs, which
are also referred to as cone actuators. Their structure is similar to the CIP-DEAs. However,
the active area has an annular shape and they feature an additional circular rigid center

frame/ disc (see Figure 2.7 (a)). The DE membrane is typically pre-stretched equi-biaxially
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and sandwiched between rigid frames to maintain the pre-stretch. Additionally, the rigid
frames act as mechanical terminations. For actuation, a biasing force Fg, acting normal to
the center disc and deflecting it out of plane, is needed in addition to an applied voltage. A
biased COP-DEA is shown in Figure 2.7 (b). An applied voltage, in addition to a biasing force,
causes the center disc to move further out of plane gaining the stroke As, because of the

active area expansion (see Figure 2.7 (c)).
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- =t~ | /TFB\

Fa

Figure 2.7: Sketch and cross-section of a COP-DEA (a) at rest, (b) biased out-of-plane with an external

force Fg, and (c) biased out-of-plane with an external force Fg and additionally V,,,, applied.

Figure 2.8: Examples for out-of-plane actuators. (a) COP-DEA for driving a valve manufactured by
Saarland University, Germany [15]. (b) Multi DOF positioning system driven by two COP-DEAs (left:
top view, right: side view) and manufactured by Bristol Robotics Laboratory, UK [63]. (c) COP-DEA
driven jumping robot for extraterrestrial exploration manufactured by Massachusetts Institute of
Technology, USA [61]. (d) Balloon-like DEA (left: at rest, right: activate) demonstrated by Zhejiang
University, China [64].
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COP-DEAs have been studied for many applications, e.g., positioners [24,65], jumping
robots (see Figure 2.8 (c)) [61,66], valves (see Figure 2.8 (a)) [15], and with segmented
electrodes for a multi-DOF positioning-system (see Figure 2.8 (b)) [63]. There are also more
exotic out of plane actuators. Li et al. for example, proposed a balloon-like membrane DEA,
which is biased by a chamber with pressurized air. In this configuration, a record-high

voltage induced area expansion of 1692% is achieved (see Figure 2.8 (d)).

2.2.3 Tube and roll actuators

Tube (also referred as ring) and roll actuators have been very popular during the first
decade of the 215t century. They have been the first choice to drive robotic arms for the
EAP arm wrestling challenge hosted at the annual EAPAD conference [67]. The first
challenge was in 2005. Tube and roll actuators are actually a particular configuration of
membrane DEAs and as such use the area expansion for actuation too. They consist of an
elastomer tube, which is covered with an electrode at the inside and outside (see Figure
2.9 (a) and (c)). The only difference between roll actuators in comparison to tube actuators
is that they consist of a rolled-up multi-layer system of electrode and elastomer layers, as
can be seen in the cross-section shown in Figure 2.9 (d). They can be rolled up around
themselves or a passive core. The ends of the tube (and roll) actuator are not covered with
electrodes, which acts as a mechanical termination and prevents arching when a voltage is
applied. The Maxwell stress acts in the radial direction for this type of actuator and causes
the tube or roll to expand in the direction of their axis by As (see Figure 2.9 (a) and (b)).
The initial length of the actuator can be used to scale the stroke output, while the force
output scales with the circumference and the number of DE layers used. Typically, strains
of less than 13% are achieved [68,69]. Figure 2.10 (c) shows a photo of a roll actuator.

The performance of these actuators can also be increased by passive biasing elements.
In this case, the passive core is replaced, for instance, by a compression spring. The spring
keeps the elastomer under tension and increases the performance to strains in the range
of 20 to 35% [67,70]. Such actuators are shown in Figure 2.10 (a) and (b). Under laboratory
conditions, a special type of ring actuator (see Figure 2.10 (e)) even exhibits an actuation

strain of 142% [71]. The high actuation strain is a result of the chosen material, a well-
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selected and defined bi-axial pre-strain of the elastomer, and the use of buckled carbon

fiber strips as biasing elements.
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(a) (b) (c) (d)
Figure 2.9: (a) Tube actuator in its initial state, (b) activated state, and (c) a cross-section of it.

(d) Cross-section of a roll actuator.

Figure 2.10: Roll actuators with spring core in different sizes made by (a) Empa, Switzerland [67]
and (b) Stanford Research Institute International, USA [20]. (c) Rolled actuator with passive core
made by Defence R&D Canada-Atlantic [69]. (d) 2-DOF roll actuators with spring core used for a six-
legged robot manufactured by Stanford Research Institute International, USA [72]. (e) Ring actuator
at 0V (top) and 5.6 kV (bottom) exhibiting 142% actuation strain demonstrated by the National
University of Singapore [71].
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Roll actuators can also be designed to generate bending motion. In this case, the
electrodes are segmented and do not cover the whole circumference of the actuator.
Actuators with two semicircular electrodes, which allow a bending actuation (angles of up

to 90°), are demonstrated within a walking robot shown in Figure 2.10 (d) [72].

2.3 Materials

The material selection is very important for a successful actuator design. Focus must not
only be placed upon the material properties themselves but also on their influence on the
actuator performance. In addition, the market requirements, need to be considered. Figure
2.11 shows the importance of the overall material performance (using the example of the
elastomer), which needs to be considered when designing an actuator for a commercial
application. Besides the elastomer, the electrode is the second most important material for

DEAs. Both need to match each other and are discussed in detail in the following sections.

Permittivity
Price Breakdown strength
Reproducibility Material Modulus
Properties
Availability /- Market Thickness
Requirements
Dielectric
Market
losses
) Viscoelastic
Environment Actuator losses
Performance
Lifetime/ durability Operating voltage

Stroke Force

Figure 2.11: Radar chart demonstrating the equivalent importance of parameters of the elastomer
for a successful actuator system design [cf. 70]. The parameters are grouped in market requirements

(red) and material properties (blue), which overlap actuator performance (yellow).
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2.3.1 Elastomers

The elastomer is very important for the performance of DEAs. Therefore, several
different materials have been studied. The main physical requirements for a good actuator
performance are being soft (< 20 MPa), exhibiting a high relative permittivity (> 2), as well
as a high breakdown strength (> 100 V um?) - the latter of which is mostly dependent on
the other two properties [74]. For commercialization, the parameters mentioned in Figure
2.11 need to be considered as well. According to equation (2.3) a very low Young’s modulus
seems to be favorable for high actuation strain. However, this is only true under certain
boundary conditions (free elastomer boundaries and no load). Under the conditions of a
DEA system utilizing a biasing mechanism, the actuation strain is mainly dictated by the
biasing mechanism and the Young’s modulus becomes secondary. In this case, a low
Young’s modulus even becomes counterproductive resulting in a lower force difference as
shown in Section 3.4.

The most promising material candidates, also studied in recent literature, are silicone,
polyurethane, and acrylic elastomers. A comparison of the materials and data for Wacker’s
Elastosil® film, which is used within this thesis, are shown in Table 2.1. This table can only
give a rough overview, due to the material properties being strongly dependent on the test
conditions. In addition, natural rubber is studied in the literature, however more likely in
the context of generators [30].

The material mainly used in research labs is an adhesive tape from 3M called VHB, which
is the most popular representative of acrylic elastomers. The reason for its popularity is the
commercial availability as a film and the simple processing, rather than outstanding
material properties. It can easily be attached to support frames after being stretched and,
for example, carbon black powder sticks to it as electrodes due to the adhesive nature of
the tape [75]. In terms of material properties, its main advantages are being highly
stretchable, breakdown field, and thus very high actuation strains of up to 380% [9,76].
However, acrylic elastomers exhibit a strong viscoelastic behavior, which causes creep and
low actuation speed. In addition, it exhibits frequency dependent and high mechanical
losses during cyclic actuation [76]. A study of the dynamic response speed reveals that the
performance of a VHB based actuator drops down to 20% only at 10 Hz compared to quasi-

static actuation [25]. Another drawback is time dependent drift between device strain and
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capacitance, which limits the accuracy of self-sensing approaches [77]. Polyurethane also
suffers from high viscoelastic behavior, displaying similar drawbacks. However, due to its
high Young’s modulus and high relative permittivity, it demonstrates the highest actuation

pressure [8].

Table 2.1: Comparison of different elastomer materials. Values reported may depend on test
conditions such as the strong relation between breakdown field and applied strain or Young’s

modulus, respectively.

Elastomer Young's Breakdown field Relative Response
modulus [MPa] [Vum?) permittivity speed
Acrylic
0.2..3 [37] ~55...412* [78] 4.8 [37] mstos
(3M VHB 4910)
Polyurethane 17 [37] ~160 [40] 7 [37] ms to s
Silicone 0.1..1[37] ~80-130 [75] 2.8..3.7[37] wustoms[13]
Silicone 1(75] 80..100[79]  2.8[79] s to ms [13]

(Elastosil® Film)

* Depending on strain

Unless very high actuation strains (> 80%) are needed, silicone is the material of choice
for commercial DEA applications. Compared to acrylic elastomers it exhibits high stability
over a wide temperature range, significantly lower viscous losses [75,76], and thus allows
high-speed actuation up to the kHz-range [25]. The low creep, fast response, and a direct
strain-to-capacitance relationship allows very low errors (<1% static [77] and <5% dynamic
[14]) in closed-loop position control utilizing self-sensing. In addition, a high quality silicone
film (Wacker Elastosil® film [79]) with precisely controlled thickness is commercially
available, which enables the manufacturing of DEAs with repeatable performance and high
reliability. In terms of fatigue, both, silicones and acrylics have proved several million cycles

of actuation [25,80,81].

2.3.2 Electrodes

Flexible electronics with flexible printed circuit boards based on a polymer covered with

conductive paths are already state-of-the-art technology. However, flexible in this case
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means bendable rather than stretchable. The requirements for DEs are much harsher.
Flexible, or rather compliant, in terms of a DE means that the electrode is able to stretch at
least 100% without losing the conductivity (typical resistance in the kQ-range). The
necessary conductivity depends on the intended reaction speed of an actuator or the
intended sampling rate of a sensor. Conductivity, or rather resistivity, is linked to the
actuation speed via the RC-circuit time constant, which is the product of the serial
resistance and the capacitance [53]. After five times the time constant the DE is considered
to be completely charged (>99%) and thus builds up the full Maxwell pressure in the
actuator case. For example, a DEA with a capacitance of 1 nF and serial electrode resistance
of 200 kQ, can still be driven at 1 kHz. However, the mechanical time constant, which is
typically larger than the electrical one, also needs to be considered.

While the electrical properties of the electrode could vary within a wide range (up to
MQ) the limits for the mechanical ones are much tighter. Beside the fact that the electrode
must be able to undergo strains larger than 100%, it needs to be as soft as possible, not
impede the deformation of the elastomer. Therefore, the best electrode is no electrode as,
shown by Keplinger et al. [82], when repeating Rontgen’s experiment with charges directly
sprayed onto the elastomer from high-voltage electrode tips. However, this concept is not
suitable for dynamic actuation or sensor applications because it does not allow the DE to
be charged or discharged efficiently [83]. A trade-off between conductivity and low
mechanical stiffness (on the elastomer film) must be made.

Two approaches have been studied in the recent literature to address this problem:
Either the softness is achieved structurally (patterned electrodes) or by using soft electrode
materials. Patterned electrodes typically provide very high conductivity, due to the use of
thin, metal films (thickness in the nm-range). However, the patterns only provide softness
in a single direction, e.g., spirals for out-of-plane [84] or meandering pattern [85] and
corrugated surfaces [86] for in-plane direction. Soft, or at least isotropic compliant,
electrodes are made of conductive particles (mostly carbon black powder), which are
deposited on the elastomer surface. When working with VHB the carbon powder can
simply be dusted onto its sticky surface, which is quick but not very reliable. Another quick
way is to bind the conductive particles in an oil or grease. This allows easy patterning just

by using a paint brush, but still does not allow for making reliable electrodes. The big
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advantage of both methods is that the stiffness impact on the elastomer can be neglected.
The most common version for reliable, soft electrodes is binding the conductive particles
into an elastomer matrix, which can be cured after application and thus is bonded together
with the elastomer. This allows long-term, stable electrodes with a high resistance against
mechanical abrasion, especially if the elastomer matrix of the electrode and the dielectric
are from the same material. However, these advantages are incurred by a stiffness impact
on the elastomer, which in this case is no longer negligible. A comprehensive overview on
electrodes, further detail on the aforementioned, and additional novel concepts are
summarized by Rosset and Shea in [83].

The actuators manufactured within this work use an electrode, which is based on carbon
black bound into a silicone matrix. For a reliable actuator manufactured in mass production
the electrode needs to fulfill several additional requirements, besides the above mentioned
mechanical and electrical properties. The requirements are listed in Figure 2.12 for an
electrode applied via screen-printing, which is used for actuator manufacturing within this

thesis and described in detail in Section 2.4.

Manufacturing Process
eInk viscosity & thixotropy

eConductive particle size
eInk pot life

eInk surface tension
eCuring conditions
*Price

Ink-Membrane Electrode Properties
Interaction oStiffness

sWet adhesion

*Cured adhesion

eParticle penetration

sContact angle

sCompatibility of
additives (solvents,
oils,...)

sThickness
sCompliance
eStretchability
sSurface resistance
eDurability

*Price

Figure 2.12: Parameter space for an electrode ink used in a screen-printing process.
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2.4 Manufacturing of membrane dielectric elastomer

actuators

Since elastomer films (for example 3M’s VHB or Wacker’s Elastosil) are commercially
available, the motivation for casting one’s own film is significantly reduced and thus not
discussed. However, there are still a large variety of methods to apply the electrode. Beam
evaporation, cathodic sputtering, or electroplating are just a few methods, which are used
for metal electrodes [83]. When using carbon based electrodes typically methods like pad
printing [87], spin [44] or spray [45] coating through a shadow mask and screen- [58] or
inkjet-printing [88], are used. There are even more advanced methods for high resolution
electrode patterning. They utilize blade casting of an electrode film combined with laser
appellation structuring, and afterwards plasma bonding of the electrode film onto the
elastomer [89]. The author chose screen-printing for the manufacturing of the DEAs,
knowing it is typically used for mass production. However, screen-printing is still a
comparatively easy process, which can be used for prototyping as well, and allows for high

repeatability.

(a) (b)
Opening for electrical
connection
/ Frame
Electrode
T Elastomer
(c) (d)

Figure 2.13: Schematic of the process flow for manufacturing a COP-DEA showing the progress after
each manufacturing step. (a) Initial sheet of silicone film, (b) silicone film after pre-stretch, and (c)

screen-printing of electrode-rings and (d) frame material on both side of the film.
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In the following paragraph, the manufacturing process of the DEAs, which are studied in
this thesis, is described. The DEAs are based on Wacker’s Elastosil 2030 film with a thickness
of 50 um (Figure 2.13 (a)) and carbon black electrodes. The manufacturing process starts
with the removal of the film backing layer and its mounting on a self-made stretching
device. Pre-stretching of the elastomer film (see Figure 2.13 (b)) is important in order to
improve the DEA’s performance [78], to increase the breakdown voltage [90], and to
prevent the film from sagging within the metal frame - which supports the handling during
manufacturing. In particular, a biaxially homogenous pre-stretch of 20% is applied to the
membrane, if not stated differently. After this, the film is clamped in-between two metal
frames to maintain the pre-stretch and to allow for easy handling. After pre-stretching,
electrodes are applied on both sides of the film using a screen-printing process (see Figure
2.13 (c)). A subsequent heat curing process results in the evaporation of solvents within the
electrode ink and crosslinking of the electrode with the silicone film. Afterwards, screen-
printing is used again to apply a heat curable epoxide on both sides, acting as a mechanical
frame (see Figure 2.13 (d)). Normally, this process is not done for a single DEA only. Screen-
printing allows batch processing of multiple DEAs simultaneously. The two screens used for
the electrode and the frame, to manufacture 12 SIP-DEAs in one process, are shown in

Figure 2.14.

(b)

Figure 2.14: Screens for printing (a) the frame and (b) the electrode of SIP-DEAs.
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The most critical process is the screen-printing of the electrodes. Apart from the
electrode properties, which are mentioned in Figure 2.12, the printing parameters are also
important. They can be separated by processes control parameters such as print speed,
blade material and pressure, and number of print runs, as well as screen parameters such
as mesh type, number of threads per inch, and emulsion film thickness to name just a few.
All of the above directly influence the thickness of the electrode and thus its mechanical
impact on the elastomer. In order to have a good control on these parameters, the semi-
automatic screen-printer ESC-AT 60P (see Figure 2.15) is used. The electrode ink itself is a
mixture of Wacker’s RTV-2 polydimethylsiloxane (PDMS), Orion’s Printex XE2 carbon black,
and Wacker’s AK 100 K silicone oil. These components are mixed in the ratio of 50%wt,
20%wt, and 30%wt, respectively. In an effort to make the mixture screen printable VD 60
solvent and VM1 additive (both are from Coats Screen Inks) are added next. The additive
and the solvent are used to control the viscosity of the ink, which has an impact on the
electrode thickness, too. An EXAKT 3-roll mill and a planetary mixer manufactured by
Thinky are used to homogenize the ink. More details on the screen-printing process and an

investigation on the printing parameters can be found in [58].

Figure 2.15: Semi-automatic screen-printer ESC-AT 60P with a screen for COP-DEAs and completely

printed COP-DEAs underneath.
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2.5 Characterization of dielectric elastomer actuators

For the design of DEA systemes, it is necessary to have accurate information about the
characteristic of the DEAs and the mechanical parts used. Especially, the force-
displacement characteristic need to be known. In terms of the DEA, this characteristic
needs to be measured at different applied voltages. The constant voltage (CV) test is used
to gain this information. During this test, the DEA is cyclically deflected from zero to a
maximum strain value with a constant voltage applied, while the deflection force is
measured. The test is typically performed at 0 V and the maximum allowed voltage V4.
In order to perform a detailed study of the DEA, intermediate voltages are chosen as well.
The area between the zero and the maximum voltage curve defines the work area of a DEA.
When characterizing a COP-DEA, the outer frame is clamped, while the center disc is
deflected (see Figure 2.16). For the SIP-DEAs, one end is fixed, while the other one is pulled
away - stretching it. The CV test is used to characterize the potential work area of a
complete DEA system too. Therefore, the DEA system is fastened and the output side of
the DEA system is deflected at different voltages. Additionally, this test can be performed
to characterize mechanical parts such as springs, etc. The results of a CV test for a COP-DEA

are shown in Figure 2.17.

Figure 2.16: Close-up photos of the low force setup shown in Figure 2.18. (a) Showing the laser
sensor, the DEA mounting, and the motor. (b) Photo of the pushrod with a load cell attached before
deflecting a COP-DEA. The HV ampilifier is connected to the screws, which are screwed through the

electrode for electrical connection.

Another interesting performance parameter of DEAs is the blocking force, which is

measured by the constant position (CP) test. Within this test, the stretch of the DEA stays
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constant and the voltage is cycled, while the force is measured. The force difference
between zero and the maximum voltage applied equals the blocking force (see Figure 3.18

for an example).
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Figure 2.17: Results of a CV measurement of a medium-sized D25 COP-DEA (see inset and Table 3.2).

Light green area indicates the work area of this specific DEA.

To perform the characterization tests mentioned above, two similar setups are used
within this thesis. The first one is used for the basic characterization of single elements or
small, multi-layer modules, and therefore low forces, while the other one allows also the
characterization of larger stacks and the high-force actuator of Chapter 4. They both consist
of a linear motor, a load cell, a laser displacement sensor, and a voltage amplifier (see
Figure 2.18 (a)). All components are connected to a Windows computer running LabVIEW
via a data acquisition board (DAQ) from National Instruments (NI). This allows the control
of the components as well as data acquisition. The load cells are connected via an additional
NI full bridge signal-conditioning module (named amplifier in Figure 2.18).

The low-force setup (see Figure 2.18) allows precise measurements in the range of
+10 N, which is limited by the linear electromagnetic motor (Model ANT-25LA) from
Aerotech. An Aerotech Ensemble CP controller allows operating the motor. It accepts
analog inputs for speed and stroke definition and provides an analog output for position
feedback. A Futek load cell (Model LSB-200 5 Ib), a Keyence laser displacement sensor
(Model LK-G37), and a Trek® Model 610E voltage amplifier complete the setup. All
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components are mechanically mounted to a Thorlabs optical breadboard for precise

alignment.

(a) Linear motor Test specimen Laser sensor
Load cell Frame

Motor Load cell Voltage Laser
controller amplifier amplifier controller
A I
A 4 v
(b) Linear motor Load cell Laser sensor

Test specimen Frame

Figure 2.18: (a) Schematic sketch and (b) photograph of the low force test setup used for

characterization.

The high-force setup looks different (see Figure 2.19), but offers similar functionality.
The main difference is that the components used are designed for higher forces. The load
cell is a Futek LCM 300 (50 Ib), and the motor from of the TA.XT-Series from Stable Micro
Systems. In this setup, the load cell is limiting the force range to +223 N. Additionally, a
different voltage amplifier from Ultravolt (4HVA24) and the laser sensor LK-G87 from
Keyence are used. However, this setup has one major drawback. At such high forces, the
stiffness of the setup (in comparison to the measured components) is not negligible

anymore. This error is compensated for in different ways for the two measurement modes
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shown in Figure 2.19 (b). In method (1), for characterizing test specimens, such as DEAs or
springs, the error is compensated by design. The laser is mounted on top of the motor arm
and aims at a fixed surface. Therefore, it moves with the motor arm and only measures the
actual movement, unaffected by any distortion of the motor arm. This configuration is also
used to measure the overall stiffness of the setup, which is kgy =153 Nmm™. The
method (2) is used to characterize the whole actuator system. In this case, the laser is
aimed onto a reference surface (dashed box in Figure 2.19 (b)), which moves with the
actuator stroke. However, the generated force distorts the motor arm as well. Assuming
linearity, this distortion can be calculated by dividing the measured force by the stiffness
of the setup then subtracted from the laser measurement. In addition, the stiffness of the
setup also influences the stiffness of the load, which acts onto the actuator. The actual load

stiffness k; can be calculated as follows:
! = ! + ! (2.4)
kp ks ksy' .

with, k; s stiffness of the load spring.
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Figure 2.19: (a) Photo of the high-force characterization setup measuring an actuator from Chapter
4 including load spring (Laser missing on photograph). (b) Schematic of the setup showing two
operational modes: (1) Motor is moving to deflect a test specimen and (2) actuator is activated to

measure generated force and stroke.
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actuator design

For the development of high-performance DEA systems, it is important to understand
the mechanical and electrical properties of every element involved, such as DEA, biasing,
or external load, and how they interact with each other. It is essential to combine
membrane DEAs with an appropriate biasing mechanism to optimize their performance.
Therefore, the most important biasing mechanisms (mass, liner spring, magnet, and non-
linear elements with negative stiffness range) and their influences are described in Section
3.1. Additionally, a systematic approach to model the interaction using force-equilibrium-
plots for quasi-static conditions is described.

The most effective biasing is a combination of a negative-rate bias spring (NBS) and a
linear spring. However, the NBS needs to have a certain force-displacement characteristic
for a specific DEA. Therefore, an efficient way to design an NBS based on buckled beams is
presented. The method allows the calculation of all NBS parameters (needed for
manufacturing) to achieve a desired force-displacement profile. In addition, important
parameters for space requirements and maximum allowed material stress can be freely
chosen. This method is described in Section 3.2.

For the DE itself, a very important design parameter is the material. As one can directly
see from equation (2.2), the Maxwell pressure is directly related to the material-dependent
relative permittivity &,.. As the influence of this parameter is already described in detail
in [4,8], and this work focuses on the use of commercially available materials, this
parameter has been chosen not to be studied. The second important parameter is the DEA
geometry, which is studied in detail in Section 3.3 for COP-DEAs with various different
cases. Scaling laws for force and stroke output are extracted from the investigation, and a
simplified prediction method for the force-displacement characteristic of such DEAs is

developed.
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Finally, in Section 3.4 a systematic design process for DEA systems is introduced. It is
shown how design parameters (biasing and geometry) can be used to adapt a DEA system
to specific load cases. The introduced method is then used in Chapter 4 and Chapter 5 to

design high-performance DEA systems.

3.1 Actuator modeling and the influence of biasing

elements

Hodgins et al. [91] showed that the performance of membrane DEAs strongly depends
on their biasing mechanism. Especially the use of bi-stable mechanisms may boost their
performance by, e.g., increasing the stroke by an order of magnitude compared to a linear
spring [92]. Therefore, the interaction of a biasing mechanism and the DEA needs to be
studied and understood before designing DEA systems with optimized performance. This
section describes a systematic modeling approach for DEA interaction with passive
mechanical loads using the example of a DEA coupled with a linear spring and a buckled
beam based NBS (see Section 3.2). This combination is very common for DEAs with high
actuation stroke. The result is a graphical solution, which allows predicting the stroke
output and the resulting force difference of such DEA systems.

The model is based on an approach using the fundamentals of applied mechanics. It
applies the laws of statics to model the system behavior of a DEA coupled with any other
mechanical element, such as a spring. The fundamentals of statics assume that the sum of
forces and moments equal zero. This implies that there is no (or only slow) movement in
the system, therefore, limiting the approach to quasi-static conditions for any electrical
loading condition of the DEA. It needs to be pointed out that time dependent effects like
viscoelasticity or charging are neglected, which is sufficient in most cases. Basic approaches
of this methodology have already been used by several scientists studying membrane DEAs,
for example in [34,40,93,94]. However, in this thesis a systematic and generalized approach
is presented, which is universal and allows application to other smart materials as well. In
addition, it focuses on matching the actuator element with a biasing force. This leads to a
powerful and systematic tool to design DEA systems for intended applications, as shown in
Section 3.4, when combining it with the NBS modeling in Section 3.2 and the DEA

performance prediction in 3.3.
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In the following section, this systematic approach is used to show the influence of
different common biasing elements on the force and stroke output of COP-DEAs. The
concept always follows four steps, which are typically used when solving a quasi-static
problem:

(1) Define or measure material/ element model for involved parts
(2) Define global coordinate system and set up kinematic relations
(3) Draw free body diagrams (FBD) and form equations of force equilibrium

(4) Solve problem: Predict stroke output and resulting force difference

(1) Material/ element model

This kind of model needs to describe the relationship between force and displacement.
It can be expressed as an equation for simple elements, such as linear springs, or be
represented by an empirical measurement for more complex elements, such as DEAs. Due
to the complexity of smart materials, measurements are preferred, and the modeling
problem is solved graphically. For DEAs, the CV measurements described in the previous
characterization Section 2.5 are used. Figure 3.1 (b) shows a qualitative result of such a
measurement for a COP-DEA. The index 'D’ is used to relate the quantities displacement x
and force F to the DEA. The force-displacement curve of such DEAs is point symmetric
around the origin, has a parabola-like shape in the first quadrant, and less force is needed
to displace the DEA with a HV applied, due to the Maxwell pressure, which reduces the
mechanical stress of the pre-stretch within the membrane. The hysteresis of the DEAs,

which can be seen in Figure 2.17, is neglected.

. Fo 4 LV
—> / HV
e
(a) (b)

Figure 3.1: (a) Sketch of the DEA measurement with load cell (LC) and coordinate system and (b)

qualitative results for a CV measurement and applied a low voltage (LV) and a high voltage (HV).
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The sketch of the measurement setup shown in Figure 3.1 (a) is important, because it
defines the coordinate system of the measurement and the direction of the measured
force. Per definition, tensile forces measured by the load cell are assumed positive and
compression forces are negative. These conventions need also be considered during data
recording, and help avoiding confusion when drawing the free body diagram. Figure 3.2
shows the same diagrams for the most common biasing elements with their indexes,
namely a weight ‘W', a linear spring 'S’, NBS 'N’, and a magnet 'M’. The forces for the
weight and spring can easily be described by linear equations instead of measurements,

which is not easily possible for the other two.

Xy
I Xg —> Xp
- <——t— —
1 VAN P>
Fod (' Frd Frk
> > /\ [ > L:
Xy Xg l Xn X
(a) (b) (c) (d)

Figure 3.2: Sketch of the measurement setup (LC and biasing element) and the corresponding force-
displacement characteristic of various biasing elements: (a) weight (mass), (b) linear spring with

initial length [y, (c) buckling beam based negative-rate bias spring, and (d) magnet.

(2) Global coordinate system and kinematic
From this step on, we start to consider the combination of the DEA with the biasing
elements shown schematically in Figure 3.3. This figure also contains the local element
coordinate systems, which must be in accordance with the ones of the material models in
terms of direction and position. The offsets O between the coordinate systems and
spacers S, which connect the elements rigidly, are shown, too. The indices of O and S
indicate which elements/ coordinate systems are connected. The aim of step two is to unify

the local coordinate systems to a single global one.
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We start with the definition of the global coordinate system x (see Figure 3.3). It can be
freely chosen and is defined right from the DEA in this example with an offset of Op ,
relative to the DEA coordinate system. In the case of a real actuator, the origin of the global
coordinate system could be, for example, a reference surface of the actuator casing or a
zero position of a push rod. The next step is to set up equations for the relation between
the individual and the global coordinate system based on the direction, the offsets O and

the spacers S shown in Figure 3.3:

Xp = X + OD,X (31)
xN :x+0Dlx+0N,D _SN,D :x_CN (32)
xS =X+ OD,X + ON,D + OS,N - SN,D - SS,N - lO =X — CS (33)

The absolute terms Cy and Cs just merge all constants for the NBS and the spring,

respectively.
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Figure 3.3: Schematic sketch of the system with global coordinate system x and individual
coordinate systems of the elements, offsets O of the coordinate systems to each other, lengths S of

the rigid spacers, and the initial spring length l,.

(3) Free body diagram and force equilibrium
After unifying the coordinate system, the next step is to sum up the forces of the
individual elements. Therefore, we have look at the FBD shown in Figure 3.4. Forces are
vector quantities, and thus the direction needs to be considered in addition to the value.
The force arrows in the FBD must point in the positive force direction for each individual
element defined in the material model. This might be a bit confusing, when looking at the
DEA force Fp, as it is pointing in the direction of deflection and not in the direction it is

actually acting. However, the direction of the force is defined in the material model and its
33



Chapter 3

measurement and follows the convention made in Section (1) ‘Material/ element model’

L
—

Figure 3.4: FBD showing the individual forces acting onto the connecting rod.

of this chapter.

As we consider static conditions the sum of forces needs to be zero. To set up the force
equilibrium in the direction of x all forces need to be summed up, while the direction of
the arrow indicates their signs. Forces in the direction of x are defined to be positive, which

leads to:

ZFx = O:F5+FN+FD (34)

(4) Solution

For a graphical solution, all forces need to be drawn into one diagram. The equations
(3.1) to (3.3) allow to describe all forces as a function of the global coordinate system x. To
describe the movement of the system, when the voltage of the DEA changes, equation (3.5)
can be used to describe the equilibrium between the DEA and biasing elements (NBS and
spring):

Fp =—F; —Fy (3.5)

Figure 3.5 (a) shows again the material model of the NBS and the spring, however, in the
global coordinate system. The sum of forces of the right side of equation (3.5) are plotted
in the global coordinates system in Figure 3.5 (b). Due to the minus signs, the forces of the
material model are mirrored on the x-axis. Both forces are also shifted relative to the origin
by their C values of equation (3.2) and (3.3). For the spring, this shift can be interpreted as
a pre-compression. The sum of both biasing forces and the DEA forces are plotted in Figure
3.5 (c). Typically, the DEA is deflected in one direction only, and therefore just the first
guadrant of the material model of Figure 3.1 (b) is considered. The two intersection points

(xwv| Fuv) and (xuv | Fry) of the biasing elements and the DEA at LV and HV represent the two
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quasi-static equilibria. When switching the voltage, the system jumps from one equilibrium
to the other. Therefore, they can also be used to determine the stroke As = xy, — x;y and
the resulting force difference AF = Fy, — F;y. Figure 3.3 also shows an important design
criterion for the biasing mechanism. Its force path needs to fit into the work area located

between the two DEA curves.

Fa

Figure 3.5: (a) Material model of spring and NBS in the global coordinate system and (b) inverted
forces as well as the sum of them. (c) Force equilibrium plot of the summed up biasing mechanism

force and the DEA at different voltages.

The example points out the importance of the combination of a NBS and a spring. To get
an optimal use of the NBS it needs to be shifted on the x-axis and the force-axis as well. The
shift on the x-axis can easily be done by selecting the right spacing between DEA and NBS.
For the shift on the force-axis an additional force needs to be added, which is the pre-
compression force of the linear spring. In addition, the spring can be used to fine-tune the
slope of the negative stiffness branch of the NBS. Compared with other biasing
mechanisms, the combination of a spring and the NBS gives the best performance (see
Figure 3.6).

Each of the different biasing mechanisms shown in Figure 3.6 has its pro and cons. The
mass is simple, offers a medium stroke, but adds mass to the system and thus eliminates
one of the advantages of DEAs, namely being lightweight. The spring is simple as well, can
be used for high frequency applications, but delivers the lowest stroke. The NBS by itself
delivers high strokes, can be used for quick operation, but an additional hard stop is
necessary as shown in [95]. In addition, the system becomes more complex, and an
additional bias force is needed to gain the full performance. The magnet is relatively easy

to implement and offers high strokes, too. However, it adds some mass to the system, and
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an additional hard stop is needed (see Figure 3.6 (d)) to prevent the system from collapsing
onto the metal surface. The stroke can even be further increased by adding a spring to the

magnet-DEA system [96].

Mass vs DEA Spring vs DEA NBS vs DEA Magnet vs DEA
%/‘I I Xp Fo Xg X Xp Fo VI I
Xw I I»/% 1 I A o X
Tt g : 14

Fa Fa Fa Fa
LV (RY) Hard (RY) LV
stop Hard
stop
/ .

Av Hv / HV Hv
x=xD=_xW X=XD—XS X=XD=XN x=xD=_xM
FD = FW FD = _FS FD = _FN FD = FM
(a) (b) (c) (d)

Figure 3.6: Comparison of different biasing mechanisms acting against a COP-DEA. The kinematic
equation just considers the direction reflected by the algebraic sign and offsets/ spacers are

neglected.

3.2 Negative-rate bias spring design

Apart from a magnet, a NBS is the most promising biasing mechanism to optimize the
performance of membrane DEAs. Therefore, this section describes a very efficient design
process of a NBS mechanism based on a pre-compressed buckled beam. The design process
allows calculating the geometry and pre-compression of a buckled beam with a desired
force-displacement characteristic. In addition, the maximum available installation space
and the yield strength of the material used is considered. This section is based on the
master thesis of Bruch [97] and conference paper [98].

The buckled beam with its dimensions (initial length [,, width w, thickness t, and

compressed length [) is shown in Figure 3.7 (a). Several approaches trying to analytically
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describe the nonlinear reaction force F (see Figure 3.7 (c)) of a centrally loaded beam
undergoing symmetrical bending modes (see Figure 3.7 (b)) have been reported in the
recent literature, for instance in [99-101]. These models are based on classic Euler-
Bernoulli beam theory, which is typically used for small deformation only and thus
neglecting the kinematic nonlinearities. This results in increased deviations between the
model and the experiment for large deformations, which are the case when using the
buckled beams as a NBS. For more accurate modeling, FE simulations can be utilized, as has
been done, for instance, by Follador et al. in [102] to design a bi-stable DEA system.

However, FE simulations are very time-consuming.

()

Figure 3.7: (a) CAD model of a beam in a flat and a pre-compressed configuration showing the
nomenclature. (b) Symmetrical bending mode at different deflections for a centrally loaded buckled
beam in-between the two stable equilibria. (c) Schematic of force-displacement plot with critical

forces and displacements marked with F€ and x¢, respectively.

Therefore, an efficient design method based on a FE simulated parameter study, which
is only performed once, is developed. With this parameter study, the influences of each
geometry parameter and the pre-compression rate c (see equation (3.6)) on the force-
displacement characteristic as well as the maximum mechanical stress of a pre-compressed

buckled beam are studied.

c=— (3.6)
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Polynomial fits of the found relationships together with a systematic and stepwise
approach allows for the calculation of the beam geometry for a given force-displacement

characteristic described by AF = 2F€ and Ax = 2x° analytically.

3.2.1 Simulation model

Apart from the geometry parameters and the material used, the actual bending mode
influences the force-displacement characteristic, too. In this work, only the symmetric ‘M’-
or ‘W’-shaped bending mode is considered, which is enforced by the central loading
condition in combination with a linear guiding causing a horizontal tangent at the center of
the beam during all bending states (see Figure 3.7 (b)) [99,100].

The FE model for the buckled beam parameter study is implemented in COMSOL
Multipysics® 5.3 by means of the solid mechanics module. A Saint-Venant-Kirchhoff model
is used, which combines a linear-elastic Hookean material behavior with a non-linear
Green-Lagrange deformation. This model cannot account for plastic deformations, which
would also cause a hysteresis in the force-displacement characteristic. This hysteresis is
undesired and therefore, the maximum occurring material stress needs to be considered
too. This stress is expressed by the second Piola-Kirchhoff stress in the simulation. A
detailed description of the FE model as well as the used boundary conditions are
documented in [97].

The FE model is validated with several experiments measuring the force-displacement
characteristic of buckled beam NBSs. An exemplary comparison of a beam with different
compression rates is shown in Figure 3.8. In addition, calculated curves based on the
analytical model of Vangbo [100] are shown. The simulated and the measured data agree
very well especially in the important region of the negative stiffness, while the analytical
model predicts a higher negative stiffness. The deviation (rounding) of the measurement
data in the region close to the critical force value is a result of the imperfections in the
measurement setup, for instance, imperfect alignment. However, the major error source is
the clamp material (3D printed material VEROCLEAR RGD810) and the clamping of the
beam itself, which deviates from the boundary condition of an infinitely stiff fixation in the
simulation. This is discussed in detail in [97] and proved by adding the clamps to the
simulation. However, the simulation gets more complex and time-consuming by adding the

clamping and thus it is not used in the parameter study.
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Figure 3.8: Comparison of the experimental (measured with low force setup described in section
2.5), simulated and analytically calculated (model of Vangbo [100]) force path of beam NBSs under
different compression rates of 0.94, 0.96, and 0.98.

3.2.2 Parameter study
For the parameter study, the geometry parameters of the beam (width w, thickness t,
and compressed length [) as well as the pre-compression rate c¢ are varied and the
corresponding force-displacement characteristic is measured. Note that the initial beam
length [, is not considered, due to it resulting in the compressed length [ and the
compression rate ¢ (see equation (3.6)). In each measurement series, just one parameter
is changed, while the others are held constant at their reference value. The range of each

parameter and the reference value are documented in Table 3.1. For the range of each
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parameter meaningful values are chosen, which allows matching the NBS size with the size
of typically used DEAs.

In the first measurement series, the compressed length [ is varied in steps of 1 mm.
Increasing it causes AF to increase, too, while As is decreasing at the same time (see Figure
3.9 (a)). For reasons of clarity, only five simulation results are exemplarily shown for each
measurement series. The results for the compression rate ¢, which is varied in steps of 0.05,
indicate that it influences AF and As in a way that the negative stiffness is nearly constant
(see Figure 3.9 (b)). When varying the thickness t in steps of 2 um and the width w in steps
of 0.5 mm only AF is changing (see Figure 3.9 (c) and (d)). It increases in both cases, while
the increase is linear for the width w. This is evident, due to increasing the width w is the
same as adding an additional NBS in parallel. In addition to the force-displacement plots,
for each parameter set the occurring stress on the beam surface (area of the highest stress)

during deformation is documented like exemplarily shown in Figure 3.10.
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Figure 3.9: Parameter sweep for (a) beam length 1, (b) compression rate c, (c) beam thickness t, and

(d) beam width w.
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Figure 3.10: Exemplary family of curves for the second Piola-Kirchhoff stress for each displacement

step during the simulation. Due to the symmetric nature of the beam only one half of it (ly/2 =

0.016 m) is considered.

3.2.3 Design method

For the preparation of the design method the whole data collected during the parameter
study in Section 3.2.2 is reduced to only three characteristic values for each parameter set
(of different ¢, [, t, and w), namely the maximum occurring stress S, AF ,and As.
S corresponds to the maximum magnitude recognized within the family of curves for the
second Piola-Kirchhoff stress on the beam surface (see Figure 3.10). Exemplary, the
reduced data set for the parameter study of the compressed length [ is shown in Figure
3.11 (a). A closer look on the characteristic values of all parameter sets reveals, that As is
just depending on ! and ¢, § is additionally depending on t, while AF depends on all four
parameters, which is also the reason for the later introduced solving order (see Table 3.1).

The design process itself is actually like solving an under-determined system consisting
of four unknowns and three equations. The NBS parameters (c, [, t, and w) represent the
unknowns, while the equations are the polynomial fits describing the dependencies of the
characteristic values S, AF, and As. Besides these values, the installation space is of major
importance for a designer. Therefore, the compressed length [ can be arbitrarily selected
(within the range of the parameter study), too. Additionally, this transfers the equations
system to a determined one and it can be solved analytically or graphically. For a better
understanding, the solving process is shown in the flowchart in Table 3.1. Within each

solving step, one unknown NBS parameter is fixed and resulting temporary characteristic
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parameters are calculated. The temporary characteristic parameters of each step are
indexed with the NBS parameter fixed in this step. These temporary values are needed to

compute the equations of the next solving step.

Table 3.1: Flowchart showing the four calculation steps for all buckled beam NBS parameters (c, |, t,
and w). Right column shows the range and reference value of the different NBS parameters used for

the parameter study.

1 0 Spnax» AF, Asy I = 15mm..35mm, [, = 25mm

(3]

¢=0,800..0,995,c,., = 0,9

t = 50pm.. 100pm, t,, = 75um

w = 2mm..10mm, w,. = 6mm

O desired features [ temporary features <C>selectable parameter [Jcomputed parameter

The design process is explained by an example, which uses the more ostensive graphical
solution process for the equation system. The whole solving process is illustrated with the
plots in Figure 3.11. In this figure the equation of As is represented by the polynomial fits
of (a) bottom and (b), of S by the fits in (a) top, (c) top, and (d), and of AF by the fits in (a)
center, (c) bottom, (e) and (f). The characteristic values are normalized to be 1 at the
reference value (e.g. 0.9 for c) of the corresponding NBS parameter in plot (b) to (f). These
normalized values, marked with the index ‘N’, are used to calculate the temporary values
based on the equation displayed at the axis and are dimensionless. In the example, a NBS
with the following characteristic values is designed:

e S,... = 1.8GPa (maximum allowed stress),
e AF=10N,
e andAs = 6mm.

In addition, the compressed beam length is chosen to be [ = 28 mm. Starting with this
value, the temporary characteristic values ( $; = 2.6347 GPa , AF, = 17.1742 N,
and As; = 8.5413 mm) are gained in the first step, utilizing the plots of the parameter
study shown in Figure 3.11 (a). To gain a high accuracy, all values are read out the

corresponding MATLAB figures. In the second step, the polynomial fit linking As and c is
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considered (see Figure 3.11 (b)). However, the chosen compressed beam length [ is
different to the reference value L,.. To consider this, As is normalized by the temporary
value As;. Because no further beam parameter has any influence on As, ¢ = 0.9475 is
obtained by exploiting the polynomial fit in Figure 3.11 (b) at the point
Asy = As/As; = 0.7. Hence, the beam compression rate is fixed to 0.9475, which is also
unequal to the reference value of ¢, the two remaining temporary characteristic values
S, = SyS, = 1.9983 GPa and AF. = AFyAF, = 13.6779 N need to be adjusted using
Figure 3.11 (c). In step three, the maximum allowed thickness without exceeding the
maximum stress $,,,, is determined. Therefore, Figure 3.11 (d) is evaluated at the
position Sy = $,,4,/S. = 0.9012, which finally solves the equation for § and a maximum
thickness of t,,, = 67.6 um is obtained. Afterwards, the actual thickness t can be
selected, depending on the available steel shims. The thickness determines the maximum
appearing material stress, which turns out to be § = §N§C = 1.5962 GPa by evaluating
Figure 3.11 (d) for a selected thickness of 60 um. According to Figure 3.11 (e) the remaining
temporary value AF, = AFyAF, = 6.9847 N is obtained, which is used in the last step to
determine the width of the beam. Evaluating Figure 3.11 (f) at AFy = AF /AF; = 1.4325
leads to a width of w = 8.59 mm. If this value is too wide for the installation space, n
buckled beams with a width of w/n can be stacked. The final NBS parameters are:

e [ =28mm,

e ¢ =10,9475,

o t=60pum,

e andw = 8.59 mm.

The maximum appearing stress at the surface of such a NBS is $ = 1.596 GPa. A
comparison with the simulated NBS shows very good agreement (see Figure 3.12).
However, the method is not able to predict the regions with positive stiffness of the NBS,
which is anyway of minor interest. If the whole NBS force-displacement characteristic is

wanted, one simulation with the gained parameters is enough.
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Figure 3.11: Graphical illustration of a stepwise buckled beam geometry determination based on

polynomial fits for the characteristic values extracted of the parameter study resulting in the values

for a) beam length, b) and c) compression, d) and e) thickness, and f) width.
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Figure 3.12: Comparison of simulated and targeted force-displacement characteristic. Crosses

indicate targeted minimum and maximum force.

3.3 Geometry dependent performance prediction and

scaling laws

In the previous chapters, the influence of the biasing elements is studied and it is shown
how to design the elements so that they match the characteristic of DEAs. However, the
DEA characteristic itself can also be influenced, which is described in this chapter, before
combining all in a holistic approach in Section 3.4. This chapter is based on the work of Hau
et al. published in the conference papers [103,104] and the journal paper [105]. The
demonstrated approaches are shown for COP-DEAs only. However, the presented ideas
can also be adapted to SIP-DEAs.

In each of the applications mentioned in Section 1.1, different specifications in terms of
stroke and/ or force are typically required. When using conventional actuation
technologies, e.g., solenoids or piezo ceramics, a large variety of solutions (see [106,107])
are readily available on the market to cope with many particular applications. In case of
DEAs, only few devices are commercially available, therefore custom-built solutions have
to be developed for each specific problem. Specifically, in order to develop high-
performance DEA systems, the designer has to understand properly how to adapt COP-
DEAs to certain force and stroke requirements. Clearly, the actuator performance depends

on the material used as dielectric (see equation (2.2) and chapter 2.3) and the chosen
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geometry. Since the number of commercially available materials is limited, the geometry is
the second parameter (besides the biasing), which can be used to tune the DEA’s
performance to the needs of specific applications. To this end, this chapter introduces a
study on how force and stroke of a COP-DEA scales with geometry. By developing and
exploiting geometry scaling laws, an effective way to predict COP-DEA’s performance is
proposed. It is worth mentioning that approaches for scaling DEA performance have been
investigated in earlier literature for diamond shape [60], tubular [108], planar actuators
[52,109] or cone actuators [110]. A relevant example is the work of Gupta et al. [109], in
which the authors propose a DEA output scaling method based on coupling springs with
various stiffness to the DEA. A low stiffness of the coupling element results in high stroke
and low force, and vice versa. However, this method does not allow individual scaling of
force and stroke, and it is limited within the performance range of a specific DEA devices.
Another relevant contribution is the work of Orita and Cutkosky [110], in which FE
simulations are used to determine the influence of the geometry onto the overall stiffness
of a cone DEA. In contrast to the mentioned approaches, the method proposed in this work,
exploits the DEA geometry to scale force and stroke output individually in a much larger
range without the use of complex and time-consuming FE simulations.

The method presented in this chapter focuses on COP-DEAs. Six different COP-DEAs
designs with different inner (ID) and outer diameter (OD) are manufactured (see Figure
3.13 and Table 3.2), and their force-displacement characteristics is measured under
different electrical loads. These DEAs are used to study the influence of the geometry on
force and stroke output, as well as the validation of a model-based prediction method. In
particular, the performance prediction is based on extracting average stress-strain data
from experimental force-displacement data (training data set), for a given geometry and
material combination (elastomer and electrode). These material data can then be used for
calculating force-displacement curves of DEAs with various sizes, based on equations that
transform strain and stress to displacement and force, respectively. The method based on
force equilibriums described in Section 3.1 can then be used to determine force and stroke
output when working against a desired load. Finally, the experimental data and the model-
based predictions are compared. The experimental data is additionally used to extract

scaling laws for COP-DEAs.
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Figure 3.13: Six DEA geometries manufactured for testing and evaluation. Three D25 DEAs (upper
row) and three D50 DEAs (lower row) with different IDs (small, medium large), respectively, are
shown. The number after the ‘D’ indicates the overall dimensions, for instance D25 names a DEA

with 25 mm edge length.

Table 3.2: Overview of the geometries of the different test specimens. Six different geometries are

tested.

ID[mm] OD[mm]

D25 DEA small 8.6 21.0
D25 DEA medium 114 21.0
D25 DEA large 13.5 21.0
D50 DEA small 8.6 41.9
D50 DEA medium 20.1 41.9
D50 DEA large 26.8 41.9
3.3.1 Performance prediction and evaluation

The presented method for the performance prediction of COP-DEAs with arbitrary
geometries is based on the assumption that the stress-strain characteristics of a given
material set (electrode and elastomer) is a geometry independent material property. Our
first goal, then, is to find some equations that allow relating force and displacement

measurements to a stress-strain description.

Strain computation
For the strain calculation, we start by approximating the deflected COP-DEA with a
truncated cone [62,111], knowing the actual shape of the membrane is more parabola like
than a straight line [112,113]. A comparison of the truncated cone (solid line) and the actual

membrane shape (dashed line) is shown in Figure 3.14 (a).
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Membrane 13
Stiff frame w/ electrode

(a)

Figure 3.14: (a) Cross-section through the deflected DEAs shown in Figure 3.13. The sketch shows
the truncated-cone approximation (straight lines) in comparison to an exaggerated actual

membrane shape (dashed lines). (b) Sketch with nomenclature for calculations.

With this approximation, the average stretch A can be defined as the quotient of [,
and [, representing the electrode-ring width in the deformed and the undeformed state,
respectively (see Figure 3.14 (b)), as follows

o
1=2 (3.7)
Lo

By applying the Pythagorean Theorem, l; can be expressed as a function of [, and the out-

’ 2

Lo

of-plane displacement d resulting in

This equation expresses an average stretch A, which is only depended on the COP-DEA’s
geometry and its displacement, while neglecting the applied pre-stretch during
manufacturing. Thus, it defines an actuation stretch, rather than an overall stretch [111].

Finally, the material average strain € can be computed as

/d2-+102

Lo

(3.9)

f=1-1= —1.

Stress computation
Stress is, by definition, the ratio between a force and an area upon which the force is
acting (assuming that the direction of the force is orthogonal to the area). For membrane
DEAs, the product of the membrane thickness and a circumference within the electrode-
ring defines this area. In addition, while deflecting the DEA the membrane gets stretched,

resulting in a decrease in thickness [104]. To calculate the thickness during deflection t,
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we assume the elastomer to be incompressible, and thus its volume Vol remains constant
during stretching [114]. This leads to the following equation

Vol = const.= Ag oty = Aerata, (3.10)
with the area of the electrode-ring A,; o (undeflected), and of the cone shell 4, 4 as well
as the starting thickness t,, and the deflected thickness t;. By recalling the equation for

the surface area of a truncated cone [114], equation (3.10) can be simplified as follows

Loty oty

ty = .
R P (3.12)

Then, the cross sectional area A on which the force F is acting on can be given as follows

loto

/dz +1,°

where 1, is the radius where the area A is calculated. Values for 1, can range from the inner

A = 2mr,ty = 2mry, 1, € [r, 7+ 1]

(3.12)

disc radius r to the radius of the outer frame (r + 1) resulting in a different value of stress
for the same force F.

The out-of-plane force F,, measured with the experiments described in Section 2.5
needs to be converted to the force F acting in the direction of the stretched membrane

using kinematic relationships (see Figure 3.14 (b)), as follows

2
By @ (3.13)

T cosa d

Finally, the stress ¢ within the elastomer membrane can be calculated by combining
equations (3.12) and (3.13) to

R LT (3.14)
2nrglotyd

The stress calculated with equation (3.14) only depends on the COP-DEA’s geometry, its
displacement, and the force needed to displace it. However, this stress is not uniquely
defined, since it actually represents the particular stress within the membrane at the
particular radius r,. Note, that this is not the case for the average strain in equation (3.9),
which is uniquely given for the specific geometry. According to equation (3.14), the stress
within the membrane decreases from the inner disc to the outer frame. FE simulations

reported in [115] show the same trend, in addition to some local effects, which are not

accounted by lumped model developed above. The stress distribution also causes the
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thickness of the membrane to increase from the inner to the outer disc and therefore the
electric field to decrease, which is visually shown by experiments in [116].

To extract a material characterization in terms of stress-strain response, we need to
choose a fixed value for 7, to calculate the average stress at a specific membrane
circumference. One possible solution, initially proposed in [114], is to use the smallest
radius (1, = r), corresponding to the point at which the highest stress occurs. This idea
accounts for the highest stress appearing in the material, and therefore it describes most
critical conditions, which is important, for instance in fatigue and failure analysis. However,
for an averaged stress calculation, such a maximum stress does not represent a suitable

guantity. In this paper, we pursue a different approach based on considering the stress at

. l . . . . .
the average radius (1, = ZT; %). With this assumption, the averaged stress is defined as

2 2
&= Fn(d” 4 lo7) (3.15)
w(2r + ly)lptod

Describing the stress by means of an average radius also has an interesting physical
interpretation. In fact, the radial stress at the average radius of the COP-DEA turns out to
be equivalent to the longitudinal stress of an equivalent pure-shear rectangular membrane,
having a length equal to [, and width equal to the average circumference c,,, calculated
in correspondence to the average radius (see Figure 3.15). Note that both geometry have

the same resulting active area.

(a)

Cin

COH t
(c) CE’ Ve

L]

Figure 3.15: Transformation of (a) the COP-DEA design to (c) an equivalent pure shear strip DEA

design with a width equal to the average circumference c,,,.. (b) The intermediate step where the

COP-DEA is just unwound into a strip DEA configuration.

Validation of modeling method
To validate equations (3.9) and (3.15) the CV experiments described in Section 2.5 are
performed for the six different DEAs of Table 3.2. We point out that the force-displacement
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characteristics may be different for each individual sample, given the same geometry, due
to manufacturing tolerance and experimental inhomogeneity. To reduce the effects of
these phenomena, at least six DEAs are tested for each geometry. A least square fit is used
to eliminate the residual viscoelastic hysteresis and to get an averaged force-displacement
characteristic for each geometry (see Figure 3.16 (a)). The calculated stress-strain curves
for all geometries mentioned in Table 3.2 are plotted in Figure 3.16 (b) measured at
constant voltage values of 0V and 2500V and at a frequency of 1 Hz, respectively. A
significant overlap is observed between data for all geometries, proving the validity of the
assumptions discussed above. However, the resulting stress for the D50 DEA small (Figure
3.16 (b), dashed lines) is lower than the ones obtained for the other cases. The reason for
this deviation are the simplifications made. Especially the truncated cone assumption error
increases, due to the relatively large [,. Nevertheless, this result proves that the equations
above can be used to calculate a generalized and geometry-independent stress-strain
behavior, for a certain material set.

18— DEA, 2500V = DEA, 2500V

1.6{|— DEA, 0V 0'9'—DEA,OV
1.4¢ i
21.2-
@ 1
5 0.8r
W 06¢
0.4r
0.2r
0 : : ' 0 : : : : : : '
0 5 10 15 0 0.050.10.15 0.2 0.25 0.3 0.35
Displacement [mm] Strain [mm/mm]

(a) (b)

Figure 3.16: (a) Averaged (number of test specimens per geometry n=6) force-displacement data for
six different geometries at 0 V and 2500 V and (b) out of it calculated stress-strain plots. The dashed
lines in (b) represent the results of the D50 DEA small, which deviates due to its high deviation from

the truncated cone assumption.

The results above suggest the possibility of predicting force-displacement data for
various COP-DEA sizes. To do so, a given material set (elastomer and electrode) needs to
be characterized to gain a set of training data for the stress-strain profile, for instance the

one obtained for D25 DEA medium (Figure 3.17, (a)). Equations (3.9) and (3.15) can then
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Figure 3.17: (a) Training data set of a D25 DEA medium used to calculate (b) geometry independent

material data using equation (3.9) and (3.15), as well as, (c) measured vs. predicted data (using

material model) for 5 different DEA sizes. Photograph of DEAs are scaled down to half of their real

size.

be used to compute a stress-strain characteristic for the given material set (Figure 3.17,

(b)). Finally, the same equations can be used to calculate force-displacement data for any

other COP-DEA geometry. Figure 3.17 (c) shows that the result of such a prediction (based
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on D25 DEA medium training data) satisfactorily agrees with the measurement data for the
other five DEA sizes studied. The predicted force-displacement curves can then be used to
test whether the COP-DEA of the chosen geometry can match the requirements (e.g.
blocking force or/ and stroke) of a certain application.

To quantify the error of the proposed prediction method for the force-displacement
characteristic of a DEA, two different scenarios are studied and evaluated with the model
introduced in the previous Section 3.1. In the first case, the blocking force at a strain of 0.25
is measured and compared with the predicted values. In the force-displacement diagram,
the blocking force is equivalent to a spring with infinite stiffness, that is, a vertical line. The
results are shown in Table 3.3. As one could already expect from Figure 3.16 (b), the largest
error (7.8%) is calculated for the D50 DEA small. All other DEAs show an error of 3.1% or

less.

Table 3.3: Comparison of measured and predicted blocking force at a strain of 0.25.

Measured [N] Predicted [N]  Error [%]

D25 DEA small 0.117 0.115 1.5
D25 DEA medium 0.126 0.126 0.0
D25 DEA large 0.138 0.135 23
D50 DEA small 0.183 0.197 7.8
D50 DEA medium 0.249 0.242 3.0
D50 DEA large 0.276 0.268 31

Table 3.4: Comparison of measured and predicted stroke for a hanging mass of 40 g.

Measured [mm] Predicted [mm]  Error [%]

D25 DEA small 0.711 0.678 4.6
D25 DEA medium 0.519 0.519 0.0
D25 DEA large 0.412 0.402 2.5
D50 DEA small 1.800 1.579 12.3
D50 DEA medium 1.048 0.961 8.3
D50 DEA large 0.657 0.643 2.2

In the second scenario, the stroke of the DEAs is estimated when the membrane is
biased with a constant load of 40 g, corresponding to a virtual spring with zero stiffness

(horizontal line) in the force-displacement diagram. In this case, the largest error (12.3%) is
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observed for the D50 DEA small, too. All other DEAs show an error smaller than 8.3% (see

Table 3.4).

3.3.2 Experimental results and scaling laws

This chapter studies how the geometry of a DEA influences its force and stroke output.
The setup described in Section 2.5 allows running blocking force measurements at different
constant strains, too. Therefore, experiments are carried out by displacing the center disc
of the DEA to a fixed value, and then cycling the voltage between 0V and 2500 V, while
measuring the force. To ensure strains of 0.1, 0.2, and 0.3, the corresponding
displacement d is calculated for each geometry using equation (3.9). As an example, the
results of such a measurement are shown in Figure 3.18 for a single D50 DEA large. The
difference between maximum and minimum force of each voltage cycle reflects the
blocking force. The data shows that the blocking force as well as the viscoelastic creep of

the material increases with the applied strain.

8, 2 N 7a) FAN

‘Usl ALY N\ FAAN VALY FARY FAAY 7\ L\

s P 00 2 I W A W W S W Y A W A

= 7NN T X, NN,

O'—'Of 4 7 AV / / / A

> T T T

—D50 large € = 0.1

0.35 — D50 large £ = 0.2
0.3

A D50 large € = 0.3

) i
302 e
S I I I T T T T
\NFARARTANIA
\WAYVAVRY/A
VAL ZRVARVAR
0 1 2 3 4 5 6 7 8
Time [s]

Figure 3.18: Results of blocking force measurements for a single DEA (D50 large size) at different

strain levels for triangular input voltage.

To find a correlation between geometry and blocking force, the force data for all
geometries and strains is plotted over the ratio between ID and OD in Figure 3.19. The
figure shows an increasing linear trend for the blocking force vs. ID OD™. The force value is

also larger for higher strain levels. Note also that, for the data corresponding to highest
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ratio ID/OD, the D50 DEA shows the double of the blocking force observed in the D25 DEA

case. All these results indicate a strong relationship between DEA size and blocking force.
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Figure 3.19: Results of blocking force measurements for all DEAs of Table 3.2 at three different strain
levels. Plotted quantities represent mean values (n=8) with error bars and linear regression line. The
three data points for each data set represent the different inner disc diameters: small, medium large

(left to right).

According to the analysis carried out in previous Section 3.3.1, the scaling factor
between force and stress is proportional to the area on which the force is acting. This area
is defined by the average circumference c,,,, and the actual membrane thickness. Since the
thickness of the membrane solely depends on the strain and its initial thickness (see (3.9)
and (3.11)), all DEAs stretched to a certain strain exhibit the same thickness. Therefore, the
resulting area on which the force is acting on only differs because of the average
circumference ¢,y that, in turn, is the main factor that influences the blocking force. Figure
3.20 shows a boxplot containing the data of all six geometries, grouped by the strain level
and the overall DEA size. The blocking force is normalized with respect to the average
circumference ¢,y and is plotted on the y-axis. As indicated by the notches in the boxplot,
there is no significant difference between the samples of D25 and D50 DEAs (for a given
strain level). This result validates the assumption that the average circumference ¢4,
determines the blocking force of a COP-DEA. This result agrees with the scaling behavior of
planar actuators proposed in [52], when assuming the average circumference to be the

width of an equivalent pure shear sample (compare Figure 3.15).

55



Chapter 3

[N/mm]
w
+

ave
NN
[*)]

2.4} % '
2| = Z :
Se= :

Strain: 0.1 0.1 0.2 0.2 0.3 0.3
DEA size: D25 D50 D25 D50 D25 D50

Blockingforcel/c
[ N N § (]
RN

1

Figure 3.20: Boxplot showing the blocking force normalized on the average circumference cg,,

grouped by the two different DEA sizes at three different strain levels. Sample size for each box n=18.

Similar correlations are observed when studying the stroke output of the DEAs. The
stroke output of a DEA, in a pure shear configuration, mainly depends on the length of the
DEA, that is, the electrode-ring width [,. In a first step, a constant load is applied for each
DEA geometry, which displaces the specific DEA to a certain strain level at zero volts.
Afterwards, the method described in Section 3.1 is used to estimate the stroke when a
voltage of 2500 V is applied. When plotting this stroke over [, one observes again a linear
relationship, which is slightly strain dependent (Figure 3.21). Therefore, [, has the major

impact on the stroke of a COP-DEA.
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Figure 3.21: Estimated stroke at two different strain levels for all six different DEAs over electrode-
ring width l,. Marker indicate mean values (n=6). Error bars are neglected because they are smaller

than the marker.
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These results can be translated into laws describing how stroke and force scale with
geometry. If the outer diameter stays constant, the force increases with increasing inner
diameter, while the stroke decreases (Figure 3.22 (a)). Stroke and force increase with
increasing outer diameter, if the inner diameter stays constant (Figure 3.22 (b)). The stroke
stays constant and the force increases, if the outer and the inner diameter increases,

while [, stays constant (Figure 3.22 (c)).
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Figure 3.22: Scaling laws for stroke and force output of COP-DEASs: (a) for constant outer diameter,

(b) constant inner diameter and (c) constant electrode-ring width.

3.4 Application-driven actuator system design

The previous sections 3.1 and 3.3.2 presented the influence of the biasing mechanism
and the DEA geometry, respectively, on the actuator system performance. However, there
are two additional ways to influence the force output of a DEA. The first one can just be
used to increase the force difference of a DEA system by increasing the Young’s modulus
of the elastomer used. Figure 3.23 (a) shows the linear approximated forces of two exact
same DEAs but the Young’s modulus of material 2 is twice as high. The Maxwell pressure is
independent of the Young’s modulus, and thus the gap between the HV and LV curves stays
constant. By adjusting the NBS to both materials the same stroke can be achieved but the
force difference is about to be doubled. This method is just mentioned for the sake of
completeness, because it is still just a theoretical option, due to the absence of
commercially available silicone films with different Young’s moduli, and it just increases the
force difference and not the force output of the DEAs. The second and more useful way is
to stack DEAs [62,117]. This allows increasing the work area as well as the force difference
linearly with the number of layers. This is again experimentally proven with three stacks of
three, six, and nine D75s DEA modules (described in Section 4.2.1) and the results are

shown in Figure 3.23 (b). One can easily see the linear increase.
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Figure 3.23: (a) Scaling of the force difference by choosing materials with different Young’s moduli
and adapting the NBS. Material 2 is chosen to be stiffer than Material 1 and the Maxwell pressure
is assumed constant. (b) Increasing the work area as well as the force difference by stacking multiple

DEAs. The blocking force AF is measured at 5 mm displacement.

The above presented (see Section 3.3.2) scaling laws allow for the introduction of a
design routine to adapt DEA systems for specific applications. This approach allows one to
design actuator systems for arbitrary loads, in contrast to a similar approach of Berselli et
al. [62], which is just for the design of constant force actuators. The presented design
routine focuses on but is not limited to actuator systems consisting of a DEA (SIP or COP)
and a biasing with negative spring-rate, i.e. a NBS coupled with a linear spring. It allows
defining the DEA and NBS geometry as well as the characteristic of the linear spring. In
addition, the mechanical design parameters, such as offsets and spacers between the
elements as well as the pre-compression of the linear spring can be calculated using the
modeling approach introduced in 3.1. In general, the design process consists of the
following steps (see also Figure 3.24):

1. Characterize load in terms of force and stroke.

2. Choose DEA type: Typically, SIP for high-stroke and COP for high-force
applications.

3. Define DEA geometry: Maximize outer diameter (COP)/ width (SIP) in accordance
with the constrictions of the applications. Choose inner diameter (COP)/ length
(SIP) based on material parameters, such as maximum allowed strain and

breakdown voltage, to match stroke requirements.
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This step determines the maximum stroke and force output of a single DEA
element.

4. Calculate needed number of DEAs to match the force requirements.

5. Define the force-displacement characteristic of the biasing mechanism to match
the DEA stack with the load and the desired stroke.
This determines the geometry of the NBS and the stiffness of the linear spring as
well as its pre-compression.

6. Calculate all offsets and spacers of the single elements.

The whole process could be iterative and the steps three to six might be repeated to find

the best solution.
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Figure 3.24: Design process of a DEA system to match a specific load.

Now the whole process will be explained using the example shown in Figure 3.25 (a).
The same actuator system, which is introduced in the example in Section 3.1 (see Figure
3.3), is used and coupled with a load. The exemplary load consists of a push rod, which is
loaded with a pre-compressed linear spring. The characterization of the load (step 1) is
sketched in Figure 3.25 (b) and the gained force-displacement characteristic including the
desired stroke As is shown in Figure 3.25 (c). This information allows defining the kinematic

relationship for the load as follows:
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X, = —X. (3.16)
This equation, together with the equations (3.1) to (3.3), completes the kinematic relations
for the whole system (shown in Figure 3.25 (a)), which later allows to calculate all offsets
and spacers. To solve the actuation problem, the force equilibrium needs to be considered,
in addition, which is given by the following equation:
Fp —F, = —Fs — Fy. (3.17)

The forces are sorted that the DEA and load force are on the left and the biasing forces are
on the right side of the equation. This sorting helps in the following design process to

determine the number of DEA layers and the biasing characteristic.
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Figure 3.25: (a) Sketch of the DEA system and a load. The sketch also contains the FBD and the global
coordinate system. (b) Sketch of the measurement setup for characterizing the load and (c) the

corresponding force-displacement characteristic with the desired stroke As.

In the example, the COP-DEA design is chosen (Step 2). Besides the force and stroke
requirements, the decision for the DEA type can also be influenced by the installation space
requirements of the application.

With the information of the desired stroke, the method explained in Section 3.3 can be
used to determine the DEA geometry (step 3). As mentioned, the maximum stroke is
dictated by the ring width [, and the material depended maximum allowed stretch A,,,4,-
The breakdown field needs to be considered, too, due to the thinning of the elastomer
during stretching. The electrode-ring width [, needs to be chosen to fulfill the following

inequality, which is derived from equation (3.8):

2
NCERa (3.18)
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The displacement d in this case is considered as the sum of the desired stroke As and a
minimum displacement of the DEA. This minimum displacement is needed separate the LV
and HV force curves of the DEA and is described by x;, — Op , in Figure 3.26 (b), which
shows the graphical solution of equation (3.17). Now the geometry of the DEA can be
defined. The outer diameter of DEA is limited by the space requirements of the application
and should be chosen as large as possible, while the inner diameter needs to be smaller by
a factor of 2 - [,. The geometry also determines the work area of a single DEA, which can
be calculated with a set of training data using the approach described in Section 3.3.1.

In the next step (step 4), the needed number of DEAs, which need to be stacked, is
determined. For this purpose, the graphical solution in Figure 3.26 (b) is examined. This
figure shows the sum of load and DEA forces (at LV and HV; individual forces shown in
Figure 3.26 (a)) acting against the biasing mechanism. This plot is important for the system
designer. At least so many DEAs need to be stacked that the curves at LV and HV are
completely separated. Additionally, an arbitrary mirrored-N-shaped biasing curve needs to
fit within the work area and it needs to intersect the LV curve at a desired x-value x;;; and
the HV curve at xyy (see Figure 3.26 (b)). This defines the biasing mechanism (step 5). The

resulting stroke of such a system equals xy; — x;,, which should be equal to As.
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Figure 3.26: (a) Individual forces of the load, a single DEA at HV and LV and a stack of four DEAs.
(b) Graphical solution for equation (3.17) of the actuator system shown in Figure 3.25, which is

useful for designers of actuator systems.

Then the arbitrary biasing curve is used to gain the important parameters for designing
the biasing mechanism. The first parameter is the pre-compression force of the spring AFs,
which is the offset of the origin of the arbitrary biasing curve (see Figure 3.27 (a)). Then the

stiffness of the biasing mechanism between the minimum and the maximum is used to
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determine the stiffness of the NBS ky; in this region and of the spring ks with the following
equation:

AFsy (3.19)
= ks + ky.
AXSN s + N

Note that kj is negative and its absolute value needs to be larger than kg, which is positive.
This actually allows choosing any value for the spring and the NBS stiffness as long as the
absolute value of the sum equals the stiffness of the biasing mechanism shown in Figure
3.26 (b) and Figure 3.27 (a). However, meaningful values for the spring stiffness should be
selected, which means that a spring fulfilling the requirements is commercially available.
Besides the stiffness, which should be chosen as low as possible, it is important that the
spring could be compressed enough to generate the needed force AFs and is still able to
be further compressed by Axgy /2. With the NBS stiffness ky and the distance between the
minimum and the maximum force of the biasing mechanism Axgy, the NBS is fully defined.
Based on the design process introduced in 3.2 all relevant parameters of the NBS, such as
length, width, thickness, and compression can be calculated. Finally, the offsets and spacers

of the whole system can be calculated using the equations (3.1) to (3.3) (step 6).
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Figure 3.27: (a) Arbitrary biasing force and (b) the graphical solution for equation (3.20) of the

actuator system shown in Figure 3.25, which is interesting for the customer of actuator systems.

Besides the force equilibrium shown in Figure 3.26 (b), which is used for the design
process, there is an additional interesting one. This equilibrium can be written as:
F, =Fp,+Fs+ Fy (3.20)
This one combines all actuator forces and equates them with the load. The result is shown

in Figure 3.27 (b). It shows the work area of the whole actuator system, and thus it is more
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interesting from a customer point of view. The actuator system is able to drive all loads,

which fit into the work area of the actuator system.

3.5 Conclusion

Chapter 3 studies the main factors that influence the force and stroke output of a DEA
system, namely the biasing elements and its geometry. Due to the biasing elements are
already intensely studied by other scientists, their influence is just summarized and the
focus is on the design of buckled beam based NBSs. The design process is based on a
parameter study, which needs to be performed only once. Afterwards, the buckled beam
design parameters for a NBS with a desired force-displacement profile can be analytically
calculated. The deviations in the force profile in comparison to time-consuming FE
simulations are negligibly low, which has not been achieved by any other analytical method
published, yet.

For the DEAs the focus is on the geometry. Therefore, a systematic approach to predict
the force-displacement characteristic of COP-DEAs with arbitrary geometries is proposed.
The method is based on extracting a material characteristic (in terms of a stress-strain
behavior) from a set of training data, which is then used to calculate the force-displacement
characteristic for different COP-DEA geometries. The method is validated in two different
prediction scenarios: blocking force and stroke of various geometries. The prediction errors
for stroke and blocking force are not larger than 8.3% and 3.1%, respectively. Additionally,
measured and predicted force-displacement plots are compared and show good
agreement. Since this method relies on simplified assumptions for the state of deformation
of the membrane, that is, the membrane deforms as a truncated cone, the error increases
as the deformation becomes less ideal, namely in case of larger electrode-ring widths.
Nevertheless, this method is much faster than FE simulations and the errors are still in an
acceptable range.

In addition, this study has shown that the stroke output of COP-DEAs mainly depends
on the electrode-ring width and that it increases linearly with it, while the force scales
linearly with the average electrode-ring circumference. These two parameters can be used
to scale stroke and force output of COP-DEAs individually. This method can also be

transferred to other DEA geometries, for instance SIP-DEAs.
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Finally, a systematic and application-driven design process for DEA systems is
developed. It is based on a graphical method to model the performance of DEAs in
combination with mechanical elements, which is related to the basic methods used by
other scientists, such as [34,40,93,94]. However, for the first time a holistic approach,
which includes also the design of the individual elements, is demonstrated in this work. The
graphical method, in combination with the findings about the scaling laws of DEAs and the
NBS design process, can be used as a powerful design tool for DEA actuator systems. As a
result, all relevant information, such as DEA, NBS and spacer sizes as well as offsets, to build
an actuator system can be calculated. Designers can use the proposed design process to
adapt DEAs to certain applications without using complicated and time-consuming FE
simulations as well as low testing and prototyping effort.

Future work can focus on the integration of inertial and acceleration forces into the

design process to allow also a dynamic analysis of the system.
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This chapter demonstrates the abilities of the design process, which is introduced in the
previous Section 3.4, by designing a DEA system with outstanding performance. For the
first time, the force output of membrane DEAs is increased approximately by a factor of
200 to the 100 N level, while maintaining a compact overall size, due to an innovative
biasing concept. The chapter includes results of and is based on the conference papers
[118,119] as well as the journal article [120].

Pushing the force limit of DEAs is important to make them useful for several applications
like valves or brakes, to name just two. Therefore, it is interesting to research high-force
DEAs. This chapter starts with an overview of different state-of-the-art DEA concepts with
high-force output (Section 4.1) to classify the later presented results of a novel high-force
DEA system. Afterwards, the concept and the design of such a compact DEA system for the
100 N level are presented in Section 4.2. This paragraph also includes the characterization
data of the different components (DEAs and biasing mechanism) as well as data for the

final prototypes.

4.1 State-of-the-art high-force actuation

Many different DEA configuration have been proposed in the recent literature and the
ones with the highest force output are collected and are introduced within this section. All
subsequently introduced examples for actuator configurations have different designs,
geometries, and use different materials, which influence their performance. For example,
a look on equation (2.2) for the Maxwell pressure already shows the importance of the
material dependent relative permittivity, which linearly scales the force output. The
actuator systems subsequently introduced use silicone, acrylic (VHB4910) or polyurethane
with a relative permittivity of 2.8 [45], 4.7 [43] and 7 [45], respectively. The reader should

keep this in mind, when comparing the performance of the different actuators. Therefore,
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the following paragraph should give an overview of actuator configurations and their
absolute performance to help the reader classifying the presented research.

The first actuator configurations discussed are stack actuators, which are already
introduced in Section 2.2.1. Maas et al. [45] manufacture a silicone and a polyurethane
based stack DEA generating forces up to 4 N and 10 N, respectively, and a stroke of 350 um
(3.5% of original length). The 2.5 times higher force of the polyurethane actuator is directly
related to the 2.5 times higher relative permittivity. Kovacs et al. [47] presented a similar
actuator (with approximately 400 layers) based on an acrylic elastomer capable of lifting
2.1 kg approx. 2.5 mm (10% of original length). Due to the use of the thickness compression
for actuation only, the stroke of stack DEAs is quite limited. A different actuator design for
generating high forces are roll actuators described in Section 2.2.3. Pei et al. [70]
introduced an enhanced version of this type, where the DEA film is wrapped around a
spring. They achieve 21 N and a stroke of 10 mm (23% of active length) with an acrylic
elastomer (VHB4910). The third DEA type are membrane actuators (see Section 2.2.2).
Kofod et al. [43] reported for a rectangular uniaxial strained sample a blocking force up to
6.6 N using an acrylic elastomer. A special configuration of the membrane DEAs are the
COP-DEAs, which generate an out-of-plane movement. Wang et al. [115] proposed such an
actuator based on an acrylic elastomer with a stroke of 17 mm and a maximum blocking
force of 5 N when three layers are stacked, which is already relatively high in comparison
to the typical force output of COP-DEAs, which is in the hundreds of millinewton-range.

Simulation results using the model of Rizzello et al. [65] and studies of the geometry
influence on the performance (stroke and force output) of membrane actuators (see
Section 3.3) show the potential to push the silicone-based membrane DEA technology from
the hundreds of mN-range up to the 100 N level and above. The development of a DEA

system prototype, proving this forecast, is described in the following Section 4.2.

4.2 Design and characterization of a high-force

actuator system

In this section a novel DEA system integration concept is described, which allows a very
compact overall size accompanied by high-force generation. The feasibility of the concept

is shown with the assembly of two prototypes. However, before the assembly the single
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components of the actuator system are characterized to perfectly match them together.
Finally, two versions of the high-force DEA system are manufactured and their performance
is recorded. The first system is capable of lifting 10 Kg, while the second one is designed to

act against a spring load generating a force of 87 N.

4.2.1 Actuator system concept and manufacturing

The actuator system mainly consists of three parts: Membrane DEA stack, biasing
mechanism and casing. The goal of this work is to combine these elements in a very
compact way to an actuator system with high force output. Therefore, the systematic
approach described in Section 3.4 is used. It starts with the characterization of the load,
which can be done analytically for a mass and a spring. Both force characteristics of the
loads are represented by a straight line, which is horizontal for the mass and has a slope of

the spring stiffness for the spring load (see Figure 3.6 (a) and (b), respectively).

Membrane DEA design and manufacturing

For the contemplated actuator system, a modified version of the COP-DEA design
(shown in Figure 3.13), which is better suited for high-force applications, is developed.
Selecting the DEA type already finishes step two of the design process. The DEAs are
manufactured utilizing the 50 um silicone Wacker ELASTOSIL® film for the elastomer layer
and a mixture of silicone and carbon black for the compliant electrodes. The frame is
manufactured with epoxy material, which similarly to the electrode applied via screen-
printing with the process described in Section 2.4.

The next step in the design process is the selection of the DEA geometry. As shown in
Section 3.3 the stroke of such a DEA is dictated by the electrode-ring width, while the force
increases with the average electrode-ring circumference. Equation (3.18) can be used to
calculate the electrode-ring width [, based on the following constrains:

e The material strain induced by the deflection of the DEA’s center disc should be
smaller than 1,4, = 30%, due to its biaxial nature as well as the pre-stretch of
20% applied during the manufacturing.

e At rest of the actuator system, the DEA’s center disc needs to be deflected

already to separate the low and high voltage curve. This pre-deflection is
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indicated by x,, — Op , in Figure 3.26 (b) and should cause approximately 5%
strain in the material.

e A stroke of approximately 3 mm should be achieved with these prototypes.
Therefore, the electrode-ring width is chosen to be 7.5 mm (based equation (3.18)), which
allows a DEA’s center disc displacement d of 5.5 mm (3 mm stroke and 2.5 mm pre-
deflection). For a compact overall size the maximum DEA size is chosen to be 75x75 mm?,
which dictates the outer diameter to be 65 mm (additional space for the frame needed)
and the inner diameter to be 50 mm. Defining all geometric parameters also determines
the maximum force output per DEA layer. Figure 4.11 shows the predicted DEA curves

(using the method of Section 3.3.1) and compares them with real measurements of such a

DEA.
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Figure 4.1: Comparison of predicted and measured force-displacement characteristic of a DEA with
ID=50 mm and OD=65 mm. The prediction is based on the training data set of a nine times smaller

DEA shown in Figure 3.17 (a).

As mentioned in Section 3.4 the force output of a DEA system can be increased by
stacking several membranes. The force scales linearly with the number of layers [62] (see
also Figure 3.23 (b)). Therefore, a folding process after the screen-printing is introduced to
manufacture double-layer DEA modules.

In addition to doubling the force, folding has two more advantages. First, it reduces
manufacturing effort, due to the frame material just being printed onto one side of the

silicone film (see Figure 4.2 (a) and (b)). Second, after folding, the high voltage electrode is
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in the center of the DEA module (see Figure 4.2 (c) and (e)) and thus shielded by the ground
electrodes on top and underneath. Additionally, only three printed electrode-layers are

needed for the double-layer module.

(e) ()

Figure 4.2: (a) CAD picture of the outside with the low voltage electrode (blue, which is partly
covered by the frame (brown) and (b) corresponding photograph. (c) CAD picture of the inside with
the high voltage electrode (red) and (d) corresponding photograph. (e) Fully printed DEA before
folding with blocked out center disc. (f) Folded double-layer COP-DEA module with coper

terminations for a low-resistive electrical interconnection.

For a low-resistive and planar electrical connection to the individual electrode-layers,
copper tape is applied as electrical terminations during the folding process (see Figure
4.2 (e) and (f)). The copper terminations are also used to interconnect the individual DEA

modules by simply stacking them on top of each other and subsequently clamping the
69



Chapter 4

whole unit (see Figure 4.3). This allows for a very low-resistive electrical connection to all
DEA modules, which also reduces lifetime problems, which occur, e.g., when punching a
pin through stacked layers [80].

Another important feature of the DEAs is the empty area of the center disc (see Figure
4.2). This area opens up an opportunity for compact integration of the biasing mechanism,

which is described in the subsequent section.

Copper
termination

A

Figure 4.3: Electrical connection of DEA modules within stack via applied copper tape. Stack is

already mounted into the casing shown in Figure 4.9.

Biasing mechanism

As mentioned before, the COP-DEAs need to be biased to generate a reasonable stroke
and force output (see Section 3.1). The best results are gained by a combination of linear
spring (LS) and NBS [95]. Only this combination allows to match the characteristic of the
DEA module stack as well as the load characteristic.

A buckled beam mechanism is chosen to design the NBS. The mechanism is actually
made of a metal cross (see Figure 4.4 (a)), which represents two buckling beams rotated by
90° to each other. The metal cross, which consists of a laser cut hardened spring-steel
1.1274 (C100S) is inserted into a slightly smaller compression-frame (Figure 4.4 (b)) and
clamped afterwards. The compression causes the center of the metal cross to buckle out,
resulting in a bi-stable biasing element with a region of negative spring-rate in-between the
two stable out-of-plane buckling positions (exemplary force-displacement data is shown in
Figure 4.5 (b)). To calculate a compression rate, only the active beam length [, is

considered (see Figure 4.4 (a)). For example, a compression of 96% means that the distance
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between the center-clamp and the edge clamping of the NBS is equal to 0.96 times [,. Note

that [, in this case corresponds to [, /2 in the NBS design routine of Section 3.2.

25.4mm

e
o

2.5mm

254 mm N

(a) (b)
Figure 4.4: (a) Laser cut spring steel cross, which is used as a NBS when constrained in a (b)
compression-frame (prototype made of Delrin®) with smaller outer dimensions. The frame can

house a stack of metal crosses.
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Figure 4.5: (a) Cross-section of a bended beam with resulting tension (red) and compression (blue)
stress. (b) Comparison of a NBS made of stainless steel (1.4310 (X10CrNil18-8), yield strength
195 MPa, Young’s modulus 200 GPa [121]) and one made with hardened spring steel (1.1274
(C100S), yield strength 2000 to 2200 MPa, Young’s modulus 210 GPa [122]). Both are geometrically
identical (geometry shown in Figure 4.4, thickness 100 um) and are mounted into a 96%

compression-frame.

The negative spring rate of such a NBS is influenced by several parameters, for instance
beam width, beam thickness, or compression (see Section 3.2). The beam width influences
the force difference between the minimum and the maximum linearly, while the thickness
has an exponential influence, and thus it is the parameter to be increased for generating
high forces. However, there is a limit for the thickness, due to potentially high tension and

compression stresses during the bending deformation of the metal beams. This stress
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increases linearly with the distance from the neutral axis of the beam (see Figure 4.5 (a))
and should be lower than the yield strength of the material, which is in the range of 2 to
2.2 GPa [122] for the used spring steel. Exceeding the yield strength results in plastic
deformation causing a dramatically reduced lifetime as well as an increase of the hysteresis
in the force-displacement characteristic of the NBS. Additionally, the energy dissipated in
the hysteresis causes a reduced force-difference. The measurement of two geometrically

identical NBSs, shown in Figure 4.5 (b), shows these effects.
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Figure 4.6: Top: Force-displacement characteristic of metal cross stacks with different numbers of
metal-crosses (geometry shown in Figure 4.4, thickness 100 um, and compression-frame 97%).
Bottom: Normalized (divided by the number of stacked NBS) force data showing an increase of

hysteresis as well as a decrease of the force difference, when metal crosses are stacked.

To avoid exceeding of the yield strength even for the spring steel, several thin metal
crosses need to be stacked to achieve high force differences. Figure 4.6 (top) shows the
result for several stacks from one to 12 metal crosses. Normalizing this data with the

number of stacked metal crosses reveals that the negative stiffness increases linearly with
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the number of stacked metal crosses. In addition, the hysteresis increases and the force as

well as the displacement difference between the extrema decreases slightly.
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Figure 4.7: (a) Cross-section of two stacked beams. The two beams are intended to have the exact
same curvature (R1=R2) to create the intended force. However, they block each other when bending
(hatched area), which is resulting in the different curvatures (R1<R3). (b) Comparison of three NBSs
made of 12 stacked metal crosses (geometry shown in Figure 4.4, thickness 100 um, compression-
frame 97%) with 50 and 100 um thick spacers as well as without spacers. (c) Inset (1) shows that
the hysteresis close to the origin is slightly smaller with spacers. (d) Inset (2) also indicates a slightly

reduced hysteresis, while there is no trend for the minimum achieved force.

One possible reason for the increased hysteresis when stacking multiple NBS elements
is increased friction during bending (see Figure 4.7 (a)). Therefore, the influence of spacers
in the clamping area of the metal crosses to separate them is studied. Figure 4.7 (b) shows
comparative measurements of NBSs consisting of metal crosses stacked and separated
with 50 and 100 um thick spacers as well as without spacers. However, the differences
between the three stacks are small. The ones with spacers exhibit a slightly smaller

hysteresis (Figure 4.7 (c)). No clear trend for the force difference is visible (Figure 4.7 (d)).
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Due to the hysteresis being sufficiently low in all cases and given that the stiffness can be
adjusted with the LS, this effect is neglected.

For the LS of the biasing mechanism, a combination of two linear compression springs is
chosen. Two springs allow to better fine-tune the overall stiffness with commercially
available springs and to achieve a smaller blocking length, while maintaining high pre-
compression forces. The two springs have different diameters so that the smaller one can

be placed within the larger one, to achieve a high compactness (see Figure 4.8).

LS

LS guidance
Compression disc

Adjustment screw

Figure 4.8: Photograph and CAD model cross-section of an assembled biasing mechanism with two

compressed LSs.

At the final version of the biasing mechanism, the compression-frame is made of
aluminum instead of plastic to avoid material creep (see Figure 4.8). The whole biasing
system can be assembled as a standalone subsystem. First, the metal cross stack with
spacers is clamped between the NBS clamp top and bottom part, which is held together by
four M2 screws. The center of the metal cross stack, the NBS stop, and the NBS mount is
bolt together with a M2 screw, which is mounted into the threaded NBS connector. This
subassembly forms the NBS. The NBS is then mounted together with the adjustment screw,
which is a M6 set screw. In contrast to typical NBSs of this type the center of the NBS stays
fix, while the NBS clamping frame is now allowed to move up and down between the two
stable positions (indicated by blue arrow in Figure 4.8). This is important for the compact
overall design, because the NBS clamp is later connected to the DEAs. Finally, the two LSs
are mounted underneath the NBS and are compressed with the LS compression disc. The
compression disc can be threaded up and down on the adjustment screw to fine tune the

LS compression. Two LS guides, a disc with a groove for each of the LSs, ensures they are
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properly centered to avoid an unbalanced/ tilted system. The NBS stop, on top of the
biasing mechanism, limits the upwards movement of the NBS by acting as a hard stop for
the bottom part of the NBS clamp. This is necessary to prevent the NBS from being

damaged by the pre-compression forces of the LSs.

Overall system integration

Finally, the biasing mechanism and the DEA module stack need to be combined into an
actuator system. Figure 4.9 shows a CAD model and a photograph of the assembled system,
where the biasing mechanism is mounted in the center hole of the DEA module stack for
compactness. The overall actuator system has a size of 86x86x25 mm? (incl. casing). The
outer frames of the stacked DEA modules are bolted down with the aluminum actuator cap
(see Figure 4.10 (a)), which is covered by a 3D-printed electrical insulation. The insulation
is added to insulate the casing just in case of malfunction. The center screws in the front
and the back are additionally used to fix the reinforcement bar made of steel, which carries
the biasing mechanism. In the front of the actuator, the copper terminations of the
individual DEA modules are exposed to make a contact with the power supply. In the
photograph (Figure 4.9 (b)), one can see three of the four tappet screws, which connect

the biasing mechanism to the center frame of the DEA modules via the DEA tappet (see

Figure 4.10).
Cap Cap insulation NBS stop DEA
) P m )" )
SAETEE ' Tappet screws

5
I

Electrical terminations

of stacked DEASs einforcement bar Casing solationcap L

(a) (b)
Figure 4.9: (a) CAD drawing and (b) photograph of the assembled actuator system with an overall

size of 86x86x25 mm?.
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The mechanical interaction for the desired performance is shown in a sketch in Figure
4.10 (b). The biasing mechanism force must be balanced with the force of the partly
deflected DEA module stack. This can be achieved by adjusting the position of the biasing
mechanism relatively to the DEA module stack (Figure 4.10 (a) and (b), yellow arrow) and
by adjusting the LS pre-compression (Figure 4.10 (a) and (b), green arrow), respectively.

The cross-section in Figure 4.10 (a) shows how the mechanical interaction between the
biasing mechanism and DEA module stack is realized. The adjustment screw of the biasing
mechanism is used to mount it onto the reinforcement bar as well as to adjust the position
relatively to the DEA module stack (yellow arrow). The casing made of Delrin® covers the
reinforcement bar and thus insulates it from the DEA electrodes in case of a malfunction.
The DEA tappet (made of Delrin®) is connected to the NBS clamp via four screws and

deflects the inner frames of the DEA module stack out-of-plane.

(a) Outer DEA frames LS Inner DEA frames

DEA tappet Reinforcement bar Adjustment screw

(b) |
|

DEA é LS

Figure 4.10: (a) CAD model cross-section of the actuator system showing the integration of the
biasing mechanism into the blocked out center of the DEA module stack. (b) Sketch showing the
mechanical interaction of the DEA stack, NBS, and LS. The yellow arrow in (a) and (b) indicates the
possible offset adjustment of the biasing mechanism relative to the DEA stack, while the green

arrow shows the possibility to adjust the LS pre-compression.
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4.2.2 Characterization of components and actuator

system performance

Two different actuator systems are designed and their core components are
characterized. One is designed to act against a dead load of 100 N, while the other one is

acting against a spring load. Finally, the performance of both systems is evaluated.

Weight lifting actuator

For the first system a stack of ten DEA modules is chosen to have a big enough gap
between the low and the high voltage curve (step 4 of design process shown in Figure 3.24).
The corresponding force-displacement curves are shown in the designer plot (Figure
4.11 (a)) with the offset of the load (100 N). Afterwards an appropriate biasing mechanism
with a stiffness of kgy = —7.7 N mm™! (sum of linear spring and NBS, see equation (3.19))
and a stroke of Axgy = 3 mm needs to be designed to fit between the low and the high
voltage DEA curves (step 5 of the design process). A single NBS element, which is suiting
the installation space and does not exceed the yield strength of the material, is not capable
of giving such a high negative stiffness. Therefore, the strongest one is designed using the
method of Section 3.2 and needs to be stacked afterwards. The geometry of the metal
crosses with a thickness of 70 um is shown in Figure 4.4 (a). To form a NBS, it is mounted
into a 96% compression-frame. Stacking five of them, separated by 70 um thick spacers,
results in a NBS stiffness of approximately ky = —10.2 Nmm™!. To reach the desired
stiffness and to be able to generate the needed force offset AF; =~ 121 N (see Figure
3.27 (a)) the NBS is combined with two linear springs (with a stiffness of 1.36 and
1.1 N mm?, respectively) to form the biasing mechanism with the characteristic shown in
Figure 4.11 (a). This figure can also be used to solve the force equilibrium equation (3.19)
of the design process. The shift of the biasing mechanism curve can be used to calculate all
individual offsets using the kinematic relations of equations (3.1) to (3.3) of the design
procedure (step 6), for instance, the offset Oy, of the NBS relative to the DEA. The
stroke As = xyy — xy of this actuator system is estimated to be 3.55 mm (see Figure

4.11 (c) and (d)).
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Figure 4.11: (a) Designer diagram showing the equilibria of F; + F, = Fs + Fy and (b) customer
diagram showing the equilibria of F; = F, + Fs + Fy. Red and blue curve are calculated with the
data plotted in (a) and the green ones are the corresponding actuator forces measured at the
assembled actuator. The individual forces of the two diagrams are measured with the high-force
setup. (c) Inset 1 showing the intersection of the low voltage curve and the biasing in the designer

diagram and (d) inset 2 showing the intersection with the high voltage curve.

Figure 4.11 (b) shows a comparison of the calculated actuator force F; (blue and red)
and the corresponding measured ones (green). The calculated actuator force F, is
computed with the equation F; = Fp + F5 + Fy (compare to equation (3.20) of the design
process) for zero (blue) and 2.5 kV (red). For the calculation, the data plotted in Figure

4.11 (a) is used. The measured actuator force is recorded with the high-force setup
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(described in Section 2.5) at the assembled actuator system at 0 and 2.5 kV applied. Both,
the calculated and the measured actuator force, show good agreement and hint to a
resulting stroke of about 3.4 mm. The smaller hysteresis of the measured actuator force is
a result of the smaller displacement range of the DEA during the measurement (4 mm
instead of 5.5 mm in the individual force characterization). The lower estimated stroke is a
result of imperfections (for instance adjustment of spacers and tilting of individual

elements) in the assembly in comparison to the individual measurements.
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Figure 4.12: Photograph of the actuator system with the 10 kg load on top. The load is guided with

a linear bearing (top center of photograph) to prevent it from tilting.
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Figure 4.13: Displacement response of the high-force actuator working against a dead load of 10 kg

for a square voltage input signal.
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After the individual component characterization, the system performance when
working against the mass of 10 kg is measured. To prevent the load from tilting it is guided
by a linear bearing (see Figure 4.12). The displacement response of the system on a voltage
jump from 0 to 2.5 kV is shown in Figure 4.13. After an overshoot to 3.5 mm a steady state
displacement of 3.1 mm is achieved, which is close to the prediction made above. The main

reasons for the further reduced stroke are imperfections in the alignment and friction.

Spring compression actuator

For the design of this actuator system, the design steps 4 to 6 as described in the
previous section for the weight lifting actuator are similarly repeated. First, the number of
DEA modules stacked is chosen to be 30. The characterization result of the stack and the
intended spring load (stiffness 38.4 N mm) are shown in Figure 4.14. The linear force
scaling of DEAs via stacking can be seen again, when comparing it with the results of the
ten DEAs in Figure 4.11 (a). Afterwards the biasing mechanism needs to be determined
using the designer plot shown in Figure 4.15 (a), which is calculated with equation (3.17).
The design process follows the same schematics as described in detail for the weight lifting
actuator above. However, the biasing mechanism needs to be much stiffer
(kgy = —60.8 Nmm™1). To keep the number of NBSs, which need to be stacked,
manageable the thickness of the metal crosses is increased to 100 um resulting in much
stiffer NBS elements. This enforces a reduction of the compression rate to 97%, causing a

reduced Axgy, but avoids exceeding the yield strength of the material. However, still 12

120

—30xDEA @ 2.5kV
100 —30xDEA@ OV
Load

os]
o

Force [N]
(o)}
o

I

Displacement [mm]

Figure 4.14: Force displacement characteristic of the DEA and the load.
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NBSs need to be stacked, which are separated by 50 um thick spacers. The biasing
mechanism is than formed again by combining this NBS with two linear springs having a
stiffness of 1.36 and 1.1 N mm, respectively (see Figure 4.15 (a)). As can be seen in the
two insets (Figure 4.15 (c) and (d)), the biasing mechanism has exactly one intersection with
the sum of the DEA modules stacked (at 0 V applied) and the load at the point (x.,|F.y)
and a second one at (xyy|Fyy), When 2.5 kV are applied. Between these two points, all
three curves are nearly running in parallel. The expected stroke As = xy, — x;y of such a

system is about 2.5 mm.
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Figure 4.15: (a) Designer diagram showing the equilibriums for F; + Fp = Fg + Fy with the
intended load (stiffness 38.4 Nmm™) and (b) customer diagram showing the equilibrium
F;, = Fp + Fs + Fy, for both, intended and actual load. The individual forces of the two diagrams
are measured with the high-force setup. (c) Inset 1 showing the intersection of the low voltage curve
and the biasing in the designer diagram and (d) inset 2 showing the intersection with the high

voltage curve.
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For the characterization, the actuator system is mounted into the high-force
measurement setup (see Figure 4.16). As mentioned above, this actuator system is actually
designed to work against a linear spring load with a stiffness of 38.4 N mm (intended
load), which fits nicely in between the actuator forces (calculated with equation (3.20) from
the design process) at 0 and 2.5 kV applied shown in the customer plot in Figure 4.15 (d).
However, the stiffness of the measurement setup is not negligible at such high forces.
Therefore, the load stiffness needs to be corrected by using equation (2.4) to 30.7 N mm™,
which is plotted as the actual load in Figure 4.15 (b). The lower stiffness results in a lager
stroke (approx. 2.7 mm instead of 2.4 mm) and a slightly lower force output prediction
(approx. 84 N instead of 90 N). Additionally, the load intersects the hysteresis of the

actuator force in a wide range.

Figure 4.16: Actuator and load spring mounted into the high-force setup for characterization

purpose.

After the examination of the single components, the whole system is characterized.
When a sinusoidal voltage of 0 to 2.5 kV is applied, the system is able to move 2.8 mm,
while generating a force of 87 N (see Figure 4.17). The systematical error of the
measurement setup for stroke measurements is already considered. In this configuration,
one can clearly see a snapping behavior in the force and stroke plots of Figure 4.17. On the

way up the actuator system suddenly pops out when 2.25 kV is reached and snaps back
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after the voltage drops below 0.5 kV. The asymmetric bi-stable behavior during sinusoidal
excitation is caused by a combination of the NBS characteristic with the viscoelastic effects
of the DEA [123]. A closer look at the actuator curves and the intersection of the actual load
with the hysteresis shown in Figure 4.15 (c) and comparing this with the displacement
results in Figure 4.17 reveals an interesting correlation. The upward jump appears in the
region of displacement where the actual load curve leaves the hysteresis of the HV actuator
curve, which is the relevant one for the upward movement, while the downward jump is in

the region where the actual load curve leaves the LV hysteresis.
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Figure 4.17: Force and displacement response of the high-force actuator working against a LS load

for a sinusoidal voltage input signal.

4.3 Discussion of results

A novel manufacturing process for double-layer DEAs using screen-printing and folding
is introduced. The process also introduces copper tape as DEA electrical terminations. The
copper tape ensures a low contact resistance to the DEA electrodes, due to its planar
contact area, as well as low stacking effort together with a very low resistance within a DEA

module stack.
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The stacking of DEA modules allows to increase the work area linearly with the number
of stacked modules. Similarly, this applies to the NBS. Here the force difference increases
with the number of stacked metal crosses. To ensure a very low hysteresis of the NBS a
material with a very high yield strength needs to be chosen and several metal crosses need
to be stacked. Good results are achieved with hardened spring-steel 1.1274 (C100S) sheets
with a thickness of 100 um or less.

The stacking of membrane DEAs and the integration of the biasing mechanism within
the passive center of the DEA stack enables very compact designs (86x86x25 mm?3) for
actuators with high force output. With the modeling approach of Section 3.4 two
demonstrators are designed and manufactured to show the potential of this concept. One
is capable of lifting 10 kg up by 3.1 mm, while the second one generates a force of up to
87 N when compressing a linear spring by 2.8 mm. The demonstrated outstanding
performance expands the force range of silicone-based membrane DEAs by a factor of
about 200 compared to state-of-the-art COP-DEA actuator systems. This allows DEAs to
compete with solenoids or pneumatic cylinders in several applications.

From a scientific point of view, the increase of the hysteresis when stacking metal
crosses for a strong NBS should be studied in more detail. The first results for adding
spacers between the metal crosses in the clamping area do not show a clear trend.

However, they hint that this could help slightly suppressing the formation of a hysteresis.
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Systems

This chapter is based on the journal paper [124]. It gives a review on DEAs exhibiting
large actuation strain to classify the presented work, followed by the motivation why SIP-
DEAs are suited best to compete with them. Finally, a SIP-DEA system, which has low
complexity, high actuation strain larger than 50%, and very fast actuation, is presented. The
presented actuation strain is about 10 times larger than the one typically obtained by DEA

systems biased by material pre-stretch, a mass, or a spring.

5.1 State-of-the-art high stroke actuation

As been shown in the previous chapters the biasing mechanism again plays an important
role. This is also valid for generating high actuation strains. In [91], Hodgins et al. compared
the performance obtained with different biasing mechanisms (mass, LS, and NBS) for COP-
DEAs. In this work, the best result in terms of stroke are obtained with a NBS, which results
in a stroke 2.5 times higher than the one obtained with a mass. The combination of negative
stiffness mechanisms with in-plane DEAs is first introduce by Pelrine et al. in [125]. By using
an over-center-mechanism, the strain of a SIP-DEA is increased by a factor of five to approx.
15% actuation strain compared to a neutrally loaded one, i.e., a constant force. The higher
performance gain obtained for SIP-DEAs, with respect to COP-DEAs, can be explained by
looking at typical force-displacement characteristics of the two different actuator
configurations (see Figure 5.1). The linear behavior of a NBS suits much better the
approximately linear behavior of SIP-DEAs in a wide displacement range (Figure 5.1 (b)),
while a COP-DEA is normally characterized by parabolic curves (Figure 5.1 (a)).

Therefore, the focus of Chapter 5 is on the combination of SIP-DEAs with NBSs, starting
with an overview of related research. For instance, Wingert et al. in [126] combines a DEA,

which is clamped into a flexible hexagonal frame, with an NBS. The resulting stroke is
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doubled from 4 to 8 mm (equals approx. 40% actuation strain). Berselli and his colleagues
even surpassed these results in their research, which focused on studying actuators with
constant force output for robotic applications. They proposed rectangular shaped [127]
and diamond shaped [93] in-plane DEAs with approx. 50% and 100% actuation strain,
respectively. These results are based on analytical models neglecting any loss phenomena,
such as friction and viscoelasticity. However, the consistency of the predictions are
confirmed by experiments of Plante [60] (see Figure 2.6) and Vogan [59], who both present
an actuation strain larger than 100% for VHB based diamond shape DEAs, which is, to the
knowledge of the author, one of the largest reversible actuation strains demonstrated for
in-plane DEAs. Larger actuation strains, like the record-high 380% demonstrated in [9] are
typically not reversible. Another advantage of SIP-DEAs, in addition to the high actuation
strains, is that they allow building relatively flat systems, due to in-plane actuation,

permitting to further increase compactness of the resulting actuator system.

—LV
— —NBS

A J
A J

(a) (b)

Figure 5.1: NBS (green dashed line) acting against (a) a COP-DEA and (b) a SIP-DEA. The blue curves
indicates the LV and the red curves the high voltage HV force-displacement characteristic of the
DEA, respectively. Due to the force equilibria between NBS and DEAs, the NBS spring rate switches

sign and appears to be positive.

These encouraging results for in-plane DEAs, together with the advantage of SIP-DEAs
described by Figure 5.1, motivate the need to investigate further how to optimize the
performance of such systems. However, the works mentioned above either use complex
DEA configurations like the diamond shape or studies theoretical systems of simpler SIP-
DEAs with conceptual NBS mechanisms. Therefore, the scope of this work is the

combination of simple to manufacture SIP-DEAs and NBSs to a practical system of low
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complexity and high actuation strain. In addition, the use of silicone should enable
actuators with very high actuation speed. The SIP-DEAs used in this work are based on a
rectangular silicone membrane coated with electrodes on both sides. Two of its opposing
edges are constrained by stiff frames, while the other two are free to move. After the
manufacturing of the SIP-DEAs, electro-mechanical characterization is performed. With the
aid of these results, two DEA systems are designed and characterized. In particular, the first
system uses a linear spring for biasing only, while the second one is using an additional NBS
in conjunction with the linear spring. Finally, the performance of the two systems is

compared.

5.2 Design and characterization of a high stroke

actuator system

The actuator considered in this work uses a SIP-DEA as active component. It is coupled
with a passive biasing element, such as a spring. If a high voltage is applied to the DEA, its
in-plane stiffness decreases and the pulling force of the biasing element elongates the DEA
strip. The resulting stroke is denoted as As in Figure 5.2. In this work, a linear spring in

comparison with a NBS plus a linear spring as biasing element is studied.

Electrode Elastomer Frame Biasing

-

o
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Figure 5.2: Concept sketch of a SIP-DEA coupled with a biasing element (tension spring). An electrical

stimulation causes the SIP-DEA to expand about As.
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5.2.1 Actuator design and manufacturing

This section starts with a description of the deviation in the manufacturing process of
SIP-DEAs in comparison to the general one described in Section 2.4. Afterwards the final
SIP-DEA design is presented followed by a brief introduction of the biasing mechanisms

used for the high stroke actuator system.

Membrane SIP-DEA

The material used as well as the general manufacturing process is described in Section
2.4. In the following, the deviations are stated. Prior to the screen-printing, a uniaxial (not
bi-axial) pre-stretch of 20% is applied to the film in the direction of actuation. The pre-
stretch is just used to prevent the film from sagging within the metal frame during
manufacturing. It is released again after singulation. The epoxide material, which acts as a
solid frame, is applied just on one side of the silicone film for the SIP-DEAs. Figure 5.3 (a)
shows a top view sketch of the DEAs within the metal frame before singulation. The cross-

section in Figure 5.3 (b) shows the layer composition.

(a) Metal frame
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DEA frame
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Figure 5.3: (a) Top view sketch of the batch processed SIP-DEAs. (b) Cross-section sketch to illustrate

the layer composition.

After the batch processing of multiple DEAs via screen-printing, a scalpel is used to cut
them out. Finally, pieces of copper tape are attached as electrical terminations. A strip of
2.5 mm width (see, light blue area), next to the free edges of the SIP-DEA, is not covered

with electrode material for insulation and to prevent arcing. To reduce the electrical
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resistance, two ground connections are added on the outsides. The center contact is used

for the HV connection.

35mm |

Frame

Silicone film

39mm

Electrode

Electrical contact:
high voltage

Electrical contact:
ground

Figure 5.4: Picture including final dimensions (DEA is relaxed, no pre-stretch) of the SIP-DEA

manufactured. The uncoated silicone film is highlighted in light blue for a better visibility.

Biasing mechanism

The design of the biasing system is fundamental for determining the performance of the
SIP-DEA system. Two different biasing elements are studied in this work. The first one is a
simple linear tension spring, while the second one is a combination of a NBS and a linear
compression spring. The stiffness of this combination kg can easily be determined by
adapting equation (3.19) to:

kg = ks + ky (5.1)

with ks and ky representing the LS and the NBS stiffness (in the negative region),
respectively. Note that kymust be negative and its absolute value has to be larger than the
value of kg. Overall, the combination of LS and NBS is designed in a way such that the
absolute value of kz matches the stiffness of the SIP-DEA in almost its entire linear range.
The NBS itself is similar to the one used for the high-force actuator and consists of a
stainless steel cross (1.4310 (X10CrNi18-8), vyield strength 195 MPa, Young’s modulus
200 GPa [121]), which is mounted into a 3D printed compression-frame (see Figure 5.5).
The use of spring steel is not compulsory in the presented actuator system, due to the much

lower forces.
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50 mm

Figure 5.5: (a) Picture of laser-cut stainless steel cross (b) and buckled up steel cross within a

compression-frame (scale 1:2).

5.2.2 Characterization of components

To manufacture a DEA system successfully, again all components need to be
characterized. In the case of the system with combination of NBS and LS, the force-
displacement data of the NBS is used to select a LS with the right spring rate, in order to
match kg with the stiffness of the DEA.

Figure 5.6 shows characterization data of the SIP-DEA at zero and 3000 V, as well as data
for the NBS, which is already combined with the LS mentioned in Section 5.2.3. Note how
the NBS + LS curve fits in-between the low and high voltage curve of the DEA. The chosen
maximum DEA strain of 80% is not a mechanical material limitation, since the used silicone
film can sustain more than 200% strain [79]. However, due to the thinning of the film during
stretching, the electric field reaches about 108 V um at 80% strain and 3000 V. This value

is already above the limit of 80 to 100 V um™ mentioned in the data sheet.
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Figure 5.6: Results of the CV test of the DEA at zero and 3000 V and of the NBS-LS-combination.
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The hysteresis of the DEA curves is a result of viscoelastic effects, which are typically
observed in elastomeric materials [123,128]. To reduce viscoelastic phenomena as much
as possible and to avoid at the same time unnecessarily slow experiments, the frequency
for the sinusoidal displacement is chosen as 1 Hz. The hysteresis within the NBS
measurement is a result of plastic deformation close to the surface, which appears under
high bending stress (see discussion in 4.2.1 and Figure 4.5). Therefore, for commercial
systems the use of spring steel is necessary.

In addition, Figure 5.6 can be used to estimate the performance of the DEA system
graphically. An investigation of the intersection points of the NBS and the DEA at zero and

3000 V applied reveals an expected stroke of 10.5 mm and a force difference of 0.37 N.
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Figure 5.7: Blocking force results of CP test at 80% strain for a triangular input voltage at different

frequencies.
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The results of the blocking force measurement for a triangular input signal with a peak
voltage of 3000 V are shown in Figure 5.7. The blocking force is measured at three different
frequencies and at strain of 80%. At 1 Hz the blocking force is 150 mN, which slightly lower
than the force gap of 175 mN at 80% strain in Figure 5.6, caused by viscoelasticity in
combination with the very short time period, in which the voltage is at its maximum at the
triangular shaped input signal. This effect also causes the reduction of blocking force for
higher frequencies for instance to 65 mN at 200 Hz. Therefore, triangular input voltages are
not well suited to measure the blocking force at high frequencies. Their only advantage, in
comparison to a sine signal, is a lower current draw, which is required by the amplifier used.
However, Linnebach et al. [129] published results for a sine excitation without any drop in
blocking force up to a frequencies of 150 Hz for the same actuator geometry. The only
additional difference to a more power full HV source is an additional print run when
applying the electrode. This results in a slightly thicker electrode layer but reduced
resistivity [58]. Nevertheless, the presented data shows, that silicone can be actuated with

high frequencies.

5.2.3 Actuator system concept

The first system under investigation consists of a DEA biased with a tension spring,
having a stiffness of 0.03 N mm™™. In this configuration, one end, of both DEA and LS, is
fixed, while the other ends of both elements are connected and are free to move. The
stroke is measured at the coupling end via a laser displacement sensor. The fixed end of
the DEA is mounted to a load cell to measure the generated force difference. A sketch of
the system is shown in Figure 5.2, while a picture is reported in Figure 5.8.

The second system consists of the DEA and a combination of NBS and LS. In this case,
one end of the DEA is fixed to the load cell again, while the other end is free to move, too.
The free end is coupled via a rod with the center of the stainless steel cross of the NBS. The
LS, which is also fixed at one end, is always maintained under compression during
actuation. Hence, it pushes against the center of the stainless steel cross in the direction of
actuation (see Figure 5.9). It is important to point out that the NBS-LS combination is always
pulling in the direction of motion, in order to keep the DEA under tension. The pull force of
the NBS-LS combination can be adjusted by modifying the pre-compression of the LS. The

actuator stroke is measured at the center of the NBS.
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Figure 5.8: Picture of the actuator system consisting of a DEA biased with a tension spring.

(a) Dea Support Linear spring NBS Laser

(b)

Figure 5.9: (a) Sketch and (b) picture of the actuator system consisting of a DEA and the
combinations of NBS and compression LS. The actuator system is mounted into the characterization
setup with a laser sensor and a load cell for stroke and force measurements, which is described in

Section 2.5.

The stainless steel cross, used for the NBS, has a size of 50x50 mm?, a thickness of 75 um,
a beam width of 2 mm, and it is mounted into a frame which compresses the beams to 93%
of their initial length (see Figure 5.5). To match the stiffness of the NBS to the one of the

DEA, the LS stiffness is chosen to be 0.056 N mm™.

5.2.4 Actuator system performance

Finally, the DEA systems shown in Figure 5.8 and Figure 5.9 are tested with the low force

setup (described in Section 2.5) and compared. Without any voltage applied, both systems
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are in equilibrium state. At this point, the DEA is strained by approximately 27% and 60%

due to the LS + NBS and the LS biases, respectively. The pre-strain of the LS + NBS system

is chosen relatively low in comparison to the LS system, due to the expected higher stroke.

At maximum elongation, both systems reach a DEA strain of about 65%-70%, and thus they

are subject to a similar maximum electric field. The force and stroke response to a voltage

step of 3000 V is then analyzed for both systems. A static displacement of 1.2 and 11.2 mm

is reached for the LS and the LS + NBS, respectively (see Figure 5.10 (a)). After the transient

oscillation is extinguished, no relevant creep is observed. The systems exhibits an average

velocity of 0.07 (LS) and 0.29 m s (LS + NBS) between the voltage application and the first

stroke maximum.
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Figure 5.10: Comparison of the performance for both actuator systems build. (a) Actuator stroke

response on a voltage step and (b) inset (1) settling of the actuator stroke after activation. In (c) and

(d), the same plots are shown for the force response. The force plotted is not the absolute value; it

is zeroed at the zero volt equilibrium.
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The NBS system exhibits a much higher force difference, as well. The force output of the
two systems equals -0.04 and 0.38 N, respectively and is shown in Figure 5.10 (c). Because
the expanding DEA allows the tension spring (in the LS bias) to relax partially, the force
within the system degreases and the output force of this system is negative. This is not the
case for the NBS system. As it can be seen in Figure 5.6, the force increases from the 0 V to
the 3000 V equilibrium. The measurement results well agree with the graphical force and

stroke estimation, which is performed in Figure 5.6 for quasi-static conditions.

500 510 520 530 540
Time [ms]
Figure 5.11: (a) Current and voltage vs. time and (b) force and displacement vs. time for the LS +

NBS system, respectively.

Figure 5.10 (b) and (d) show the force and stroke response of the two systems
immediately after the rising front of the voltage. An interesting fact is that both systems
immediately react with a change in force, while the stroke response is delayed. The delay
in stroke is caused by inertial and viscoelastic effects. Another interesting effect is the
undershoot of the force visible in the first part of Figure 5.10 (d) and Figure 5.11 (b), which
is exhibited by the LS + NBS system. This is a consequence of inertia as well and can be
understood by inspecting the first milliseconds after the voltage application. The Maxwell
pressure, resulting from the applied voltage, is acting instantaneously onto the dielectric
already during the capacitance charging. Therefore, it reduces the internal stress of the
dielectric material caused by the initial stretch of 27% of the DEA. The reduced stress is

measured as a negative force, which is afterwards compensated by the force of the pulling
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biasing mechanism. Current measurements showed that the complete charging of the DEA
takes about 5 ms, while the force stays negative for 17 ms (see Figure 5.11 (a)). The inverse
effect can also be seen when discharging the DEA. The charging time of 5 ms explains again
that the DEA is not fully charged when applying a 200 Hz triangular input voltage and thus
the maximum blocking force is not reached.

After the dynamic characterization, the quasi-static behavior of the system is studied.
As described in [96], a DEA biased with a bi-stable element can be designed to be either
stable or unstable. The slope of both, biasing elements and DEA, represents the influencing
design factor. As long as the slope of the biasing element (within the operating range) is
lower than the slope of the DEA, the overall system is dominated by the DEA, and therefore
it exhibits a stable behavior. This means that any small increment in voltage causes a
continuous increase in displacement without any jump. If a jump in displacement appears,
the system is dominated by the biasing element, and therefore it is (locally) unstable.
Nevertheless, an unstable actuator can still be operated in-between two bi-stable
positions. Since the slope of both DEA and LS + NBS varies over displacement, the overall
system can be tuned to operate in a continuous or bi-stable way, depending on the chosen
operating point. The operating point can be influenced by the LS and NBS pre-compression,
as well as by the physical offset between the biasing mechanism and the DEA. Changing
these parameters causes the NBS + LS curve to shift up/ down and left/ right, with respect
to the DEA curve (see Section 3.1 for a detailed explanation), according to the reference
frame in Figure 5.6. The different operating modes, stable and critical stable (transition to
unstable) operation, for a sinusoidal input voltage (0 to 3 kV, 0.5 Hz) can be seen in Figure
5.12. When increasing the voltage, the critical system jumps from about 3.5 to 8.9 mm
when the voltage goes above 2.4 kV and from about 10 back to 2.9 mm, when the voltage
is decreased again. At some point within these jumps the biasing mechanism dominates
the DEA. The oscillations after the displacement jump indicate that the DEA stabilizes the
motion once this condition is reached. The hysteresis in the relation between displacement
and voltage is a result of the interaction between bi-stability of the biasing mechanism and
the hysteresis of both, DEA and NBS. A detailed and systematic investigation on the stability
as well as measurements for a completely unstable operation of similar systems is shown

in [130].
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Figure 5.12: Top: Applied voltage (sinewave between 0 and 3 kV, 0.5 Hz) and the displacement
response for a stable and critical stable (transition to unstable operation) system. Bottom: Hysteretic

relation between displacement and applied voltage for the two systems.

5.3 Discussion of results

In this work, the performance of SIP-DEAs combined with different biasing mechanisms
(LS and NBS) are compared. It is shown that a NBS, which has been mainly used in
combination with COP-DEAs in previous works, provides an even larger increase in
performance when combined with SIP-DEAs. A static actuation strain of 45% (equivalent to

a stroke of 11.2 mm) is achieved. The corresponding force difference is of 0.38 N, and an
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average elongation velocity of 0.29 m s is measured. The force and stroke output of the
NBS systems is more than nine times higher in comparison to the LS system. The force
output is also higher than the blocking force of 0.15 N at maximum strain. An idealized
biasing system, which is indicated by the yellow dashed line in Figure 5.13, would have
resulted in even higher values, specifically 18.1 mm stroke (72% strain) and a force of
0.95 N. The idealized biasing is based on a conceptual NBS + LS combination, fulfilling the
following criteria: longest straight line fitting in-between the two DEA curves, having one
intersection with the 0 V.and maximum one intersection with the 3000 V DEA curve. A hard

stop prevents the DEA system from moving above the strain limit.
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Figure 5.13: Force-displacement characteristic of the SIP-DEA and an idealized biasing mechanism.

Both the manufactured LS + NBS system and the idealized bias exhibit less actuation
strain then the one reported by Plante [60] and Vogan [59] for in-plane DEAs. However,
there is still room for improvement, for instance, reducing the applied voltage to allow
higher strains and thus removing the hard stop. To maintain the force gap at a reduced
voltage stacking of several DEAs might be necessary. Nevertheless, a simpler DEA design is
demonstrated and the material used as dielectric is different among this work and the
solutions in [59,60]. The silicone used in this work has a relative permittivity of 2.8, while
the one of VHB used in [59,60] equals 4.7. This causes a higher Maxwell pressure (see
equation (2.2)) and consequently higher actuation strain. However, silicone exhibits a much

lower mechanical loss factor, which allows much faster actuation [25]. In comparison to
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the results of diamond shape DEA based on VHB [131] the presented LS + NBS system with
a silicone based DEA is approximately 60 times faster.

The presented work uses the well-known constrained steel crosses as a NBS. They
exhibit a big disadvantage in terms of size, because they are orientated perpendicular to
the SIP-DEA. Therefore, alternative ways to realize bi-stable biasing solutions have to be
investigated. A possible solution could consist in using a pre-compressed beams like shown
in [132]. A design study in Figure 5.14 shows this concept. The development of flat biasing
solutions will allow the manufacturing of very flat DEA systems, which could fit much better
the compactness requirements of several applications, such as valves. For
commercialization, the reliability of the SIP-DEAs and the NBS needs to be investigated,

too.

Figure 5.14: Design concept for a flat SIP-DEA system with a combination of a single beam NBS and
LS for biasing.
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Chapter 6 Conclusion and Outlook

The focus of this thesis is on the development of advanced high-performance DE
membrane actuator systems. On the one hand, a concept was presented for the highest
force output reported to date in out-of-plane membrane actuators, on the other hand, an
innovative concept for biased in-plane actuators was developed that enables linear strokes
of more than 50% of the actuator length. Both results are based on an approach, which
combines mechanics of materials and advanced biasing concepts into a first systematic
design methodology for the development of DE actuator systems.

Scaling laws, derived from a systematic study of COP-DEAs with different geometries,
support the design process and additionally show the scalability as well as the design
flexibility of DEAs. It is shown, for instance, that the force output of COP-DEAs linearly scales
with the average electrode ring circumference, while the stroke linearly scales with the
electrode ring width.

The potential of the design process is shown with the manufacturing of two
demonstrators with record-high force output for two representative load cases. Silicone
based membrane DEAs, which typically exhibit forces in the hundreds of millinewton-
range, are intelligently combined with an appropriate biasing mechanism into a compact
actuator system, which is able to lift 10 kg about 3.1 mm or to compress a spring (stiffness
30.7 N mm?) 2.8 mm resulting in a maximum force output of 87 N. A novel manufacturing
process for stackable double-layer DEA modules with low-resistive electrical connections is
developed within the design process in addition to an innovative high-force biasing concept
for a compact overall design (86x86x25 mm?3).

Finally, a concept for fast high-stroke actuators is introduced. It is based on perfectly
matching the DEA type to the biasing mechanism resulting in a silicone based SIP-DEA with
a reversible stroke of 11.2 mm (equivalent to an actuation strain of 45%) and an average
elongation speed of 0.29 m s*. Theoretically, strokes larger than 18 mm (72% strain) are

possible by perfecting the practical construction.
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Future work should improve the design of the SIP-DEA system in terms of compactness
and applying the concepts of the high-force actuator similarly to SIP-DEAs to combine both,
high stroke and force. For commercialization, the manufacturing process, in particular the
stacking and electrical contacting process needs to be improved and automated. In
addition, reliability studies are mandatory.

Dielectric elastomers are known as a promising technology to build small, lightweight,
energy efficient, and smart systems, due to their ability of self-sensing. In this thesis,
additional attributes of DEAs are investigated, proven or even added: Scalability, high force
and high stroke output. This will enable the technology to compete with or even

outperform existing technologies like solenoids or pneumatic cylinders in the future.
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