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Kurzfassung

Dielektrische Elastomer-Wandler (DETs) eroffnen ein breites Spektrum innovativer
Anwendungen. Wahrend DET-Sensoren bereits erste Marktbewegungen verzeichnen, sind Aktor-
und Generator Derivate bisher nur Forschungsgegenstand. lhre weitere Etablierung erfordert
umfangreiche  elektromechanische  Prifungen  unter  realistischen  Betriebs-  und
Umgebungsbedingungen, insbesondere beziliglich Zuverlassigkeit und Langzeitstabilitat. Jedoch
sind die dazu erforderlichen Prifanlagen nicht kommerziell verfiigbar, und bisher vorgestellte

Sonderentwicklungen in ihrer Funktion eingeschrankt.

Um diese Lucke zu schlieRen, wird in der vorliegenden Dissertation ein multifunktionaler
Prifstand entwickelt, der zur beschleunigten Evaluierung des elektromechanischen Verhaltens und
der Schadigungsmechanismen von DETSs eingesetzt werden kann. Er ermdglicht das Prifen von
DET-Materialien, -Elementen und -Systemen verschiedener Anwendungsfelder und Bauart und
bietet vielseitige elektromechanische Priifroutinen innerhalb kontrollierter Temperatur- und
Feuchtigkeitsumgebungen. Tests kdnnen individuell programmiert und auf mehreren Stationen
simultan ausgefuhrt werden. Eine automatische Testliberwachung mit Fernzugriff erméglicht einen
unterbrechungsfreien 24/7 Langzeitbetrieb. Im Rahmen der Arbeit erfolgt eine generelle
Validierung des Prufstands. Seine vielseitige Einsetzbarkeit wird anhand der systematischen

Charakterisierung eines speziell entworfenen streifenférmigen DETs exemplarisch demonstriert.






Abstract

Dielectric Elastomer Transducers (DETS) open up a wide range of innovative applications. While
DET sensors are already in the market, actuator and generator derivatives are still in the research
stage. Their further establishment requires extensive electromechanical testing under realistic
operating and environmental conditions, especially with regard to reliability and long-term
stability. However, the comprehensive test benches required for this purpose are not commercially

available, and proprietary developments presented so far are limited in their functionality.

In order to close the above-described gap, a multi-functional test rig is developed and demonstrated
in the scope of this dissertation, which can be used for the accelerated assessment of the
electromechanical characteristics and the failure mechanisms of DETS. It allows for testing of DET
materials, elements and systems of different application fields and construction types and provides
versatile electromechanical test routines within various controlled constant temperature and
humidity environments. Experiments can individually be programmed and run simultaneously on
multiple test stations. Furthermore, automatic monitoring with remote access allows for
uninterrupted 24/7 long-term operation. A general validation of the test rig is conducted on the test
rig, and its versatility is demonstrated by the systematic characterization of a specially designed

rectangular-shaped planar DET.
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1 Introduction

The early 21% century faces major challenges in the areas of climate change and globalization -
issues in which technology plays a divergent role as both causing factor and potential solution. The
industry is experiencing a historic transformation due to the abandonment of fossil fuels, which is
currently particularly noticeable in the energy and mobility sectors. The increasing establishment of
renewable energies and efforts to provide them emission-free are leading to increasing
electrification in these and many other areas. However, generation, storage, distribution, and
conversion of electrical energy using conventional technological approaches lead to a high demand
for locally and globally limited available natural resources such as rare earths or noble metals. New
technologies based on alternative raw materials can provide a remedy by usefully supplementing or
replacing conventional solutions. Smart materials, which actively respond to stimulation and thus
combine sensory and actuator functions, represent a particularly attractive alternative. The term
"smart" is also commonly used to describe a growing technological trend towards ‘smartification’,
i.e., the development of intelligent, usually widely interconnected technical systems. In the
industrial sector, for example, the “smart factory” refers to a fully digitalized and self-organizing
production environment. In consumer environment, on the other hand, "smart phones", "smart
wearables" and "smart home" devices facilitate everyday life. Common to all these smart systems
is, that their functionality is based on the interaction of a usually large number of sensors and
actuators. Hence, due to their responsive characteristics, smart materials provide an excellent basis
for developing not only alternatives, but also innovative, highly integrated, and compact smart
solutions. Prominent examples of market-established applications based on smart materials are
highly dynamic piezoelectric actuators used in diesel engine injector systems, or
magnetorheological fluids, whose controllable viscosity is utilized in suspension systems with
actively adaptable damping behavior. Other smart materials are already available on the market but
are also the subject of research in many respects. Besides the Shape Memory Alloys (SMA), these
also include Electroactive Polymers (EAP), in particular the category of Dielectric Elastomer
Transducers (DET). Those are highly elastic and polarizable polymers provided with compliant
electrodes that undergo a shape transformation when electrically stimulated with high voltage and
can thus be used as actuators. Simultaneously, their deformation causes a change in their electrical
properties, so that the change in shape can be observed by measuring these quantities, allowing
them also to be utilized as sensors. The simultaneous combination of sensory and actuator effects
of these DETs is of particular interest, as it enables the development of smart actuators that can be
precisely controlled in a closed control loop with no need for external sensors. In quasi-static
operation, they are low-noise, proportionally controllable and energy-efficient, as steady-state
conditions can be maintained with minimal energetic loss. These properties make them attractive

for applications such as valves, switches, servo drives and especially in the soft robotics field due



1 Introduction

to their flexibility and light weight. Beyond this, DETs offer a particularly dynamic
electromechanical response. Hence, they can be used to operate pumps silently at low frequencies
or operate in the audible (kilo)hertz range, making them promising candidates as new types of
capacitive loudspeakers. For pure sensor operation, DETs are characterized by their unique
flexibility, as well as their high sensitivity and stretchability, making them promising candidates to
detect large deformations along with forces in soft structures, particularly in gaming or medical or

textile sectors.

In recent years, the trend has increasingly been towards application and process-oriented research
and initial efforts have been made to establish the technology on the market, with initial successes
being achieved in the field of DET-based sensor technology. The market maturity of sensor
applications before actuator and generator applications has various reasons. Those particularly
include the fact that pure sensors do not require high voltage control and are therefore not exposed
to the complex electromechanical loads that can lead to failure depending on the operating and
environmental conditions. This underlines the importance of reliability and lifetime as critical
factors in assessing the market competitiveness of DET technology, alongside with general
properties such as sensor accuracy, actuator performance, or generator efficiency. All these
attributes are influenced across all product levels, e.g. material, compound, and system, and at all
development phases, e.g. concept, design, and production. Their assessment and improvement
necessitate comprehensive electromechanical testing, including both short-term and particularly
long-term experiments within various operational and environmental conditions, as well as

simultaneous testing of various test objects for accelerated statistical evaluation.

As will be shown in the literature review conducted in the scope of this dissertation, no
comprehensive standardized or proprietary test rigs have yet been available with this regard, as
most of them are limited in their testing capability, i.e. focusing on specific testing conditions,
application fields or designs. However, a corresponding multifunctional device can significantly
advance research and development of DET technology. This dissertation addresses this deficiency
by developing and demonstrating a comprehensive multifunctional electromechanical test rig for
DETs, that is suitable for accelerated assessment of statistically relevant data for both short-term
and especially long-term testing. It aims to assist scientists and engineers within a wide range of
application fields, product levels, and development phases in bringing the technology to market

maturity.

The structure of this dissertation is as follows: Chapter 2 presents the fundamentals of DET
technology and typical electromechanical experiments applied to them for characterization
purposes. This is followed by a literature review of the state of the art in long-term testing and
related test systems, pointing out the lack, that motivates the development of the test rig presented

in this thesis. Chapter 3 explains the development of the test rig along with the exemplary DET test



samples which are tailored to the test rig’s sample grips and used for demonstration purposes. For
this, motivation and objective are discussed in greater detail first, then presenting
conceptualization, design and construction, electronics and wiring as well as control and software.
Subsequently a comprehensive electromechanical validation is given, providing general
information about test rig accuracy i.e. depending on load or temperature. Chapter 4 demonstrates
the versatile electromechanical testing capabilities of the test rig by conducting various mechanical,
electrical, and electromechanical controlled experiments on the specially developed DETSs. Finally,
in Chapter 5 a brief conclusion and outlook for future work is provided.






2 Fundamentals and State of the Art

The essential physical actuation principle of Dielectric Elastomer Transducers (DETS) has already
been documented by Wilhelm Conrad Rontgen [1] in the late 19th century but has not been further
considered in research or become relevant in technological development for over 100 years. It was
not until the early 1990’s that Pelrine et al. [2] returned to the subject, identifying the ‘electro
strictive response of elastomeric polymers’ [3] as promising actuation technology for artificial
muscle approaches. This was followed by fundamental modeling of the electromechanical
actuation, and first experiments on materials and manufacturing processes, with regard to electro-
mechanic performance and potential applications including sensors and smart devices [4], [5], [6],
[7]. Complemented by consideration of generator functionality of DEs utilizing energy harvesting
methods [8], the foundation for a new field of research was established, that quickly gained
increasing attention due to the promising and versatile properties of the technology, and which is
nowadays being investigated by research groups all over the globe. The character of research is
thereby gradually changing from basic research to application and process-oriented research,
motivated by the desire to establish the technology on the market. In order to evaluate the
suitability of the technology with this regard, experimental investigations on properties such as
electromechanical performance, reliability, as well as long-term and fatigue characteristics under

realistic environmental conditions are thus increasingly coming to the fore.

2.1 Fundamentals of Dielectric Elastomer Transducers

This section provides an overview of DET technology, focusing on the fundamental basics, that are
most relevant in the context of this thesis. It introduces the general composition of DETSs,
commonly employed materials and manufacturing processes, and explains the basic sensing and
actuation principles with examples for typical applications. As this work primarily focuses on
linear uniaxially operated DETS, corresponding design variants typically applied in sensor and
actuator systems are introduced, and the actuator system layout of planar DET types, that are
typically provided with preload elements, are explained. Thereby, particular focus is given on
rectangular shaped planar designs used as exemplary test object for demonstration purposes in this
work. Finally, this section provides an overview of the general mechanical and electrical
characteristics of DETSs to facilitate a thorough understanding of electromechanical transduction,

including time-, load-, and temperature-dependent phenomena along with failure mechanisms.

2.1.1 Materials, Transducer Compound and Manufacturing

Dielectric elastomers (DEs) are in general highly elastic, stretchable, and electrically polarizable
polymers that belong to the group of Electroactive Polymers (EAPS). Embedded as thin dielectric
layer (typically 20 — 200 um) in between two compliant electrodes, the result is a highly flexible

transducer compound, that changes its shape through electrical stimulation (refer to Section 2.1.4),
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and changes its electrical properties through deformation (refer to Section 2.1.3) (Figure 1). Due to
this reversible electromechanical effect, this compound is referred to as a Dielectric Elastomer

Transducer (DET), which can be used for sensor, actuator, and generator applications [9], [10].

a) Compliant b)
Electrodes
Dielectric

Elastomer L, \
of

Figure 1: DET in undeformed configuration (a), and deformed configuration (b).
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Dielectric Elastomers

The DE material is generally required to feature high elasticity combined with low viscosity, high
permittivity, as well as high dielectric breakdown strength for high voltage driven actuator and
generator applications [7], [11], [12]. The most commonly used DE materials are natural rubbers
[13], [14], synthetic rubbers [14], [15], polyurethanes [16], [17], silicones [18], [19] and
polyacrylates [14], [20]. In addition to the wet-chemical production and deposition of uncured
dielectric and electrode material using fabrication techniques such as spin-coating [21], [22], 3D-
printing [23], [24], [25], or blade casting [26], commercially available film materials are frequently
utilized and provided with thin compliant electrode coatings. Due to their commercial availability,
particularly acrylate-based adhesive tapes from the 3M Corp. (i.e. VHB 4910) and
polydimethylsiloxane films (PDMS films) from Wacker-Chemie AG (i.e. Elastosil 2030) are
widely employed. Acrylate-based materials typically feature a higher permittivity then silicone
materials, enabling for particularly higher actuation strains at lower actuation voltages, but also a
lower dielectric breakdown strength limiting maximum applicable voltage, along with a notably

higher viscosity, resulting in lower actuation rates and higher viscoelastic losses [11], [27].

Compliant Electrodes

The electrodes are generally required to provide high flexibility, combined with low viscosity and
high conductivity over large strains, along with sufficient adhesion to the dielectric layer. They are
usually either based on coherent metal thin films, or on conductive micro and nanoparticles that are
deposited in powder form or embedded in inherently compliant materials. Metal thin films typically
achieve highest conductivity along with lowest viscosity e.g. achieved by electrode deposition on
pre-strained dielectric elastomer films, i.e. using sputtering processes [28], [29], [30]. Upon release
of the pre-strain, the elastomer relaxes, causing the electrodes to fold up. Corresponding DET
compounds therefore exhibit high compliance when they are stretched, enabled by the unfolding of
the wrinkled electrode. Conductive nanoparticles are deposited in powder form [31], dispersed in

solvents to provide conductive inks [32], or used as fillers in greases [7], (uncured) elastomeric
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materials [33], [34], or combinations of both [35], to provide conductive pastes. Commonly used
conductive nanoparticles are carbon black (CB) [7], [32], [33], [35], carbon nanotubes (CNT) [31]
or silver (Ag) [34]. Frequently utilized depositions processes comprise inkjet printing [32], [36],
spray coating [26], pad-printing [37], or screen printing [33], [38]. In contrast to powder and
grease-based electrodes, the elastomer-based electrodes are commonly cured subsequently,

resulting in a fully elastomeric DET compound with particularly high electrode adhesion [11], [27].

2.1.2 General Assumptions on Geometry and Constraints

For common analytical description of the mechanical characteristics, simplifying ideal assumptions
are commonly made considering a thin elastic membrane, i.e. refer to [9], [10]. In its undeformed
state, this typically exhibits a much smaller thickness L; compared to its length L, and width L,
(refer to Figure 1a). Thus, a single layer structure can only absorb compressive forces in the
thickness direction and tensile forces perpendicular to it. Furthermore, DETs behave approximately
incompressible, maintaining a constant volume during deformation, resulting in a shorter deformed
thickness [; and increased deformed surface area [l, (refer to Figure 1b). The deformation is
commonly described by the spatial strains €;, €, and €5 and the corresponding principal stretches
A1, Ay, Ag:

Alz—zl-{-el AZ=—=1+EZ A3=_=1+E3 (21)

Considering these stretches, volume consistency can be simply formulated:

/111213 =1 (22)

Despite generally isotropic material properties, DETs do not deform homogeneously in reality due
to constraints, but exhibit anisotropic strain and stress distribution, particularly when large
deformations are considered. This is typically modeled and computed by means of numeric
continuum mechanical simulation, e.g., using the Finite Element Method (FEM) [39], [40]. For
simplified analytical analysis and experimental considerations, additional simplifications are

typically introduced based on geometry and kinematic constraints, i.e. refer to [41], [42]:

/12 = /13 /12 =1 /11 = /12 (23)

uniaxial pure shear equi-biaxial

Uniaxial and pure shear deformation represent limiting cases in which 4, is controlled, and 4, and
Az remain unconstrained. Uniaxial-like conditions prevail for long and narrow designs (L, > L),
whereas pure shear-like conditions apply to short and wide designs (L; «< L,). Equi-biaxial
conditions prevail for designs of similar length and width, with either identical control of 4, and

A5, or control of A5, assuming that A, and A5 remain unrestricted.
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2.1.3 Sensing Principle

The deformation of a DET causes a change in its electrical capacitance.

a) Compliant Load b)
Electrodes Capacitance €3, 03 Capacitance
Dielectric Measurement Measurement

Elastomer L, |

of

Figure 2: Sensor function principle illustrated by comparison of a DET in its unloaded condition (a), to its
loaded condition, resulting in a deformation induced increase in capacitance (b).

Ll 62! (%) ll

To explain the sensing principle, a single DET layer is considered as thin and flexible plate
capacitor, with electrode area L, L, and plate distance L5 in the non-deformed state (Figure 2a), i.e.
refer to [9], [10]. With vacuum permittivity &, and dielectric constant ¢,., the nominal capacitance

C, is obtained:

L1L,

CO = &o&r L_3 (24)

Due to the mechanical properties given in (2.1), deformations of the capacitor induced by an
external load result in an increased surface area [;1, and a reduced thickness l5 (Figure 2b). Both
effects result in an increased capacitance C:

Lily

C= Eoér ? (25)

By supplementing (2.1) into (2.5) this can also be expressed using the principal stretches:
ALy, L; _ A1,
ASLS B 13 0

From the volume consistency given in (2.2), it follows that the capacitance increases quadratically

C = ge, (2.6)

with the surface expansion or with the reciprocal of the square of the decrease in thickness:

1

C=Co— 2.7)
OA%

For in-plane strain control with further simplifications from (2.3), a linear strain sensor
characteristic curve is thus obtained for uniaxial conditions, a quadratic characteristic curve for

pure shear conditions, and a fourth order characteristic curve for equi-biaxial conditions:
C = 2,C, C = 2%¢, C = 21C, (2.8)
uniaxial pure shear equi-biaxial

Corresponding designs enable the development of proportional capacitive strain sensors. Those are

characterized by properties such as high flexibility, biocompatibility, and excellent sensitivity. By
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integrating them into wearables, such as gloves [43], [44], shoes [45], or wristbands [46], [47], they
are particularly suitable to capture human motion, and forces exerted on the human body. They can
thus be used as human-machine interfaces, e.g. for gesture communication and control [43], [44],
[46], or for virtual and augmented reality applications [48], and also provide data relevant to the
medical and sports sectors, e.g. for detecting incorrect posture or improving athletic performance
[45], [47]. For technical applications, DET strain sensors are generally well suited for detecting
large and complex movements, e.g. those of robotic joints [49]. They are additionally utilized as
pressure sensors in various designs, e.g. to monitor the compression load of battery packs for
electric vehicles [50].

2.1.4 Actuation Principle
Connecting the electrodes of the DET to a controllable high voltage source enables it to be utilized
for actuation purposes (Figure 3a).

a) Compliant b)
Electrodes High-Voltage €3,03_0y High-Voltage
Dielectric Source Source

U

Elastomer L, \
of

Figure 3: Actuator function principle illustrated by comparison of a DET in its non-activated condition (a) to
its activated condition (b).

l

Ly €0, h

By activating the electric potential U, charges are distributed over the electrode surface and an
electric field E is generated through the dielectric. Depending on the permittivity &,¢,, the electric

field exerts a mechanical (compressive) Maxwell stress a,, on the material, [9], [10]:

oy = Eo&-E? (2.9)

The soft elastomeric material is thus compressed in thickness direction and simultaneously
expanded in surface area due volume consistency. The reduction in thickness increases the electric
field, whereas an increase in the electric field in turn leads to a further reduction in the thickness.
This self-reinforcing effect lasts until the exciting Maxwell stress is in equilibrium with the
mechanical stress opposed by the material (Figure 3b). In this equilibrium, the DET exhibits steady

state deformation of thickness I; with electrode surface area [, [,:
UZ
3

By supplementing (2.1) into (2.10) this capacitance can also be expressed using the principal

oM = €&y (2.10)

stretches:



2 Fundamentals and State of the Art
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13 23

Maxwell stress and the corresponding actuation force in thickness direction of the DET is thus

Oy = Eo&r (211)

quadratically proportional with the voltage control if no deformation is considered. However, due
to the electromechanical coupling, it is also inversely quadratically affected by the voltage induced
thickness change (A3 < 1), resulting in even higher stresses with a nonlinear stress-voltage
function, as a result of the non-linear material properties. For in-plane strain control with further

simplifications from (2.2) and (2.3), o can be expressed with A;:

U? Uz vz, (2.12)
Om = Eoér L_Z/ll Om = €oér L_zll Om = €oér L_2/11
3 3 3
uniaxial pure shear equi-biaxial

It is evident, that under pure shear conditions, higher Maxwell stresses are generated in comparison
to uniaxial conditions, as they are quadratically affected by A,, and even higher actuation stresses
are obtained for equi-biaxial conditions. The spatial deformation of the DET increases
proportionally with the inducing Maxwell stress. The induced deformation cannot further be
described using simple analytical terms due to the typically non-linear material properties and the
electromechanical coupling. The specific electromechanical actuator characteristics are usually
determined experimentally, or by means of advanced mathematical models, e.g. based on free-
energy approaches, that are solved using numerical methods [51]. Actuators, that simultaneously
utilize sensing and actuation principle are referred to as ‘smart actuators’, which utilize the so
called ‘self-sensing effect’ enabling them to identify and react to their deflection state without
external sensors [52], [53]. The corresponding operation principle is illustrated with a single layer
DET, which is controlled to maintain a constant thickness I3 = I3, during load variation, e.g. if

subject to a single load element (Figure 4a), and transitioning to two load elements (Figure 4b).

b) 2x Load

c) Load & Disturbance
lzg + U=Ug+ Uy ‘ s >

u | C-Measurement

Iz Model C
e
c

Figure 4: Function principle of a smart DET actuator, which maintains constant thickness during load
variation if subject to a single load element (a), and transitioning to two of these elements (b). For closed
loop control, capacitance is typically measured via high-frequency measurement voltage signal superimposed
to the control voltage signal and correlated with deformation on a model base (c).
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Thereby, capacitance is typically measured via an alternating current voltage u,, (AC-voltage, low
voltage, small signal) which is superimposed to a quasi-stationary actuation voltage u, (high
voltage, large signal) resulting in a combined voltage w. It is correlated with the deformation on a
model base, resulting in an equivalent thickness I3, that is used as control variable in the closed
control loop (Figure 4c). In addition to the illustrated displacement control, there are also advanced
approaches reported in the literature, e.g. enabling force control, i.e. refer to [54], [55], and the
simultaneous self-sensing of displacement and force, i.e. refer to [56].

DET actuators can be used in a wide range of applications. In quasi-stationary operation, they are
particularly suitable for the proportional control of valves [57], [58] and positioners [59], [60].
Compared to conventional drives such as solenoids, DETs have particularly low energy losses and
thus heat dissipation in this operating mode due to the low leakage currents (see Section 2.1.7).
Due to their thin and flexible structure, they also offer novel and particularly compact design
possibilities. Due to their softness, they can also be used for safety-critical human-machine
interactions, e.g. in soft robotics applications [61]. When controlled in the lower frequency range,
DEAs can be used for silent pump drives, e.g. classical membrane pumps [62], or peristaltic pumps
[63]. When controlled in the high frequency range, they can also be used as loudspeakers, either as

drivers only [64], or as a combination of driver and acoustic membrane [65].

2.1.5 Design Variants

Due to the high design flexibility many individual DET design variants have been established in
the past decades. Standard types for uniaxial operation are particularly common in the field of
actuators but can also be considered for sensor applications. They can be divided into two classes:
DETs that primarily utilize the thickness reduction effect and DETs that primarily utilize the

surface area expansion effect.

Operated in the thickness direction, single DET layers can only be subject to compressive loads and
are suitable for direct use as pressure sensors. High voltage actuation of a single DET in this
configuration results in relatively low actuator forces that scale with the footprint size, but only
small strokes in the lower pm-range. To scale the actuator stroke, several layers are usually stacked

in so-called stack actuators (Figure 5a) [66].

HV On

Figure 5: Multiple DET layers configured as stack actuator (a), which reduces in thickness when activated
by high voltage (b).
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These are reduced in length when activated by high voltage (Figure 5b), and suitable for actuating
compressive and tensile loads [67]. Other designs that primarily utilize the thickness reduction
effect and have properties similar to stacked actuators include folded planar actuators [68] and

helical dielectric elastomer actuators [69].

DETs that primarily utilize the surface area expansion effect are referred to as planar DETS. They
are operated in longitudinal direction (1,-direction) either in the surface plane, or perpendicular to
the surface plane. Single layers can only be subjected to tensile loads and are suitable for direct use
as strain sensors. For actuator operation, they are usually biased with preload elements, e.g. coil
springs, to generate significant strains in the higher percentage range. A simple design variant is a
rectangular shape that is uniaxially operated in the plane, referred to as strip-in-plane DET (SIP)
[70]. The two edges perpendicular to the stretching direction of a SIP have a fixed width. This
constraint results in inhomogeneous deformation and typical necking characteristics when stretched
(Figure 6a) [71]. With long and narrow SIP designs, approximately uniaxial conditions prevail,
resulting in a linear sensor characteristic curve and relatively low actuation force. With short and
wide designs, approximately pure shear conditions prevail, resulting in a quadratic sensor
characteristic curve and relatively high actuation force. In contrast, more complex diamond-shaped
planar DETSs, which are clamped within a 4-bar linkage mechanism, show a homogeneous stress-

strain characteristics [72].

b)

HVOff © HVOn HV Off HV On

Figure 6: Actuation principles of typical in-plane operating DETSs; with rectangular-shaped planar DETs
(SIPs) biased with a coil spring (a), and hollow-rolled free-standing DETS (b).

Rolled and tubular DET variants are obtained when the surface of a strip is considered as the lateral
surface of a cylinder (Figure 6b). They can also be operated linearly in the longitudinal direction,
whereby their overall deformation and force characteristics strongly depend on their specific design
and dimensioning. For example, thin and tightly rolled versions exhibit strong uniaxial behavior,
therefore provide a linear characteristic for sensor operation [73], [74]. Wider multi-layer versions
can also be free-standing and subjected to compressive and bending loads [75], [76]. The inside of
the rolled versions can also be hollow and accommodate a biasing element such as linear springs,
e.g. to increase the stroke output [76], [77]. Tubular DETs can also be operated radially, e.g. for
active fluid control by feeding a liquid through the tube. When a liquid is passed through the
interior, pressure-dependent tube expansion can be sensed [78], and pressure and flow can be

controlled by actuation or generated by pumping motion [79]. Circular planar DETs can be
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operated perpendicular to the surface plane, thus referred to as cone-out-of-plane DETs (COPs)
(Figure 7). Their deformation can be approximated with a pure shear characteristic, resulting in
relatively high voltage induced forces, which scale with the outer radius, whereby the stroke scales
with the distance between inner and outer radius [80]. Due to the vertical movement out of the
plane, force and stroke are transmitted non-linearly, resulting in lower force and higher stroke
output. In general, the strip and rolled DETSs can also be operated out of the plane and then exhibit
similar force-displacement behavior. Strip-shaped DETs configured in this way are referred to as
strip-out-of-plane DETs (SOPs) [81].

A3

tl A2 HV Off
A

Figure 7: Actuation principles of typical cone-shaped and out-of-plane operating DETs (COP), biased with a
coil spring.

2.1.6 System Layout

Planar DETs in particular are preloaded to provide significant stroke when actuated. Preload
elements, such as conventional tensile or compressive coil springs, exert increasing force as they
are deflected, therefore referred to as positive stiffness bias elements (PBS). In contrast, elements
such as inclined buckled beam springs [59] or magnets [82] exhibit nonlinear force-displacement
characteristics with a negative stiffness branch, therefore referred to as negative bias stiffness
elements (NBS). The combination of DET actuator and preload element is referred to as the DET
actuator system. The layout of a quasi-statically operated system, e.g. based on a SIP combined
with a coil spring PBS or an inclined buckled beam NBS, is a consideration of the balance of forces
between DET and biasing elements (Figure 8a) [83]. The individual force-displacement
characteristics of the biasing elements, e.g. Fpps(xpps) OF Fyps(xyps), and of the DET are
determined separately either experimentally with tensile tests or based on numeric simulations.
Two characteristics curves are required for the DET, one with maximum applicable voltage
applied, e.g. Fpyy (xpgr), and one without, e.g. Fpop (xpgr). All curves are transformed into the
DET coordinate system, resulting in the DET actuator system layout diagram, thereby neglecting
hysteresis for simplicity (Figure 8b). The space between the DET curves span an area, which
represents the maximum amount of energy (mechanical work), that can be converted within one
actuation cycle. If the motion is blocked, a blocking force AFg is built up corresponding to the
force gap in between the DET curves. If the system is not blocked, the respective free system
stroke, e.g. Axyps and Axpgs, is obtained directly from the intersection points of the DET curves
with the corresponding preload curves. From this, it is apparent that preloading the DET with an

NBS achieves significantly higher stroke than a PBS (Figure 8b, c). As the stroke also limits the
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amount of energy that is actually converted, system designs with NBS biasing elements are

typically particularly efficient [59].
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Figure 8: Individual DET actuator system components and their cut-free forces (a), which are transformed

into a typical DET actuator system layout diagram for quasi-static system design (b), showing that NBS
biasing elements achieve significantly higher stroke than PBS biasing elements (c).

Actuator system curves are obtained by subtracting the preload curves from the DET curves
(Figure 9a). The area in between these curves represents the mechanical work available for
actuating external loads. It is slightly reduced if the hysteresis behavior of the DETs is taken into
account (dashed lines). As no deformation occurs, the typical blocking force-voltage curves exhibit
no hysteresis and an approximately quadratic trend (Figure 9b). The displacement-voltage curve is
typically hysteretic and non-linear due to non-linear and hysteretic force-displacement

characteristics of the DET and the non-linear electromechanical coupling (Figure 9c).
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Figure 9: Typical quasi-stationary DET actuator system curves spanning the mechanical work available to
actuate an external load (a), and corresponding quadratic blocking force-voltage curve (b), as well as
hysteretic and non-linear displacement-voltage curve (c).

For dynamic design, the DET actuator system can be mechanically considered as a spring-mass-
damper system. A simplified design approach is limited to solving the equation of motion for a
spring-mass system, neglecting damping and electrical parameters [84]. It considers inertia as
displacement and rate-dependent stiffness, resulting in a force F;, (x, f) that is subtracted from the

preload force. This results in a set of bias curves for different frequencies, e.g. f3 > f, > f; = 0,
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which can be used to estimate frequency-dependent system stroke using the quasi-static DET

system design curves (Figure 10).

F A — Fpov
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Figure 10: Rate dependent layout of a PBS-preloaded DET system, using the quasi-static DET system
design diagram, thereby considering inertia as a rate-dependent stiffness that is subtracted from the preload
stiffness.

2.1.7 Mechanical Characteristics

Analyzing the mechanical properties of DETs facilitates a thorough comprehension of
electromechanical transduction principles, along with, time-, load-, rate-, and temperature-
dependent phenomena, which is crucial for application-oriented development, testing and
characterization purposes. The mechanical characteristics of DETs are predominantly determined
by the dielectric layer, as the electrode layers are usually significantly thinner and their stiffness is
further reduced during manufacturing, e.g. by using pre-stretching techniques [28], [29].
Particularly for fully polymeric DETSs, i.e. PDMS-based dielectric films provided with CB-PDMS-
electrodes, the mechanical properties correspond closely to the general mechanical properties of
elastomers well known from polymer science. In this context, the viscoelastic load-, rate- and
temperature-dependencies are typically characterized under the assumption of small deformations,

which is discussed below.

Small Deformation Mechanical Material Properties

Assuming quasi-static deformation, as is common for tensile tests, the stress ¢ as a function of
strain € of elastomers is approximated as linear. This resulting stress-strain curve exhibits identical
mechanical loading and unloading paths (Figure 11a). The linear-elastic characteristics is described

by a single parameter, the Young’s modulus of elasticity Y according to Hooke's law:

o="Ye (2.13)

This simple model is utilized for comparison of DET materials, with the Young’s modulus
typically in the lower MPa-range, e.g. 0.4 — 2.3 MPa for polyacrylates or 0.09 — 2.5 MPa for
silicones [27]. However, in reality, elastomers exhibit viscoelastic properties, resulting in inherent
damping and limited frequency response, as well as rate-dependent energy losses during cyclic
operation, as shown by characteristic hysteresis curves in the stress-strain diagram (Figure 11b). By

introducing the viscosity constant 7 which depends on the strain rate €, a time-dependent variant of
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(2.13) is obtained, known as the Kelvin-Voigt rheological model, offering a simple description of

the viscoelastic behavior[85]:

a'(t) =Y'e(t) +nét) (2.14)

Therein ¢’ denotes the rate-dependent material stress and Y’ the rate dependent storage module.
Rheological models consisting of lumped spring and dashpot elements are frequently utilized to
describe this time-dependent viscoelastic characteristic of elastomers. Common examples include
the Voight-Kelvin model, the Maxwell model, the Standard Linear Solid model, and the Burger
model, along with their modifications and combinations [86], [87]. Stiffness and viscosity are
highly temperature and rate dependent, therefore usually determined experimentally using dynamic
mechanical analysis (DMA), by subjecting the material to sinusoidal strains at various frequencies
w and temperatures T, and measuring the stress response [85], [86]. By segregating the stress
components that are in phase with strain from those that are out of phase, the complex dynamic
modulus Y*can be derived, with the real part representing the storage modulus Y’ as elastic
component, while the imaginary part (imaginary unit j) represents the viscous component, known

as tensile loss modulus Y"':

Y* =Y +jv" (2.15)

From this, the viscosity n can be obtained [85]:

Y" 2.16
n() = o (210)

For filled elastomers, beyond a critical strain, the storage modulus shows a decreasing trend with
increasing strain, whereby the loss modulus shows a maximum in that strain range (Figure 11c).
This phenomenon is known as the Payne effect [88], [89], [90]. Measuring at constant frequency,
elastomers exhibit energy-elastic properties similar to rigid solids for temperatures lower than the
glass transition temperature T, but soften to an entropy-elastic, rubber-like behavior for
temperatures higher than T, (Figure 11d) [91], [92].

a) Linear-Elastic D) viscolastic C) Payne Effect d) Temperature-Dependency e) Rate-Dependency
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Figure 11: Typical qualitative stress-strain curves of elastomers for small deformations, showing linear
stress-strain characteristics for quasi-static deformation (a), viscoelastic hysteresis for dynamic deformation
(b), and the Payne effect for filled elastomers (c). At constant frequency, the storage modulus changes from a
stiff energy elastic characteristic to a soft entropy elastic characteristic when exceeding the glass transition
temperature range, in which the loss modulus shows a peak (d). Due to frequency-temperature equivalence,
converse trends are observed with increasing frequency at constant temperature (e).
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The entropy-elastic range represents the common operating range for DET applications. Within this
range, elastomers typically show an increase in stiffness with temperature [91], [92], [93], e.0.
observed for PDMS materials [94], [95]. Time and temperature behavior of elastomers are
interdependent, thus measuring at constant temperature and increasing frequency, the moduli
typically show a converse trend, with transition from entropy-elastic to energy-elastic properties
(Figure 11e). This frequency-temperature equivalence is commonly utilized to extend the DMA

temperature and frequency range through time-temperature superposition [86], [96].

Above explanations illustrate typical mechanical properties of elastomers, and thus DETs, under
the assumption of small deformations. However, these properties vary depending on factors such as
the specific elastomer composition, crosslinking density, and filler content, making it difficult to

make generalized statements.

Large Deformation Mechanical Material Properties

Due to the tendency of DETs to undergo large deformations, they exhibit rather nonlinear than
linear material properties. Nominal stress-strain curves considering large deformations typically
show an initial decreasing stiffness for increasing strains, followed by a relatively constant stiffness
in the mid-range, which is finally increasing again for higher strains, until rupture occurs (Figure
12a). While this nominal stress refers to the undeformed cross-sectional area of the DET, the true
stress refers to the deformed cross-sectional area, typically exhibiting progressively increasing
stiffness in the lower strain range, with a tangent slope similar to that of the nominal stress. To
adequately account for both stresses, Young's modulus is determined from the slope of the tangent
at zero strain [41]. Since linear stress-strain considerations become inadequate for large strains,
their use is limited to rough estimates. Instead, the strain-stress correlation is usually described by
higher order hyperelastic material models, e.g., Neo-Hooke, Mooney-Rivlin, Ogden or Yeoh [39],
[51]. The stress-strain hysteresis can either be closed for reversible deformation (Figure 12b), or
open for irreversible deformation, showing permanent set with a pronounced residual strain, that is
visible as zero-stress plateau along the strain axis (Figure 12c). Furthermore, the slope of the stress-
strain curve depends on the previous maximum strain, which leads to a strain-induced softening
phenomenon, the so-called Mullins effect [97], [98] (Figure 12d).

a) Hyperelastic b)  Viscoelastic C) Viscoelastic d)  Mullins
Deformation Reversible Deformation Irreversible Deformation Effect

Strain- & Cycle- 3

Dependent
Hystersis

Closed Hysteresis Open Hysteresis

Tangent

Mo s >
/
© [Ttrue ,' Onom, ° Onom ° Onom 227" ° Onom 1
S > - z
4 ”’ -
/ & Break g € Zelgl(;tsetariss
> > o >
€ € € €

Figure 12: Typical large deformation stress-strain curves of DETSs, exhibiting highly non-linear hyperelastic
behavior (a), along with viscoelastic characteristics with either reversible deformation (b) or irreversible
deformation (c), accompanied by a strain-and cycle-dependent stress softening known as Mullins effect (d).
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Also, for large deformations, the viscoelastic behavior of elastomers is typically modeled using

rheological models consisting of lumped spring and dashpot elements [51], [99].

Molecular Effects

The nonlinear and viscoelastic entropy elastic behavior of elastomers is typically explained by their
macromolecular structure, representing a network of widely meshed cross-linked polymer chains,
which, according to rubber conformation theory, can be considered as entropic springs [100]. In an
unloaded state these chains arrange themselves in a coiled configuration to maximize mobility
according to the principle of entropy maximization (Figure 13a). Under tension, the entangled
network gets untangled, whereby it can be exerted to high strains (Figure 13b). Further stretching
after untangling, results in a stiffer solid-like behavior, as now the interatomic bonds of the fully
stretched chains become stretched until rupture. Even though elastomers generally exhibit a
positive coefficient of thermal expansion, they contract in load-direction when heated under tensile

stress due to the increased entropy, resulting in an increased stiffness with temperature [92], [93].

a) Unstretched b) stretched
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Figure 13: Schematic illustration of an unstretched cross-linked elastomer network, exhibiting a short,
entangled structure resulting from the entropy-elastic characteristics (a), in contrast to its stretched
configuration, in which the elastomer chains are stretched (b).

The viscous behavior of elastomers is explained at the molecular level by several mechanisms
resulting from the interaction of molecular chains, which occur in addition to the covalent bonds
and entanglements within the cross-linked network. These mechanisms include frictional effects
between elastomer chains, van der Waals forces between them, and the formation of weak and
reversible bonds such as hydrogen bonds [101]. The strain-induced softening observed with the
Payne effect only occurs with filler-reinforced elastomers for low and moderate strains and is
attributed to strain induced breaking of the filler agglomerates bound in the elastomer matrix and
restructuring of the polymer-filler network [88], [89], [90]. For higher strains, however, an
increased stiffness can still be observed compared to unfilled elastomers, which is explained by the
immobility of the filler particles, which affects the mobility of the polymer chains [102]. Gilormini
et al. [98] have summarized the findings of the recent years on the Mullins effect. Their literature
research reveals that the effect is not limited to filler-reinforced elastomers, but also occurs in
unfilled crystallizing rubbers. The phenomenon is reversible, as materials can heal when exposed to

high temperatures in a vacuum or through solvent swelling. Physically motivated theories to
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explain the effect include bond ruptures, molecule slipping, filler-cluster rupture, chain
disentanglement, chain retraction, network rearrangement, and composite microstructure formation,

but no general agreement has been gained so far [98].

2.1.8 Electrical Characteristics
DETs are either operated by applying low voltage electrical measurement signals, high voltage
control signals or combinations of both. Consequently, their frequency response and energetic

losses are influenced not only by their mechanical, but also by their electrical properties.

Equivalent Circuit Representation

The electrical characteristic of DETSs is typically described with a simplified equivalent circuit
diagram of deformation-dependent electrical components, i.e. refer to [103], [104]. In this, the DET
is considered as flexible capacitor of capacitance C, complemented with a parallel leakage
resistance R; and two serial resistances R,, which are representing the flexible electrodes. These

are connected to a voltage signal source via constant contacting resistance R, (Figure 14a).
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Figure 14:Common equivalent circuit of a DET, and lumped models for DC-operation and quasi-stationary
operation, neglecting current through the capacitor; and AC-operation neglecting leakage current.

The capacitance depends on the permittivity &, of the material and the deformed geometry, as
described in (2.5). The parallel leakage resistance also depends on the (deformed) geometry and the
specific film resistivity p;, for simplicity assuming ideal homogeneous materials and no change of
p; due to deformation:
l3

R, = p, E (2.17)
Exemplary values for a PDMS dielectric film (e.g. Elastosil 2030) are ¢, = 2.8, and p; = 101°Qm
and I3 = 20...100 um [105]. With typical DET lengths and widths in the cm-range, this results in
single-layer leakage resistances in the lower TQ-range, and in capacitances in the lower nF-range.
Similarly to the leakage resistance, the electrode volume resistance R, in length-direction of
(compliant) electrodes is obtained from the specific resistivity p, and the thickness [;, of the

electrode, with the same simplifying assumptions:
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l
Re = pe —— (2.18)
Llse

Furthermore, a sheet resistance is defined independently of the electrode surface:

L, _p
Res = Re7- = l—e (2.19)
1 3e

Sheet resistance is a commonly used metric for quantifying the electrical properties of a thin
electrode layer along the surface plane to compare different electrodes and electrode materials, as it
is often difficult to accurately measure the electrode thickness [41]. For sputtered metal electrodes,
for example, this is in the sub-kQ range (e.g. 400 Q), while for CB- PDMS based electrodes it is in
the low kQ-range (e.g. 50 kQ) [28].

From this equivalent circuit, further simplified lumped models for either direct current (DC-)
operation (Figure 14b) or alternating-current (AC-) operation can be derived, used to approximate
quasi-stationary, or higher frequency and dynamic operation (Figure 14c). Quasi-stationary
operation implies frequencies f = 0, resulting in voltages U, that are approximately DC. The
lumped model consists of a capacitor C in parallel to a resistor R, which represents the sum of
series and parallel resistors. This is postulating, that no charging current is flowing through the
capacitor, as this has an infinite reactance X_.
1

Xe = ~30r (2.20)

Therefore, resulting constant current I is only attributed to leakage, which is limited by the total

resistance R, resulting in Ohmic losses of active power P,,:

P, = RI? (2.21)

Since typical R is in the lower TQ-range and typical U in the lower kV-range, I is in the lower nA-
range, resulting in very low ohmic losses in the lower puW-range, which makes DET actuators
particularly efficient for quasi-stationary operations. A lumped model for dynamic or frequency
operation with time-dependent (AC-) voltages u, is obtained, postulating that all current is flowing
through the capacitor and no leakage occurs. Thus, R; is neglected and R only comprises the sum
of the series resistors, with typical values for DETSs in the lower kQ-range. Since typical values for
C are in lower nF-range, and typical R; is in the lower TQ-range, this characteristic is
approximated, as the reactance X, is significantly lower than R;, also for lower frequencies (e.g.

f = 1 Hz). The model represents a simple RC-series element of complex impedance Z:

Z=R+jX, (2.22)

and time constant T
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T=RC (2.23)

With this, the time t, to charge a standard capacitor by approximately 99 % is obtained, which is

used as a rough estimate of the (minimum) charging time of a DET, if a voltage is applied:

t, =57 (2.24)

The RC-series represents a lowpass of cut-off frequency f. at which the phase angle between
voltage and current is 8, = —45°, and the voltage over the capacitor is attenuated by approximately
3dB, or 70.7 %:

1

fo=5— (2.25)

The cut-off frequency represents a transmission limit for the electric stimulation of DETSs, which
must be considered for high frequency operated actuators and for high frequency impedance
measurement. The highly simplified RC-series model is used in particular as an equivalent circuit
diagram for the derivation of capacitance and electrode resistance of DETs from impedance
measurements, e.g. for self-sensing methods [103], [104]. As this is also implemented in the scope
of this work, further details are discussed in Section 3.5.3. Furthermore, it is noteworthy that the
simple RC-series model does not take into account the local distribution of R and C, which leads to
inhomogeneous voltage distributions that affect actuation and measurement, especially with large
DET surfaces, high electrode resistances, and high measurement and actuation frequencies. This
must be considered with more sophisticated models, e.g. for high frequency actuator applications
[106] or sensing of locally distributed resistance or capacitance changes within a single DET
structure [107]. As this must also be taken to in account in the scope of this work, further details

are discussed in Section 4.1.

Dielectric Permittivity

The electromechanical transduction principles of any DETs are fundamentally controlled by the
permittivity &, of the DET (refer to Section 2.1.3, and 2.1.4). A review on typical dielectric
elastomer materials is given in [27], covering a range of permittivity ranging from g, = 2.8, i.e. for
PDMS (Elastosil 2030), to &. = 12.5, i.e. for Hydrogen Nitrile Butadiene Rubber (HNBR).
Permittivity arises from the alignment of dipoles within the polarizable material due to an applied
electric field. From equation (2.9) it can be observed that a higher value of the dielectric constant
leads to an increase in the induced Maxwell stress, and thus higher actuator performance, and from
equation (2.4) it is evident, that this also goes along with a higher sensitivity. Efforts are therefore
being made to increase permittivity, with various approaches being pursued, as shown reviewed in
[9]: Besides the synthesis of new polymers, these include random composites in which fillers, e.g.

ferro- and piezo-electrics, conductive particles, or organic mono- and polymers, are embedded into
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the elastomer matrix, and field-structured composites, where crosslinking is carried out in presence

of an electric field.

Electrode Conductivity

Two approaches have generally been established to make conductive electrodes compliant, either
utilizing pre-stretching techniques during electrode deposition to achieve an unfolding structure, or
using conductive micro- or nanoparticles, usually embedded into inherently compliant materials
(refer to Section 2.1.1). The advantage of coherent wrinkled metal thin-film electrodes resulting
from the first approach is, that they exhibit comparatively low viscosity along with a high
conductivity, that is consistent over the permissible stretch range [28], [29]. However, their
deposition, e.g. with the aid of sputtering processes, is complex. Conductive particles are therefore
used more frequently in the literature, i.e. embedded in elastomers such as PDMS [34], [38], [108],
which are then cross-linked, to obtain sufficient adhesion to the dielectric layer. The conductivity
of these filled elastomer electrodes is explained by the percolation theory, i.e. refer to [108], [109].
It states that the conductivity is given at a certain degree of filling, the percolation threshold, at
which the first coherent conductive paths are established, and increases only slightly with a further
increase of the filler content. For typical carbon-based conductive particles, the percolation
threshold for CNT is typically lower than for CB due to their high aspect ratio [109]. A negative
temperature coefficient is frequently reported for CNT-filled PDMS, i.e. [110], [111], [112], but
also for CB-filled PDMS, i.e. [113], [114], [115]. This characteristic is explained by an increased
mobility of the charge carriers and tunneling currents with increasing temperature, that is
counteracting the increase in resistance due to thermal expansion of the material [110], [111],
[114]. Beyond the mechanical influences of the fillers (refer to Section2.1.7), CB-filled elastomeric
PDMS electrodes usually also exhibit a complex electromechanical behavior, frequently exhibiting
non-linear, and often bi-modal hysteretic behavior depending on the utilized materials and filler
concentration, i.e. shown in [108]. Potential explanations of these effects consider the behavior of
the CB clusters within the silicone matrix and their changing ratio of loss and formation of

conductive paths.

2.1.9 Failure Mechanisms

As discussed in Section 2.1.7, (dielectric) elastomers and especially filled variants i.e. CB-PDMS
based electrodes, exhibit a variety of mechanical phenomenon, such as load amplitude- and cycle-
dependent permanent set and softening phenomena, as well as time-, rate- and temperature-
dependent non-linear hysteresis characteristics. This assumes that no load is applied above the yield
point, at which the material immediately tears. Many load-related effects typically subside after a
few cycles, so that a reproducible mechanical behavior can be achieved, which is crucial for the
specification of DET sensors, actuators, and corresponding systems. Accordingly, the

corresponding sensors and actuators must be trained during production, and it must be ensured that
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they are not loaded beyond the specification during operation, as this can lead to a reduction in
performance, accuracy, or even total failure. In the specified operating range, it must also be

ensured that minor temperature, time, and rate-dependent changes can be tolerated.

Mechanical Degradation and Failure

Long-term and high-cycle operation usually goes along with a decrease in residual strain or
residual stress until mechanical failure (crack / tearing) occurs. The service life specified by the
number of load cycles usually decreases with increasing strain amplitude, strain rate and
temperature. An overview of relevant studies in the context of DET technology is given in
Section 2.3.

Conductivity Degradation and Failure

Along with mechanical degradation, the strain amplitude and cycle-dependent fracture of
continuous electrode areas leads to a degradation of the electrical conductivity. Coherent wrinkled
metal electrodes, typically exhibit widely consistent conductivity during cyclic operation i.e. shown
in [28], [30], however a steep decline in conductivity can occur after fatigue fracture of the
electrode surface, e.g. shown in [116]. For conductive particle-based electrodes, i.e. CB-PDMS
electrodes, the breaking of agglomerates can lead to the formation of partially or completely

isolated islands and thus to a gradual degradation of the electrical conductivity [10], [41].

Dielectric Breakdown

DE materials are limited in their electromechanical actuation performance by their maximum
electrical breakdown strength. This is characterized by a sharp increase of current, occurring when
a critical voltage or electric field threshold is exceeded, usually creating a permanent conductive
path through the elastomer, preventing it to be charged again [10], [41]. A review on typical
dielectric elastomer materials is given in [27], covering a range of dielectric breakdown field
strengths from 17 ...35 V/um for VHB 4910, over 100 V/um for Elastosil 2030 up to 235V /um
for Nusil CF19-2186, which represents another silicone material. However, these breakdown
strengths cannot be considered as material constant, but also depend on thickness and pre-stretch of
the sample, the rigidity, geometry, size and surface properties of the electrode, and extrinsic factors

such as humidity, temperature, type, and rate of the electrical stimulation [33], [41], [117].

Electromechanical Instability

With reference to Section 2.1.4, the actuator effect usually results in an equilibrium between the
voltage induced stress and the material stress acting against it. However, for some materials, e.g.
VHB acrylates, the increase in reacting material stress is lower than the increase in Maxwell stress,
resulting in a continuously decreasing thickness of the dielectric, until breakdown occurs [41]. This
electromechanical Instability (EMI) phenomenon can be counteracted, for example, by pre-

stretching the material, i.e. refer to [118].
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2.2 Fundamentals of Testing and Characterization of DETs

Testing and characterization of DETSs, their underlaying materials and derived systems involve
both, controlling mechanical and electrical quantities and measuring mechanical and electrical
quantities in response. To ensure reproducibility and study the effects of temperature and humidity,
tests are typically conducted under (various) controlled environmental conditions. They can
generally be categorized as mechanically, electrically, and electromechanically controlled
experiments, conducted under either short-term (low-cycle) or long-term (high-cycle) test
conditions. The categories and the general test principles are explained below, by means of two
generic electromechanical test setups which enable to conduct typical characterization experiments
within temperature and humidity-controlled environments (Figure 15). One setup enables to
conduct mechanically, electrically and combined electromechanically controlled experiments, e.g.
on DET elements (Figure 15a). The second setup is suitable to conduct purely electrically
controlled experiments, e.g. on DET actuator systems including biasing mechanisms (Figure 15b).
The SIP design together with the NBS preload mechanism is considered as a test object example,

as this configuration is particularly relevant in the context of this work.
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Figure 15: Schematic illustration of generic electromechanical test setups located in temperature and
humidity-controlled environments, suitable to conduct either mechanically, electrically, and
electromechanically controlled experiments, e.g. on SIP compounds (a), or purely electrically controlled
experiments, e.g. on SIP actuator systems including buckled beam NBS preload mechanisms (b).

2.2.1 Mechanically Controlled Experiments

In mechanically controlled experiments, active control is provided to control either force (stress) or
displacement (strain) and measuring the respective remaining variable. Thereby, the electrical
status of the DET is usually not indifferent, but subject to specific constraints, such as grounding or
constantly applied high voltage. Common complementary measurements include the simultaneous
investigation of electrical properties, such as electrode resistance, or dielectric permittivity

measurement [41].

Typical mechanically controlled tests for planar DETs are uniaxial tensile tests (Figure 16a), planar
tension tests (Figure 16b), and equi-biaxial tensile tests (Figure 16¢), including bubble inflation

tests (Figure 16d). The test variants can be either displacement controlled, or force controlled.
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Figure 16: Typical mechanical tests on DE materials, i.e. uniaxial tension tests (a), planar tension tests (b),
equi-biaxial tension tests (c), and bubble inflation tests (d).

Multiaxial Testing

The bubble inflation test is a common biaxial test performed on elastomers pioneered by Treloar
[119] and Rivlin et al. [120] in the mid-20" century. It involves inflating a circular membrane
mounted on a frame to a known pressure and measuring its expansion optically to calculate the
stress-strain curve from the applied pressure, geometry, and expansion data, i.e. refer to [41], [121],
[122]. In the field of DETs, these tests are relevant to identify constitutive parameters for
hyperelastic material models, i.e. refer to [122], [123]. They also serve for experimental
investigations on biaxially (pre-)loaded DET types, in particular bubble-like inflated membrane
designs, i.e. to investigate their actuation performance and EMI [124], [125], [126].

Equi-biaxial tests can also be conducted on rectangular or cross-shaped planar samples, by actively
controlling two perpendicular axes. Corresponding tests are particularly conducted to obtain
constitutive material parameters, i.e. refer to [121], [127]. However, the design of the samples and
test setups is relatively complex in comparison to the bubble inflation test.

Similarly complex setups are used for planar tension tests, also referred to as pure shear tests, i.e.
refer to [121], [127]. For this reason, simplified tests are therefor usually conducted by using pure

shear-like samples in uniaxial tensile tests.

Uniaxial Testing

Uniaxially mechanically controlled tests are particularly used to characterize and design uniaxially
operated DET compounds and systems (refer to Sections 2.1.5 and 2.1.6). Assuming uniaxial- or
pure shear-like test objects, corresponding tests can also be utilized to investigate general material
characteristics, i.e. to determine constitutive material parameters, thus avoiding the more complex
design of test setups with multiple control axis to enable planar or biaxial testing and using
standardized universal setups instead. In particular, uniaxial tests serve as a basis for determining
the modulus of elasticity and the complex mechanical modulus as a function of temperature and
frequency using DMA (refer to Section 2.1.7). However, in the context of research and

development on DETs, mostly quasi-static investigations with large strain amplitudes are
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conducted, that are particularly relevant with focus on sensing and actuation with large strains.
Corresponding tests are also relevant to investigate long-term and fatigue characteristics of DETs

and underlying materials, as explained in more detail in Section 2.3.1.

Typical test setups for uniaxially controlled tensile tests basically consist of a linear motor, which
can either be displacement controlled, e.g. via the position signal of the motor internal encoder, or
force-controlled via the force signal provided by the load-cell (referto Figure 15, left). Both
standardized universal test devices and proprietary developments, are typically utilized for this
purpose, some of which are also installed in climate chambers, to investigate temperature and

humidity impacts.

To obtain comparable test results, Carpi et al. [41] defined standardized test conditions for uniaxial
testing. Therein, a minimum (tensile) length-to-width aspect ratio of 5:1 is specified for uniaxial
characteristic sample designs, and minimum aspect ratio of 1:5 for pure shear characteristic sample
designs. The typical variations in the strain rate are a tenfold increase or decrease if the change
strain rate results in more than 10 % change of the stress-strain curves. In addition, ambient test
conditions are defined with a room temperature of 23 + 2°C and humidity of 50 £+ 5 %rh. Test
results of continuous cyclic experiments are commonly presented with stress-strain curves
(see Figure 12), with strain and stress described as nominal (engineering) quantities, related to the
undeformed geometry. Hence, strain €,,,, iS described as ratio of the stretched length [, to the
initial length L:

ll - Ll
€nom = €1 = L (2.26)

The corresponding nominal stress o, is described as ratio of the applied force F to the

undeformed cross-section area L, L5:

F
Onom = 01 = L,Ls (2.27)

The experiments carried out as part of this work (refer to Section 4) are also evaluated using these
nominal quantities, whereby they are only referred to as €,,,,, = € and g,,,, = o for the sake of

simplification.

2.2.2 Electrically Controlled Experiments

In electrically controlled experiments, active control is provided by controlling the actuation
voltage. The mechanical constraints are commonly not indifferent and depend on the respective test
type. The most relevant electrically controlled experiments are dielectric breakdown tests, blocking

force tests, and free-stroke tests.

26



2.2 Fundamentals of Testing and Characterization of DETs

Blocking Force Tests

Blocking force experiments are conducted to evaluate uniaxially operated DET actuators for their
actuation force. For this purpose, the DET is pretensioned against a load-cell with a specific
constant pre-strain, i.e. using a linear motor which is blocked at a corresponding position
(refer to Figure 15a). By controlling the DET with a slow voltage profile, the blocking force-
voltage curve can be acquired, which typically exhibits an approximately quadratic characteristic
(refer to Figure 9b). By providing frequency sweeps, the dynamic behaviors of DET actuators can
additionally be characterized in terms of force as a function of excitation frequency, given that the
stiffness of the test setup is significantly higher than this of the DET [41].

Free-Stroke Tests

Free stroke experiments are conducted to evaluate uniaxially operated DET actuators for their
actuation stroke. For this purpose, the corresponding free-standing test object is mounted on a rigid
test platform and its stroke output is measured with a displacement measurement sensor, e.g. laser
position sensor (refer to Figure 15b). By providing frequency sweeps, the dynamic behavior of
DET actuators can additionally be characterized in terms of stroke as a function of excitation
frequency [41].

Dielectric Breakdown Tests

Dielectric breakdown tests are conducted to evaluate DETs and their underlaying materials for their
breakdown strength (refer to Section2.1.9). During dielectric breakdown tests, the DET compound,
or to the pure film is provided with constant pre-stretch, and a continuously increasing voltage
signal is applied until dielectric breakdown occurs, which is detected by a steep increase in current.
A corresponding test can generally be carried out, using a similar setup as for the blocking force
(refer to Figure 15a, motor locked), with focus on current measurement for dielectric breakdown
detection, instead of force measurement. If DET compounds with compliant electrodes are tested,
breakdowns can occur in the entire electromechanically active area. The test bench developed
within the scope of this dissertation also follows this approach (refer to Section 4.3.2). However,
breakdown tests are often carried out point-by-point on pure film material, which is firmly clamped
between two rigid metal electrodes of the test device [41]. Commercially available equipment can
serve for this purpose, but comprehensive proprietary developments are proposed in the literature,
that offer improved systematic experimentation and wider test variations. For example, they enable
automatic point-by-point scanning of film samples at multiple local points, utilization of various
electrode geometries, adjustment of electrode contact pressure, and execution of experiments under

controlled ambient conditions, i.e. refer to [128], [129].

2.2.3 Electromechanically Controlled Experiments
In electromechanically controlled experiments, active control is provided by both, strain (or stress)

and voltage (refer to Figure 15a, motor unlocked). Corresponding test benches can be used in
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particular for hardware-in-the-loop (HIL) experiments. To name some examples, Hodgins et al.
conducted HIL experiments by simulating various (pre-) load profiles in combination with a DET,
therefore applying sinusoidal voltage signals and control the motor to obtain a constant force or a
desired stiffness [83], [130]. Moretti et al. conducted HIL simulations on DET generator
prototypes, that includes dedicated power and control electronics, with a real-time model that

emulates oscillating water column plant hydrodynamics[131], [132].

HIL approaches generally offer the possibility of simulating realistic operating conditions. They
therefore also represent a promising approach for the long-term testing of DETs with realistic
electromechanical load scenarios. Two HIL approaches that can be carried out with the developed
test rig are also demonstrated as examples in this dissertation. These methods do not rely on a
closed control loop but instead utilize feed-forward techniques, operating under simplified
assumptions. With this approach, a constantly controlled electric field is generated across a DET
over a wide strain and voltage range (refer to Section 4.4.1), or the strain-voltage behavior of a
DET-NBS system is simulated (refer to Section 4.4.2).

2.3 State of the Art: Long-term Testing of DETs

In general, mechanically, electrically, and electromechanically controlled tests can be carried out
under both short-term and long-term operating conditions. Long-term tests and short-term tests
generally require similar test setups with regard to attributes such as functionality and precision. In
this respect, long-term tests and short-term tests can be carried out, using similar test rigs.
However, long-term tests involve further challenges for the test system, such as low wear and
maintenance, automatic condition monitoring, as well as failure detection. Due to the long test
duration, they also require the simultaneous execution of several tests under equal testing
conditions for the accelerated assessment of statistically relevant data. These additional
requirements particularly apply to the test rig developed in this work. Therefore, the following
literature review offers an overview of long-term tests conducted in scope of DET research,
including discussions on the associated test setups. It shows the wide range of testing options that

have already been implemented and reveals the gap that this work aims to close.

2.3.1 Mechanically Controlled Long-Term Experiments
Mechanically controlled long-term tests typically use universal test benches located in temperature-
controlled laboratories and measuring rooms. Corresponding investigations mainly focus on

changes in the stress-strain behavior and electrode degradation characteristics of DETS.

The long-term behavior of elastomers in general is covered in detail in the polymer science
literature mostly with regard to stress-strain behavior for different environmental conditions.
Mechanical lifetime is mainly studied by the crack initiation (nucleation) and the crack propagation
(growth) method [133], [134], [135]. With the crack initiation method, a decrease in material
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stiffness is typically observed, and the occurrence of cracks or fractures is defined as the end of the
service life. With regard to this, Cadwell et al. [136] conducted pioneering uniaxial strain-
controlled experiments on rubber, reporting a dependency between maximum strain and number of
cycles until failure, and thus strain-based life cycle prediction. In the crack propagation method,
fatigue life is defined as the number of cycles required for a crack of a given initial size to
propagate to the maximum crack size under the influence of the external energy release rate. With
this regard, Lake et al. [137] conducted pioneering experiments on razor-cut crystallizing (natural)
rubber and non-crystallizing styrene—butadiene rubber (SBR), also reporting significant increase in
the cut growth rate for increasing temperature. Dogadkin et al. [138] conducted first investigations
on the effect of electrical charges on carbon-reinforced rubber, reporting higher mechanical
lifetime in fatigue experiments if the test specimen grips are grounded.

Only a few high cycle mechanical lifetime experiments can be found in the literature, which have
been conducted in the context of DET technology in the past decades. Fan et al [139] investigated
crack growth of pure shear like DE samples (VHB 4910), by conducting cyclic strain-controlled
uniaxial tests with various maximums stretches and more than 10° cycles. From the results they
derived a simple power law to describe the relation between crack growth rate and energy release
rate to predict the lifetime of these DEs. lannarelli et al. [140] investigated, how the pure
mechanical cyclic strain affects the dielectric integrity of DEs (Elastosil 2030 film), by monitoring
the partial discharge activity after applying up to 10* cycles of various stretches. For their studies,
they used a fatigue test bench that enables to test five samples in parallel. For higher stretches
(200 %) they report generally larger discharge moduli for the fatigued samples in comparison to
non-fatigued samples, but no difference for lower or moderate stretches. Won et al. [116]
investigated electrode degradation of acrylate and PDMS based DET samples (VHB 4910 and
Sylgard 184kit), with spray-coated silver ink electrodes combining interpenetrating network and
wrinkle surface methodology. With uniaxial strain-controlled tensile tests for rectangular shaped
DETs (1 Hz sinusoidal strain of 76.5 %), they proved approximately constant electrode
conductivity for up to 103 cycles, although severe cracks are obtained in the electrode surface.
Hubertus et al. [30] conducted similar experiments on PDMS DET samples (Elastosil 2030), with
sputtered NiCr-based thin-film electrodes also using the wrinkle surface methodology, varying
layer configuration, pre-stretching, and cyclic stretches. From their studies, they report only minor
changes in conductivity for 107 cycles (20 Hz sinusoidal strain of up to 65 %). Taine et al. [129]
investigated the relationship between silicone film strain and its breakdown strength through strain-
controlled cyclic uniaxial tensile tests at varying strain levels, followed by an assessment of
dielectric breakdown. Their findings indicate that the initial stretching, characterized by the Mullins

effect, predominantly diminishes the breakdown strength.
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2.3.2 Electrically Controlled Long-Term Experiments

For electrically controlled long-term tests, either blocking force with different constant pre-strains
or free-stroke tests with different pre-strain mechanisms are typically conducted. For long-term
operation, corresponding test benches are equipped with automatic breakdown detection and
shutdown mechanisms for the high voltage source. Carrying out free stroke tests within a climate
chamber offers application-oriented test scenarios for evaluating DET actuators in real operation.
Kornbluh et al. [141] summarizes pioneering lifetime investigations mainly on VHB-based DETs
(e.g. VHB 4910 or 4905) under varying electrode materials, actuation or generation strains, electric
fields, pre-strain, and humidity conditions. They generally show that higher electric fields and
environmental humidity significantly reduce the lifetime of these materials. However, lifetimes
higher than 107cycles are achieved, e.g. when operating 300% biaxially pre-stretched in-plane
operating circular DET samples with a 5 Hz rectangular signal and electric field strengths up to
100 V/um. Matysek et al. [142], [143] present a lifetime setup for characterization of stacked
DETs, which comprises a total of 16 individual test stations divided into four channels, each

provided with a programmable high voltage amplifier and voltage monitor (Figure 17 a).
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Figure 17. State of the art electrically controlled lifetime investigation setups; with stack DET testing device
[142] (a), the NERD setup [144] (upper mid), two MAPLE Setups within a climate chamber [145] (c), one
MAPLE setup adapted to rectangular shaped DETs pre-stretched with coil springs [146](d), and the ALT
setup [147] (e).

Each test station provides individual current measurement, and individual high voltage relays, to
detect electrical breakdowns and disconnect the test station from the respective high voltage
amplifier. One test station provides laser position measurement, to investigate the voltage induced
thickness change of the DET stacks. The setup is also capable of being operated at higher
temperatures, e.g. 80 °C and 50 % relative humidity. From their studies, they report that 30-layer
silicone DETs (Elastosil P7670) with graphite powder and silver grease electrodes achieve up to
10° cycles, when operated at a 10 Hz sinusoidal signal, with electric fields between 15 V/um and

30 V/um. Rosset et al. [144], [148], [149] introduce the novel electrode resistance degradation
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(NERD) setup, which stresses in-plane expanding DET actuators with a programmable high voltage
amplifier, measuring the in-plane surface area expansion with a digital camera and the electrode
resistance with a multimeter, using four-wire resistance measurement (Figure 17 b). Providing
square wave signals up to 1kHz, this setup enables to carry out accelerated aging tests to
investigate electrode resistance degradation. For studies with 50 Hz square wave voltage excitation,
they report a lifetime higher than 107cycles for circular DET actuator samples (Elastosil 2030 with
CB powder or CB-PDMS based electrodes), with progressive electrode degradation and gradual
strain reduction. Chen et al. [150], [151] present a lifetime test setup consisting of a high voltage
source, which is connected to 16 in-plane circular DET samples via individual high voltage relays.
The setup provides voltage and current measurement capabilities, but no force or displacement
measurement. In their studies, lifetimes higher than 10° cycles are reported for silicone DETs
(Elastosil 2030) with blade-casted CB-PDMS based electrodes at 75 V/um, with dielectric
breakdown as the main failure mechanism. lannarelli et al. [147], [152] investigate the effects of
static pre-stretching of in-plane circular silicone DETs (Elastosil 2030 with CB-PDMS based
electrodes) on their long-term reliability, by conducting accelerated static lifetime tests under
gradually increasing DC voltage. Their results show that the lifetime decreases considerably with
increasing pre-strain, although the critical breakdown stress increases significantly. Corresponding
studies are carried out on a setup with 16 test stations, each provided with an individual high
voltage amplifier, a timer, and a fuse, which disconnects the samples after electrical breakdown and
stops the timer (Figure 17 c¢). Inspired from the NERD setup Kuhnel et al. [145], [153] introduce
the Multi-Sample Actuation Performance and Lifetime Evaluation (MAPLE) setup (Figure 17 d).
This includes six test stations, each equipped with a camera, a common multimeter for all samples,
and a common high voltage amplifier, which can be connected to and disconnected from each test
station via individual high voltage relays. The setup is placed in a climate chamber providing
varying environmental conditions up to up to 85 °C and 85% relative humidity. Conducting
lifetime investigations on silicone-based (Elastosil 2030) and slide-ring material-based (SRM-
based) DET actuators, they report, that reversing high voltage can improve the lifetime of SRM-

based DETs more than tenfold, with no comparable effect to the silicone DETS.

2.3.3 Electromechanically Controlled Long-Term Experiments

Previous sections refer to work in which long-term tests are controlled either mechanically or
electrically. While the mechanically controlled tests are limited to tests without applied actuation
voltage, the electrically controlled tests are conducted under either free or constant mechanical
constraints. However, mechanically controlled tests only enable limited interpretation of the
measurement results on the actuator characteristics, whereby electrically controlled tests only
enable a limited interpretation on the sensor characteristics of DETs. So far, only one
comprehensive test bench has been reported by Hill et al. [154], [155], [156], [157], in which both

mechanical and electrical variables can be controlled independently of each other simultaneously
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on 15 DET samples (SOPs) within long-term testing conditions and controlled environments
(Figure 18).
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Figure 18: Electromechanical fatigue setup [154], [155], [156], [157]; with CAD side view perspective to the
setup including electromechanical control unit and force measuring unit (a), photo of the electromechanical
control unit inside a climate chamber (b), and photo with top view perspective to the 3x5 SOP test samples
mounted to it (c).

The test bench comprises an electromechanical test unit and a separate force measurement unit
installed within a climate chamber. The test unit features three channels, providing five test stations
each. Each channel is provided with identical displacement and voltage control. Out-of-plane
displacement control is achieved with a camshaft that converts the rotating movement of a robust
rotary motor into sinusoidal linear movements. Due to the respective cam geometry, identical and
varying linear displacement trajectories can be generated on the channels. Furthermore, each
channel is equipped with one high voltage amplifier connected to five individual test stations via
dedicated relays and current monitors. This enables simultaneous voltage control across five DET
samples, and individual current measurements and voltage shutdown functionality. Capacitance
and resistance measurements can be performed consecutively on the test samples by switching
them from the high-voltage amplifier to a common proprietary measuring device. The mechanical
measurement unit provides force-measurements, that can be carried out consecutively by
automatically moving a load-cell from one test station to the next. The mechanical control unit can
be operated in a climate chamber in a temperature range between -20°C and 100°C, whereby the
force measurement unit can only be used in room-ambient conditions. The setup enables a wide
range of comprehensive electromechanical long-term tests to assess fatigue and lifetime of DET
sensors and actuators with simultaneous displacement and voltage control of 15 DET samples in a
wide temperature and humidity range. To date, no electromechanically controlled test bench has
been proposed that features comparatively far-reaching test capabilities. However, also this setup

has limitations in many regards:

32



2.3 State of the Art: Long-term Testing of DETs

= The displacement control based on cam drives requires a considerable amount of manual
test preparation and limits trajectory design capabilities, thus the ability to design more
sophisticated tests scenarios.

= As the force measurement can only be carried out under room ambient conditions,
temperature, and humidity influences on the DET force characteristics cannot be
investigated. Moreover, for random measurements during a long-term test, the test must be
interrupted accordingly in order to install or uninstall the force measuring unit manually.

= Due to simultaneous control, but only successive measurement of force, capacitance and
resistance, fully simultaneous permanent monitoring of all samples is not possible. This
Random monitoring is sufficient for long term tests, but less effective to provide
statistically significant data for shorter test durations with low cycles.

= Capacitance and resistance measurement is only possible if no high voltage is applied to
the samples for actuation. Consequently, the pure sensor and actuator properties of the
samples can be characterized, but not the self-sensing properties of smart DET actuators.

= The test rig is limited to testing DET types, that are deflected out of the plane, i.e. SIPs and
SOPs.

This dissertation aims to develop a test rig with comparable testing capabilities, but to overcome
the limitations described above. Early versions of the setup have already been presented at
scientific conferences [158], [159]. It represents a flexibly user-configurable tool, allowing full
testing capabilities simultaneously on numerous DET samples within various controllable
environments, thereby providing capacitance and resistance measurements during applied high
voltage. It thus enables testing of DET sensors, actuators, and smart actuators of various
construction types, allows comprehensive investigations on temperature and humidity impacts, and
is not only specialized for long-term tests but also generally enables the acquisition of statistically
relevant data for short-term tests. A more detailed elaboration on the motivation and objectives is

given in Section 3.1 and Section 3.2.
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3 Test Rig Development

This chapter elaborates on the development of the multifunctional test rig created within the scope
of this thesis. Based on the literature review described above, the need for this innovation is first
motivated, and the objectives are formulated. Subsequently, the design of the test rig is explained
and an overview with details on construction, electronics and software is given. This is followed by

an experimental validation and discussion of the test rig's control and measurement capabilities.

3.1 Motivation

The research and development (R&D) of DETSs and their derivatives in the field of sensors, (smart)
actuators and generators require comprehensive testing and electromechanical characterization
procedures on several product levels ranging from the basic material, over transducer compound up

to the system and application level (Figure 19a,b).
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Figure 19: Overview of R&D phases, product levels, and application fields of DET technology (a), and
corresponding control variables, measurement variables and operational conditions demanded for
comprehensive electromechanical testing (b); with highlighted delineation of the scope addressed in this
work.

The test focus varies depending on the respective R&D phase. In the concept and design phase,
testing primarily aims at identification, evaluation, and improvement of mechanical, electrical, and
electromechanical properties, i.e. to gain a fundamental understanding of transducer effects, ensure
functionality, and optimize performance. For this purpose, individual short-term and low-cycle
tests are usually sufficient. In contrast, for the production phase, the focus of testing shifts towards
establishing, evaluating, and optimizing production processes, i.e. in order to ensure a specified
quality, reproducibility, and production yield. Random short-term testing may be sufficient for
established production processes. However, many products require 100 %-testing and

characterization, i.e. to produce a sensor calibration data sheet. Moreover, the development and
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evaluation of new processes requires statistical evaluation based on the results of numerous
experiments. Particularly, after general product and process feasibility evaluation, reliability, long-
term stability, and service life must be evaluated with respect to the respective application’s
operational and environmental conditions, by performing long-term and high-cycle tests. The
specification of these attributes enables the assessment of product’s applicability and direct
comparison with competing technologies and products, which is essential for marketing purposes.
By monitoring electrical, mechanical, and electromechanical properties during a long-term test,
degradation and fatigue mechanisms can be investigated and the findings can be incorporated into
product and process development. Resulting data can also serve as the foundation for condition and
health monitoring algorithms, offering the potential to integrate further smart features into DET
products.

For comprehensive electromechanical testing and characterization of DETs and their derivatives,
there are currently no standardized test rigs available. The literature review (refer to Section 2.3)
shows, that the standard test rigs and enhanced custom developed setups are mostly limited in their
functionality, aiming at specific materials, construction types and application fields. They are
mostly confined to either mechanically controlled, or electrically controlled experiments with either
constant electrical constraint or constant mechanical constraint. However, mechanically controlled
tests generally only enable a limited interpretation of the measurement results on the actuator
characteristics, whereby electrically controlled tests only enable a limited interpretation on the
sensor characteristics of DETs. Moreover, numerous complementary tests reported in the literature
primarily focus on short-term evaluations without statistical analysis, whereas many long-term tests
only gather limited complementary measurement data and mainly aim to assess service life. So far,
only one test bench has been reported, that enables simultaneous mechanical and electrical control
on multiple test objects with complementary electromechanical measurements under controllable
operating and environmental conditions. It specializes in electromechanical fatigue testing of 15
out-of-plane operated DET types, by simultaneously controlling displacement and voltage, but
measuring force, capacitance, and resistance sequentially, whereby force measurement can only be
conducted in room-ambient conditions. Its operability is thus limited, particularly for investigating
electromechanical properties under varying climatic conditions, short-term operational scenarios,

and uninterrupted long-term conditions (refer to Section 2.3.3).

To date, no test rig has been proposed that provides both, flexibly configurable electrical and
mechanical control, and corresponding measurement at multiple test stations in parallel for
simultaneous electromechanical testing of different DET designs and applications, which is equally
suitable for both, short- and (uninterrupted) long-term experiments, under different constant

controllable environments. In particular, no such test rig has been reported that is capable of
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simultaneously measuring electrical properties such as capacitance and resistance of DETs during

the application of high voltage, i.e. to investigate the self-sensing properties of smart actuators.

However, as DET research becomes more application and process-oriented, there is a growing need
for corresponding universal utilizable test rigs, with particular emphasis on accelerated acquisition
of statistically relevant data and long-term testing, i.e. to evaluate reliability and lifetime

performance.

3.2 Objective

The aim of this work is to fill the gap described above by developing the first multifunctional
electromechanical test rig for DETSs, providing comprehensive electrical and mechanical control
and corresponding measurement on multiple test stations for simultaneous electromechanical
testing of various DET types and applications, which is suitable to both short- and particularly

uninterrupted long-term experiments under various controllable environments (Figure 20).
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Figure 20: Overview of the objectives for the multifunctional electromechanical test rig for DETs under
various controlled environmental conditions.

The test rig is intended to support scientists and engineers in a wide range of R&D phases, product
levels, and application fields in bringing the technology to market maturity. It aims to enable the

experimental investigation of fundamental electrical, mechanical, and electromechanical effects,
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the experimental evaluation of DET product concepts and designs, as well as the evaluation of new
production processes and the quality control of existing production processes. Application fields of
interest are thereby ranging from pure DET sensors and pure DET actuators to smart DET actuator
applications that utilize the self-sensing effect. The R&D levels of interest are ranging from basic
material investigation over studies on transducer compounds up to the DET system level, i.e. with
consideration of preload mechanisms. As the test rig is particularly aimed at application and
process-oriented research, focus is set on uniaxially operated DET types such as COP, SIP, tubular
or stack-DETs, which are common and promising variants in the field of sensors and actuators.

To serve the demanded application fields, both, mechanical and electrical control variables must be
provided by the test rig, i.e. strain, stress, and (high) voltage. The respective mechanical and
electrical measuring variables must be measured in response, i.e. stress, strain and current.
Moreover, electrical properties such as dielectric permittivity or corresponding capacitance, and
electrode resistance must be acquired simultaneously, also during high voltage actuation of the test
samples. Control and measurement of all variables must provide high rates of generation and
acquisition as well as synchronization to effectively study both, quasi-stationary operating
conditions, and time-dependent effects. Demanding simultaneous continuous control and
measurement of all variables must be provided, to enable highest freedom in the design of
experiments. Moreover, all control and measurement variables should be able to operate in a wide
temperature and humidity range to allow continuous investigation of the influence of different
environmental conditions without interruption or manual intervention and modification of the test
rig. All experiments must be adaptable to both short-term and long-term testing conditions. In order
to obtain a maximum of statistically relevant data, full parallelization across several test stations
must be possible without restrictions, e.g. controlling several test samples while simultaneously
measuring the reaction of only one sample. Additionally, the aim is to test multiple samples or
operating scenarios simultaneously, allowing the study of corresponding variations within a single
test run under equal environmental conditions, to accelerate the acquisition of statistically relevant
data. Long-term tests require uninterrupted operation over several days or weeks, which must
continue even if no personnel are on site for monitoring, i.e. overnight or during the weekend. This
requires automation of the test routines and monitoring of the test and safety statuses, as well as the

possibility of remote access.
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3.3 Concept

This section first outlines the overarching conceptual strategy that guide the development process
of the test rig, discusses individual conceptual approaches based on it, and provides a

comprehensive overview on the overall conceptual design and control.

3.3.1 Conceptual Strategy and Approaches

The conceptual strategy is guided by four fundamental principles, namely programmability,
robustness, efficiency, and modularity. The conceptual approaches are systematically identified in
accordance with these principles to meet the demanded requirements of the test rig, which is

explained in more detail below (Figure 21).
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Figure 21: Overview on the conceptual strategy, which is based on four fundamental principles, namely
programmability, robustness, efficiency, and modularity, and used to systematically derive conceptual
approaches to fulfill the demanded requirements for the test rig.

Programmability

A fully programmable, digitally controlled test rig configuration offers many advantages in
meeting the operational requirements: It provides maximum freedom in experimental design,
including the ability to customize control trajectories for both, mechanical and electrical control in
either quasi-stationary and time-dependent tests, as well as short- and long-term tests. Additionally,
different test scenarios can be run in automated test sequences without the need for manual user
intervention, resulting in less susceptibility to error and better timing and reproducibility of

experiments. For long-term tests that cannot be personally monitored on-site, flexible digital
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programmable control allows for event-driven status monitoring as well as automated control and
remote control. Thus, in advancing concept and design, emphasis is placed on minimizing manual
configuration of test scenarios while favoring programmable, configurable, and controllable sensor
and actuator components equipped with interfaces designed for seamless integration into a unified

digital control system.

Robustness

Generally, there are two conceptual approaches of testing DET objects under various
environmental conditions: On the one hand, a climate chamber can be built around them in such a
way that sensitive test rig instruments are located outside and shielded from the climatic conditions
(Figure 22a). On the other hand, sensors and actuators can be installed inside of the climate

chamber, if they can withstand the climatic test conditions (Figure 22b).

a) Customized Climate Chamber b) Standard Climate Chamber
Laser
DET Sample Linear Motor Laser
O@ DET Sample Linear Motor 0@ (e.g. SIP) g

(e.g. SIP) _|

——————————— Load Cell \ e

Load CeH\

Figure 22: Comparison of concepts for testing DETs under different environmental conditions; with sensors
and actuators outside the climate chamber, allowing the use of sensitive test equipment, but requiring a high
degree of custom engineering (a), or with sensors and actuators inside the climate chamber, allowing the use
of a commercially available climate chamber, but requiring robust test equipment (b).

The first approach potentially allows a very wide temperature and humidity range but is not
pursued further as it requires a high degree of customized engineering, especially as moving parts
have to be led out of the climate chamber and to be sealed against the testing environment.

The second conceptual approach enables the simple use of a commercially available climate
chamber with programmable temperature and humidity profiles. However, in order to cover a wide
range of climatic test conditions, sensor and actuator components must be selected for the test rig,
that are robust against corresponding temperature and humidity levels. Components with non-
integrated but external power-, instrumentation- and control units generally offer operation over a
wider temperature range, as the electronics can be shielded from temperature, e.g., by installing
them outside the climate chamber. This robust design approach is followed for the entire test rig by
housing all electronics in control cabinets outside the climate chamber. Thereby cable routing in
the climate chamber must be carefully managed to protect the cables from environmental
conditions and to prevent crosstalk due to magnetic or electrical fields. With regard to robustness,

all mechanical components, sensors, and actuators inside the test room must be selected to
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withstand stationary and cyclic loads for long-term operation. In particular, the moving parts are

selected to be wear-resistant and designed for facilitated maintenance.

Efficiency

Wear-related failure of test rig components is inevitable in long-term continuous operation, even
with careful maintenance. Replacement of test rig components can be a costly and time-consuming
process. Moreover, individual simultaneous control and measurement of each test sample results in
a large number of sensor and actuator components, requiring large construction space and also
cause high costs. An efficient conceptual test setup is therefore being identified, that is minimizing
the required number of control and measurement variables, and the corresponding number of

required sensor and actuator components (Figure 23). This is essentially based on 4 approaches:

= Simultaneous electromechanical control, but individual measurements.
= Proprietary impedance measurement methods.
= Focus on voltage and strain control.

= Proposal of alternative designs of experiments (DOES).

a) b)
1 n n n 1 -
High-Voltage Current Load Cells DET Samples Linear Motor t
Amplifier Monito7 (e.g. SIP) = l@
e/

U=ug+upy
Zn(ua- "TL)
gn(uﬂ,‘ I'TL)

Ry, Cy

Figure 23: Efficient test setup concept, providing one linear motor and one high voltage amplifier, with
dedicated load-cells and current monitors for simultaneous testing of multiple DET element test objects; from
side-view perspective (a), and from top-view perspective (b).

Simultaneous Electromechanical Control with Individual Measurements

The conceptual setup comprises a programmable linear motor for continuous mechanical control
(control variables x) and a high voltage amplifier for continuous voltage control (control variable
u) of multiple (n) DET test samples in parallel. Apart from measuring the motor displacement with
the motor internal encoder, there are no dedicated displacement measurements of the test samples
provided, and only the individual forces F, and currents i,, are measured via dedicated load-cells.

This approach basically enables the simultaneous testing of several samples under the same

operating conditions and individual evaluation of the test results for statistical evaluation purposes.

Proprietary Impedance Measurement Methods
Proprietary impedance measurement methods can be employed to determine impedance
magnitudes Z,, (u, i,,) and phases 6, (u,i,) and derive capacitances C, and resistances R,, of the

DET samples, utilizing the high voltage amplifier in combination with the current monitors. For
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this purpose, the quasi-stationary high voltage actuation signal u, for actuation is superimposed
with an AC low voltage signal u,,. This method is common for self-sensing approaches of DET
actuators (refer to Section 2.1.4). It enables parallel measurement of their electrical properties
without the need for additional instrumentation in the setup. It also allows measurements to be

made at high actuation voltages, a capability not available in commercially available instruments.

Voltage and Strain Control.

In general, the design enables simultaneous continuous control of the electrical voltage in
combination with either displacement- or force control, whereby the superimposed impedance
measurement always allows the resistance and capacitance properties of the samples to be
investigated simultaneously. Due to the limitation that force-controlled tensile tests can only be
carried out with respect to the sensor signal of one load cell, it is not possible to test several
specimens in parallel with this type of test. Apart from this testing variant, all other tests can be
carried out in parallel on all DET test objects at the same time. A tabular overview of the control-
and measurement variables and their possible combinations demonstrates the testing capabilities of
the proposed conceptual setup, if only displacement control and no force control is considered, to
allow parallel testing on multiple DET samples (Table 1).

Table 1: Tabular overview over electrical, mechanical, and complementary control- and measurement

variables and their possible combinations provided within the conceptual setup, demonstrating sufficient
testing capabilities to fully characterize pure DET sensors, pure DET actuators and smart DET actuators.

A) Mechanical: B) Electrical: C) Combined:
Measurement
F(t) it F(®),i()
Control
Force Current Force & Current
1) Mechanical & Complementary F(x,u,,) i(x, up) F(x, uy), i(x, upy)
x(8), um (t) F(x) C(x),R(x) F(x),C(x), R(x)
Displacement, Measuring Voltage Sensor
2) Electrical & Complementary F(u) i(u) F(u), i(w)
u = Uy (8) + upy () F(u) C(w),R(w),i(u) F(w), C(uw), R(w), i(w)
Actuation and Measuring Voltage
3) Combined & Complementary F(x,u) i(x,u) F(x,w), i(x,u)
x(6), u(®) = uy () + up () F(x,u) C(x,w), R(x,w), i(x,u) F(x,u), C(x,u), R(x,w),i(x,u)
Displacement, Voltage Actuator Smart Actuator

Therin all variables are defined as time-dependent, to emphasize that control and acquisition
hardware is generally aimed to also study time-dependent besides quasi-stationary effects. From
this table, the properties of a pure DET sensor are obtained by considering line 1, and are fully
characterized in cell C1, only considering control of displacement and complementary measuring
voltage, and the measurement of both, force and current, from which the capacitance is derived. In
contrast, the properties of a pure DET actuator are obtained by considering column A, and are fully
characterized in cell A3, only considering measuring forces in response to displacement control and

voltage control. The properties of a smart DET actuator are obtained by considering line 3, or
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column C respectively, and are fully characterized in cell C3, considering control of both
displacement and voltage, and the measurement of both, force and current, from which the
capacitance is derived. The remaining cells represent partial tests that aim at specific properties of
DETs or their underlying materials. These considerations show that the proposed test setup offers
sufficient capabilities for the complete characterization of multiple DET sensors, actuators, and
smart actuator in parallel, despite the lack of individual displacement measurement and the
exclusive consideration of displacement control and no force control. Particularly typical test
scenarios for DETS, such as tensile tests, blocking-force tests, or dielectric breakdown tests, can be
performed either under short-term or long-term conditions, with either quasi-stationary or time-
dependent control.

Alternative DOEs

Tests can also be conducted to DET systems including the preload mechanism. In principle, no
functional changes to the test setup are required for this purpose, as only the sample grips need to
be adapted. For example, the DET actuator system can be investigated for their characteristic
system force-displacement characteristics, using the linear motor for positioning (Figure 24a), or
free-stroke measurements can be conducted to it, using the motor in blocking mode (Figure 24b).

a) 1..n b) 1..n
DET System Samples (e.g. SIP & NBS) Preloads (e.g. buckled beam NBS)
w

Figure 24: Conceptual test setup equipped with DET actuator system test objects, enabling to perform tensile
tests, e.g. to identify the DET actuator system characteristic curves (a), or to conduct free stroke tests, which
must be evaluated by force measurement (b).

Due to the lack of individual stroke measurement, free-stroke experiments must be evaluated by
means of the force. For quasi-static operation, the corresponding stroke can be calculated using the
force-displacement curves of the individual components within the DET system, as determined
from the system design diagram (refer to Figure 8), assuming that the preload characteristics
remain constant throughout the test. As these tests are of particular interest for long-term

investigations, two possible DOEs are suggested, which enable a feasible evaluation:

A DET actuator system with physically installed preload-mechanisms can be tested with purely
electrical control, enabling high testing rates and the investigation of dynamic effects (Figure 24b).
In order to obtain interpretable results with respect to changes in the electromechanical properties
of the DET using this approach, it is essential to ensure that the preload mechanism is fatigue

resistant during long-term testing and that its force-displacement behavior remains constant.
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On the other hand, for slower testing rates, the preload element must not be installed on the test
bench, but the displacement-voltage characteristics known from the design diagram
(refer to Figure 8) can be used to plan displacement- and voltage control trajectories in such a way,
that they approximately match to the theoretical DET system behavior. With this HIL-approach,
the preload element characteristic is simulated by the linear motor, ensuring that it maintains

consistent mechanical properties throughout the test duration.

With these alternative DOEs, the proposed setup covers comprehensive capabilities for
characterizing and testing DETS, thereby requiring a minimal amount of instrumentation. In
particular, the elimination of dedicated displacement measurement contributes to the robustness of
the test rig, as the corresponding optical sensors (e.g. laser position sensors) are often sensitive and

prone to error in changing temperatures and humidity.

Modularity

The conceptual test setup introduced above is featuring a multi-channel (n-channel) design, which
facilitates parallel testing of multiple test samples. This configuration is primarily intended to
acquire statistically relevant data in an accelerated manner. Customization of the individual sample
grips generally enables simultaneous testing of different DET test objects under the same
environmental and operational conditions. However, different test objects (e.g. different DET
types) rarely require identical control conditions. Hence, to test different test objects in parallel
within their respective required control conditions, multiple similar setups (modules) can be run in
parallel to enable different electrical and mechanical controlled operation at the same time. A
holistic modular approach thereby integrates standardized, scalable, and interchangeable

components, alongside with unified physical- and communication interfaces (Figure 25).

Control Cabinet Climate Chamber
Lénified tPIug Load Cell Series Ezialr;gg?iblse 0
/onneC °  (Scalable Range) y \. P* Universal Linear Motor
. | (High Force & Stroke Range)
| g 8
< 1 Linear Motor Controller .// \ —— Pt
Q g oltage Amplifie
> Y
° A " - .
§ oad Ce p o—o! Unified
1...n Current Monitors Adaptable Fixtures
Standard Frame\
- 1 Linear Motor Controller
i:-; 1 High-Voltage Amplifier
g 1...n Load Cell Amplifiers
e @) O

1 Linear Motor Controller
o
% 1 High-Voltage Amplifier
g 1 ...n Load Cell Amplifiers

1 ...n Current Monitors

Figure 25: Modular test rig concept, featuring standardized, scalable, and interchangeable components and
unified physical and communication interfaces, allowing to test different DET test objects in parallel within
different operational and equal environmental conditions.
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This approach enables the use of the generally identical setup design for testing different DET test
objects in parallel, requiring modifications only to the sample grips. A compact design featuring
standardized connectors and fixtures enables user-friendly maintenance, as well as test preparation
and operation. Furthermore, simultaneous operation of multiple modules generally allows multiple
force-controlled tests to be performed simultaneously under the same environmental conditions,

thus satisfying the last open requirement.

3.3.2 Overall Conceptual Design
The specific overall conceptual test rig design is based on the above approaches and supplemented
by additional features required for safety and fully automatic operation, as well as for calibration

and validation of the proprietary implemented impedance measurement (Figure 26).
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Figure 26: Overall conceptual design of the multifunctional electromechanical test rig for DETSs, with
module A configured for high voltage testing and module B for low voltage testing.

The basis of the setup is the climate chamber, that contains three test modules (module A, B and C)
in its test room. The modules each consist of a rigid platform with a programmable linear motor
and an opposing stationary flange to which five load-cells are mounted equidistantly. Each load-
cell is equipped with a stationary sample grip. Together with its movable counterpart, which is
mounted directly to the motor slider in opposite, the two sample grips form one test station (station
1...5). The stationary sample grip is equipped with two electrical contacts connected to high
voltage cables, which serve to transmit, electric measurement and actuation control signals. Supply
cables from motors and load-cells are routed to a control cabinet (LV-cabinet) outside the test
chamber, where they are connected to their corresponding supply and control electronics. The high
voltage cables are routed from the climate chamber to a separate control cabinet (HV-cabinet)
containing electronics for voltage control, current measurement, and active signal routing. Thus, all

electronic components are located outside the test room and not exposed to any harsh climatic test
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conditions. In addition, the high voltage electronics are electrically isolated from the rest of the

electronics to prevent crosstalk from electric or magnetic fields.

A closer look to the HV-cabinet shows, that one electric contact (HV-contact) of each test station is
connected to the common high voltage amplifier of the module via a separate controllable reed
relay (HV-relay). This can be operated during applied high voltage, switching the test station to
ground. The opposite electric contact (LV-contact) of each test station is connected to a separate
current monitor via a separate standard relay (LV-relay). This can only be operated when no high

voltage is applied, switching the test station to a common LCR-meter.

To achieve high data rates as well as transmission stability and synchronization, the entire control
and measurement electronics are connected to a real-time capable control and data acquisition
system, that provides deterministic timing and low jitter. This in turn is connected to a conventional
host computer, which enables (user-) control of the real-time system, as well as management of
(post-)processing and data saving routines. Together with an additional control-module connected
to the Global System for Mobile Communications (GSM), it also enables remote monitoring and
control with a second computer or smart phone via the Internet or GSM-network. Moreover, IP-

capable cameras, e.g. directed at the test room and the entire setup, enable visual surveillance.

The test rig concept incorporates numerous event-driven and passive safety devices. These include
programmable power relays connected to the main power supply that allow automatic or remote
shutdown. Arc-fault protection switches and lead fuses allow local or collective disconnection of
power in the event of electrical faults. Fire detectors and automatic fire extinguishers detect flames,
heat, and smoke and trigger relays to switch off power and extinguish flames in the event of a fire.
All safety and fire protection devices are aimed to also report an alarm via the GSM-module if they

are triggered, ensuring that operators are notified immediately to take further action.

3.3.3 Overall Conceptual Control

The conceptual control of the test bench generally provides two different modes of operation,
namely manual mode, and experiment mode (Figure 27a). Manual mode enables the configuration
of all individual control variables, e.g., for functional tests, or the configuration of starting
conditions for test routines. Experiment mode enables the programming of several (n) sequentially
running test routines and their multiple (m-fold) repetition, whereby a distinction is made between

high voltage test programs (HV-testing) and low voltage test programs (LV-testing).
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Figure 27: Conceptual control- and monitoring variables of the multifunctional electromechanical test bench
for DETS (a), with distinction in high voltage testing (a), and low voltage testing (b).

High Voltage Testing

For high voltage testing (Figure 27b, referring to module A in Figure 26), up to five DET samples
can be simultaneously subjected to a voltage waveform provided by the common high voltage
amplifier with each test module, and the individual current can be measured with the respective
current monitor. Simultaneously, all test objects can be deflected by the respective motor with the
same displacement trajectory and the individual reaction force can be measured via the respective
load-cells. Voltage waveforms and displacement trajectories are synchronized and can be
configured in terms of shape, amplitude, offset, frequency, and phase, as well as the number of
stimulation cycles. A sample defect, such as a mechanical tear through (e.g. test station A2) or an
electrical breakdown (e.g. test station A4), is detected via permanent force and current
measurement and comparison with configurable threshold values. In this event, the relevant HV
relay is automatically disconnected from the high voltage amplifier, and the sample is discharged to
ground to prevent fire damage or voltage supply collapse, thus avoiding induced crosstalk to the

remaining intact samples.

In addition to testing the DET actuators with continuous waveforms of relatively slow rates, the
high voltage amplifiers and current monitors are also used to measure the resistance and
capacitance of the samples by employing proprietary impedance measurement. For this purpose, a
high-frequency control voltage with low voltage amplitude (small signal) is generated with the high

voltage amplifier and the individual current signal is measured at the respective test station.
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Impedance is calculated from both signals and used to determine resistance and capacitance of the
sample on a model-base. Modulation of the small signal to the quasi-stationary high voltage
actuation waveform also enables measurement with applied and continuously varying high voltage
stimulation for (smart) DET actuators. Another advantage of this method is, that the impedance of
all samples can be measured simultaneously, as a separate current measurement is obtained for
each sample. In this way, time- or stimulation cycle-dependent effects (e.g. training effects) can be
investigated simultaneously on all samples for accelerated acquisition of statistically significant
data. However, compared to conventional LCR-meters, a higher measuring voltage is required with

this method, and a lower measuring accuracy and a limited measuring range are achieved.

Low Voltage Testing

Therefore, during low voltage testing (Figure 27c, referring to module B in Figure 26), the samples
(e.g. test station B1) can be switched individually to a common standardized LCR-meter via the
low voltage relays, if they have previously been disconnected from the high voltage amplifier and
discharged to ground. This enables particularly precise low voltage impedance measurement over a
large measuring range. It can be used in particular to characterize low voltage operated DET
sensors, and as a reference and calibration option for the proprietary implemented impedance
measurement methods. However, as the samples can only be measured consecutively and not
simultaneously, this method is only suitable to a limited extent for the simultaneous
characterization of multiple samples and the determination of time- or stimulation cycle-dependent
effects. This applies in particular if a displacement excitation occurs during the measurement that is
also experienced by the other samples on the same module. To avoid this, only one sample per
module can be installed, so that the displacement excitation can be controlled individually,
allowing three samples to be tested consecutively within the same environmental conditions. Fully
equipping a module with test samples is useful if random measurements are conducted between
large time or control cycle intervals, so that the measurement time or number of measurement

cycles is negligible, e.g., for long-term and fatigue tests.

3.3.4 Conclusion on Test Rig Concept
The overall conceptual strategy that guides the development process of the test rig is based on four

guiding principles, namely programmability, robustness, efficiency, and modularity.

Based on this strategy, a low-maintenance and modular design is derived, comprising
programmable and durable components resilient to wear and harsh environments. With control and
measurement electronics installed in separate control cabinets, this enables testing within harsh
environmental conditions inside the test room of a standardized climate chamber. Efficiency and
robustness are enhanced by minimizing the utilization of wear- and climate-sensitive components.
This includes controlling multiple test samples simultaneously with just one control unit, utilizing

proprietary impedance measurement without requiring additional test instruments, and eliminating
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the need for individual displacement measurement for each test station by proposing alternative

DOEs to maintain full testing capability.

The conceptual design features the following key properties:

Simultaneous electromechanical testing of 15 DETs within various controlled

environments

Modular design with 3 individual test modules, equipped with 5 test stations, each:
- Standardized interfaces enable adaptation to several DET types
- Individually configurable strain and voltage control for each module.
- Individual force and current measurement for each test station.
- Individual capacitance and resistance measurement for each test station.
- Individual electrical and mechanical failure detection and shutdown mechanisms.
= Simultaneous control and measurement of all test variables in parallel across all test
stations.
= Fully automatic operation with programmable, sequential, and repeatable test routines.
= 24/7 continuous operation with remote control, automatic safety measures and fire

protection.

Providing that quantitative specifications are met, the concept presented in this section enables
comprehensive electro-mechanic test and characterization of various DET types within controlled
constant environmental conditions, with focus on accelerated assessment of statistical relevant data

for either short-term and particularly for long-term experiments.

3.4 Design and Construction

The test bench concept refers to uniaxial operated DETs in general but does not consider any
specific design variant. However, it is constructed in such a way that only the sample grips need to
be specifically adapted to the respective design variant, and thus minor changes to the overall setup
are required. For demonstration purposes, the test rig design presented below is adapted to
rectangular DETSs that are operated perpendicular to their thickness direction and are therefore
referred to as strip-in-plane DETs (SIPs). In this section, the design and manufacturing of the
exemplary test samples is first introduced, before the construction of the test rig is explained

subsequently.

3.4.1 Test Sample

The SIP test sample is designed to showcase the testing capabilities of the test rig developed within
the scope of this work, thus required to be investigated within a wide range of test scenarios,
aiming to observe various typical electromechanical phenomena of DETs. The corresponding

design and the tailored manufacturing and assembly processes are explained in the following.
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Design

The SIP test sample is based on a PDMS film (Elastosil 2030/20), that is screen-printed on both
sides with CB-PDMS-based electrodes (Figure 28a). The T-shaped facing electrodes are arranged
in mirror symmetry. They form a rectangular sandwich structure in the center, which represent the
electromechanically active area, and two electrical contact surfaces on each side (Figure 28b).
Those are not part of the electromechanically active area, to prevent the mechanical and electrical

contacting from affecting the electromechanical properties of the transducer.
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Figure 28: CAD Design of SIP film and electrode shown as explosion (a) and compound (b).

The SIP is provided with two rigid fixtures on the opposite edges perpendicular to its working
direction, both serving for mechanical and electrical connection. To prevent adhesive bonds from
altering the material properties of film and electrode, a force-fit connection is implemented, with
each fixture consisting of a pair of T-shaped solid clamping bars in between which the film is
clamped via screw clamping (Figure 29a). The aspect ratio of the mechanically and
electromechanically active areas in between the clamps is deliberately chosen to neither result in
uniaxial nor pure shear behavior of the SIP, as these are special cases in which the necking effect in
particular cannot be observed for demonstration purposes (Figure 29b).
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Figure 29: CAD Design and dimensions of SIP provided with clamps in a 3D perspective (a), and top view
perspective (b).

The width of the narrow clamping part exactly corresponds to the width of the SIP, so its lateral

edges serve as cutting guidance, which is used to cut the exposed edges of the SIP free. The wider
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rear part of the T-shaped clamps provides the screw connection with the screws in the upper and
the recessed nuts in the lower clamp (Figure 30a). The back side of the clamp is provided with a
longitudinal guiding groove and two transverse snap-in notches, which serve to guide and fix the
sample to the sample grips of the test rig (refer to Section 3.4.2). Dimensions and insulation
distances of the SIP are designed to tolerate production variations, and thus reduce the risk of
failure under electromechanical load: A 1 mm gap between the electromechanically active area and
the clamps prevents compression of the active electrode-elastomer sandwich, reducing the risk of
localized electric field increase and potential failure during high voltage actuation. Furthermore, an
insulation distance of 2.5 mm between electromechanically active area and free SIP edges prevents
high actuation voltage from jumping across the exposed edges due to ionization of the air. The
clamps are manufactured based on a temperature-resistant epoxy material (Formlabs High-Temp
Resin) using a highly resolved stereolithographic printing process (Formlabs Form3 Printer). They
provide a well-defined surface pressure, controlled by the tightening torque of the screws used to
assemble the clamping pair. To obtain a homogeneous outgoing clamping pressure, which follows
a straight horizontal line, the narrower frontal part of the T-shaped clamps is provided with a well-
defined tongue-and-groove structure within the clamping surface, with tongue at the upper clamp

and groove at the lower clamp (Figure 30a, b).
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Figure 30: CAD design of SIP clamps in exploded view (a) and assembly with details of tongue and groove
assembly in cross-sectional view (b).

The through holes for the screws are also provided with tongue and groove structures in the
clamping surface, to prevent twisting and tearing of the film when through piercing and tightening
the screws. Furthermore, to avoid shearing of the clamped film over sharp edges, the clamping
outlet on the frontside of the clamps feature a defined and smooth fillet radius. Rectangular
recesses are provided within the clamping surface, into which self-adhesive copper strips of similar
dimension are embedded. They are flush with the inner clamping surface and lead over the frontal
face to the outer side of the clamp, to provide an electrical contact pad. When clamped together, the
surface of the copper strips is firmly pressed onto the SIP's imprinted electrode contact surface,
ensuring robust electrical contact, with the tongue-and-groove connection also providing a reliable

strain relief.
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Screen Printing Process

Screen printing as a manufacturing process itself generally offers high precision and
reproducibility. However, since two opposite sides of the specimen are printed consecutively, they
must also be exactly aligned with each other. For this reason, the PDMS films are fixed on rigid
rectangular metal frames before printing to ensure facilitated handling (Figure 31a). In the
operating direction of the SIP, which corresponds to the squeegee direction of the screen printer, a
defined pre-stretch of ~10 % is applied to achieve a reproducible and high-quality print pattern
(Figure 31Db). The direction perpendicular to this is not pre-stretched, to minimize the mechanical
stress peaks in the rigidly fixed edges of the SIP due to transverse stretching. After this preparation,
3x4 SIP electrodes are printed on one side of the pre-stretched film in one printing pass and then
cured at 150 °C for 10 min (Figure 31c). The mirror-symmetrical electrode design of a single SIP,
as well as the print pattern allows the same screen to be used for both SIP electrodes. This enables
convenient and particularly accurate alignment and thus reproducibility by simply rotating the
metal frame by 180 ° (Figure 31d), to print the second (facing) electrode on top, which again is
cured at 150 °C for 1 h (Figure 31e).

(a) (b)

Figure 31: Schematic illustration of the step-by-step screen-printing process starting with a metal frame ()
which is provided with a pre-stretched PDMS film (b), printed, and cured with the first electrode (c), flipped
(d) and finally printed and cured with the opposite electrode (e).

Assembly Process

To maintain the safety distances between the electrode and the clamps, or the electrode and the
exposed edge of the SIP respectively, a systematic and repeatable procedure for the assembly is
developed. A 3D-printed assembly stencil made of grey polyethylene terephthalate (PETG) is
fabricated as an assisting tool for assembling the samples. Its design is based on the footprint of the
screen-printed layout with 3x4 patterns, as well as the dimensions of the metal frames on which the
film is mounted. The stencil contains 24 positive recesses for the lower clamping elements, two of
which are arranged in mirror-symmetrical pairs with a fixed spacing of 22 mm. 3D-printed soft
cutting pads made of thermoplastic polyurethane (TPU) with a thickness of 1 mm are applied to the
area in between these pairs (Figure 32a). The procedure developed for assembling the SIPs using
this assembly stencil comprises four steps. First, all lower clamps (orange) are inserted into the
recesses of the assembly stencil (grey) so that their clamping surfaces face upward and are flush

with the surface of the TPU cutting pads (blue) (Figure 32b). In the second step, the metal frame
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with the screen-printed film is aligned on the assembly stencil to center the electrodes of all
samples vertically and horizontally between the clamps (Figure 32c). Attention is also paid to
ensure that the lower electrode pads are in contact with the corresponding copper contacting
surfaces of the clamps. When aligned properly, the film is firmly pressed against the TPU cutting
pads and adheres to them, thus remaining in a fixed position. In the third step, the upper clamps are
screwed to the lower clamps so that the film is clamped in between them (Figure 32d). Before and
during screwing, the upper clamps are firmly pressed onto the lower clamps with the finger and
automatically align themselves properly due to the tongue and groove structures in the clamping
surface. The screws are then pushed through the through holes and pierced through the film in
between the clamps until they contact the thread of the lower clamp. They are then tightened with a
torque wrench with 0.2 Nm, always starting with the inner screw. This is carried out consecutively
for each pair of clamps, starting from the edge of the assembly stencil towards the center, in order
to achieve homogeneous deformation of the film. In the last step, the now clamped specimens are
cut free (Figure 32e).

12N,

Figure 32: Assembly process starting from assembly stencil provided with TPU-cutting pads (a), putting
lower SIP clamps in its recesses (b), aligning metal frame with printed elastomer film on top (c), fastening
upper clamps by torque-controlled screwing (d), and cutting out samples (e).

For this purpose, the exposed edges of the SIP are first cut free with a sharp custom-made blade,
which is of a rectangular shape with a length of 26 mm. This allows it to be guided from above past
the cutting edges of two opposing clamps, and pressed vertically onto the film until both the film
and the TPU cutting pad are cut straight through. As a result, the exposed edges of the SIP exhibit
defined high-quality cutting profile without fringes that can cause a tear propagation when
subjected to mechanical stress. The remaining edges of the clamp are then cut free by hand using a
surgical scalpel. Finally, the individual SIP samples can then be removed from the assembly stencil

and be used for testing.

3.4.2 TestRig

Design, construction and wiring of the test rig are described below, starting with an overview of the
exterior setup, followed by the modular setup that is implemented in the test room. The focus is
then placed on a single test module and finally on the sample grips, which are specially designed

for the exemplary developed SIP samples.
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Exterior Structure

The test setup is built around the climate chamber (CTS C-70/350). It provides temperature control
within —70...180°C and climate control within 10...95°C, thereby comprising relative
humidities within 10 ...98 % [160]. Host computer, electronic cabinets and safety components are
installed on a peripheral structure made of aluminum profiles, which is form-fitted around the left

and rear sections (Figure 33).
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Figure 33: Exterior setup CAD-design front (left) and rear (right).

Two remotely accessible IP-based cameras (D-Link DCS-2330L) are directed to it, one to the

electrical cabinets and one to the test room window (Figure 34).
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Figure 34: Exterior setup from IP-camera 1 perspective (mid), IP camera 2 perspective with closer look into
to the test room window (upper right), as well as detailed view to automatic fire extinguishers (lower right),
cable management and visible/audible alarm unit and GSM-Module (left).
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Two automatic fire extinguishers (SAE FALCON DLP) are installed between the control cabinets,
from each of which a hose is fed into one of the cabinets. These hoses passively burst on contact
with a heat source and emit a gas (HFC 227ea), extinguishing the fire locally without causing
additional damage. Moreover, each control cabinet is equipped with a heat and smoke detector
(Gira Dual Q), which is triggered in the event of smoke development or overheating. Each fire
extinguisher and heat/smoke detector come with event-controlled relays that are activated when
one of these safety devices is triggered. The relays are connected to a GSM-module
(WIiLARM FIVE GSM), featuring digital inputs and outputs as well as programmable switching
relays. Those trigger the main power supply relays as well as a visible and audible alarm unit in the
event of error or fire. Computer and safety equipment are all connected to an uninterruptible power
supply (UPS), which takes over the supply in case of power fluctuations and failure of the main
supply, so that all safety-related measures are maintained. High voltage cables, as well as control
and measuring cables from the respective control cabinets are shielded against electric and
magnetic fields and are guided in a well-organized manner with a customized and sealed guide

through the porthole of the climate chamber into the inner test room of the climate chamber.

Interior Structure
From interior perspective, the test rig comprises three identical test modules, guided on aluminum

rails, and mounted on a common stainless steel plate using aluminum mounting angles (Figure 35).

Motor,Connectors
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Figure 35: Photo of the test room, in which three test modules are mounted on a common stainless steel base
plate via aluminum guiding rails and mounting angles (left); with detailed view to the cable management and
connector plugs (right).
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The common base plate is form-fittingly installed into the test chamber with the help soft and
temperature-resistant polymeric buffers, which passively damp vibrations induced by climate
compressor or motors. Cables passing through the porthole of the climate chamber are distributed
on rail fixtures, attached to the left side wall of the test room. Thereby, the electrical connections
belonging to the individual test modules are combined in bundles with pluggable connectors. This
allows the test modules to be easily removed and reinstalled e.g., for maintenance purposes, which
occur regularly, especially with long-term tests, e.g., for lubricating the bearings of the linear

motors.

Test Module

The foundation of each module is an aluminum base plate fixed to an aluminum profile frame,
through which the module can be mounted to the common steel plate in the climate chamber
(Figure 36).
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Figure 36: CAD design and description of a single test unit with five test stations on which five exemplary
SIP samples are installed.

A programmable linear motor (LinMot PS01-23x160H-HP-R) equipped with an H-shaped linear
guide (LinMot H01-23x166/80) is mounted slightly elevated on the right side of the base plate via
an aluminum adaptor plate. The combined linear drive offers a stroke range of up to 80 mm and is
designed to generate relatively large static forces of up to 138 N and velocities up to 5.2 m/s
[161], [162]. Despite this, it maintains a low moving mass of only 610 g, making it suitable for
dynamic operations, such as high-cycle and high-rate tensile tests. The motor is certified to IP67,
thus dust-tight and safe against splash water and occasional submersion. This feature, combined
with a maximum permissible operating temperature of 120°C, makes it particularly suitable for
testing in harsh test environments. Its cylindrical guidings are equipped with low-wear, smooth-

running plain bearings that require little maintenance other than occasional re-greasing and can be
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easily replaced in the event of a defect. Five identical DET sample grips are attached to the slider
output side of the motor via a common aluminum motor flange, which is also designed to be
lightweight so as not to significantly increase the moving mass. On the opposite side of the motor,
identical sample grips are attached mirror-symmetrically via individual load-cells (ME-
MeRsysteme KD40s) to an angled aluminum carrier. These load-cells are suitable for measuring
tensile and compressive forces in the range up to 10 N with 0.1 % accuracy [163]. They are
specified for a temperature range of -10°C to +85°C and are certified to 1P65, hence dust and
splash-proof and thus well suited for harsh test conditions as well. The aluminum load-cell carrier
can repeatably be fixed to the base plate at various distances from the motor using a 20 mm hole
grid. On the one hand, this allows longer DET samples to be tested. On the other hand, samples of
the same length can be tested within different active areas of linear motor and guiding, which

distributes the wear of these parts and makes the test setup more durable.

Sample Grips

The opposing DET sample grips are constructed in a two-part structure and consist of an L-shaped
and a U-shaped part milled from polyetheretherketone (PEEK), a polymeric material that has
particularly high rigidity, as well as temperature and humidity resistance and provides in addition

good electrical insulation (Figure 37).
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Figure 37: CAD design of DET sample grips with electrical leaf spring contacts and mechanical lock-in
mechanism via spring-loaded ball screws as an overall 3D view (a), with frontal cross-section view (b), and
with lateral cross-section view (c).

The two parts are aligned with dowel pins and screwed together to form a sample grip unit, which
exhibits a slot-shaped insert for receiving the SIP sample. This is backed with two further dowel
pins, and a fixation screw for attachment to the corresponding load-cells, or motor flange.
Furthermore, two spring-loaded ball screws are countersunk in the back of the sample grip, which
protrude with their spring-loaded spherical end into the sample insert. These are pushed back when
the form-fit clamps of the SIP are inserted into the holder top down, until they meet the fixation
notches of the sample and snap into place, enabling facilitated and reproducible insertion of the test
samples. For the electrical contacting, two leaf springs made from sintered copper-bronze are

embedded in the inner recesses of the side walls of the specimen holder and protrude slightly into
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the specimen insert. As the SIP sample is inserted from top to down, these leaf springs are pushed
back slightly so that they rest against the sample with a defined pressure. As soon as the SIP is
locked in place, the leaf spring of the sample grip and the copper contact of the sample form an
electrical contact with reproducibly defined contact area and contact pressure. This electrical
connection is led to the outside of the sample grip by means of brass screws soldered to the leaf
springs. Supply and measuring cables are attached and contacted with ring cable lugs to the further
protruding screws on the outside of the specimen holders. Since each sample grip is equipped with
four electrical contacts, there are potentially eight electrical contacts available for each SIP sample.
In the following, only two of these contacts of the respective sample grip on the load-cell side are
used to contact the opposite electrodes of the SIPs (refer to Figure 36). The cables serve
simultaneously as a supply line for the high voltage control, and for the measurement signal
transmission of the impedance measurement. For this reason, shielded high voltage cables with a
thick insulating layer are used to protect against electric fields during high voltage excitation and to
prevent crosstalk from magnetic fields during measurement. The respective cables are passed
through a cable guide mounted to the angled aluminum carrier and then secured with a strain relief,
which is also attached to the 20 mm grid of the base plate. Cable guidings and strain reliefs are 3D-
printed from a temperature-resistant acrylonitrile-styrene-acrylate polymer (ASA). They prevent
temperature-induced expansions in the setup or ventilation inside the climatic chambers from being
transmitted via the cables to the load-cells and distorting the force measurements. In general, all
electrical cables are fixed to stationary parts of the setup to avoid vibration-induced changes or

defects in the electrical contact.

3.4.3 Conclusion on Design and Construction

The test rig is designed to allow the investigation of different planar DET types with minimal
modifications, primarily adjustments to the sample grips. For demonstration purposes, the design
presented in this work is adapted for exemplary SIP types specifically developed for this purpose,

aiming to observe various typical electromechanical phenomena of DETSs.

The SIP test samples are based on an Elastosil 2030/20 dielectric film, screen-printed on both sides
with CB-PDMS electrodes and provided with rigid 3D-printed high temperature resistant fixtures
for mechanical and electrical connection. The sample is designed to undergo a reproducible step-
by-step manufacturing and assembly process with minimal tolerance deviations, and to allow for
facilitated handling and reproducible mounting on the test rig. Dimensions, isolation clearances and
mechanical and electrical connection interfaces of the SIP aim to provide a robust design that can

withstand production variations and reduce the risk of failure under electromechanical load.

Control, electronics and safety equipment of the test rig are installed on a peripheral aluminum
structure surrounding a standardized climate chamber. Therein three test modules are mounted on a

rail fixture, utilizing convenient plug and screw connections, enabling facilitated installation and
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maintenance. The test modules are based on an aluminum platform on which a robust
programmable linear drive is mounted opposite to a stationary load-cell carrier, which comprises 5
equidistant mounted load-cells. The load-cell carrier can be moved reproducibly along a defined
grid, on the one hand to extend the testing range, and on the other hand to reduce wear on the
motor. The load-cells and the motor slider are each equipped with 5 oppositely aligned sample
grips. Each sample grip features mechanical snap-in mechanisms and electrical spring contacts that
are tailored to the SIP test samples and enable facilitated sample installation with reproducible
alignment and reliable electrical contacting.

3.5 Electronics and Wiring

This chapter describes layout, design, and wiring of both the low voltage and high voltage test
electronics of the test rig, providing detailed specifications of the utilized components. It
particularly provides detailed explanations of the proprietary circuit boards used for filtering, signal
routing and current measurement. A separate section explains the implementation of the proprietary
impedance measurement methods, with a detailed discussion of their accuracy as a function of load

and measurement parameter configuration.

3.5.1 Low Voltage Test Electronics
The larger LV-cabinet (refer to Figure 34) includes power supplies, motor controllers, load-cell
amplifiers, real time data generation and acquisition system (RT-system), as well as safety

components such as fuses, fire detectors and fire extinguisher hoses (Figure 38).
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Figure 38: View into the LV-cabinet, containing power supplies, motor controllers, load-cell amplifiers, RT-
system, and safety components such as fuses, fire detectors and extinguisher hoses.
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All devices are mounted via DIN rail mounting, whereas the cables are arranged in a way to
minimize signal crosstalk between power, logics, and control and measurement signals. The
230 V AC power supply is fed through a cable feed-through in the lower left of the cabinet where
the corresponding supply components are located. Two separate supply phases are provided and
protected with arc fault protection switches (ABB-S-ARC1B16), one for the logics, and one for the
power electronics. The logics supply runs via the external UPS (APC SMC1000l), which is also
connected to the host computer and GSM-module, enabling them to be safely terminated in the
event of a power failure. The power electronics are supplied via a triggerable main relay (PILZ
PNOZ X3) enabling the power to be switched off, either program-controlled using the RT-System
(NI cRIO 9047) or the GSM-module, or manually by pressing the emergency stop button on the
outside of the cabinet door. From the main relay, the AC power supply is distributed to the
individual DC power supplies, which are arranged in the cabinet center. To avoid crosstalk, each
device is provided with its individual DC power supply unit. As the motor controllers also generate
switching power signals, they are placed directly next to them. However, the sensitive load-cell
amplifiers are mounted on the top level of the control cabinet at a certain distance from the
switching components in order to be protected from interfering electrical and magnetic fields. For
the same reason, the RT-system is also located with a certain distance to those components but
located in the lower right of the cabinet, in order to keep the cable length of signal lines to the
neighboring high voltage control cabinet short. These cables are routed through a corresponding
cable feed-through right next to the RT-system. Two more cable feedthroughs are leading in or out
of the control cabinet. One (upper left) routes connection cables from controller and safety
components to the host computer and GSM-module. The second (upper right) routes control and
measurement cables from motor controllers and force measurement amplifiers to the climate
chamber. The RT-system is used to control and synchronize the entire test bench hardware in real-
time within a NI LabVIEW programming environment. For this purpose, it features two combinable
real-time controllers, namely a real-time controller (RT-controller) and a field programmable gate
array (FPGA) within the same chassis, both of which are synchronized and used simultaneously in
the setup. The controller chassis is equipped with analog and digital input and output modules
which are collectively controlled via the FPGA. An analog voltage input module (Al-module
NI 9202) is used to acquire the force measurement signals. It features 16 channels of simultaneous
acquisition of signals in a range of +10 V with a 24-bits resolution and a sample rate of 10kS/s.
The inputs are connected to the outputs of four four-channel full-bridge measuring amplifiers
(ME MeRsysteme GSV-1A4), which are designed to also provide +10 V at their output, within the
entire measuring range of the load-cells (ME Mef3systeme KD40s 10N). In addition, a configurable
32-channel digital input/output module (DIO-Module NI 9403) featuring a 5V logics level with
quick response times is used control the logical function of these amplifiers and taring the

measurement signal. The motor controllers (LinMot C1150-EC-XS), on the other hand, are directly
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connected to the RT-system via an Ethernet port and can thus be controlled and monitored via the
RT-system using a digital EtherCAT protocol, allowing a maximum sample rate of 1 kS/s when

controlled via the NI Scan-Engine.

3.5.2 High Voltage Test Electronics

A larger number of modules and control system interfaces are provided for the electronics in the
neighboring LV-cabinet (refer to Figure 34). It houses high voltage electronics including high
voltage amplifiers, switching relays, and current measurement circuits. It is placed close to the
porthole of the climate chamber, to keep electrical wiring to the samples short, and thus to keep
electrical interference fields during high voltage control or parasitic effects during impedance
measurement low. The custom developed electronics are of modular design and distributed on six
circuit boards (double Eurocard), which are arranged in a rack-mounted housing (Figure 39).
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Figure 39: Rack mounted circuit boards connected to power supply, RT-system, high voltage amplifiers, and
LCR-meter (left), with detailed view to the modular design (upper right), as well as signal in/out-side with
LV- and HV-testing examples illustrated (lower right).

The 24 V DC supply voltage of the circuit boards is provided via a common power supply unit and
passed on from one board to the next. Logical functions of the circuit boards and of the high
voltage amplifiers are controlled via the RT-system using DIO-modules (NI 9403). Furthermore,
two additional Al-modules (NI 9202) are used to acquire the signals of the customized current
monitoring devices as well as those of the inherent voltage and current monitors of the high voltage
amplifiers (hivolt.de HA51U), which also cover an output range of +10 V. Voltage waveforms are
controlled with a 4-channel analog voltage output module (AO-Module NI 9263), providing
voltage signals within a range of +10 V with 16-bit resolution and a maximum sample rate of
100 kS/s. The high voltage amplifiers provide analog input control within a range of 0...10V,
enabling voltage stimuli of up to 0...3 kV and a maximum current of 10 mA. As with the motor
controllers, the LCR-meter (GW-Instek LCR-8201) is connected directly to the RT-System via an
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Ethernet port, but in contrast is controlled via a serial RS232 protocol, which only enables

relatively slow (stable) acquisition rates of ~50 S/s.

High Voltage Circuit Board Layout

The high voltage reed relays (cynergy® DAT72410), capable of switching high voltage of up to
10 kV within 3 ms [164], are installed on three of the six high voltage circuit boards on the lower
side of the rack. Corresponding high voltage circuit boards (HV-boards) features a high voltage
input on the supply side for connecting a separate high voltage amplifier (e.g. hivolt.de HA51U),
and six digital inputs for relay control (0 V: open, 5 V: closed) (Figure 40).
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Figure 40: HV-circuit board layout, highlighting normally open state reed relays and no RC-filter bridge
select (left), circuit board photo (upper right), and schematic of the changeover circuit obtained with two
normally open relays (lower right).

On the opposite side, they provide five configurable in-/outputs that can be switched between
common ground (in) and high voltage signal (out). As the reed relays are single normally open
contacts, two of them are required to enable a changeover characteristic. In the multi-channel
design of the HV-board, a corresponding changeover contact realized using this approach is
connected in series with five single normally open relays (0 V: common ground, 5 V: high voltage
amplifier). Consequently, each channel can be opened individually on the output side, but on the
input side all channels can only be switched collectively between high voltage or ground signal. As
a result, simultaneous high voltage and low voltage testing with the same test rig module is neither
feasible nor intended due to the risk of damaging the LCR measuring device and potential
interference from electrical fields during low voltage testing. The high voltage board also includes

a user-configurable RC-series lowpass filter using high voltage resistors and capacitors on the high
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voltage input side. This filter is selectable via jumper settings. In scenarios where constant voltage
control is required, this setup enables smoothing and buffering of the voltage signal, effectively
preventing voltage spikes and dips during operation, i.e. in the case of short circuits due to

electrical breakdown of a connected DET.

Low Voltage Circuit Board Layout

The low voltage relays (OMRON G2R1) together with the custom-designed current monitors are
installed on the three low voltage circuit boards (LV-boards) on the upper side of the rack
(refer to Figure 39). Each of them is equipped with an input for connecting the common LCR-
meter (e.g., GW-Instek LCR-8201), five digital inputs for relay control (0 V: current monitor, 5 V:
LCR-meter), as well as five analog outputs (£10 V) for acquisition of the current signal detected
with the current monitors (Figure 41).
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Figure 41: LV-board layout, highlighting normal relay status (left), low voltage circuit board photo
(upper right), and schematic of the transimpedance circuit with safety diodes for current measurement
(lower right).

On the opposite side, they provide five configurable in-/outputs that can be switched between
current monitor signal (in) and LCR-meter signal (out). The current measurement is implemented
using transimpedance circuits. They are realized with operational amplifiers whose output is fed
back to the inverting input via a configurable shunt resistor Rg, with the non-inverting input set to
ground. The operational amplifier thus also regulates the non-inverting input to ground for potential
equalization between the two inputs and generates the same, but negative current on its output, as

applied to its inverting input. This current ig is measured via voltage ug across the shunt resistor:
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Hence, the inverting input of the operational amplifier represents a “virtual” ground, where the low
voltage side of a DET can be connected to, to measure a high voltage induced current. High voltage
diodes are connected between inverting terminal and ground to prevent high voltage from being fed
to the operational amplifier in the event of a short circuit, e.g., due to electrical breakdown of a
DET. The output of the operational amplifier is equipped with Zener diodes providing voltage

limiting to protect the connected acquisition hardware from overvoltage.

3.5.3 Impedance Measurement Electronics

A total of three different impedance measurement methods are implemented on the test bench to
measure the capacitance and the electrode resistance of the DET samples, namely LCR-Meter, LV-
Method, and HV-Method: LCR-Meter and LV-Method are used for low voltage testing. The
standardized LCR-meter generally features a large measuring range and high accuracy and can be
used in particular to precisely measure individual DET sensing capabilities, and to calibrate the
proprietary impedance measurement methods. The proprietary LV-method enables similarly
precise measurements over a smaller measuring range, but with higher data rates, which are
required in particular for the acquisition of time-dependent effects. The proprietary HV-method is
used for high voltage testing. It generally enables measurements of lower precision, but with
similar measuring ranges and data rates compared to the LV-method. However, it particularly
enables measurements with a superimposed high voltage for actuation, as well as simultaneous
measurements on all test stations. Details on the implementation of the individual methods are

given below.

LCR-Meter Measurement

For low voltage testing, the high voltage amplifier is disabled, the normally open high voltage
relays are closed, and the high voltage changeover relays are switched to ground to fully discharge
the DET samples. In this configuration, the low voltage relays are used as a multiplexer, and one
test station is switched to the LCR-meter, while the others remain switched to the respective current
monitors (Figure 42a, b). In this configuration, impedance magnitude Z, phase-shift 8, capacitance
C, and resistance R of the DET sample applied to this test station can be continuously acquired.
Thereby, the sample can simultaneously be deflected by the motor with a continuous deflection
trajectory to investigate the change in these measurands in response to the mechanical stimulation.
Once the test is complete, the low voltage relays can be used to multiplex to the next test station
until all samples have been tested. By using a standardized LCR-meter (GW Instek LCR-8201), this

test method enables precise measurements over a large measuring range.
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Figure 42: Low voltage impedance measurement with LCR-meter via multiplexer, considering one test
module illustrated as circuit diagram (a), and schematic wiring within the setup (b).
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However, testing time-dependent effects in combination with mechanical stimulation is restricted
due to the limited transmission rate between the LCR-meter and the RT-system via the RS232
interface (~50 S/s). Furthermore, all samples mounted to the test module are deformed if the
samples are mechanically deflected during the test, but impedance measurement is only conducted
to one sample. Consequently, changes due to cyclic loading in particular cannot be accessed for the
remaining samples. Moreover, the LCR-meter cannot be used in combination with applied high
voltage, thus the self-sensing properties of smart DET actuators cannot be investigated.

Fundamentals on Proprietary Impedance Measurement Methods

These limitations are addressed by implementing proprietary impedance measurement methods,
namely LV-Method and HV-Method, using the RT-system to control and acquire the
corresponding measurement signals with high sampling rates. Both methods utilize a standard AC
measuring principle, which can be described with fundamental AC theory. This is briefly explained
in the following to support the description of the methods implemented on the test rig.

For impedance measurement, a sinusoidal voltage signal u with constant frequency is applied to a
generalized electrical network with a complex impedance Z (e.g. a DET sample), and the current
signal response i of the network is measured (Figure 43a). As these signals represent constant
sinusoidal waveforms, they can be described by the measurement frequency f,,, their respective

magnitudes U and I and their respective zero phase angles 6,, and 6; (Figure 43b).
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Figure 43: Impedance measurement of a generalized electrical network via sinusoidal voltage control and
measurement of the current response; with schematic illustration of the generalized network (a), exemplary
control and measurement signals in time domain (b), and schematic illustration of Hann-windowed FFT,
used to identify respective signal magnitudes in frequency domain (c).

These quantities can be accessed by transforming the time-domain signals to the frequency domain
using Hann-windowed Fast Fourier Transform (FFT) (Figure 43c), and determining the peak
values within the resulting amplitude spectrum (Figure 44a) and phase spectrum (Figure 44b),

obtained at the known measuring frequency.
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Figure 44: Amplitude spectrum (2) and phase spectrum (b), obtained by Hann-windowed FFT of the time-
dependent voltage and current signals.

Considering stationary measurements at constant frequency, voltage u and current i can be

described in complex notation using phasors U and [ respectively:

U= Uel®w) [ =1el0) (3.2)

The corresponding impedance Z of the network results from Ohm’s law:

The measurands impedance magnitude Z and phase-shift 6 of the network thus result from the

magnitudes and zero-phase angles of voltage and current measurement signals:
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U
Z=- 0 =6, -6 (3.4)

If the general impedance network is replaced by the equivalent circuit diagram of a DET as a
simple RC-series element (Figure 45a) (refer to Section 2.1.8), resistance R and capacitance C can
be determined by relating the pointer diagram of the measurement signals (Figure 45b) and the

pointer diagram of the equivalent circuit (Figure 45c) to each other.

a) b) m(U) c) Im(2)

Ly S— DET ... T U Re(U). 1 T < Re(2)
R | c ] ]
| u Ue z
X

Figure 45: DET considered as RC-series equivalent circuit (a), and pointer diagrams of the measurement
signals (b), and the equivalent circuit (c).

The latter diagram shows, that (3.3) can also be described using geometric expressions:

Zel® = Z(cos 0 + j sin ) (3.5)

From this resistance R and reactance X, are obtained by considering the real and imaginary parts:

R =Zcos 0 X, =Zsin0 (3.6)

By supplementing X, in equation (2.20), the capacitance can be obtained.

1
C =— 3.7
Zsin Bw (37)

This method is implemented on the test bench using the NI-cRIO 9047 RT-system, equipped with a

NI 9263 AO-module for voltage control, and a NI 9202 Al-module for voltage and current

measurement.

For the LV-Method these components are solely supplemented by an additional shunt resistor for
current measurement, while directly utilizing the voltage output module to provide the
measurement voltage signal. In contrast, for the HV-Method the measurement voltage provided by
the voltage output module is amplified by the high voltage amplifier and the current signal is
acquired via the individual current monitors of each test station. Details on the corresponding

methods are given below.
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LV-Method

For LV-Method, the measurement voltage directly provided by the NI-9263 AO-module is applied
via the LCR-meter input of the LV-board, and current is measured via a shunt resistor between the
AO-module and this input (Figure 46a, b).
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N Measurement (FPGA)

[ﬂ

Figure 46: Low voltage impedance measurement with current measurement via shunt resistor, considering
one test module illustrated as circuit diagram (a), and schematic wiring within the setup (b).

The voltage input module is used to measure both, control voltage u, over the entire network, and
voltage ugs over the shunt resistor. From these signals the measurands Uy, Us and 6y are
determined, utilizing a high-level Hann-windowed FFT-function provided in NI LabVIEW. Since
the shunt resistor Rs is part of the network, it must be considered within the pointer diagrams of the

network (Figure 47).
Q) ma b) mw

Re(2)

Figure 47: Pointer diagrams of low voltage impedance measurement via shunt resistor, considering the
measurement signals (a), and the equivalent circuit (b).

From this, the current magnitude I through the DET is directly obtained:

=5 3.8
Furthermore, the voltage magnitude U over the DET is derived from Uy and Us and 6 :
U= \/U,% + UZ — 2UyUg cos Oy (3.9)

The corresponding phase-shift 6 also depends on these measurands:
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0 = arctanM (3.10)
Uy cos 8y — Us

Substituting (3.8) and (3.9) into (3.4) results in the impedance magnitude Z. With this and the
phase-shift 6 obtained from (3.9), resistance R and capacitance C result from (3.7). In principle,
this approach enables the same measurement procedures as with the LCR-meter. However, direct
implementation on the FPGA enables a much higher acquisition rate and better synchronization
with the other setup components. Since at least two sinusoidal periods are required for the Hann-
windowed FFT to reliably determine amplitudes and phases of current and voltage, the maximum

achievable acquisition rate f, results in:

_fn
fa="2 (3.10)

As the voltage input module only enables a maximum sample rate f; = 10 kS/s, the measuring
frequency f,, can be set to a maximum of 5 kHz according to the Nyquist-Shannon sampling
theorem. Thus, the theoretical maximum acquisition rate of the impedance measurement results in
fo = 2.5 kHz. As this can be processed robustly by the RT-system, the hereby introduced method

enables ~50-times higher acquisition rate within the setup compared to the LCR-meter.

HV-Method

HV-Method is utilized to determine capacitance and resistance during high voltage testing. In this
testing mode, the individual high voltage relays are closed, and the high voltage changeover relays
are connected to the high voltage input of the HV-board. The low voltage relays are switched to the

individual current monitors of each test station, representing virtual ground (Figure 42a, b).
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Figure 48: High voltage impedance measurement with current measurement via transimpedance circuits,
considering one test module illustrated as circuit diagram (a), and schematic wiring within the setup (b).

The measurement voltage is applied via the high voltage input of the HV-board with the signal
from the NI-9263 AO-module being amplified by the high voltage amplifier (hivolt.de HA51U).

The current is measured via the individual current monitors (transimpedance circuits) and acquired
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by the NI 9202 Al-module. The bandwidth of both the current and voltage monitors exceeds
10 kHz (refer to Section 3.7.2), ensuring they do not limit the maximum measuring frequency.
Consequently, with this approach, measurements and data acquisition can theoretically be
performed at the same frequency as with the LV-method. Moreover, the individual current
measurement enables simultaneous impedance measurement on all test stations of one module.
Finally, it also enables the impedance measurement of the samples with applied high voltage by
modulating the (small) AC measuring signal onto the (large) quasi-stationary high voltage signal. A
drawback of this method is the lower accuracy with regard to the signal-to-noise (SNR) at low
measurement voltages. On the one hand, this is caused by the comparatively large signal ripple of
the high voltage amplifier. On the other hand, it is also due to the less suitable measuring range of
the current monitors, which are primarily dimensioned for the detection of electrical breakdowns.
The general influence of load and measurement configuration on the accuracy of the proprietary

measurement methods, especially in terms of sensitivity and SNR, is discussed below.

Discussion on Proprietary Impedance Measurement Accuracy

In order to achieve a sufficient measuring signal quality, electrical circuit boards and wiring are
designed in a symmetric design with large safety distances and shielding to minimize interference
with surrounding electric and magnetic fields (refer to Section 3.5.2). LV-method and HV-method
do not utilize AC measuring bridges, as common with standard LCR measuring devices.
Consequently, they are potentially more susceptible to disturbances. However, permanent parasitic
effects in setup and wiring are eliminated by means of a four-step load calibration of the individual
test stations, enabling sufficient accuracy within a limited measuring range (refer to section 3.7.3).
Apart from parasitic effects and interference, the measurement accuracy generally depends on the
configuration of the AC measurement voltage (i.e. amplitude and frequency) and its combination
with the impedance characteristics of the electrical network under test (i.e. RC-series elements).
This fact is particularly important for the continuous characterization of DETS, as they do not
represent a constant load, but significantly change their capacitance and resistance under
mechanical deformation. Since no further (automatic) measurement range adjustments are
implemented for LV-method and HV-method, the measurement voltage must be user-configured
with regard to the impedance characteristics of the DET sample, to achieve measurement results of
sufficient accuracy. To gain a better understanding of this configuration, the relations between
measuring signal and impedance characteristics of RC-series loads are discussed in the following

with regard to noise and measuring sensitivity.

In general, the measurement signal quality of measurands C and R depends on the quality of the
lower level measurands Z and 6, which in turn depend on the quality of the measurands « and i on
lowest level. As these are generated with DAC-converters and measured with ADC-converters,

they have a fixed sample rate and a fixed amplitude quantization error. With f;, the maximum
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reproducible measuring frequency f,, is limited to the corresponding Nyquist rate f;/2. Since the
amplitude of the measurement voltage is usually constant during measurement, the corresponding
quantization noise will also remain constant. However, since RC-series elements represent high-
pass current filters, the amplitude of current i is decreasing with decreasing f,,, or with increasing
Z. Therefore, the measurement of i is critical with respect to quantization noise, which changes
accordingly with a nonlinear characteristic, if the properties of the RC-series changes during
continuous measurements. In addition to other potential noise sources and interferences, this error
trend is proportionally propagated to the parent quantities Z and 6 according to equation (3.4).
From there, they are nonlinearly propagated to the quantities C and R, e.g. according to equation
(3.6) and (3.7) for HV-Method.

To explain the nonlinear characteristics, the generic frequency responses of RC-series elements are
considered and varied within a range of typical capacitance and resistance values of DETS,
(.. R =4KkQ..100kQ and C = 0.5 nF ...10 nF). Thereby, once R is fixed (e.g. R = 4kQ) and
only C is varied (Figure 49a, b), and once the C is fixed (e.g. C = 5 nF) and only the R is varied
(Figure 49c, d).
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Figure 49: Generic frequency response of RC-series elements with fixed resistance and varying capacitance
and resulting impedance spectrum (a) and phase spectrum (b); and with fixed capacitance and varying
resistance and resulting impedance spectrum (c) and phase spectrum (d).

When varying C and observing the resulting Z-curves it is observed that they converge towards

each other for increasing f;,, resulting in a decreasing measurement sensitivity (Figure 49a). In
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contrast, varying resistance R only results in a vertical shift of the Z curves, thus maintaining
constant sensitivity for increasing f,, (Figure 49c). Consequently, considering Z as measuring
variable, and C and R as derived variables, robust measurement results with sufficient sensitivity
and low noise are therefore achieved for R with higher f,,, as these frequencies result in lower Z
and thus higher i-amplitudes with minor (quantization) noise. However, for C, better results are
obtained within the lower frequency range, whereby an optimum frequency is expected, that
provides the best signal quality as a compromise between noise and sensitivity. When considering
the phase spectra accordingly, the 6-curves converge for increasing f,,, towards 8 = 0 ° and for
decreasing f,, towards 8 = —90 °. Variation of C (Figure 49b) and R (Figure 49d) results in the
same trend of the curves, which are shifted to the left, as C or R increase. Highest measurement
sensitivity for both quantities is given at 8 = 45 °. The corresponding measuring frequency is the
cutoff frequency f, (refer to equation 2.25). It thus represents an optimum for both capacitance and

resistance measurement with regard to sensitivity.

To sum up, it is generally recommended to aim for a phase-shift 6 ~ —45°, or to configure f,,, = f
respectively, in order to achieve good measuring quality for both measurands, C and R. If one
measurand is prioritized, f,,, < f, must be configured for the capacitance measurement, and
fm > f. for the resistance measurement. Thereby, it must be ensured that the lower-level quantities
Z and 6, and thus u and in i also feature sufficient signal quality. With regard to this, in the low
frequency range, it is important to ensure sufficient i-amplitudes, while sufficient sample resolution

must be achieved in the higher frequency range.

In electromechanical characterization experiments for DETSs, € and R usually increase with applied
strain or voltage. With regard to sensitivity, it is thus reasonable to select f,, < f., or 8 < —45°
respectively, as 6 increases during the measurement. However, DETs generally represent much
more complex RC networks than a simple RC-series element. Therefore, high measurement
frequencies in particular can lead to areas further away from the electrical contact no longer being
detected in the measurement signal. This applies in particular the exemplary investigated SIPs in
this work, which is explained in more detail in section 4.1. It is thus generally recommended to
characterize a DET sample with the LCR-meter as a reference prior to the first electromechanical
loading, and then determine a suitable frequency f,,, for an electromechanical test using LV-method
or HV-method. Since both methods are calibrated using a load calibration (refer to Section 3.7.3),
this approach can be integrated into the calibration process. Additionally 3D-spectra of Z and 6
over the desired capacitance range (Figure 50a, b), or over desired resistance range (Figure 50c, d)
can assist to estimate suitable measurement frequencies depending on the load. Therein, the
visualization of the lowest and highest resistance and the lowest and highest capacitance of the
desired ranges respectively, result in two curved surfaces that span the entire measuring range in

each diagram.
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Figure 50: 3D-spectra of impedance magnitude and phase-shift over the desired capacitance range (a, b), and
over demanded resistance range (c, d).

3.5.4 Conclusion on Electronics and Wiring
Detailing the layout, design, and wiring of both the low voltage and high voltage test electronics of
the test rig, this section offers comprehensive specifications of the utilized components and

explanations on the realized impedance measurement methods.

Low voltage electronics in the LV control cabinet include standardized supply, logic, measurement,
control, and safety components arranged and shielded to prevent interference from power

electronics.

Electrical signal routing via low and high voltage relays, signal filtering with passive filter
elements, and individual current monitoring based on transimpedance circuits are realized on
proprietary developed circuit boards, namely the LV- and HV-boards. Together with the high
voltage amplifiers, these are rack-mounted in the HV control cabinet, thus shielded from the low

voltage control and measurement electronics.

Three impedance measurement methods are employed to determine the electrical properties of
DET samples: LCR-meter, LV-method, and HV-method. LCR-meter and LV-method are used for
sequential low voltage testing. The standardized LCR-meter, providing wide measurement range
and high accuracy, is ideal for accurately measuring individual DET sensing capabilities and

calibrating the proprietary impedance measurement methods. The proprietary measurement
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methods are based on fundamental AC theory, whereby sinusoidal measurement voltages and
currents are analyzed using a Hann-windowed FFT. The LV-method provides similar accurate
measurements over a smaller range, but higher data rates in comparison to the LCR-meter, which is
essential for capturing time-dependent effects. The HV-method, designed for high voltage testing,
provides measurements with lower accuracy but similar ranges and data rates to the LV-method,
allowing measurements with superimposed high voltage for actuation and simultaneous
measurements on all test stations. Measurement accuracy, analyzed with respect to load using
simple RC-series elements as an example, highlights the importance of keeping the measurement
frequency close to the cutoff frequency of the RC-series element. However, this can only be
achieved if the measured impedance allows sufficient measurement currents while preventing the

DET regions further away from the electrical contact from being cut off.

3.6 Control and Software

With numerous test stations, various test routines, and the need for automated operation, this work
presents a test rig with extensive measurement and control variables that require a user-friendly
control interface. Moreover, well-structured, and efficient data management is essential to prevent
high-resolution and long-term experiments from memory overflow and provide facilitated data
evaluation. These challenges were overcome by appropriate hardware embedding, software

implementation and data management, which are described in the following sections.

3.6.1 Hardware Embedding

The central operating unit of the test bench is the host computer (Microsoft Windows 10, and
NI LabVIEW). This is connected to real time data generation and acquisition system (RT-System,
NI cRIO 9047), embedding the test hardware, and to the GSM-module (WiLARM FIVE),
embedding the safety hardware (Figure 51).
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Figure 51: Schematic illustration of the interconnection of control units, safety devices and operator of the
test rig.
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Embedding of Safety Hardware

The GSM module is directly powered through the fault current relay (ABB-S-ARC1B16), which
also supplies power to the main supply relay (PILZ PNOZ X3) of the test rig. Equipped with a
backup battery, the GSM module monitors its own voltage status, enabling it to detect a relay
shutdown caused by a fault current while remaining powered itself. The fire detectors
(GIRA Dual Q) and the automatic fire extinguishers (SAE Falcon DLP) each are equipped with
event-controlled relays that switch over when activated. These are individually connected to the
digital inputs of the GSM-module, which thus recognizes exactly which safety device has been
triggered. The GSM module additionally provides two programmable output relays, one of which
is used to control the main power relay and one for the visual and audible alarm unit. In the event
of fire or fault current the module is thus programmed to initiate automatic safety routines. These
always involve switching off the main power supply relay, and activating the alarm module, which
is also supplemented with an additional backup battery. In addition, the operator receives a phone
call via the GSM network and a text message describing the alarm reason. The operator then has
the option of accessing the two IP cameras (D-Link DCS-2330L) one of which is aimed at the
electronics cabinets and one at the test room, via smartphone or (mobile) computer. This enables to
obtain an overview of the situation and initiate further measures manually. The camera facing the
test room is also used to support remote control of the test bench via Microsoft Windows Remote
Desktop, allowing access to the test bench's graphical user interface from a remote computer. In
addition to monitoring and configuring running tests, the GSM-module can also be used to shut
down the power supply via the RT-system connected to the main power relay of the setup. This
feature allows the safe shutdown of the entire test bench, i.e. at the end of a test or in the event of a
fault.

Embedding of Test Hardware

With the exception of the climate chamber (CTS C-70/350), which is connected to the computer via
serial connection, all test hardware components are controlled via the RT-system (Figure 52). It is
equipped with a field programmable gate array (FPGA-controller) and a real-time controller (RT-

controller).

The RT-controller provides deterministic access to the digital communication interfaces offered by
the RT-system, which include various industry-standard data protocols. In particular, the EtherCAT
interface is used for communication with the motor controllers (LinMot C1150-EC-XS), and the
serial RS232 interface for communication with the standardized LCR-meter (GW-Instek LCR-
8201). Both are programmed within a NI LabVIEW real-time environment, but only the EtherCAT
connection enables high and deterministic data transfer rates limited to 1 kS/s when controlled by

NI Scan- Engine, whereas the RS232 transfer rate is only stable at ~50 S/s.
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Figure 52: Schematic illustration of the test hardware embedding, with a focus on the real time data
acquisition system and its analog and digital modules and interfaces.

The FPGA-controller is used to control and measure analog signals and digital states via seven
configurable input and output modules. Three NI 9202 Al-modules are used for analog inputs, each
providing 16 channels with 24-bit amplitude quantization and a simultaneous sample rate of
10 kS/s over a voltage range of +10 V. They are connected to the analog outputs of the load-cell
amplifiers (4x4 channels ME-MeRsysteme GSV-1A4), the proprietary developed current monitors
(3x5 channels transimpedance circuits) and the current and voltage monitors provided by the high
voltage amplifier (3x hivolt.de HA51U). As these devices also provide +10 V outputs over the
respective measuring range, the full quantization range of the analog input modules is utilized. A
NI 9263 AO-module is used for the analog voltage output, which offers four channels with +10 V
output voltage each, at a 16-bit quantization resolution and transmission rate of 100 kS/s. This
module is used to control the operating voltage of the high voltage amplifiers with nominal gain
1:300. The high voltage relays (21x cynergy® DAT72410) and the low voltage relays
(15x OMRON G2R1) are triggered using two NI 9403 DIO-modules, each providing 32 channels,
which can be configured as digital input or output at a 5 V digital level with response times of 7 s.
Those modules are furthermore used to trigger digital functions of the load-cell amplifiers and the
high voltage amplifiers, such as enabling high voltage output or taring the force signal. Finally, the
NI 9481 DO-relay-module is connected to the main power relay, which enables program-controlled

shutdown of the power supply.
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3.6.2 Software Architecture

The software architecture consists of three interconnected program components, executed on the

3.6 Control and Software

individual processing systems (Figure 53). The top-level component is the host program, that is

executed on the host computer (Figure 53, top). It controls the general program flow and provides

the user with input and output functionality. The second component is a real-time program (Figure

53, lower right), which is executed by RT-controller, ensuring deterministic program sequences

with a fixed cycle time. It provides direct access to the motor controllers and the LCR-meter, which

are connected via the controller chassis using digital data transfer protocols (EtherCAT and RS232).

The third program component is implemented on the FPGA. It enables the analog and digital input

and output modules to be programmed deterministically as well, but furthermore offers increased

programming flexibility and the use of higher data rates. Data transfer and synchronization between

the programs is achieved (beyond other methods) by using real-time FIFOs (e.g. FIFO1-FIFO3)

and global trigger variables (e.g. GV1-GV3).
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Figure 53: Schematic of general software architecture, consisting of three interconnected program
components with the host program (top), the FPGA program (lower left) and the RT-program (lower right).
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Host Program

The host program (Figure 53, top) is designed to execute the same sequence of m different
configured test programs n-times in the main loop before it is terminated. Each of the m programs
basically runs through three steps, namely (experiment-) configuration, (experiment-) execution
and (experiment data-) post-processing. In the configuration step, m is decremented first. Based on
the result, the m™ column containing the configuration of the m™ experiment is then selected from
a configuration table, which is created by the user, and which contains full definition of all
experiment variables e.g., testing mode or voltage trajectory. In the execution step, the experiment
is executed based on this configuration, with three program loops of different functionality running
simultaneously. The first loop continuously reads out all control and measurement variables during
the experiment and displays them on the graphical user interface. The second loop waits
continuously for input from the user, who can intervene in the test procedure, e.g. cancel the
experiment. The third loop interacts with RT and FPGA programs that primarily execute the
experiment program. It continuously transfers the voltage excitation waveform data array through
FIFO1 to the FPGA and receives all measurement data transferred from the FPGA via FIFO2 and
from the RT via FIFO3. It is thereby triggered by GV2, which is inverted by the RT- program after
each control cycle, thus preventing the FIFO buffers from overflowing during long-term tests.
Once a test has been completed, the data is post-processed and saved in the final step of the host
program (refer to Section 3.6.5). If m is not zero after this post-processing, the host program
returns to the configuration step, decrements m and selects the next experiment. If m reaches zero,
the program decrements n, restarts the m-loop from the beginning and repeats the experiment

sequence of m experiment programs, until also n is zero and the entire program is terminated.

FPGA Program

The FPGA-program (Figure 53, lower left) continuously reads the analog signals from voltage
monitors, current monitors, and load-cells with a stable sample rate of f; = 10 kS/s, and transmits
this data with timing information to the host via FIFO2. Furthermore, current and force values are
continuously compared with user-defined threshold values. If those are exceeded for a configurable
time, the high voltage relays of the corresponding channel or the motor (via GV1) of the
corresponding module are switched off. The voltage waveform is generated in a separate loop with
a stable generation rate f; = 100 kS/s. The status of the high voltage changeover relays and the
low voltage changeover relays is thereby determined by the specification of the respective testing
mode (LV / HV). After generation of each voltage control cycle, the program waits for the status of

the global trigger variable GV2 to change before generating the next cycle.

RT Program
This variable change is set by the RT-program (Figure 53, lower right) after the motor has
completed a full cycle. When the FPGA-program detects the state change of GV2, it immediately
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alters the state of GV3, which in turn triggers a new displacement control cycle within the RT-
program. Thus, voltage and displacement waveforms are synchronized each individual control
cycle, ensuring that the signals do not drift apart. Unlike the generation of the voltage waveform,
the displacement trajectory is not generated via an analog output signal. Instead, it is configured by
the motor controller through the host program in advance. Consequently, only the execution of
each individual stimulation cycle is triggered via the RT program within a control-loop, which is
timed with a stable sample rate f; = 1 kS/s, and which is also used to control the motor safety
shutdown via GV1. Additionally, the RT-program continuously reads motor position and motor
status, as well as the values of the LCR-meter with a constant and stable sample rate f; = 1 kS/s,
transmitting them with timing information to the host via FIFO3.

3.6.3 Waveform Generation and Synchronization

The configuration of periodic voltage and displacement control signals is designed to enable a large
number of control signals with just a few configuration parameters: offsets (voltage offset U,
displacement offset x,), amplitudes (voltage amplitude U,, displacement amplitude x,), as well as

holding times (t;, t3), and ramping up and down times (t,, t,) (Figure 54).
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Figure 54: Generation of periodic control voltage signal with no phase-shift (a), with phase-shift (b), as well
as generation of periodic displacement control signal (c), and combination of both signals highlighting phase-
shift and triggers (d).

By configuring the ramp shape to be straight or sinusoidal, these parameters enable the
configuration of typical symmetrical and asymmetrical signal shapes, such as square, sine, triangle,
trapezoid and sawtooth, as well as many customized shapes. Two additional timing parameters ¢,

and t5 are given for voltage signal generation. Parameter t, allows the voltage to be ramped up to
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the initial value of the voltage trajectory within a specific time before starting a periodic test and
ramped down again at the end. Thus, dynamic effects of a stepwise voltage increase are avoided,
which might lead to an undesired electrical breakdown of a DET test sample. The initial value can
be represented by the voltage offset (Figure 54a), but also differ from that due to the configuration
of a timing parameter —t,, < ts < t,, (Figure 54b), resulting in a phase-shift —360° < ¢<360°, of
the periodic signal with periodic time ¢,

ts

ts
¢p=—%x360°= X 360° 3.12
ty ti+t, +t;5+t, (3.12)

In contrast to voltage generation, the displacement trajectory starts directly from the absolute
position previously defined in manual mode, and no phase-shift is provided within the
configuration (Figure 54c). However, if both control variables, voltage, and displacement have the
same periodic time, they can be defined as phase-shifted via parameter t; (Figure 54d).
Synchronization is maintained by retriggering each cycle, ensuring that this phase-shift is
maintained even during continuous stimulation with a high number (n) of cycles, despite

differences in the controller and timing reference of the two signals.

3.6.4 Graphical User Control

The test bench provides a GUI that is generally divided into three permanently displayed areas:
One for user-defined control inputs, one for displaying the post-processed results of an experiment,
and one for real-time monitoring of all sensor values and device states (Figure 55).
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Figure 55: Test rig GUI, divided in three sections: Control inputs with ‘Manual Control’ tab selected (left),
post-processed results (center), and real-time monitoring of all measuring quantities and relay states (right).
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The control inputs section features a tab control, switching between ‘Manual Control’, ‘Experiment

Control’, ‘Table Control’, and “Settings’.

The “Settings’ tab contains general settings that affect all operation modes of the test rig. These
include post-processing settings, calibration values for sensors and actuators, and force and current

thresholds for each test station.

‘Manual control” (Figure 55, left) allows motors, HV-amplifiers, LCR-meter, and force-amplifiers
to be operated manually in real-time. This enables the setting of test run start conditions, quick
functional testing, and taring of load-cells and current monitors with direct feedback in the real-
time monitoring section. Since current and force thresholds are also monitored in this mode, relays

and motors will automatically shut down if one of them is exceeded for safety reasons.

‘Experiment Control’ (Figure 56a) enables a single experiment to be configured either for HV-
testing using the high voltage amplifier or for LV-testing using the LCR-meter. Individual
configuration of motor controller parameters, displacement trajectories, and voltage waveforms
allows multiple test conditions to be run simultaneously. During configuration electrical and
mechanical control signals are displayed in a preview diagram. The configured experiment can
either be executed directly or transferred to the control table with a defined test number. During a
test, the only permissible user intervention is to abort the test prematurely. In this case, all motors
and high voltage amplifiers are immediately shut down and all relays are connected to ground.

After the regular end of a test, the post-processed data is saved and displayed ( Figure 55, center).
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‘Table Control’ lists all configured experiments according to their test number in a control table
(Figure 56b). When the table is executed, all experiments are performed in sequence and the entire
sequence is repeated for the configured number of iterations. The data is saved in a corresponding
folder and file structure (refer to Section 3.6.5). It is thereby possible to configure whether or not to
save data for each individual experiment. This allows, i.e. performing long accelerated fatigue tests
without data saving, alternating with short, slow, and precise measurements with data saving and
thus saving memory space. The automatic table control process can be paused or aborted, and in
either case the current experiment will be completed.

3.6.5 Data Management
At the end of each experiment, the high-resolution raw data is subject to post-processing, which is
performed in the host program in consecutive steps before the data is finally saved (Table 2).

Table 2: List of successive post-processing steps, which are conducted to the raw data after each experiment,
containing feature extraction (1.), memory size reduction (2.-5.), formatting (6.), and saving (7.).

Post Processing Step (Folder m, File n) Before Step After Step
1. Feature Extraction
t,x,F,i,u t,x,F,i,u Z,6,R,C
Impedance Measurement Method
2. Data Filtering (User Configurable) o
] No Filtering e.g.: 100 Hz Cutoff
Zero-Phase Butterworth Filter
3. Sample Reduction (User Configurable)
10 kS/s e.g.: 200S/s (k = 50)

Save each k-th Sample, Discard Rest

4. Change of Datatype ) ) ]
o L o e.g.: Double 64 bit e.g.: Single 32 bit
Reduce Bit-Size, Maintain Range & Precision

5. Result Filtering

Delete Data Arrays of Broken DET-Samples
via Status (Test Station Al...C5)

n — 1: Electrical Status 1 F,i,R,C F,i,R,C
n — 1: Electrical Status 0 F,i,R,C F
n — 1: Mechanical Status 0 F,i, R,C

via Status (Module A...C)
n — 1: Electrical Status 1 t,x,u t,x, u
n — 1: Electrical Status 0 tx,u t,x
n — 1: Mechanical Status 0 t,x, u

6. Formatting )
. ] Data Arrays TDMS File
Structure Data in Common Data Container

7. Saving . .
o ] Root (Configurable) Root/ Folder n / File m
Save File in File & Folder Hierarchy
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In the first step, a feature extraction is conducted in which the measured quantities Z and 8, as well
as C and R are derived from the highly resolved raw voltage signals u, and the raw current signals

i, if not acquired by the LCR-meter.

The four subsequent steps serve to reduce the amount of data to a reasonable level, as it may
require significant memory space, as well as computing resources and time during evaluation,

especially for long-term tests.

First, the data is lowpass filtered to eliminate noise, by using a zero-phase digital Butterworth filter
using forward-backward filtering, which is user-configurable in terms of filter activation, filter
order, and frequency. Thereby, the filter frequency must be set high enough, that the frequencies

examined in the experiment are not cut off, leading to a loss of information.

Subsequently the filtered data is reduced by a factor of k, with every k-th sample being stored in a
new array and the samples in between being discarded. Based on the fixed data acquisition rate of
10 kHz, k must be selected so that the data reduction matches the previously defined lowpass filter,

in order to avoid information loss.

In addition to this sample reduction, the memory usage of the data is further reduced by converting
the data types into suitable data types with lower range or precision (e.g. 64-bits double to 32-bits
single). A suitable choice of units ensures, that the necessary minimum range and precision of data

are maintained.

In the final data reduction step, data arrays that do not contain any relevant information are sorted
out and deleted. This is achieved for the actual iteration m by considering the electrical and
mechanical (Boolean) states of the individual test stations, that have been obtained in the previous
iteration m — 1. These are set to zero, if the user-defined current and force thresholds respectively
have been exceeded in that experiment. Thus, the DET samples applied to these test places are
assumed to be defective, i.e. due to electrical breakdown or mechanical tear-through, and the
corresponding measurands do not contain any relevant information and must not be further
considered for evaluation purposes. However, this approach ensures that the last measurement in
which the sample was not yet defective is saved. It is applied to both, the quantities that are
acquired individually for each test station (Al...C5), and to the quantities that are related to the
modules (A...C).

The reduced data arrays are then converted into a well-structured common file container (Figure
57, right) and saved in a defined file and folder hierarchy (Figure 57, left). Therein, the user-
defined name of one experiment sequence corresponding to the name of the configuration table is

assigned to the common main folder. According to the number of m iterations with n individual
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experiments, this folder contains n subfolders (automatically named: ‘I1°, ‘12°, ..., ‘In’), each of

which contains m files (automatically named: ‘E1°, ‘E2’, ..., ‘Em’).
The NI-TDMS file format (Technical Data Management Streaming) enables the storage of large
amounts of data of different data types in a well-structured data container. The file format is
structured using three levels of hierarchy, namely file, group, and channel. The top level (file)
contains metadata with information on the file name, file path, author (operator), saving date and
time, as well as an overview of the data, which is organized in groups and channels and provided
with information on data type, unit, and size. On the group level, data arrays of the same

measurand, unit and device-order i.e. individual test station (A1, A2, ..., C5) or entire module (A,

B, C), are grouped together, whereas each data array represents one channel.

Main Folder TDMS File Format
(Name Of Configuration Table) / File (Meta) Data
B /|| Root Name: File Name
,/ Title: Main Folder Name, Sub Folder Name, File Name
11 ," Author: Operator Name (GUI)
I_> ,’I Date/Time: Date & Time of File Saving (Host Computer)
4 B ,,‘I Groups Channels Type Unit Length
% 12 ! 1. Configuration 1 (Experiment) STRING --- 70
: I_> B ;' 2. Cycle Counter 15 (A1, A2,...,C5) INT32 # 1
a ," 3. Electrical Status 15 (A1, A2,...,C5) INT8 0/1 1
=: : ," 4. Mechanical Status 15 (A1, A2,...,C5) INT8 0/1 1
-1 5.Timet 2 (FPGA, RT) INT64 Hs 106
In ," 6. Displacement x 3 (A, B, C) SINGLE mm 106
I_> / 7.Force F 15 (A1, A2,...,C5) SINGLE N 108
B ,:' 8. Voltage u 3 (A, B, C) SINGLE \Y 108
(nt Iteration) ! 9. Current iy, 3 (A, B,C) SINGLE HA 10°
," 10. Current i 15 (A1, A2,...,C5) SINGLE HA 108
/ 11. Capacitance C 15 (A1, A2,...,C5) SINGLE nF 108
12. Resistance R 15 (A1, A2,...,C5) SINGLE kQ 106
‘\ ___________________________________ Group and Channel Data
0.File |1]2[3]4]5] 6. Displacementx | 7.FORCEF | 8.Voltage u [9]10[11]12)
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Figure 57: Schematic illustration of folder and file hierarchy for saving experiment results (left), and of a
TDMS file, providing a clear structure of the data acquired for one experiment, while maintaining the defined

data types (right).
For example, the "Voltage u”-group contains three data arrays (channels) with voltage values, each

of which has been acquired with the common voltage monitor of the respective modules (A, B, C).
The "Force F-group, on the other hand, contains 15 data arrays (channels) with force values, each
of which has been acquired with the individual load-cell of the respective test station (Al, A2, ...,

C5).
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Tools are provided to import the TDMS file into common data analysis programs such as Microsoft
Excel and MathWorks MATLAB, which enable further processing and evaluation of the data outside
of the NI LabVIEW environment. In Excel, each group is represented by a sperate tab-selected
worksheet, in which the individual channel data is provided in table columns next to each other
(Figure 57, lower right). An additional worksheet is created to provide an overview of the metadata
(Figure 57, upper right). Similarly, the groups are converted into a cell array in MATLAB, whereby
each cell contains a table with the individual channel data provided in table columns next to each
other. Since irrelevant data arrays and thus channels are sorted out in the post-processing, the
number of channels per group can be reduced in the progress of an experiment series, as the data
from defective DET samples are no longer saved. It is therefore important that the channels are
selected by name and not by location during data extraction.

3.6.6 Conclusion on Control and Software

Hardware embedding, software architecture, user control, and data management of the test rig, aim
to achieve flexible experiment configuration, high precision, and throughput, along with safe and
robust automatic long-term operation, user-friendly control, and efficient data saving.

The central control units of the test rig consist of a standard host computer connected to a GSM-
module, primarily integrating safety instruments, and a RT-System, primarily integrating test
instruments. The RT-system is equipped with an FPGA-controller, used to control and measure
analog signals and digital states, and a RT-controller, used for communicating with test instruments

via digital transmission protocols.

Accordingly, the software architecture, implemented in a NI-LabVIEW programming environment,
consists of three program parts: Host-program, FPGA-program, and RT-program. The host-
program facilitates user control and monitoring, manages general program flows, and enables
configuration, execution, post-processing, and data saving of test routines. FPGA- and RT-
program facilitate deterministic communication with the respective connected test instruments,

ensuring data transfer rates via real-time FIFOs and real-time synchronization via global variables.

The test rig GUI features three sections: One for user inputs, one for displaying experiment results,
and one for real-time monitoring of sensor values and device states. It provides the user with
manual real-time control and monitoring of all test instruments, as well as the configuration of
automatically running test routines. These can be transferred to a control table, enabling sequential
execution of multiple experiments for a specified number of iterations, which is particularly

beneficial for fully automatic long-term testing.

Experimental data is post-processed with configurable feature detection, filtering, data reduction,
and formatting. The data is packed into a well-organized and space-efficient container file format

and stored in an automatically generated folder structure.
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3.7 Experimental Validation

Mechanical and electrical control and measuring devices are validated and calibrated through
experimental procedures, thereby utilizing standard reference components, including tensile
springs, resistors, and capacitors. This approach is essential, as the complex electromechanical
characteristics of DETs undermine the reproducibility and comparability of the experimental

findings, making them unsuitable to be used as references.

3.7.1 Displacement Control and Force Measurement

For mechanical control and measurement, validation primarily targets the load and temperature
dependency of the test rig and its components, focusing on measurement accuracy, repeatability,
and reproducibility across different test stations. For this, load-cells and motors are individually
tested across their entire control and measuring range. Subsequently, they are integrated into the
measurement platform, where exemplary measurements are conducted to evaluate their combined

characteristics.

Load-cells

The load-cell signals (ME KD40s 10N) are amplified by the signal amplifier (ME GSV-1A4) and
transmitted to a 24-bit voltage acquisition module (NI 9202) of the RT-System (NI cR10-9047). To
exemplary validate temperature dependency and linearity, one representative load-cell is attached
to a horizontally aligned aluminum cantilever inside the climate chamber (Figure 58a). Precision
weights ranging from 0.05 kg to 1.00 kg are consecutively attached to the load-cell through the
climate chamber's porthole, and static force measurements are conducted, beginning with the
lowest and progressively increasing to the highest weight. These measurements are repeated at
various temperatures between 0 °C and 80 °C in 20 °C increments, with a waiting period of 15 min
after a temperature change (Figure 58a). Plotting measuring force F; . against the nominal force Fy
yields temperature-dependent characteristic sensor curves (Figure 58b). From a linear fit of the
corresponding sensor gains over temperature, a linear temperature dependency c;, = 0.012 %/K
is derived (Figure 58c). The absolute linearity error is determined by subtracting the measured
force from the temperature-corrected nominal force (Figure 58d). The error shows consistent trends
across all temperatures within a range of +2 mN, whereby systematic deviations probably occur
due to factors such as deformation of the experimental setup or inaccuracies in the calibration
weights. The exemplary determined linearity and temperature characteristics obtained with these
experiments closely align with the data sheet values and represent the typical properties of the load-
cell [163]. This also validates that no measurement signal errors are induced within the signal
transmission chain of the test rig. The remaining load-cells undergo less extensive validation

measurements and are only verified for their sensor characteristic constant.
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Figure 58: Exemplary load-cell validation, by conducting measurements on various calibration weights
within various temperatures in the climate chamber test room (a), plotting resulting measuring force over
nominal force curves (b), and determining temperature coefficients (c), as well as and linearity (d).

To specify general linearity error and temperature dependence of the force measurement, the
confirmed typical values from the load-cells' datasheet are anticipated, thus an absolute linearity
error margin of +2 mN, and a temperature correction ¢y, = 0.01 %/K. However, this level of
accuracy is applicable only during short loading and unloading durations. For longer constant

loading, sensor creep, typically in the range of 0.1% of the applied force, needs to be considered.

Motors

The motors used for mechanical control (LinMot PS01-23x160H-HP-R & H01-23x166/80) are
connected to the RT-System (NI cRIO 9047) via a real-time capable EtherCAT-interface. Since no
alternative position sensor is installed in the setup to measure the displacement, the motor
positioning via motor-internal position sensor is examined for its temperature characteristics and
linearity error over the full travel range. For this purpose, the motor is operated with a 0.2 Hz
sinusoidal waveform inside the climate chamber over its entire travel range, and the displacement
is measured with a laser sensor (Micro-Epsilon optoNDCT 1900-100). The laser is located outside
the climate chamber and the laser beam is directed through the port opening onto the motor slider
(Figure 59a). These measurements are repeated at various temperatures between 0°C and 80°C in
20°C increments, with a waiting period of at least 30 minutes after a temperature change. Plotting
the laser position signal x; against the demanded motor position signal x, yields temperature-

dependent characteristic motor positioning curves (Figure 59b). Through a linear fit of the
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corresponding gains over temperature, a linear temperature correction factor ¢y, = 0.003 %/K is
obtained (Figure 59c). The linearity error is determined by subtracting the measured laser position
signal from the demanded position signal (Figure 59d). The error shows consistent trends across all
temperatures within a range of +0.3 mm. Plotting the motor's internal position sensor error
demonstrates, that the linearity error mainly arises from sensor imprecision of the motor, as the
motor reliably follows the specified trajectory within +£0.02 mm error margin (Figure 59¢). The
absolute positioning error is decreased for shorter travel distances by addressing systematic linear
error trends through adjustment of the motor gain using the least squares error method. This
method can, for instance, reduce the error range by half within the first 5 mm of travel (Figure
59 f).
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Figure 59: Motor validation by measuring the full motor travel at different temperatures in a climate
chamber using a laser (a), acquiring curves of measured displacement over nominal displacement (b),
determining temperature correction coefficients (c) and linearity (d), as well as assessing motor positioning
control error (e). Adjusting the motor's internal position sensor gain results in a reduced linearity error (f).
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In general, utilizing this method yields a positioning accuracy of approximately 1 % of the travel
distance. Thus, this gain is implemented as user-configurable in the test bench GUI. Additionally,
there is the option to select between two different PID controller configurations for motor
positioning: A precision optimized parameter set for stiff control characteristics ensures highly
accurate positioning but only at low travel speeds, for instance, a maximum of 0.1 Hz sinusoidal
for 10 mm travel, as higher frequencies lead to instability (Figure 60a). Conversely, the second
parameter set is designed to enable higher travel speeds, for instance allowing for a 10 Hz

sinusoidal waveform for 10 mm travel, with precision being sacrificed (Figure 60b).
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Figure 60: Motor positioning error using the precision optimized motor controller parameter set results in
high precision positioning, but low travel speeds (a), whereby the rate optimized motor controller parameter
set enables higher travel speeds, but less accuracy (b).

Mechanical Compliance

The stiffness of the test setup is evaluated by short-circuiting the opposing sample grips with a rigid
3D-printed dummy 3D-printed from glass-filled epoxy material (Fromlabs Rigid 4000) and
conducting a displacement-controlled tensile test (sinusoidal, 0.1 Hz, 75 um) (Figure 61a).
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Figure 61: Stiffness test by mechanically short circuiting the opposing sample grips with a rigid 3D-printed
dummy (a), followed by conducting a tensile test to derive the stiffness correction factor from the resulting
force-displacement curve (b).

The gradient of the resulting force-displacement curve yields a typical stiffness correction factor of
csp = 130 N/mm.
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Thermal Expansion

The expansion of the mechanical platform due to temperature variations affects the distance of the
clamps, thereby influencing the (pre-) strain applied to the samples. This effect is compensated for,
by determining the corresponding thermal expansion correction factor crp. This factor is obtained
by measuring various clamping distances using a caliper (Holex 150HM), starting from 20 mm and
increasing in 40 mm increments up to 140 mm, both at 20 °C and after heating the platform to
80 °C (Figure 62a). The results indicate a regressive thermal expansion over increasing clamping
distance, resulting in a temperature correction factor c;p ranging from 4.2 %/K to 2.5 %/K (Figure
62b). This may be attributed to measurement inaccuracies at small clamping distances, but also to
the fact that the construction materials have different coefficients of thermal expansion, especially
the aluminum platform and the steel motor and guide elements, which affect the clamping distance
to different degrees at different clamping distances.
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Figure 62: Thermal expansion test by measuring various clamping distances for both, at 20 °C and after
heating the platform to 80 °C (a), resulting in a regressive thermal expansion over increasing clamping
distance (b).

Combined Force-Displacement Measurements

All components of the mechanical platform are precision-manufactured and consistently aligned
during assembly. The use of dowel pins guarantees the reproducibility of alignment, facilitating
disassembly and reassembly while maintaining precision. Apart from the manufacturing and
assembly-related tolerances, the mechanical setup is subject to a slight bearing clearance of the
linear motor. The opposing sample grips therefore have minor deviations in clamping distance,
height offset, width offset, and tilt (Figure 63a). These tolerances typically fall within the lower
um-range and may exhibit slight variations depending on the alignment, slider position and load.
Due to the challenges associated with direct measurement, repeatability and reproducibility are
evaluated experimentally. This is achieved by evaluating the force-displacement characteristics of a
linear tension spring, which is connected at both ends to similar clamps as those of the SIPs to also

account for the test sample mounting (Figure 63b).
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Figure 63: Qualitative illustration of position tolerances of test stations with minor deviations in clamping
distance, height offset, width offset, and tilt (a); and test stations equipped with tensile springs, to
experimentally evaluate repeatability and reproducibility, which could potentially be influenced by these

tolerances (b).

To evaluate repeatability, the spring is measured consecutively five times on the same test station

(test station 1). During these measurements, the spring undergoes a 5 mm pre-stretch and is

deflected by 15 mm with a constant stretch rate of 3 mm/s (Figure 64a). The resulting force-

displacement curves are consistent, and the spring constant 31.3 N/m is obtained from their slope

in each case, which is close to the nominal value of 31.0 N/m (Figure 64b). The deviations of the

measurement repetitions become visible by averaging the force-displacement curves over all

measurements and plotting the absolute error against this mean value (Figure 64 c).
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Figure 64: Results of repeatability and reproducibility experiments performed on a linear spring sample,
showing force-time curves (a), force-displacement curves (b), absolute error in repeatability (c), and absolute

error in reproducibility (d).
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The errors show linear and horizontally distributed pattern scattering around the mean within a
narrow range of +3 mN. Assuming that this error is only due to the positioning error of the motor,
dividing it with by the spring constant, results in a total positioning error of +£90 um. Conducting
the same experiment consecutively at each of the five test stations, rather than repeating it at the
same station, allows absolute errors to be assessed in terms of the reproducibility of measurements
at each specific test station (Figure 64d). The resulting force errors also show a horizontally
distributed pattern without systematic gradients, scattering with an offset from the mean within an
absolute error range of approximately +5 mN. Assuming that there is no error due to the different
calibrated load-cells, dividing this error with the spring constant results in a total positioning error
of 160 um. These results show that repeatability and reproducibility errors are in the same order
of magnitude as the accuracy of the force measurement and the positioning themselves, thus
indicating satisfactory values.

Strain Rate Dependency

Conducting the above-described test at different strain rates (e.g. 0.3 mm/s, 3 mm/s, and 30 mm/s)
shows in consistent force-displacements curves (Figure 65a). A minimal increase in hysteresis
becomes visible for higher stretch rates only if the absolute error of the corresponding
measurements with respect to a linear fit of the respective curves is considered (Figure 65b). This is
possibly attributable to friction in the spring attachment, but negligible in comparison to hysteresis
of DETS, which are typically in a higher order of magnitude.
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Figure 65: Results of rate dependency experiments performed on a linear spring sample; with force-
displacement curves (a) and absolute error relative to a linear fit of the respective curves showing minimal
increase in hysteresis (b).

3.7.2 Voltage Control and Current Measurement

Considering one test station of a test rig module, the individual current monitor is connected to the
common high voltage amplifier via one low voltage relay and two high voltage relays, with the
respective wiring, and sample grips in between. A closed signal channel is only created, if a test
sample, i.e. a SIP, is electrically connected between the leaf spring contacts of the (left side) sample

grip. The channels are located next to each other and electrically connected in parallel via the
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common high voltage amplifier and the common reference potential. This makes them susceptible
to signal crosstalk due to reference potential fluctuations as well as electric and magnetic
interference fields. Since the common reference potential is connected to ground (earth) and all
components are connected in a star configuration with equal-length leads, most parasitic currents
flow off and fluctuations are avoided. In addition, design elements such as sufficient safety
distances, shielding and twisted pair wiring prevent signal crosstalk (refer to Section 3.5) However,
all components and connectors of the individual channels are potential sources of error, leading to
minor deviations in their electrical properties (i.e. parasitic lead resistance, capacitance, and
inductances), which can further change during operation. These deviations are compensated by
means of a calibration.

The components of each signal channel, in particular current monitors and high voltage amplifiers,
are calibrated individually. The gains of the proprietary developed current monitors (i.e. nominal
10 uA/V) slightly vary mainly due to the tolerance of the shunt resistors utilized in the
transimpedance circuits. Hence, they are calibrated by applying a reference current on their input
with a function generator (Keysight 33250A) and measuring the output with an oscilloscope
(Keysight DSX02004A).
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Figure 66: Typical frequency response of proprietary current monitors (transimpedance circuits); with
current amplitude response (a), and phase response (b).

As the current monitors are also used for impedance measurement using the HV-method, they are
tested for their frequency response with the same setup, by applying sinusoidal voltage curves
subsequently with increasing constant frequency. The resulting Bode diagrams of amplitude
(Figure 66a) and phase (Figure 66b) demonstrate constant characteristics beyond 10 kHz, which is
consistent to the specified voltage monitor bandwidth of the high voltage amplifier [165]. Hence
both devices, high voltage amplifier, and current monitors feature similar and sufficient bandwidth

since the maximum utilized testing frequency is limited to 5 kHz (refer to Section 3.5.3).

The voltages applied to the test objects of the individual channels vary slightly and are usually

lower than the value specified by the common voltage monitor, as the parasitic resistances of
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relays, wires and connectors create voltage dividers. As these voltages are not measured
individually, the parasitic resistance Rp for each channel can be determined with an additional
calibration step. In this, the entire signal path of each channel is considered, by connecting a (high
voltage) shunt resistor between the electrical contacts of the (left side) sample grip, to create a
closed circuit. The shunt is soldered between the copper contacts of a (left side) SIP clamp,
enabling it to be inserted into the sample grip, and to be electrically connected via the leaf spring
contacts (Figure 67a). This ensures, that the contacting of the sample itself is included in the
calibration. The shunt is dimensioned in order to widely utilize the measuring range of the current
monitors (i.e. 33 MQ for measuring range +100 pA). By applying constant high voltage U with the
high voltage amplifier and measuring resulting current I in the signal path with the individual

current monitor, the true voltage Us over the shunt resistor is given (Figure 67b).
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Figure 67: Photo of high voltage resistor Vishay VR68 soldered to a SIP clamp (a), enabling it to be inserted
to the test station sample grips, to determine true measuring voltage and parasitic measuring voltage via
current measurement as shown with an equivalent circuit (b).

Hence, the parasitic resistance Rp is obtained:

Rp = (3.13)

Assuming a constant Rp, this can be used as voltage correction factor to determine the true voltage
Us over the test sample (i.e. SIP), by rearranging (3.13) accordingly. For high voltage control,
describing voltage amplitudes is sufficient since it is based on quasi-DC signals and the signal path
is considered to be purely resistive. For AC impedance measurement with LV-method and HV-
method, however, parasitic capacitances and inductances must also be considered. Hence a separate

calibration is carried out for this purpose (refer to Section 3.7.3).

Accuracy of Current and Voltage Signals

Accuracy of voltage control combined with current measurement is evaluated by means of an
exemplified experiment conducted to a high voltage resistor sample (Vishay VR68, 33 MQ)
mounted to a calibrated test station (refer to Figure 67a). A commanded voltage uy, is applied to it

covering the entire amplifier output range (1 Hz, 0...3 kV). The corresponding measured voltage
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signal u is obtained by the voltage monitor of the HV-amplifier and a current i by the individual
current monitor (Figure 68a).
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Figure 68: Typical voltage and current obtained with voltage monitor and individual current monitor of one
test station, by applying a sinusoidal voltage to a high voltage resistor sample inserted to the sample grip;
with results over time (a), control voltage (b) and respective errors (c, d).

Plotting u and i over up, both measurements exhibit a linear characteristic (Figure 68b).
Considering the absolute error between up and u (Figure 68c), the amplifier ripple is clearly
visible, which aligns with data sheet value of +150 mV [165]. Linearity shows no systematic trend,
resulting in a typical total error margin within +0.5 V. If the current monitor error is considered in
the same way, using the product of Rg and uy, as current reference, it shows sufficient linearity with
a slightly decreasing trend until 80 pA is reached. This characteristic is obtained for each channel,
various resistive loads, and measuring ranges. It is attributed to the limits of operational amplifiers
and diodes utilized within the current monitor circuits, which affect the signal output if it is higher
than 80 pA. Up to that point the typical total error margin is within £0.05 pA. However, the range

between 80 pA and 100 pA can also be used if higher errors are tolerable.

In order to further reduce the error for both measurands, u and i, signal ripple and higher
frequency noise can optionally be low pass filtered. For filtering with passive elements, the
common high voltage input of the respective HV-boards and the outputs of the individual current
monitors of the respective LV-boards are provided with bridges and placeholders for resistors and

capacitors (refer to Section 3.5.2). However, as with digital filtering, these filters change the
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frequency response of the signals and thus must be designed carefully, especially for experiments

that include impedance measurement using HV-method.

Repeatability and Reproducibility of Current and VVoltage Measurement

To demonstrate and compare the repeatability of voltage and current measurements of one test
station, the above experiment is carried out five times in succession, with the same sample placed
to the same test station. The standard deviations are calculated from the measurement results, and
the error of these standard deviations from their mean value is used to assess the repeatability of the
experiments: a narrower spread of these errors indicates better repeatability. The errors are
normalized by the respective maximum current (100 pA) and voltage (3 kV), to obtain a relative
representation for comparison of both quantities. With a similar error within +£20 ppm, the results
show that voltage and current measurements are highly repeatable (Figure 69a). If this experiment
series is carried out by placing the same test sample from one test station to the next, the result
gives information about the reproducibility of the experiments with regard to different test stations.
It shows that the error spread of the current measurements is significantly higher than this of the
voltage measurements, and the current measurement reproducibility thus lower (Figure 69b). This
is attributed to the calibration errors of the individual current monitors, while the voltage
measurement results all refer to a single calibrated device. It also shows that the signal path
(parasitic effects due to relays, connectors, and wiring) has less influence on the reproducibility of
the experiments than the calibration of the devices themselves. However, an error range of +0.04 %
provides sufficient reproducibility for the use of the test rig.

a) o Repeatability D), 6 Reproducibility
O Test1 O Test Station 1
O Test2 O Test Station 2
407 Test 3 ] 0.04 1 Test Station 3
O Test4 O Test Station 4
£ 20+ Test 5 ] 0.02 F Test Station 5
= S
=
£ 0 e 0 L4 O
5 o 2
£ o @
B0t -0.02 - o
o
-40 -0.04 -
-60 . . -0.06 . .
Voltage Current Voltage Current

Figure 69: Error of the standard deviations from their mean value for full range voltage and current
measurements consecutively conducted to the same high voltage resistor sample; carried out on the same test
station to evaluate repeatability (a), and on five different test stations to evaluate reproducibility (b).

Switching Characteristics and Crosstalk of High Voltage Relays

To test and validate the switching characteristics of the HV-relays, all test stations of a test module
are equipped with similar high voltage resistor samples (Vishay VR68, 33 MQ). Each test station is
configured such, that the sample is connected to the HV-amplifier via the respective HV-relay, and

to the individual current monitor via the respective LV-relay. Thus, in the experiment, the same
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voltage ramp (0 ...3 kV) is simultaneously applied to all samples and similar individual current
measurements are obtained for each sample. However different current threshold values are
configured as switching conditions for the relays, increasing from one test station to the next
(10 uA, 30 pA, 50 pA, 70 pA, 90 pA). Consequently, the HV-relays disconnect the sample from
the HV-Amplifier successively during the experiment. If this voltage ramp is applied slowly, e.g.
with a rising time of 10 s, the samples are disconnected with high precision and negligible delay,
when reaching the respective threshold (Figure 44a). The result shows that the detection is very
robust, and all relays switch off at the correct threshold value. This robustness is attributable to the
low signal crosstalk, and to the detection algorithm, which does not consider single threshold
violation, but a configurable number of violations within a configurable number of samples, i.e. 5
out of 10 within a sample rate of fs = 100 kHz (refer to Section 3.6.2). Detailed view to the
switching of one relay (number 3) shows, that disconnection of the sample does not affect the
voltage signal, and only slightly affects the signals of those current monitors, that are still
connected (Figure 44b, c). As their current signal is pulled down during the switching event, it does
not affect threshold detection. The influence of the switching process on the already disconnected
current monitors is increased due to their floating state (Figure 44c), but as they are not connected

to a sample, this is of no significance.
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Figure 70: Current response to voltage ramp simultaneously applied to all tests stations, equipped with
similar resistor samples and configured with different current thresholds as relay switching condition; with
slow rising time (a), and high rising time (b), as well as detailed view to one switching occurrence (b, d), as
well as with fast rising time.
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If the experiment is performed quickly, such as with a rise time of 0.1 s (Figure 44c), the samples
are also correctly disconnected with minimal crosstalk, but the apparent ~1 ms release time
becomes non-negligible and leads to the thresholds being exceeded. The fact that the release time is
below the value specified in the datasheet (2 ms) [164] confirms the minimal impact of threshold

detection, validating a highly effective implementation.

Synchronization of Voltage and Displacement

Since the periodic trajectories for high voltage and displacement control are generated by different
devices and thus based on different timers, they are synchronized after each period
(refer to Section 3.6.23.6). Moreover, voltage trajectories can be customized with user-defined
positive or negative phase-shifts (e.g. ¢ = +45° and ¢ = —45°) relative to displacement
trajectories, with start and end values approached using user-defined ramps (Figure 71a).
Measuring the absolute phase-shift error between synchronized sinusoidal trajectories of various
frequencies (e.g. 0.1 Hz, 1 Hz, 10 Hz) over longer time (e.g. 100 s) proves, that the signals do not

drift apart, but are continuously corrected, resulting in a positive mean error (Figure 71, b).

a) Phase-Shiftet Electromechanical Control b) Phase-Shift ¢ (u vs. x): Absolut Error over Time
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Figure 71: Voltage waveforms provided with user-defined phase-shifts relative to the displacement
trajectories (a); with synchronization preventing the signals from drifting apart, as shown by the continuous
phase-shift error of synchronized sinusoidal trajectories for different frequencies (b).

The resulting error margin is within an expected range, e.g. within 3.6 ° for a 10 Hz sinusoidal. It
primarily results from a theoretical maximum timing error of ~1 ms between voltage and
displacement due to the limited acquisition and control rate of the motor of 1 kHz via the EtherCAT
interface (refer to Section 3.6.1 and 3.6.2). Thus, the experiment demonstrates, that with the
realized implementation maximum achievable precision with regard to synchronization of the
periodic control signals is achieved, limited by the transmission rates of the available hardware.
However, to achieve high precision with particularly low phase-shift errors less than 1°, a slow

experiment frequency (e.g. 1 Hz or 0.1 Hz) must be configured.

3.7.3 Impedance Measurement
The impedance measurement methods utilized in this work (LCR-meter, LV-method, and HV-

method) are calibrated and validated using equivalent circuit load samples, each consisting of a
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series of a standard capacitor and resistor. They are soldered to the copper contacts of the (left-side)
SIP clamps (Figure 72a), so they can be placed and electrically connected to the sample grips of the
test bench (Figure 72b). While the resistance of each test sample is constant with a nominal value
of 20 KQ, the capacitance varies within a nominal range 0.47 nF ...4.7 nF (R20Cs.70, R20C2.20,
R20Co.47). Moreover, for calibration purposes, one clamp is provided with open contacts (R.) and
one with only a resistor (Rzo).

a)

Open  20kQ+4.7nF 20 KQ+220F  20kQ -+ 047 nF 20k
(Rao) (R20C4.70) (RZOCZ.ZO) (R20C0.47) (RZO)

Figure 72: Photo of the RC-series test samples, soldered to SIP-clamps (a), enabling them to be inserted and
electrically contacted for calibration and validation purposes on the sample grips of the test rig (b).

Calibration

Calibration of the test stations eliminates currents caused by parasitic resistances, capacitances and
inductances of electronic components, cables, and contacts, which impact the measurement results.
For conventional LCR-meters, AC-measuring bridges calibrated via open-circuit and short-circuit
calibration, ensure robust compensation of these parasitic effects. Since LV-method and HV-
method do not utilize any measuring bridges, a four-step load calibration is conducted instead to

each test station (Figure 73).

@ ——— () %» © %» o)

Open Callbratlon R-Load Calibratlon RC- Load Calibration Test

Figure 73: Schematic illustration of four-step calibration of the proprietary implemented |mpedance
measurement methods, with open calibration (a), R-load calibration (b), RC-load calibration (c) and test (d).

In the first calibration step an impedance measurement is carried out, with the R.-sample inserted
into the sample grip of the respective test station (open calibration, Figure 73a). Since theoretically
no current can flow in this experiment, the measured current i is attributed to parasitic effects.
Hence, it is subtracted from the subsequent current measurements. In the second step, a further

impedance measurement is carried out, with the R..-sample replaced by the Rx-sample (R-load
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calibration, Figure 73b). Due to the purely resistive load, the impedance magnitude Z theoretically
corresponds to the known resistance value, and a zero phase-shift. Deviations from these expected
values are compensated for, by adjusting the current measurement gain accordingly and subtracting
the measured phase-shift. After these calibration steps, impedance can already be roughly
determined, when measuring RC-series samples. However, higher accuracy is achieved by
matching current and phase-shift to the corresponding values of an RC-element previously
determined with an LCR-meter, to ensure that they are within the desired measurement range (RC-
load calibration, Figure 73c). This procedure is conducted on the RC-series sample with the lowest
capacitance (R20Co.47) and then tested with the two remaining samples with higher capacitance
(R20Ca.70, R20C2.20) (test, Figure 73d).

Linearity

To obtain comparable results for all impedance measurement methods, they are carried out with the
same measurement frequency f,, = 2 kHz. Measurement voltage amplitude U,, and offset are
always configured identically, resulting in a sinusoidal waveform in the range of 0 V ... 2U,,,. They
are set to U,, = 1V for LCR-meter and LV-method, and U,, = 20 V for the HV-method, as this
method requires higher voltages due to the lower signal quality of the high voltage amplifier. The
window size W, is set to 20 sinusoidal periods for both, LV- and HV-method.

a) 200 Z-Measurement of Various Test Loads b) 20 0-Measurement of Various Test Loads
: B
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150 B HV-Method | |
-50
< o
= 100 £ -60
— 53
N
-70
50 I Nominal
[ L. CR-Meter
-80 [ LV-Method [ ]
I 5 V-Method
0 -90 :
R0C047 Ry0C220 Ry0Ca0 R0Coar Ry0C220 Ry0Ca0
R Test Sample . Test Sample
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Figure 74: Measurement results obtained with LV-method, HV-method, and LCR-meter compared to
nominal values of the resistors and capacitors; with impedance magnitude (a), phase-shift (b), and
corresponding relative errors of the proprietary implemented methods with respect to LCR-meter (c, d).
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Comparison of the measurement results obtained with LV-method and HV-method with those of
the LCR-meter as a reference shows, that the error of Z and 6 increases with increasing C (Figure
74a, b). This is particularly evident, if the error in relative to the LCR-meter is considered (Figure
74c, d). However, the results also demonstrate that the observed error of the experiments is
sufficiently low, e.g. below +1 %, especially for test samples with capacitances close to the
calibration value, and particularly for the LV-method. The deviations of Z and 6 are propagated to
the derived measurands C and R (Figure 75a,b), but due to the non-linear correlation

(refer to Section 3.5.3), no clear error trend is apparent when considering these quantities.

a) s C-Measurement of Various Test Loads b) )5 R-Measurement of Various Test Loads
I I
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Figure 75: Measurement results obtained with LV-method, HV-method and LCR-meter compared to
nominal values; with capacitance (a), and resistance (b).

Noise

An exemplary examination of the continuous measurement signal over time for test sample R20C.20

shows significantly higher noise with the HV-method compared to LV-method and the LCR-meter
for both measurands, C and R (Figure 76a, b).

a) C-Measurement of Test Sample RZOC2 20 b) R-Measurement of Test Sample R20C2 20
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Figure 76: Continuous measurement signals over time obtained by LV-method, HV-method, and LCR-
meter; with capacitance measurement (a), and resistance measurement (b).

In addition, the LCR-meter signal shows a step-like characteristics, which is caused by the limited
transmission rate between LCR-Meter and NI cRIO-9047 RT-system. The quality of all output
signals C, R, Z and @ is quantified by means of the SNR, which results from the distance between

the respective signal power Ps and noise power Py, if considered on the logarithmic scale:
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3 Test Rig Development

Assuming that these signals are proportional to a measuring voltage with a root mean square
amplitude Agys, the respective signal power P is proportional to the square of this amplitude:

Normalizing P by Ps, the average SNR is obtained from the ordinate of the corresponding power
diagram, by considering the mean of the noise power curves. In this example (R20Cz.20) a higher
average SNR is achieved for C (Figure 77a) than for R (Figure 77b) with each measuring method.
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Figure 77: Normalized signal and noise power for LV-method, HV-method, and LCR-meter, highlighting
the average SNR for each signal; with capacitance signal (2) and resistance signal (b).

Furthermore, both measurands show highest SNR for the LV-method and lowest for the HV-
method, with the LCR-meter in between. However, providing average SNR > 60 dB for all
measurands and methods, high quality measurement signals are ensured in any case. Separation of
the normalized power signals into their spectral components shows, that higher frequencies result

in lower noise values for both, C and R (Figure 78a, b).
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Figure 78: Normalized power spectrum for LV-method, HV-method, and LCR-meter, highlighting the
lowest SNR; with capacitance signal (a) and resistance signal (b).

Besides this attenuation characteristics, no noticeable interference is observed in any signal. On the

contrary, the (minimum) SNR of the individual frequencies (refer to Figure 78) always shows
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higher values than the average SNR (refer to Figure 77). In particular, the LCR-meter signals

exhibit low SNR in the lower frequency range, caused by the step-like signal characteristics
(refer to Figure 76).

Repeatability and Reproducibility

To evaluate and compare the repeatability of the implemented impedance measurement methods,
for each of them five identical measurements are successively conducted to the same test station
with the same test sample (R20C2.20). For each measurement the mean value of 0.5 s continuously
acquired data is considered as one result value. Due to calibration errors, these results slightly
differ between the measurement methods (refer to Figure 75). Therefore, the relative error between
the individual measurements and the mean value over all measurements for the respective method
is considered to obtain comparable results. The corresponding error diagrams for both measurands,
C and R, show a uniform error distribution for all methods, with the LV-method exhibiting the
lowest error margins (Figure 79a, b). The HV-method exhibits similar error margins for
capacitance measurement but significantly higher ones for resistance measurement compared to the
LCR-meter. However, all error margins are within a narrow range of +0.15 %, providing sufficient

repeatability for all methods and measurands.

a) Repeatability of C-Measurement (R20C2.20) b) Repeatability of R-Measurement (R20C2.20)
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Figure 79: Repeatability evaluation of LV-method, HV-method, and LCR-meter, considering the relative
error of five individual measurements conducted to the same test load at the same test station in relation to
the mean value over all measurements for the respective method; with measurand capacitance (a) and
resistance (b).

By successively mounting the same test sample (R20C220) from one test station to the next and
conducting the same impedance measurements as above, the reproducibility of the measurements
with regard to the test stations is evaluated. The corresponding error diagrams for both measurands,
C and R (Figure 80a, b) show a less uniform error distribution and higher error margins when

compared repeatability error diagrams (refer to Figure 79).
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a) Reproducibility of C-Measurement (R, C, ) b) Reproducibility of R-Measurement (R, C, )
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Figure 80: Reproducibility of LV-method, HV-method, and LCR-meter, considering the error of 5 individual
measurements conducted to the same test load at 5 different test stations in relation to the mean value over all
measurements for the respective method; with measurand capacitance (a) and resistance (b).

Furthermore, they exhibit a clear trend with lowest error margins for the LCR-meter, and
significantly higher error margins for LV- and HV-method. This is attributed to the high sensitivity
of those methods to deviations from their calibration, i.e. due to placing a new test sample to the
sample grip. Thus, resulting errors can reach the lower percentage range, which is acceptable for
experiments, in which the relative change in R and C of DET samples is investigated. However, for
comparison of absolute values, i.e. if DET samples are investigated on their manufacturing
reproducibility, this error can be too high to obtain interpretable results. Thus, it is recommended to

use the LCR-meter for these experiments.

Signal Quality — Effects of Different Loads and Measurement Settings

Based on the previous discussion of signal quality, all implemented impedance measurement
methods give satisfactory results. However, it's important to note that the assessment based on a
single test sample cannot be extrapolated to the entire measurement range, as the signal quality
depends significantly on the configuration of the measurement parameters and the specific load, as

discussed in Section 3.5.3. To substantiate the theoretical

considerations made therein,
experimental validation is conducted subsequently. Since the HV-method represents the most
critical and at the same time the most promising variant, these impacts are examined for it in the

following.

Varying the load with fixed R and various C (R20Ca7, R20C220, R20Co.47), While keeping the
measurement settings constant (f,,, = 2 kHz, U,, = 10V, W,, = 20 Periods), results in a decrease
in Z and increase in 6 for increasing C (Figure 81a). The average SNR of the corresponding
measurement increases first, showing a maximum at ¢ = 2.2 nF, and then start decreasing for
higher C (Figure 81b). However, these minor changes have no influence on the generally
monotonic SNR characteristics of the derived guantities C and R, which decrease and increase with
increasing 6 respectively, and cross each other at C = 4 nF (6 = 45°). Absolut measurement

values of Z and 6, and qualitative curves of the SNR thus correspond to the expectations resulting
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from the theoretical considerations and are therefore valid and sufficient within the considered

range (refer to Section 3.5.3).

a) HV-Method: Z and 0 (R =20 k{2), Varying C 30 b) 90 HV-Method: SNR (R =20 k), Varying C
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Figure 81: HV-method applied to various test loads with constant resistance and various capacitances; with
impedance magnitude and phase-shift (a) and average SNR of all measurands (b).

Varying the measurement frequency f,,,, while keeping the remaining measurement settings and the
load constant (U,,, = 10V, W,,, = 20, sample R2C>.20), results in decreasing Z and increasing 8 for
increasing f,,, (Figure 82a). Setting f;,,, > 4 kHz no longer yields plausible results due to sampling
limitations with a theoretical limit at f,,, = 5 kHz. Since the cut-off frequencies of high voltage
amplifiers and current monitors are considerably higher and no current limit is exceeded, those
devices do not have a major impact to the frequency response. The average SNR of Z and 6
increases first and then start decreasing for higher f,,,, with a maximum at f,,, = 2 kHz (Figure
82b), thus showing similar characteristics as for increasing C (see Figure 81). Also in this
measurement, these minor changes do not influence the generally monotonic SNR characteristics
of the derived quantities C and R, which decrease and increase with increasing 0 respectively. and
cross each other at f,, ~ 3.4 kHz (8 =~ 48°). Absolut measurement values of Z and 6, and
qualitative curves of the SNR thus correspond to the expectations resulting from the theoretical
considerations and are therefore valid and sufficient within the considered range
(refer to Section 3.5.3).
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Figure 82: HV-method applied to a test load, varying measurement frequency; with impedance magnitude
and phase-shift (a) and the average SNR of all measurands (b).

105



3 Test Rig Development

Varying the measurement voltage U,,, while keeping the remaining measurement settings and the
load constant (f;,, = 2 kHz, W, = 20, sample R2C:20), results in minor changes in Z and 6
(Figure 83a). This is probably attributed to the voltage-dependent properties of the capacitor and
the resistor of the test sample, which are not further quantified. Neglecting these changes, the trend
of the SNR corresponds to the expected behavior for all measurands and increases with increasing
U,,, since the measuring current also increases and (quantization) noise decreases. As the curves
saturate for U,, > 20V, higher values only result in minor increase in SNR and are thus not
meaningful. On the contrary, they can result in an undesired electromechanical actuation response

of DETSs, which affect the measurement results.
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Figure 83: HV-method applied to a test load and varying measurement voltage; with impedance magnitude
and phase-shift (a) and the average SNR of all measurands (b).

Varying the measurement window size W,,,, while keeping the remaining measurement settings and
the test sample constant (f;,, = 2 kHz, U,, = 10 V, RxCx.0), results in an increase in SNR for all
measurands (Figure 84a). This is expected, as the grouping of several windows (sinusoidal periods)
represents a lowpass filter with a decreasing cutoff frequency as the number of windows increases.
The filter effect is also evident from the normalized power spectrum (Figure 84b), showing, that
the noise attenuation of C increases with increasing W,,. As the filter effect causes phase-shifts in

the capacitance and resistance signal, it must be considered for time-dependent experiments.
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Figure 84: HV-method applied to a test load, varying measurement window size; with the average SNR of
all measurands (a) and the capacitance signal power spectrum (b).
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High Voltage Impedance Measurement

HV-Method with simultaneous quasi-stationary high voltage control is validated, by using a high
voltage ceramic capacitor (Vishay 615R-Z5U) as a test sample (Figure 85a). This features a
nominal capacitance of 3.3 nF, and is specified with a typical characteristic capacitance-voltage
curve in the data sheet, which is used as validation reference [166]. Identical experiments are
conducted once for only this capacitor, and once with an additional resistor in series with a nominal
resistance of 23 kQ. Thereby, high voltage control u, (0.1 Hz, 10V ...2990V) is applied to the

samples, with an overmodulated measuring voltage u,, (1 kHz, —10 ... 10 V) (Figure 85b).
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Figure 85: Photo of high voltage ceramic capacitor Vishay 615R-Z5U soldered to a SIP clamp (a), utilized
as validation reference sample for testing the HV-method with the measuring voltage superimposed to the
high voltage control signal (b).

The results show typical non-linear capacitance over time curves (Figure 86a) and capacitance over
voltage curves (Figure 86b).
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Figure 86: HV-method with quasi-stationary high voltage excitation, applied to high voltage capacitor with
and without series resistor; with capacitance-time curves (as), and capacitance-voltage curves in comparison
to the validation reference curve (b).

The capacitance curves initially increase slightly with increasing voltage, peaking at u = 500V,
and then decrease significantly until the maximum voltage is reached. For decreasing voltage, they
behave identically on the return path and no hysteresis is observed. Measurement and reference

curves show similar qualitative behavior, with less initial increase in capacitance for the reference
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curve. However, they agree sufficiently, as the reference curve is derived from the typical curves

for this capacitor class and is thus subject to considerable tolerances.

The resistance curves associated to the capacitance measurements show widely constant values
over time (Figure 87a) and voltage (Figure 87b) with similar qualitative characteristics and no

visible hysteresis.

a) ,Yishay 615R-Z5U: R over t (u =0..3000V, 0.1Hz) b) . Vishay 615R-Z5U: R over u
20+
0.5F
15+ he'
< =
he] s HV-Method (Nominal: 3.3 nF + 23 k2) —
= 10 [ |===HV-Method (Nominal: 3.3 nF + 0 k) 2 0
~ &
5T ~
0.5t
0 = HV-Method (Nominal: 3.3 nF + 23 kQ2)
====HV-Method (Nominal: 3.3 nF + 0 k{2)
s ‘ ‘ ‘ | 1 ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 0 500 1000 1500 2000 2500 3000
tins uinV

Figure 87: Resistance measurement results associated to the capacitance measurement (refer to Figure 86);
with absolute results over time (a) and results over voltage normalized with the respective zero volts
resistance for better comparison (b).

The deviation from an exactly constant characteristic curve is thus not attributed to the series
resistor, but either to the capacitor or a measuring inaccuracy. Comparison of the capacitance
measurement curves in their individual diagrams (refer to Figure 86) shows, that the results for
both measurements, with and without series resistor, match. However, the signal noise is higher for
the measurements with series resistor. Furthermore, it is not constant, but decreases with decreasing
capacitance. In contrast, the resistance curves (refer to Figure 86) show an inverse trend with
increasing signal noise over voltage. Hence, these measurements clearly show the change in the
measurement signal quality caused by the continuous change of the sample capacitance, which is
discussed in Section 3.5.3, and experimentally investigated above (refer to Figure 81). Since DETs
increase their capacitance when a high voltage is applied, a similar, but inverse signal quality

characteristics, is expected.

3.7.4 Conclusion on Experimental Validation

The individual test rig components and their interaction are validated for accuracy, including
assessments of linearity and signal-to-noise ratio (SNR), repeatability, reproducibility, as well as
time-, load-, and temperature-dependent characteristics. Since the complex characteristics of DETs
makes them unsuitable as a validation reference, simple mechanical and electrical elements such as

linear tension springs, resistors, and capacitors are used for this purpose.

The experimental results demonstrate that the test rig incorporated standardized mechanical control

and measurement components, i.e. motors and load cells accurately reflect the specifications
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outlined in their data sheets. The combination of the test devices demonstrates errors within the
same order of magnitude as those observed with individual devices, highlighting a high level of
reproducibility across various test stations. Through calibration and sensor characteristic curve
adjustment, the accuracy can partially be even further improved, i.e. significantly reducing the
linearity error of motor positioning. Positioning can also be customized to optimize either for high
test precision or high test rates by employing different controller parameter configurations.
Experimental investigations on temperature effects and mechanical compliance of the test rig

reveal minor influences, which can be mitigated through derived correction factors.

It is also shown, that the high-voltage amplifier and relays reflect the specifications of their data
sheets when used in combination, and that proprietary electronics demonstrate satisfactory
functionality and accuracy: The individual current monitors exhibit a typical measuring error of
only £0.05 %, enabling dynamic measurements with frequencies exceeding 10 kHz. The electrical
breakdown detection, coupled with associated high voltage shutdown mechanisms operate within a
time frame of ~1 ms. Simultaneous use of the devices does not result in significant signal
crosstalk, ensuring robust operation without false detections and providing reliably interpretable
data. All control and measurement devices support real-time data generation and acquisition rates
of at least 1 kS/s with a synchronization error of ~1 ms, thus enabling precise synchronization of
mechanical and electrical control. Experiments conducted on different test stations show on overall

reproducibility error for voltage and current measurement below +0.1 %.

For the proprietary impedance measurement methods, namely HV-method and LV-method, similar
accuracy levels are demonstrated if their measurement range is limited appropriately. Both methods
feature significantly higher data rates in comparison to the standardized LCR-meter. Although the
LV-method offers a higher SNR, the HV-method enables accurate measurement during high
voltage application to the samples. The experimental confirmation of the dependence of the
measurement signal quality on both measurement parameters and the load, as discussed in Chapter
2, validates the qualitative functionality of the measurement methods, complementing the random

sample tests.
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4 Test Rig Demonstration

This chapter presents a variety of test scenarios that demonstrate the capabilities of the developed
test rig for comprehensive electromechanical testing of DETs under controlled environmental
conditions. Specifically, experiments conducted on the SIP samples introduced in Section 3.4.1 are
discussed, thereby focusing on transducer compounds without physical preload mechanism. For
this purpose, an overview of general preparations common to all experiments is given first.
Subsequently results of mechanically, electrically, and electromechanically controlled experiments,
with an emphasis on short-term and low-cycle experiments are presented and discussed, followed
by long-term and high-cycle experiments.

4.1 Test Preparation

The starting conditions are identical for all tests described in the following sections. It is carried out
at room ambient conditions (approximately 23 °C and 50 % relative humidity). These
environmental conditions are also employed during the tests, unless it is specifically stated that
those are carried out under different temperatures or humidity levels. The samples are manually
inserted into the sample grips of the respective test stations prior to the tests, where they
automatically snap into place on the ball pressure screws, with the sample electrical contact pads
connected to the leaf spring contacts. During this procedure, all relays of the test bench are
switched to ground for safety reasons, and the motor is locked at 20 mm clamping distance (Figure
88a), resulting in a zero initial pre-strain e = 0 of the SIP (Figure 88b). Using the manual test rig
operation mode, the motor can be unlocked, allowing adjustment of the slider position to establish
a different starting position before initiating an automatic test routine, resulting in a non-zero pre-
strain (Figure 88c).
a) 20 b) c)

]

HV / GND
zo (e = 0) LCR/GND 0 (e=1)

|l e ﬂ-- 1=

GND

Figure 88: Mounting of a sample on a test station (a), always resulting in a grounded electrode and zero
initial strain configuration (b), whereby these initial test conditions can be modified prior to each experiment
using manual operation mode of the test rig (c).

Additionally, the electrical connection can be switched to the high voltage amplifier or to the LCR-
meter, both of which can be configured and operated manually, i.e. to conduct pre-tests to prove
electrical contacting, to identify defective samples, or to identify appropriate impedance

measurement parameter configurations.
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An appropriate measurement frequency range is determined by measuring impedance and derived
quantities of an exemplary SIP with zero pre-strain at varying frequencies using the LCR-meter.
For measuring frequencies f,,, = 0.5...2.5kHz, a constant capacitance value C = 0.72 nF is
obtained from the results, with R = 26 kQQ (Figure 89a, b). At lower frequencies, the impedance
magnitude is in the MQ-range and the corresponding phase approximately —90° (Figure 89c, d),
resulting in inaccurate measurements that underestimate the capacitance value and overestimate the
resistance value.

Capacitance Resistance Impedance Phase
a) 0.74 P b) 40 C) 2500 p d) -40
072 1oz Constant C 35 2000
= =7 < € 1500 ° .60
£ 07 £30 L“\ £ 1000 E
- >
= 068 %25 ™ 500 -80
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0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
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Figure 89: LCR-meter measurements on an exemplary SIP-DET sample, showing measurement results over
various increasing measurement frequencies; with capacitance (a), resistance (b), impedance magnitude (c),
and phase (d).

At higher frequencies capacitance and resistance decrease systematically. This behavior is
attributable to the characteristics of the SIP, which in reality does not behave like an ideal RC-
series element, as assumed for these measurements. A more realistic model consists of many RC-

series elements connected in series, which corresponds to series of voltage lowpass filter elements

(Figure 90).
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Figure 90: More realistic electric model for a single sided contacted SIP-DET, consisting of a series of RC
elements instead of a single RC element, resulting in an attenuation of the measuring voltage over length, so
that areas distant from the contacting are no longer present in the measuring signal.

Due to the one-sided contacting of this network, the measuring voltage is attenuated by the filter
elements so that it is reduced over the length of the SIP. Therefore, as the measuring frequency
increases, distant areas are no longer represented in the measurement signal. Conversely, if the
measuring frequency remains constant, increasing resistance or capacitance further increases the
attenuation, which distorts the measurement of these variables. Configuring f;,,, = f. to achieve a
high measurement quality, as discussed in Section 3.5.3, is therefore not suitable for the SIP
samples under investigation, as it is too high (f. = 10 kHz). Instead, for the following tests,
measuring frequencies f,,, = 0.5 ... 2 kHz are selected, which are within the lower frequency range,
where the capacitance measurement remains constant, and the measurements are less susceptible to

the described lowpass filtering effect.
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4.2 Mechanically Controlled Experiments

The mechanically controlled experiments demonstrated in the following sections comprise tensile
test series with varying strain amplitudes, strain rates, environmental conditions, and
complementary applied constant voltages, in which the respective remaining variables are kept
constant. Within each test series, all tests are conducted to the same SIP sample. Furthermore, one

test is provided, which is applied to multiple SIP samples, to evaluate for their reproducibility.

4.2.1 Tensile Tests with Varying Strain Amplitudes
Equally configured series of low-cycle, constant strain rate tensile tests with varying strain
amplitude are conducted on two SIP samples: One pure film sample without electrodes in

comparison to one sample provided with electrodes.

Design of Experiments

No pre-strain is applied to both samples prior to the experiments, in which they are subject to cyclic
loading and unloading at a constant controlled strain rate (€, = 0.05 1/s), in eight successive
experiments (E1-E8). The strain amplitude is gradually increased (¢ = 0.25...1.00 in 0.25-

increments), and then decreased, with each strain level undergoing 10 loading cycles (Figure 91).

Constant Strain-Rate Tests: ¢/t

€=1.00
€=0.75
0.8 €=0.50
€=025

0.6 -

0.4r

E1l
02 k- 10x — \10x —>
10x\<— 10x
E8

0 10 20 30 40
tins

Figure 91: A series of constant strain rate tensile tests consisting of four successive gradually increasing
strain experiments, followed by four gradually decreasing strain experiments, with 10 loading and unloading
cycles in each experiment.

Pure Film Tests Sample: Stress-Strain Characteristics

The results for the pure-film sample are evaluated in terms of the stress-strain characteristics. In
E1-E4, a clear hysteresis is observed in the first loading-unloading cycle, that is not present in the
subsequent cycles (Figure 92a). Consequently, the curve-slope, and thus the material stiffness,
decreases with increasing strain amplitude. Comparing these results with those of E5-E8 reveals,
that the lower stiffness is also maintained for subsequent experiments with lower strains, and all
curves follow the same loading-unloading path, which corresponds to the maximum strain curve
(Figure 92b). Therefore, the stress-strain curve depends on the previous maximum load, a well-
known phenomenon, which is typical for elastomers and called Mullins effect
(refer to Section 2.1.7).
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Figure 92: Stress-strain curves of a pure film SIP sample; with E1-E4 showing strain-dependent hysteresis
and stress softening for the first loading-unloading cycle (Mullins effect), as well as regressive cyclic stress
reduction (a); and E5-E8 showing strain- and cycle-independent characteristics (b).

In addition to this, the experiment results show a generally regressive decrease in stress with
increasing number of cycles and a minor noticeable right-shift of the zero crossing on the strain
axis, resulting in an irreversible zero-stress plateau for lower strains. There are two possible
explanations for this effect, both of which may contribute in combination: One the one hand, it may
be due to a run-in behavior, where the film experiences a slight release at the exit area of the clamp.
On the other hand, it can be attributed to a permanent set of the PDMS film.

Tests Sample with Electrodes: Stress-Strain Characteristics
The stress-strain curves of the SIP sample provided with electrodes generally exhibit the same
qualitative characteristics and a more pronounced Mullins effect (Figure 93a, b).
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Figure 93: Stress-strain curves of an electrode equipped SIP sample; with E1-E4 showing the Mullins effect,
as well as strain-and cycle-dependent hysteresis, and regressive stress reduction over cycles (a); and with E5-
E8 showing similar characteristics, but no Mullins effect (b).

However, they also show a significant reproducible strain and cycle-dependent hysteresis, that is
barely detectable for the pure film sample, and therefore mainly attributable to the mechanical
properties of the electrode. This viscoelastic behavior can be explained by the interaction of the
electrode constituents with reorienting and friction processes of the carbon black particles and the

polymer chains of the PDMS (refer to Section 2.1.7). It is also noteworthy that the irreversible
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zero-stress plateau is significantly more pronounced for the electrode-provided sample, which is an

indication of a more pronounced strain-dependent permanent set of the electrode.

Tests Sample with Electrodes: Resistance-Strain Characteristics

Considering the corresponding complementary acquired resistance-strain curves, an effect similar
to the Mullins effect is observed from E1-E4, showing a clear hysteresis in the first loading-
unloading cycle, that is not observed for the subsequent cycles and results in an increasing slope of
the resistance-strain curves (Figure 94a). Comparing the results with E5-E8 shows that this
increased slope is also maintained for subsequent lower strains, and all curves follow a similar

loading path in particular (Figure 94b).

a) 20 Constant Strain-Rate Tests E1-E4: R/ € b) 20 Constant Strain-Rate Tests ES-E8: R/ €
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Figure 94: Resistance-strain curves; with E1-E4 showing strain-dependent hysteresis with a strain-dependent
increase in curve slope for the first loading-unloading cycle and gradually decreasing resistance over cycles
(a), and E5-E8 showing similar characteristics but no initial curve slope increase (b).

Moreover, also in accordance with the stress-strain characteristics, the resistance-strain curves
show a significant reproducible hysteresis. As for the stress, these phenomena can be explained by
interaction processes of the electrode components, involving reorientation and friction processes of
the carbon black particles and the polymer chains. Besides these effects, an overall gradual
decrease in resistance over increasing number of cycles is observed, accompanied with a widening
of the constant resistance plateau in the lower strain range. Similar to the stress-plateau, the

resistance plateau can be explained by permanent set and a run-in characteristic of the clamping.

Tests Sample with Electrodes: Capacitance-Strain Characteristics

A similar plateau is evident in the lower strain range of the capacitance-strain curves, which
otherwise show an approximately linear behavior at higher strains, tending to develop an increasing
slope with strain (Figure 95a, b). This characteristic is expected because the width of the SIP is too
narrow to exhibit a pure shear-like quadratic characteristic, but too wide to exhibit an ideal linear
characteristic. Particularly, E1-E4 show an increase in the capacitance plateau with increasing
strain (Figure 95a). This increase cannot be attributed to a run-in behavior of the clamping, but only
to a permanent deformation of the SIP, resulting in an increased active surface area and a decreased

thickness, thus leading to an increased capacitance. No considerable hysteresis can be observed in
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the capacitance-strain curves, but a slight decrease in slope for increasing strains. As for the stress
and the resistance, this change in slope is maintained for subsequent lower strains, and all curves
follow the same loading-unloading path with a regressive cyclic decrease of the overall capacitance
(Figure 95D).
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Figure 95: Approximately linear capacitance-strain curves; with E1-E4 showing a strain-dependent increase
in zero-strain capacitance for the first loading-unloading cycle, as well as a regressive cyclic capacitance
decrease (a); and E5-E8 showing similar characteristics, but no initial capacitance change (b).

However, both effects are small compared to the resistance measurement and it is possible, that the
minor observed effects on the capacitance are a result of the coupling of both measurands, which
are acquired via common impedance measurement. It is therefore difficult to interpret these effects

from a physical perspective.

4.2.2 Tensile Tests on Various Samples

The reproducibility of the SIPs and their manufacturing is evaluated in terms of stress, capacitance,
and resistance measurements obtained from identically configured constant strain rate experiments
(e =1, € =0.051/s), conducted on five SIP samples, considering the respective first loading-
unloading cycle (Figure 96a). The corresponding stress-strain curves show a similar hysteresis
behavior with slightly varying stiffness in a range of approximately +4 % (Figure 96b). Slopes and
offsets of the capacitance-strain curves only deviate within +2 % (Figure 96c), whereby the
resistance-strain curves show comparatively high deviations within +20 % (Figure 96d). There is
no systematic correlation observed in the deviations between the individual measurands, which is
probably due to the fact that the number of possible causes is large: Deviations in stress can be
caused by variations in film and electrode thickness. In addition, a locally varying pre-strain of the
film during clamp mounting can result in varying zero-load sample lengths, and discrepancies in
sample cutting can result in different sample widths. Deviations in the resistance characteristics are
also indicative of varying electrode quality, i.e. in the form of thickness variations. Local effects
such as uneven distribution of carbon black particles within the PDMS matrix must also be
considered. In particular, the local resistance in the area of the contact points can have a strong

influence on the resistance measurement.
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Figure 96: Results of equally configured constant strain-rate experiments conducted on five SIP samples, to
evaluate their reproducibility (a), resulting in a reproducibility-error in the lower percentage-range for stress
(b) and capacitance (c), as well as a comparatively high reproducibility error for the resistance (d).

The small deviations in the capacitance behavior can also be attributed to varying film thickness,
although locally varying permittivity due to imperfections in the film is also conceivable. Another
possible source of error may be misalignment of the opposite electrodes, resulting in slight
deviations of the active area that forms the capacitor, and thus affects measurement of both
quantities, capacitance, and resistance. Furthermore, resistance and capacitance are measured via
the common impedance measurement, which is why the deviations of both measurands can be
reflected in the respective other variable due to the lowpass filtering effect observed for DETs
(refer to Section 4.1). This is particularly important for the SIP samples under consideration, as the

corresponding constant measuring range is small and the change in values is high.

4.2.3 Tensile Tests with Varying Environmental Conditions

Investigations on the impact of varying environmental conditions on the properties of DETSs are
demonstrated, by conducting identically configured tensile experiments with sinusoidal strain
control (e = 0.5, f = 0.1 Hz) successively on the same SIP sample, thereby applying varying

controlled constant temperatures T, and humidities H..
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Varying Constant Temperature Tests

For the varying temperature tests, the relative humidity is always fixed at 50 %, and the
temperature is gradually increased (T, = 1 °C, 25 °C, and 80 °C), with the sample being exposed to
the respective settled temperature for at least 10 minutes (Figure 97a). The results show a
progressive increase in slope of both, stress-strain (Figure 97b) and capacitance-strain curves
(Figure 97c), which additionally show a general increase in capacitance. Conversely, a gradual
decrease in resistance is observed (Figure 97d).
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Figure 97: A series of tensile tests complemented with gradually increasing temperatures (a); with results
over increasing strain showing increasing stiffness for increasing temperatures (b), along with increasing
capacitance (c), and decreasing resistance (d).

Increasing stiffness is a common trend for uniaxially loaded elastomers and can be explained by
entropy elasticity (refer to Section 2.1.7). The observed trend of resistance decreasing as
temperature increases is a common characteristic of CB-PDMS based electrodes, indicating that the
increased mobility of the charge carriers outweighs the resistivity-increasing effect of thermal
expansion (refer to Section 2.1.8). Thermal expansion of the DET is expected to increase both its
width and thickness. The increase in width would raise capacitance, while the increase in thickness
would reduce it. However, the results show a trend with increasing offset and slope with strain.
Notably, the relatively large capacitance change systematically decreases with increasing
resistance. This correlation indicates that the measurement frequency was set too high for this
series of experiments, thereby revealing the lowpass filter effect of DETs as discussed in

Section 4.1. Consequently, no meaningful physical interpretation of the capacitance change over
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temperature can be drawn from these experiments, and they must either be repeated with samples

of lower resistance, or a lower measurement frequency must be selected.

Varying Constant Humidity Tests

For varying constant relative humidity tests, the temperature is always fixed at 25°C, and the
humidity is gradually increased (H, = 10 %, 50 %, and 90 %), with the SIP sample being exposed
to the respective settled humidity for at least 10 minutes (Figure 98a). Corresponding test results
show no significant influence of the humidity regarding stress-strain characteristics (Figure 98b), or
capacitance-strain characteristics (Figure 98c). A minor decrease is observed for the resistance
(Figure 98d).
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Figure 98: A series of tensile tests complemented with gradually increasing relative humidities (a); with the
results showing no significant systematic effects on stress (b), capacitance (c), and resistance (d).

However, the effect is small and could also be due to time-dependent and cyclic effects, making an
interpretation as a humidity correlation difficult. Since it is possible that significant changes may
occur at higher absolute humidities, it is necessary to repeat the tests at higher temperatures.
Although it will be necessary to repeat both sets of experiments and perform additional tests to
characterize SIP properties as a function of temperature and humidity, the results demonstrate that
the test bench can generally be used to perform systematic testing over a wide temperature and

humidity range, yielding plausibly interpretable results.
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4.2.4 Tensile Tests with Varying Impedance Measurement Methods

The HV-method can be utilized to acquire capacitance and resistance properties of the DET at high
sample rates, especially when the samples are subjected to high voltage simultaneously for
actuation. To validate measurement consistency, identically configured constant strain rate tensile
experiments (e =1, € = 0.21/s) are sequentially conducted on the same SIP sample, once
utilizing the LCR-meter and once the HV-method (Figure 99a). The samples are trained prior to
these experiments, by applying 10 loading-unloading cycles, to reduce the effect of cyclic changes
of the properties and to obtain comparable results. Both measurements are configured with
identical measurement frequency f,,, = 1 kHz, but different amplitudes: U,, = 1V for the LCR-

meter, and U,,, = 20 V for the HV-method, with no superimposed high voltage.
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Figure 99: Two identically configured constant strain-rate experiments conducted to the same SIP sample,
once using the LCR-meter, and once using the HV-method for complementary impedance measurement (a),
showing consistent results for the measurement of force (b), capacitance (c), and resistance (d).

The experiments show satisfactory and consistent measurement results for all measurands,
including mechanical stress (Figure 99b), capacitance (Figure 99c) and resistance (Figure 99d),
whereby minor deviations are attributable to the cyclic changes in the electro-mechanical properties
of the sample. The HV-method can therefore be used to investigate rate-dependent effects, or the
influence of superimposed constant controlled high voltages on the electrical DET properties, i.e.

during tensile testing.
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4.2.5 Tensile Tests with Varying Strain Rate

Varying strain rate experiments at constant strains are used to identify strain rate-dependent
characteristics of DETs. A corresponding series of experiments is demonstrated by loading and
unloading a single SIP sample with sinusoidal strains of gradually increasing frequency
(e =0.5, f=0.01...10 Hz, with 10-fold increments), resulting in gradually increasing average
strain rates (¢ = 0.02...20 1/s, with 10-fold increments). The choice of sinusoidal strain
trajectories thereby enables smooth transitions when changing the motor travel direction (Figure
100a). An increase in slope and hysteresis width is observed from the resulting stress-strain curves,
demonstrating the typical viscoelastic characteristics of DETs (Figure 100b).
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Figure 100: A series of tensile tests with identical strain but different gradually increasing strain rates,
sequentially conducted on the same SIP specimen (a), and the resulting stress-strain results showing
increasing stiffness and hysteresis for increasing strain rates (b).

The stiffening effect can be attributed to the reduced time available for the polymer chains to
realign at higher strain rates. The wider hysteresis can be explained by an increase in frictional
effects, such as those caused by the carbon black filler particles. The stress-strain curve for € =
20 1/s does not yield an evaluable measurement signal due to the dynamic effects of the test

bench, in particular the motor jerk.

However, for complementary measurement of the electrical properties of the SIP, corresponding
curves can be examined. The capacitance-strain curves obtained by utilizing the HV-method in a
complementary measurement generally show no strain-rate dependent changes in the capacitance
curves, except for the highest strain-rate (Figure 101a). Corresponding resistance-strain curves are
gradually increasing in slope and hysteresis for increasing strain-rates, similar to the stress-strain
curves (Figure 101b). This effect also indicates that the viscoelastic characteristic of the SIP
primarily originates from the electrode: The PDMS embedded carbon black particles require time
to reorient and redistribute within the electrode material, which affects the electrical conductivity
and mechanical properties of the electrode. A homogeneous distribution of carbon black fillers is
preferred to achieve low surface resistivity. However, higher strain-rates limit the time available to

achieve this condition, thus increasing the resistance. The hysteresis in the capacitance
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characteristic curve has no physical meaning but is attributable to synchronization and sampling
time error. This becomes particularly evident when comparing an identical test series in which the
LCR-meter is used instead of the HV-method for complementary measurement of capacitance
(Figure 101c) and resistance (Figure 101d).
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Figure 101: Electrical properties obtained by varying strain rate experiments, showing no strain rate
dependence for capacitance (a), but gradually increasing resistance with strain rate (b); demonstrating that the
results obtained with the custom implemented HV-method (a, b) generally achieve more reasonable results at
higher strain rates compared to the LCR-meter (c, d).

Even at lower strain rates, both sets of measurements exhibit significantly higher hysteresis due to
the limited sample transfer rate of the LCR-meter, with non-evaluable results observed at high
strain rates. This illustratively demonstrates that the proprietary implemented HV-Method has not
only the advantage of providing measurements during applied high voltage and simultaneously on
multiple tests samples, but also yields more reliable results for high test rates.

4.2.6 Tensile Tests with Varying Constant Voltage

For demonstration purposes, a series of identically configured constant strain-rate tensile
experiments (¢ =0...0.5, ¢ = 0.05 1/s) is conducted to the same SIP sample, with gradually
increasing complementary constant controlled voltages applied (u. =0..1.2KkV in 0.4 kV-
increments) (Figure 102a). From the corresponding results, the voltage-induced stress softening
demonstrates the typical actuation effect of the SIP, which progressively increases with increasing

voltage (Figure 102b). Considering stress at a specific strain (e.g. € = 0.5), approximately
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quadratic decrease in stress is observed for increasing voltages. This is expected for both, pure
shear and uniaxial DETS, as the Maxwell stress only correlates to the square of the applied voltage,
if the uniaxial strain is fixed (refer to Section 2.1.4). Considering the slope of the stress-strain-
curves over gradually increasing voltages, an approximately linear decrease is observed, indicating
that the SIP sample behaves rather uniaxial, than pure shear, as for pure shear DETs a quadratic
decrease over strain is expected (see Section 2.1.4). Furthermore, the zero crossing of the stress
with the strain axis shifts to the right, thus widening the zero-stress plateau. This indicates that the
Maxwell stress compresses the film at zero-strain, which consequently expands in length. This
effect is also evident from the capacitance-strain curves, as the basic capacitance at zero-strain also
increases progressively with the applied constant voltage, and the approximately constant
capacitance plateau in the lower strain range becomes wider (Figure 102c).

0.6

Tensile Tests, Varying Voltage: ec.’t and uult b) Tensile Test, Varying Voltage: o/e
0.7 i T w : ‘ ‘ ‘

u = okV
0.6 u =0kV 1200 0.5 u =04kV
—u =0.4kV u =0.8kV
0.5 | ¢ ¢
. 0

 =0.8kV /\ 0.4+ u =12kv
0.4 {H{—u. = 1.2kV \ {00
03 '
/ \ 02+
0.2 400

A AN

uin'V
o in MPa
(=)
W

0 0 0 ! | | |
0 5 10 15 20 0 0.1 0.2 0.3 0.4 0.5
tins €
C) . Tensile Test, Varying Voltage: C/ € d) 160 Tensile Test, Varying Voltage: R/ €
u =0kV
c
L4l u =04kV
u = 0.8kV
u = 1.2kV
o 121 c
= he)
£ .8
O e
0.8
0.6 .
0 0.1 0.2 0.3 0.4 0.5
€ €

Figure 102: A series of constant strain rate tensile tests complemented with gradually increasing constant
voltages (a); and results showing progressive stress softening with increasing voltage (b), as well as
increasing magnitudes and slopes of capacitance-strain curves (c), and resistance-strain curves (d).

For ideal pure shear deformation, a consistent capacitance-strain path equal to the 0 kV-curve
would be expected for all constant voltages when the curves leave the plateau, since no voltage-
induced deformation can occur due to volume consistency (refer to Section 2.1.4). Conversely, for
ideally uniaxial samples an increasing capacitance-strain curve is expected for increasing constant
voltages, as the Maxwell stress not only applies in the longitudinal direction but also increases the
width and simultaneously reduces the thickness. This characteristic is approximately observed from

the experiments. However, the considered sample neither behaves pure shear, nor ideally uniaxial.

122



4.3 Electrically Controlled Experiments

Instead, it can deform biaxially at zero-strain, and exhibits an inhomogeneous deformation
(necking effect) with a trend towards uniaxial deformation. Biaxial deformation generally results in
a higher Maxwell stress in comparison to uniaxial deformation, which consequently results in a
higher voltage-induced change in capacitance. This explains the non-linear capacitance-strain
characteristics in the lower strain range, with the transition from biaxial to uniaxial deformation
particularly evident in the 1.2 kV-curve, where the capacitance first decreases from the initial
value, and then increases over strain. The resistance measurements also exhibit a progressive
increase with increasing voltage (Figure 102d). This can be explained by the voltage induced
deformation in width-direction of the SIP. Due to the high charges, it is also conceivable that the
distributed conductive electrode particles repel each other. Both effects can lead to an increased

distance between the conductive particles and thus increase the resistance.

4.2.7 Conclusion on Mechanically Controlled Experiments

Mechanically controlled experiments comprise strain-controlled tensile tests conducted on both
pure film SIP samples and SIP samples equipped with electrodes. Investigations on varying strain
amplitudes, strain rates, complementary applied constant voltages, and ambient conditions, are
demonstrated. Varying strain amplitudes reveal typical DET properties, including a pronounced
Mullins effect, with a similar phenomenon observed for the resistivity-strain characteristics, as well
as an approximately uniaxial SIP characteristics resulting in a linear capacitance-strain curve.
Experiments with slow strain rates show consistent measurements of the standardized LCR-meter
and the proprietary HV-method. Varying strain rates result in an increase in stiffness and electrode
resistance, while varying applied constant voltages result in voltage-induced softening, and thus
actuation of the DET, accompanied by an increase in capacitance and resistance. These
experiments demonstrate that the HV-method provides interpretable results for both, high strain
rates and for complementary applied actuation voltage, capabilities that are not achievable with the
standardized LCR-meter. Furthermore, testing is conducted under varying ambient conditions to
showcase operations within wide temperature and humidity ranges. Thereby, no significant
influence of humidity on the electromechanical properties of the SIP is observed, but a noticeable

increase in stiffness and conductivity is noted with increasing temperature.

4.3 Electrically Controlled Experiments

The electrically controlled experiments shown in the following sections comprise blocking force
experiments and dielectric breakdown experiments. The blocking force experiments are configured
as test series with varying pre-strains conducted to one SIP sample. Dielectric breakdown tests are
carried out simultaneously on 15 SIP samples, thereby configuring different pre-strains for each

module, thus demonstrating simultaneous testing with various operational conditions.
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4.3.1 Blocking-Force Tests with Varying Pre-Strains

For the blocking force experiments, one SIP sample is successively subjected to gradually
increasing pre-strains (e, = 0...0.5 in 0.125 —increments), and electrically loaded and unloaded
with identical voltage ramps (u = 0 ...1.2 kV,u = 240 V/s ) (Figure 103a). Corresponding stress-
voltage curves show similar progressively decreasing characteristics for the non-zero pre-strains
(Figure 103Db), whereas capacitance- and resistance-voltage curves show increasing behavior for
both, increasing pre-strain and increasing voltage (Figure 103c, d).

a) Blocking Force Tests, Varying Pre-Strain: ec/t and w/t b) 06 Blocking Force Tests, Varying Pre-Strain: o/u

1400 i 0.7
€= 0
1200 0.6 0.5 \ €, =0.1251
. €= 0.25
1000 0.5 0.4 “\ e =0.375[7
] c
# 800 . 0.4 S €, =05
g \ w = 031
5600 \ 0.3 5
N 0.2F
400 \ 0.2
200 // \\ 0.1 0.1 *—\
0 0 0 ! : !
0 2 4 6 8 10 0 500 1000 1500
tins uinV
C) 6 Blocking Force Tests, Varying Pre-Strain: C/u d) 120 Blocking Force Tests, Varying Pre-Strain: R/u
€= 0 €= 0
€, =0.125 110 - €, =0.125
L4y €, =025 || 100l €, =025 ||
€= 0.375 €= 0.375
ERW) =05 S 90 €, =05 [
g g
O ~ 80
1k ___/_é
70 /
0.8 60T,
| | | 50 | | |
0 500 1000 1500 0 500 1000 1500
uinV uinV

Figure 103: A series of blocking force experiments with complemented gradually increasing pre-strains
applied to one SIP sample (a); and results over voltage for stress (b), capacitance (c), and resistance (d).

By only considering the change of stress over voltage, similar approximately quadratically
increasing negative stress-softening is observed for all non-zero pre-strains (Figure 104a). A
quadratic characteristic is expected for both, ideally uniaxial and ideally pure shear DET samples,
as the length of the sample is blocked, and the force only depends on the voltage
(refer to Section 2.1.4). Minor deviations and a slightly increasing negative slope of the curves are
attributable to the necking effect. To the contrary, the slope of the capacitance-strain curve is
gradually increasing with increasing non-zero pre-strains (Figure 104b). This indicates the uniaxial
character of the SIP sample, in which width and thickness can change due to voltage induced
electric field and resulting Maxwell stress: As those generally increase for increasing pre-strains,
higher compression in thickness and a larger expansion in width are obtained, resulting in a larger

capacitance change.

124



4.3 Electrically Controlled Experiments

a) 0 Blocking Force Tests, Varying Pre-Strain: o/u b) Blocking Force Tests, Varying Pre-Strain: C/u
= \ \

R == 0.35
€= 0 /
0.3 €, =0.125 /
R =025 f
g 00 w025 H G /,
s g €, = 0375 ///
- g
= ~ 02FH| € =05
S -0.04 S ) //ﬂ 74
=] e =0 I /
1 c 30.15 Y
2 € =0.125 o // /
& ¢ O ol 7/
© _0.06 H €= 0.25 \ . /
e =0.375 7
c \ 0.05 2
Rt _%
C
-0.08 ‘ : 0
0 200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
uinV uinV

Figure 104: Detailed view of the change in stress and capacitance by subtracting the respective initial values,
showing an approximately quadratic characteristic for the stress-voltage curves with decreasing negative
slopes for increasing non-zero pre-strains (a), and corresponding increasing positive slopes of the
capacitance-voltage curves (b).

The zero-strain curve does not fit into this characteristic, as the SIP deforms biaxially, if it is not
constraint by any pre-stretch, resulting in a higher capacitance change in comparison to lower
uniaxial pre-strains, but a lower capacitance change when compared to higher pre-strains
(refer to Section 2.1.4). A similar behavior is observed from the resistance measurements, which
show gradual increase for increasing pre-strains, and a notably higher slope over voltage for the
zero-strain curve (Figure 103d).

4.3.2 Dielectric Breakdown Tests with Varying Pre-Strains
For the dielectric breakdown tests, all test stations of the test setup are equipped with SIP samples
(Figure 105).

Figure 105: Test bench fully equipped with SIP samples, with different constant slider positions for each
module, allowing different pre-strains to be applied to each of the five samples, and dielectric breakdown
experiments to be conducted under different operating conditions.

Thereby, the three test modules are configured to apply different constant pre-strains to five
samples each (e, = 0,0.25, and 0.5). A voltage ramp (u = 0...1.5kV,u = 100 V/s) is applied to
all samples, thus demonstrating simultaneous testing with varying operational conditions (Figure

106a). The experiments are complemented by an additional similarly configured experiment in

125



4 Test Rig Demonstration

sequence where a pre-strain €, =1 is applied to five additional SIP samples. From the results,
typical stress, capacitance, and resistance curves show a continuous characteristic with increasing
voltage until breakdown occurs (Figure 106b). Therefore, failure cannot be predicted by any
discernible deviation prior its occurrence. For the present example, the stress curves show that the
sample initially undergoes an electrical breakdown, resulting in an initial increase in stress due to
the removal of the electric field (Figure 106b, #1). The electrical breakdown results in the
formation of a burn hole, which represents a mechanical weak point. This hole serves as the
initiation point for a mechanical tear-through of the pre-strained SIP, as evidenced by the
subsequent stress reduction (Figure 106b, #2). As the breakdown results in a short-circuiting of the
opposing SIP electrodes, no meaningful interpretation can be derived from capacitance and

resistance measurements during and after dielectric breakdown.
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Figure 106: Configuration of dielectric breakdown tests with different pre-strains, with each configuration
simultaneously conducted to five SIP samples (a), and corresponding typical characteristics of stress,
capacitance, and resistance until breakdown for one exemplary sample (b).

At lower strains, mechanical tear-through of the samples can generally be avoided by switching off
the high voltage immediately after breakdown is detected, thus resulting in a smaller burn hole.
Therefore, for the presented experiments, the duration of exceeding the short-circuit current limit
for detecting a breakdown is set to only 10 ms, with a threshold of 200 pA. On the one hand, this
enables reliable breakdown detection, as evidenced by the corresponding current measurements
(Figure 107a). On the other hand, except for the highly pre-strained samples, no tear-through is
observed, as evidenced by the corresponding stress curves (Figure 107b).
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Figure 107: Measurement results of dielectric breakdown tests, with current-voltage curves showing reliable
breakdown detection (a), and stress-voltage curves only showing mechanical tear-through for highest pre-
strain (b).

A statistical evaluation of the experiments regarding the breakdown voltage as a function of pre-
strain, as shown by the corresponding box plots, does not reveal any discernible trends (Figure
108a). However, if the electric field is considered assuming uniaxial deformation, an increase in
breakdown strength with increasing pre-strain is observed (Figure 108b), representing a typical
trend for (PDMS-based) DETs attributable to the strain-induced reorientation of the polymer
chains. The outliers in the statistical analysis predominantly tend towards smaller values, indicating
potential early breakdowns due to imperfections in the dielectric film. It is crucial to note that only
five samples are considered in each case and a higher number of samples must be investigated to
establish more reliable statistical conclusions. However, the experiments presented in this section
demonstrate that it is generally possible to reliably collect a substantial amount of statistically
relevant data with just a few tests runs by simultaneously testing under either equal or different

operating conditions.
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Figure 108: Statistical evaluation of dielectric breakdown experiments, where the breakdown voltage as a
function of pre-strain shows no clear trend in the resulting box plots (a), but the corresponding electric field
shows a typical increasing dielectric breakdown strength with increasing strain (b).
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4.3.3 Conclusion on Electrically Controlled Experiments

Electrically controlled experiments include blocking force tests and dielectric breakdown tests,
both with varying constant pre-strains. The blocking force experiments provide physically
interpretable results regarding changes in force, capacitance, and resistance over voltage, thus
demonstrating the capability of the HV-method. The dielectric breakdown tests are employed to
demonstrate simultaneous short-term testing on multiple SIPs, that are subjected to varying pre-
strains, and simultaneously exposed to identical voltage ramps until breakdown occurs. From the
results it is shown that all breakdowns are reliably detected, and a typical increase in dielectric
strength with increasing pre-strains is observed. Thereby capacitance and resistance exhibit

continuous increase until failure, while force measurements indicate failure prior to film tearing.

4.4 Electromechanically Controlled Experiments

The experiments shown in the previous sections demonstrate purely mechanically or purely
electrically controlled experiments, whereby the respective electrical or mechanical constraints are
fixed. However, some test scenarios also require the simultaneous active control of mechanical and
electrical variables, such as displacement and voltage. This is generally possible with the
experimental test bench presented in this work and is demonstrated in the following using two
scenarios: A constantly controlled electric field test, and a simulated DET system test, by

configuring voltage and strain-control accordingly.

4.4.1 Electric Field Control Tests

Controlling the electric field applied to a DET can be significant in exploring improvements in the
electromechanical response of an actuator. On the one hand dielectric strength of a DET increases
with increasing strain, as discussed in Section 4.3.2, enabling to operate corresponding DET
actuators with an increasing electric field over strain to enhance their electromechanical output. On
the other hand, controlling the electric field instead of the voltage generally enables strain-
independent control of the Maxwell stress and thus actuator force, and results in a consistent
differential sensor characteristic curve for constantly controlled electric fields. This is demonstrated
in a corresponding experiment, in which the voltage and strain curves are configured in such a way
that the corresponding electric field is approximately constant (¢ = 0...0.5,u = 1.20...0.97 kV,
E. = 60 V/um) assuming uniaxial behavior of the SIP sample (Figure 109a, b). The experiment is
compared to two further strain-controlled experiments, one with no voltage applied (e = 0...0.5,
u. =0V,E. =0V/um) and one with constant voltage applied, resulting in an continuously
increasing electric field over increasing strain (¢ =0...0.5, u, = 1.2kV, E. = 60...75 V/um).
For the higher strain ranges (0.2 < € < 0.5), the stress-strain curves exhibit similar slopes for both
the constant electric field curves and the zero voltage curves, resulting in consistent stress release
over strain, and thus a strain independent Maxwell stress, as expected (Figure 109¢). To the

contrary, the constant voltage curve exhibits a significantly lower slope, resulting in a continuously
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increasing stress release over increasing strain, and thus a strain-dependent Maxwell stress.
Similarly, in the capacitance-strain diagram, comparable slopes are observed for the constant
electric field curves and zero voltage curves, whereas the constant voltage curve shows a

significantly higher slope (Figure 109d).
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Figure 109: Configuration of voltage and strain control trajectories (2), to obtain an approximately constant
electric field applied to a SIP assuming uniaxial characteristics (b). In contrast to a corresponding constant
voltage control, this approach yields in an approximately constant stress release (c) and an approximately
constant capacitance increase over strain (d), when compared to the non-actuated SIP.

Therefore, for in the higher strain range, approximately consistent sensor characteristic curves over
strain are obtained, which only differ by an offset due to the constantly applied electric field. For
the lower strain range (0 < € < 0.2), the results deviate from the expected characteristics, as the
SIP does not behave uniaxial in that range but undergoes a transition from biaxial- to uniaxial

characteristics.

4.4.2 Simulated DET System Tests

Due to the lack of the respective sensor equipment, it is not possible to carry out free stroke
experiments on the test bench, which can be controlled purely electrically and evaluated in terms of
stroke over actuation voltage by means of displacement measurements. However, as suggested in
Section 3.3.1, a DET actuator system can be installed in such a way, that the force can be measured
and used for evaluation purposes, €.g. to investigate the electromechanical response of a SIP-NBS

system, which is limited in stroke by hard stops (Figure 110a).
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Figure 110: Schematic illustration of the installation of a SIP-NBS actuator system to the test bench in order
to conduct free stroke experiments, which can be evaluated in terms of force measurement (a), and alternative
configuration with no physical preload mechanism applied, but synchronized control of motor and high
voltage amplifier enabling to simulate corresponding strain-voltage system characteristics.

The resulting electromechanical characteristic, although highly non-linear and different from the
purely electrically or purely mechanically controlled experiments discussed earlier, accurately
reflects the electromechanical load established under realistic operating conditions and closely
mirrors the application scenario. It is therefore of particular interest to study the long-term behavior
of DETs under these conditions. To draw conclusions from the results that can be attributed to the
DET rather than to the preload mechanism, experiments must be conducted in a way that ensures
the preload mechanism's characteristics remain constant over time or cycles. Therefore,
experiments without a physical preload mechanism can be conducted using a feed-forward HIL-
approach, in which voltage and strain are controlled in such a way, to mimic the strain-voltage
characteristics that is expected from a free stroke experiment (Figure 110b).

Design of Experiment

To demonstrate this approach, a generic DET actuator system is designed, utilizing the SIP sample
combined with a generic linear NBS characteristics and hard stops, enabling the SIP to operate in a
stretch range x =5..10 mm (e = 0.25...0.5), when subject to high voltage u=0..1.2kV
(Figure 111a). The corresponding actuator system provides approximately constant actuator force
AF =~ 0.04 N within a stroke range of Ax = 5 mm (Figure 111b).
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Figure 111: Exemplary system design diagram utilizing the SIP sample combined with a generic linear NBS
characteristics and hard stops (a); and resulting actuator system characteristic diagram (b).
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To simulate the expected strain-voltage characteristics of this actuator system using the test rig,
sinusoidal high voltage waveforms provided by the high voltage amplifier are synchronized to
trapezoidal strain trajectories provided by the linear motor (Figure 112a). Thereby, one voltage
waveform is configured to be precisely in phase with the strain trajectory in comparison to a second
one, which is provided with a constant phase-shift ¢ = —10°. The resulting strain-voltage curves
mimic the expected voltage-controlled system behavior, that is typically observed in free-stroke
experiments (Figure 112b). The phase-shifted variant represents the more realistic case, exhibiting
typical hysteresis, which is attributable to the hysteresis behavior of the SIP, as well as frictional

effects within the overall actuator system (refer to Section 2.1.6).
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Figure 112: Sinusoidal high voltage waveforms synchronized to a trapezoidal strain trajectory (a); and
resulting strain-voltage curves that mimic the expected voltage-controlled system behavior typically observed
when conducting free-stroke experiments on an SIP actuator system consisting of a NBS preload mechanism
and stroke-limiting hard stops (b).

Experiments conducted to the SIP element with voltage and strain configured in this way can be
evaluated in terms of force (stress), capacitance and resistance over voltage (Figure 113a, b, ¢). In
general, similar conclusions can be drawn from this experiment as from corresponding free stroke
experiments, provided that the change in properties over time or cycles does not affect the working
point of the system.

a) 05 Simulated System Tests: g/u  b) 6 Simulated System Tests: C/u () 100 Simulated System Tests: R/u
_z°i0100 1.4 _Zcioloo 95 fv
Soal"¢ w £ S 90 /7
= = X /
g12 = %7
£ c 7 4 = 8 /
0.3 Z, 1 7 . / S
I —_10°!
_¢C =-10
0.2 0.8 75 !
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
uinV uinV uinV

Figure 113: Measurements obtained by the simulated system tests, enabling to evaluate corresponding tests
in terms of stress (a), capacitance (b) and resistance (c) as a function of voltage.

A major advantage of this approach is the facilitated test preparation, as no preload mechanism

needs to be installed. In addition, especially for the evaluation of long-term tests, the specification
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4 Test Rig Demonstration

of a constant strain response to the voltage control ensures that the change in the electromechanical

properties over time and cycles can only be attributed to the DET.

4.4.3 Conclusion on Electromechanically Controlled Experiments

Electromechanically controlled experiments comprise electric field control tests and simulated
DET system tests. These tests showcase the application of flexible control and synchronization of
voltage waveforms and displacement trajectories that is possible with the test rig. For the electric
field control tests, strain and voltage are configured to ensure a constant electric field across the
SIP. As a result, constant actuation force and a consistent sensor characteristic curve are obtained
over strain. With the simulated DET system test, voltage and stroke applied to a SIP element are
controlled to mimic the stroke-voltage response obtained for a SIP system biased with a preload
element. Evaluating the results in terms of force, this test represents a valid alternative for common
free-stroke tests, that cannot be carried out on the test rig due to the lack of individual stroke

measurements provided for each test station.

4.5 Long-Term and High-Cycle Experiments

Overall, the short-term and low-cycle tests demonstrated previously can be seamlessly extended to
uninterrupted long-term and high-cycle tests. This is exemplified in this section by conducting
mechanically controlled experiments with a constant applied high voltage to investigate cycle-
dependent degradation effects and lifetime characteristics under a variety of environmental

conditions.

45.1 Degradation Tests

Degradation of the SIP properties is demonstrated by conducting a high strain-rate tensile test with
sinusoidal strain control to one SIP with no high voltage applied (¢ = 0...1, f = 5 Hz for 100,000
cycles). To ensure high-quality measurement results, this procedure is intermittently interrupted at
random intervals to perform slower constant strain rate experiments between
(e=0..1, € =0.051/s). These experiments provide higher resolution data and less distorted
measurements due to dynamic effects, and are evaluated in terms of stress, capacitance, and
resistance (Figure 114a-d). The stress-strain curves exhibit a continuous decrease of total stress and
hysteresis width in this experiment (Figure 114b). These changes are irreversible and coincide with
an increasingly widening zero-stress plateau along the strain axis, indicating cyclic material

degradation through permanent deformation.
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Figure 114: High-cycle strain-controlled degradation test with no complementary voltage applied to the SIP
sample (a), showing gradual stress-strain reduction with increasing number of load cycles (b), accompanied
by a significant nonlinear decrease in capacitance-strain characteristics (c) and corresponding nonlinear
increase in resistance-strain characteristics (d).

From analyzing the reduction of the maximum stress o,,,, Of each stress-strain curve obtained at
maximum strain (e = 1), a regressive trend is observed for increasing number of cycles (Figure
115a, top). Examination of the cyclic dissipated energy Ej;ss, associated with the area enclosed by
the hysteresis loop of the stress-strain curve shows an approximately linear decrease, if the first
cycle is neglected (Figure 115a, bottom).
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Figure 115: Maximum stress and cyclically dissipated mechanical energy showing decreasing characteristics
with increasing number of cycles (a); with minimum capacitance and maximum resistance obtained at
maximum strain increasing correspondingly (b), while the minimum resistance obtained at zero-strain shows
an initial decreasing trend and increases with increasing number of cycles.

133



4 Test Rig Demonstration

The first cycle typically shows a relatively high energy dissipation, which is attributable to the
Mullins effect. From analyzing the evolution of the minimum capacitance C,,;,, acquired at zero-
strain for each capacitance-strain curve over increasing cycles reveals a degressively increasing
trend (Figure 115b, top). This is in accordance with the regressive decrease in stress and allows
consistent interpretations regarding permanent deformation, with the capacitance increase
attributable to irreversible residual strains after loading and unloading: The residual strains cause
an increase in surface area and a decrease in thickness, resulting in an increase in the zero-load
capacitance. However, while the slope of the capacitance-strain curves is relatively constant for
increasing cycles at low strains, they bend significantly at higher strains and then proceed with a
lower slope (refer to Figure 114c). This phenomenon is not indicative of a change in the
capacitance properties of the SIP but is rather attributable to a measurement error resulting from the
steep increase in electrode resistance over increasing cycles (refer to Figure 114d). Analyzing the
evolution of the maximum resistance R,,,, acquired at maximum strain (¢ = 1) over increasing
cycles shows an approximately linear proportional increase, indicating a continuous degradation of
the electrode conductivity (Figure 115b, mid). This phenomenon indicates an irreversible rupture of
(conductive) connections within the elastomer-filler compound, which becomes particularly
evident with large strains, where the destroyed connections and corresponding conductive clusters
are pulled apart. Conversely the minimum resistance observed at zero strain first decreases
significantly over increasing cycles, until a slight increase is observed in the higher cycle range
(Figure 115b, bottom). This phenomenon can be explained by two potential effects with opposing
trends, which collectively contribute to the resistivity characteristics: Firstly, the broken
connections within the electrode compound may lead to a higher mobility of the conductive
clusters, allowing them to be distributed more uniformly. This results in improved conductivity and
thus lower resistivity when the electrode is not stretched. Simultaneously, permanent deformation
leads to an increase in the electrode surface area, reducing the density of conductive particles
within the electrode surface and thus increasing resistivity. Considering that both effects contribute
to the resistivity characteristics in combination, the effect of decreasing resistivity dominates in the

lower cycle range, while the effect of increasing resistivity dominates in the higher cycle range.

4.5.2 Lifetime Tests with Varying Environmental Conditions

Lifetime tests are demonstrated by conducting tensile tests with sinusoidal strain control
(e =0.25...0.5, f = 10 Hz) and complementary applied constant high voltage (u, = 1 kV) to 15
SIP samples in parallel. The high voltage is selected to be near to the critical dielectric breakdown
limit, which is approximately 1.2 kV (refer to Section 4.3.2). In contrast, the constant pre-strain and
the cyclic strain range are moderate, aligning with the typical behavior of a large-stroke actuator
system designed with an NBS (refer to Section 4.4.2). With this configuration, corresponding DET
actuators are tested for their service live when operated close to their maximum electromechanical

performance limit. The high cycle rate and simultaneous testing of 15 samples enables accelerated
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acquisition of data for statistical evaluation. During the test, samples are monitored for electrical
breakdown and mechanical tear-through failure by tracking the exceeding of current and the force
thresholds. In both cases, the samples are automatically disconnected from the high voltage
amplifier via the respective individual high voltage relay. The test either ends with the mechanical
and electrical failure of all samples or is terminated prematurely after reaching five million load
cycles, which corresponds to an uninterrupted test duration of six days. As an exemplary study, the
test is repeated a total of three times, with each iteration involving new SIP samples and
maintaining consistent operational conditions at the same temperature (T, = 25 C) but varying
constant humidity levels (H, = 10 %, 50 % and 90 %). The results are evaluated through bar
diagrams illustrating the individual electrical and mechanical lifetimes of each SIP sample until

failure or premature test termination (Figure 116a, c e).
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Figure 116: Bar-plots and corresponding histograms showing electromechanical lifetime of SIPs obtained by
long-term experiments conducted to 15 SIP samples in parallel within varying humidity conditions
respectively; with low humidity level (a, b), moderate humidity level (c, d) and high humidity level (g, ).
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Corresponding histograms depict the count of failed or terminated samples relative to the total
number of samples (Figure 116b, d f). A clear trend in the dependence of the electrical service life
on humidity is obtained, showing a significant decrease in lifetime for higher humidity levels. This
observation is particularly evident when excluding samples from the evaluation that fail directly in
the initial loading cycle, as these failures are likely attributable to imperfections in the dielectric

film, as discussed in the context of dielectric breakdown experiments (refer to Section 4.3.2).

Treating the corresponding samples as outliers, all remaining samples demonstrate a capability to
endure a cyclic load of five million cycles without any electrical or mechanical failure at low
humidity levels (H = 10 %) (Figure 116a, b). At moderate humidity (H = 50 %), no immediate
electrical failure occurs, but 7 samples fail within the first 1.5 million cycles, along with one later
failure near the end of the test, while seven samples successfully complete the test without any
failure (Figure 116c, d). In addition to the electrical breakdown, two samples also undergo
mechanical tear-through. At high humidity level (H =90 %), all samples experience electrical
failure within a maximum of 90,000 cycles (Figure 116e,f), whereby one sample fails
mechanically after more than 3.5 million cycles. Since at low and moderate humidity levels
electrical failures predominantly occur early, and the remaining samples do not fail until the end of
the test, a statistical evaluation of the probability of failure under the given operating and
environmental conditions lacks significance. However, neglecting failures in the first loading cycle,
it can be stated, that the probability of failure within five million load cycles is 0% in dry
conditions. For moderate humidity approximately 50 % of the sample fail early, whereby the
remaining samples survive. In order to be able to make further statistical statements, the test must

be run for more than 5 million cycles.

At high humidity levels, the probability of electrical failure is plotted as a function of lifetime and
fitted to a Weibull curve using maximum likelihood estimation (MLE), once including initial
failures from the first load cycle, and once excluding them (Figure 117). Excluding initial failures
results in a significant increase of the characteristic lifetime, which represents the number of cycles,
after which 63,2 % of the samples have failed. However, since data in this experiment was only
saved randomly every 10,000 cycles, the raw data provides poor resolution for making statements
about the lifetime of the samples. To improve statistical accuracy, the experiment must be repeated

with higher resolution data collection and more samples.
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Figure 117: Probability of electrical failure obtained for lifetime tests conducted in high-humidity
environments, with corresponding Weibull fits for data including initial failures and excluding initial failures.

To gain deeper insights from the experiments, the samples are removed from the test bench after
each long-term test and examined individually with a digital microscope to identify the locations of
their electrical or mechanical failure. For a better overview, burn marks resulting from dielectric
breakdown and the approximate crack patterns caused by mechanical tear-through for all
corresponding samples are highlighted in separate illustrations for each humidity level, thereby

color-coding the lifetime in four stages (Figure 118).
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Figure 118: Separate illustrations for each humidity level, highlighting the burn marks resulting from
dielectric breakdown and the approximate crack patterns caused by mechanical tear-through for all samples,
thereby color-coding the respective lifetimes in four stages, to identify localized defects.

137



4 Test Rig Demonstration

This representation makes it possible to identify potential correlations between localized defects
and lifetime of the samples. The absence of burn marks, coupled with a direct tear through from
one free SIP edge to the next, suggests that crack initiation due to electrical breakdown can be
excluded as a potential cause of mechanical failure. Instead, it can be attributed to minor cutting
defects of the respective samples. All mechanical failures occur near the clamping, which is to be
expected, as locally increased mechanical shear stresses occur particularly in the corners of the
clamping due to the inhomogeneous deformation under uniaxial loading due to the necking effect.
Regarding electrical failure, under uniaxial deformation, the highest electric field is expected to be
concentrated along the longitudinal axis, especially near the clamps, assuming that the dielectric
film has ideally homogeneous properties. However, the breakdown points exhibit distinct
concentration patterns across the three test runs and do not adhere to the anticipated failure pattern.
This observation suggests that the film lacks homogeneous properties, instead containing localized
dielectric weak points that are randomly distributed, leading to dielectric breakdown at various
locations. The color coding of the time to failure also shows no clear trend in the local distribution.

4.5.3 Conclusion on Long-Term and High-Cycle Experiments
Long-term experiments demonstrated within this section include degradation tests and lifetime tests

within varying environmental conditions.

An exemplary degradation test is conducted to a SIP, by applying 100 % strain (5 Hz) for 100,000
sinusoidal loading-unloading cycles. From the results, permanent set can consistently be observed
from all measurands, force, capacitance, and resistance. Additionally, the resistance shows a
continuous strain-dependent degradation of the electrode, which is particularly pronounced at high

strains.

The lifetime tests demonstrate uninterrupted and accelerated cyclic testing of 15 samples in parallel
under long-term conditions. Thereby, sinusoidal strains (10 Hz) and complementary constant
voltages are applied while the mechanical and electrical service life is monitored. The test is carried
out a total of three times with new samples each time, varying the ambient humidity in the climate
chamber. Each test is terminated after 5,000,000 cycles, which corresponds to a duration of
approximately six days. These tests demonstrate the durability of the test rig when operated in
harsh environmental conditions and provide results that clearly demonstrate the decrease in

electrical lifetime of the SIPs with increasing humidity.
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4.6 Summary and Discussion on Test Rig Demonstration

To demonstrate the functionality of the test rig developed in the scope of this work, a planar
rectangular-shaped DET (SIP) is developed based on an Elastosil 2030/20 dielectric film, screen-
printed with carbon-black-reinforced compliant PDMS-electrodes. Test sample and the test rig
sample grips are designed to be compatible and enable facilitated sample mounting by means of
snap-in mechanisms and electrical spring contacts. Exemplary tests are conducted on several test
samples, including mechanically, electrically, and electromechanically controlled experiments with

varying load profiles, and operational as well as environmental conditions.

These tests illustrate the versatility of the test rig and underline its capability to enable
comprehensive investigations of the electromechanical characteristics of DETs under various
operating and constant environmental conditions. The flexible configurability of the test rig allows
a wide range of test scenarios that go beyond those demonstrated, and there is no claim to a
complete demonstration of all possibilities in this work. Also, the specification of the general test
range considerably exceeds the test range covered by the demonstrated experiments. Both, the
specified test ranges, and the corresponding accuracies refer to the test ranges considered and
validated within the scope of this thesis. They can generally be further extended by modifying
components, i.e. the current monitor shunts, or by replacing series components like motors, load-
cells, or high voltage amplifiers, while preserving mechanical, electrical, and program interfaces.
Furthermore, the test rig is also not limited to testing of SIP designs and dimensions showcased in
this work and can be tailored to various uniaxial operated DET types, i.e. COP, SOP, tubular, and
stacked types, with minor adjustments to the sample grips. Generally, the modular test bench
design also enables the simultaneous testing of several designs and several operating conditions.
Along with testing at high test rates, and within higher environmental temperatures, this underlines

its capabilities of accelerated assessment of statistically relevant data.
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5.1 Summary and Conclusion

Dielectric Elastomer Transducers (DETS) have been subject of research for around 30 years.
Driven by their promising properties and wide-ranging application, numerous materials, designs,
and manufacturing processes have emerged, along with model-based approaches and feasibility
studies. Recent trend has increasingly been towards application and process-oriented research and
initial efforts have been made to establish the technology on the market. In this context, reliability,
and lifetime represent critical factors in assessing the market competitiveness of DET technology,
alongside with general DET properties such as sensor accuracy, actuator performance or generator
efficiency. These attributes are affected at all product levels, e.g., material, compound, and system,
and at all stages of development, e.g., concept, design, and production. Their evaluation and
improvement require comprehensive electromechanical testing, including both short-term and
particularly long-term testing under various operating and environmental conditions, as well as

simultaneous testing of multiple samples for accelerated statistical evaluation.

The literature review conducted in the scope of this thesis shows reveals, that existing test rigs
typically focus on specific DET applications and designs, and emphasize either purely mechanical
or purely electrical control, with only partial measurement of electromechanical quantities. This
applies in particular to test rigs with several test stations for accelerated acquisition of statistically
significant data, which are commonly used for long-term testing of DETs. No test rig has been
proposed yet, enabling for both, comprehensive short- and uninterrupted long-term testing in
parallel on numerous DETS, thereby providing synchronized control on strain and voltage, and
simultaneously acquiring force, capacitance, and resistance simultaneously for all test objects

within various constant controlled environmental conditions.

This gap is closed by the test rig developed in the scope of this dissertation. It enables for
simultaneously electromechanical testing on 15 DETSs, thereby providing synchronized control on
strain and voltage, and simultaneously acquiring force, capacitance, and resistance for all test
objects. The flexible programmability of the setup enables versatile experimental designs under
both quasi-static and dynamic conditions. Furthermore, the robust design enables testing within
harsh environmental conditions inside a climate chamber, allowing for the investigation of
temperature and humidity effects. Along with a high degree of automation and extensive safety
features, its functionality is not only limited to short-term investigations, but particularly enables
uninterrupted long-term investigations that can also be monitored and controlled remotely. The
conducted experimental validation proves high accuracy over a wide testing range, which can

generally be further expanded with minor test rig modifications. The versatility of the test rig is
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demonstrated in a broad range, by conducting various exemplary experiments on a specially
developed rectangular-shaped planar DET (SIP), including variations in strain, voltage, test rate,
temperature, humidity, and their combinations. However, the test rig is not limited to testing the
demonstrated DET types and dimensions but can generally be adapted to various uniaxial operated
DET types and enables the simultaneous testing of several designs and / or several operating

conditions.

Due to these properties, the test rig serves a wide range of DET application fields, product levels
and R&D phases. It enables DET-based sensors, actuators, and smart actuators to be characterized
electromechanically and investigated for the influence of short- and particularly long-term
operating conditions and environmental conditions. The test rig is particularly suitable for
comprehensive testing of transducer compounds and corresponding systems, including preload
mechanisms and external loads. Its versatile configurable test routines can be used to investigate
fundamental effects in basic research but can also be utilized in product and production process
development, i.e. to evaluate concepts, designs, or production processes.

With this, the test rig developed in this work represents a novel multifunctional tool that serves
both research and development of DETs. By supporting scientists and engineers, it can make a

significant contribution to the further development and market establishment of the technology.

5.2 Future Work

The hereby introduced test rig will be used at Saarland University to conduct wide-ranging tests on
various DET materials, transducer compounds, and systems. Thereby particular emphasis is on the
accelerated acquisition of statistically relevant data for the evaluation of failure mechanisms, such
as mechanical tearing or dielectric breakdown in short-term experiments, or degradation and
fatigue phenomena under long-term operating conditions. Modifications to the test rig that are
frequently required in this context include adapting the sample grips and the electrical contacts to

the respective test samples.

Although the current test rig capability covers a wide range of relevant tests, it can generally be
further expanded and improved in future, buy supplementing additional test hardware, but also by
using the existing hardware to implement further functionalities by means of pure software
enhancements: For instance, dynamic testing routines can be realized by implementing higher-
frequency signals, such as sweep specifications for voltage and displacement control, or force-
controlled test routines including closed-loop HIL approaches can be achieved by implementing
appropriate controller algorithms. Furthermore, since it has been observed that the implemented
capacitance and resistance measurement methods require extensive operator knowledge to achieve

meaningful results, the implementation of automated calibration methods can also be pursued.
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AC
Al
AO
ASA
CAD
CB
CNT
CoP
DC
DE
DET
DI
DIO
DIN
DMA
DO
EAP
EMI
FEM
FFT
FIFO
FPGA
GSM
GUI
GV
HIL
HNBR
HV

alternating current

analog input

analog output
acrylnitril-styrol acrylate
computer aided design

carbon black

carbon nanotube
cone-out-of-plane (DET)
direct current

dielectric elastomer

dielectric elastomer transducer
digital input

digital input / output
deutsches institut fiir normung
dynamic mechanical analyses
digital output

electroactive polymer
electromechanical instability
finite element method

fast fourier transform
first-in-first-out
field-programmable gate array
global system for mobile communications
graphical user interface

global variable
hardware-in-the-loop
hydrogenated nitrile-butadiene rubber

high voltage
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IP internet protocol

LCR inductance-capacitance-resistance
LV low voltage

MLE maximum likelihood estimation
NBS negative bias stiffness

PBS positive bias stiffness

PDMS polydimethylsiloxane

PEEK polyetheretherketone

PETG polyethylene terephthalate glycol
PID proportional-integral-derivative (controller)
RMSE root mean square error

RT real-time

R&D research and development

SBR styrene-butadiene rubber

SIP strip-in-plane (DET)

SMA shape memory alloy

SNR signal-to-noise ratio

SOP Strip-Out-of-Plane (DET)

TDMS technical data management streaming
TPU thermoplastic polyurethane

UPS uninterruptible power supply
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€1,€3,€3

A, Ay, A3

Pe
Pr

01, 02,03

permittivity

vacuum permittivity

material permittivity

mechanical strain

strain rate

constant strain constraint for experiments
spatial strains

coefficient of friction

principal stretches

circular frequency

phase-shift between periodic voltage and displacement signals
specific DET electrode resistance
specific DET leakage resistance
mechanical stress

spatial stresses

maxwell stress

nominal mechanical stress

true mechanical stress

RC-series time constant

phase-shift between measurement voltage and measurement current

zero phase-shift of current measurement

zero phase-shift of voltage measurement

phase-shift between measurement voltage and current: calibration load

phase-shift between measurement voltage and current: overall network

root mean square amplitude
capacitance
initial capacitance (undeformed DET)

stiffness correction factor for mechanical test platform
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CtLC

146

temperature correction factor for load-cells
temperature correction factor for motors

temperature correction factor for mechanical platform
electric field

constant electric field constraint for field control test
frequency

acquisition rate

cutoff-frequency

measuring frequency

sample rate

DET actuator blocking force

DET tensile force with no voltage applied

DET tensile force with high voltage applied

inertia force

forced measured by load-cell

nominal force

NBS force

PBS force

time-dependent current

large signal actuation current (quasi-stationary)
small signal measurement current (AC)

current through shunt resistor

current magnitude

complex current (phasor)

count variables

deformed spatial dimensions: length, width, and thickness
demanded thickness (control)

electrode thickness

undeformed dimensions: length, width, and thickness
pressure

power



active electrical power

noise power

signal power

electrical resistance

resistance of connectors and wiring

electrode resistance of DET

sheet electrode resistance of DET

leakage resistance of DET

parasitic resistance

shunt resistance

time

charging time of RC-series element

period time (duration)

constant temperature constraint for experiments
glass transition temperature

time-dependent voltage

voltage slew rate

large signal actuation voltage (quasi-stationary)
small signal measurement voltage (AC)
constant voltage constraint for mechanical controlled experiments
voltage across capacitor

demanded voltage

voltage across resistor

voltage across shunt

complex voltage (phasor)

voltage magnitude

voltage magnitude across entire electric network
voltage magnitude across parasitic components
position

position measured with laser position sensor

position measured with the motor internal encoder
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XpET position, DET coordinate system
XNBS position, NBS coordinate system
Xpgs position, PBS coordinate system
Y young’s modulus

Y’ tensile storage modulus

Y"” tensile loss modulus

Y* complex tensile modulus

VA complex impedance (phasor)

Z impedance magnitude
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