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Abstract

ielectric elastomer transducers (DET) offer many advantages over conventional elec-

tro-mechanical drives due to their high energy efficiency, low weight and simultane-
ous usability as actuator and sensor. This dissertation focuses on the use of DEs as
multifunctional elements, to develop fundamentally new and inventive systems for
human interaction.

Through the developed advanced control of a single DET device, different structural resonance
ranges of DETs are stimulated and experimentally validated. With the investigated and character-
ised new operating principle of DETs, multifunctional elements with tactile and simultaneous
acoustic feedback, as well as input detection capabilities, are realised the first time. With this inno-
vative principle, a lean and highly integrated audio-tactile feedback unit with self-sensing capabil-
ity is developed in a systematic optimization process. This enables the extension of sensor and pure
haptic systems by multifunctional interaction.

The developed elements, principles, processes and manufacturing methods are systematically de-
scribed and experimentally validated. The sensor and actuator properties of the developed multi-
functional systems as well as their applicability in many application areas, are identified and vali-
dated by methodical measurements and subject surveys.

In summary, innovative and systematic concepts and application-oriented solutions for DET-based
user interfaces, as assistance tools and smart textile integrated composite systems, are developed.
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Kurzfassung

ielektrische Elastomere (DE) bieten durch ihre hohe Energieeftizienz, ihr geringes
Gewicht und ihre gleichzeitige Verwendbarkeit als Aktor und Sensor viele Vorteile
gegeniiber herkdmmlichen elektromechanischen Antrieben. Diese Dissertation kon-
zentriert sich auf die Verwendung von DEs als multifunktionale Elemente, um grund-
legend neue und innovative Systeme fiir die menschliche Interaktion zu entwickeln.

Durch die entwickelte erweiterte Ansteuerung eines einzelnen DE-Elements, werden verschiedene
strukturelle Resonanzbereiche von DEs angeregt und experimentell validiert. Mit dem untersuch-
ten und charakterisierten neuen Funktionsprinzip von DEs werden erstmals multifunktionale Ele-
mente mit taktiler und gleichzeitiger akustischer Riickmeldung, sowie Eingabeerfassungsmoglich-
keiten realisiert. Mit diesem innovativen Prinzip wird in einem systematischen Optimierungspro-
zess eine schlanke und hochintegrierte audio-taktile Feedback-Einheit mit Self-Sensing-Féhigkeit
entwickelt. Dies ermoglicht die Erweiterung von sensorischen und rein haptischen Systemen um
eine multifunktionale Interaktionsebene.

Die entwickelten Elemente, Prinzipien, Prozesse und Fertigungsmethoden werden systematisch
beschrieben und experimentell validiert. Die sensorischen und aktorischen Eigenschaften der ent-
wickelten multifunktionalen Systeme, sowie deren Anwendbarkeit in vielen Anwendungsberei-
chen, werden vorgestellt und durch methodische Messungen und Probandenbefragungen validiert.

Zusammenfassend werden innovative und systematische Konzepte und anwendungsorientierte
Losungen fiir DE-basierte Benutzerschnittstellen als Assistenzwerkzeuge und intelligente textile
Verbundsysteme entwickelt.

ix
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1.1 Introduction - Motivation

1. Introduction

he need of communication and assistance tools for human interaction with digital com-

ponents, gets more and more important. In many fields, like industry applications, help

for aged and disabled people or virtual and augmented reality, as well as sports and

entertainment, an intuitive and inconvenient communication tool is needed. The mul-

tifunctional elements, developed and considered in this thesis combine sensory, tactile,
acoustic and self-sensing capabilities in a single element and are thus predestined for use in wear-
able and integrated communication elements. Especially in the industry environment, assistance
tools for the human-machine interaction are important. To motivate the need of multifunctional
assistance tools, their use in the industry environment is focused in the introduction. The specifi-
cations and boundary conditions also apply in a similar way to the other areas of applications
mentioned.

The "digital transformation" is increasingly getting more important and being discussed in poli-
tics, business, society as well as science. The manufacturing sector is considered one of the most
employment- and export-intensive industries in Germany. In 2022, just over 8 million people were
employed in the 5 most important industrial sectors alone (automotive engineering, mechanical
and plant engineering, chemicals, food and electrical engineering) and over 2.5 trillion euros were
generated in this sector ([1], [2]).

With the fourth industrial revolution (see Figure 1.1) the tasks and demands on humans will
change significantly and support systems for data processing, training and qualification will be
required. The forecasts range from the loss of many jobs to strong economic growth in the indus-
trial sector. However, the requirements in the digitalized industry will become more and more
complex, so that flat, light and integrated assistance tools for worker support are needed. The
world of work is already being transformed by digitization, and people must cope with many new
demands. Nevertheless, "The Human remain at the centre of Industry 4.0. [and] the qualification
of employees will therefore become even more important in the future" (cf. Deputy General Man-
ager of the VDMA'). The main vision of an “operator 4.0” is to create a symbiotic relationship
between humans and automation, by integrating adaptive communication elements. This initiative
aims to transform the landscape of industrial work by introducing new interaction methods that
will improve the efficiency and effectiveness of human-automation interaction. The development
of user interfaces, which have a significant impact on users, is a key part of this research area ([3],
[4], [5], [6], [7])- The human will stay in this case in the centre of the production process, as self-
organized supervisor of the production strategy and last decision-making instance ([8], [9]).

As the communication with machines and robots get more and more important, also sensing of
human expression and feedback to the human is of utmost interest. Especially the use of intelligent
materials with intrinsic transduction properties, like shape-memory-alloys (SMAs) or electroac-
tive polymers (EAPs), are well suitable for wearable and flexible applications. Furthermore, EAPs
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and especially dielectric elastomers (DEs) are a suitable solution for textile integrated applications
and user interfaces.
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Figure 1.1: Evolution of industry production and the different operator generations from first indus-
try level to the actual industry environment with cyber physical systems (cf. [6], [10], [11]).

Besides the industry environment many other application fields need and benefit from multifunc-

tional integrated feedback solutions (see chapter 4.1). The development presented is particularly
suitable for interaction with the user on different levels of perception. The multi-functional inter-
action leads to a more intuitive and efficient use of computers, robots and machinery.

1.1. Motivation

To advance digitalization in the industry 4.0 environment and increase the use of handling devices
and robots in production, assistance tools for worker support are of great interest. Besides that,
the digitisation through all social, economic and societal structures is strongly growing. The fur-
ther development and realisation of textile-integrated and slender build interaction elements is of
high interest. The requirements for these elements are similar for the different application areas.



1.1 Introduction - Motivation

However, the industrial sector gives quiet clear needs and is a predestined application field for
assistance tools. For this reason, the industrial application area is discussed below.

The complexity and fine-tuning of individual production steps make intuitive, ergonomic, cost-
efficient and flexible support for employees essential in modern industry. In view of the increasing
human-machine interaction (HMI), there is a necessity for straightforward and 'lean' assistance
tools, for communication with and support of the operator. Two of the four main pillars of Industry
4.0 (mobile availability, big data capability, networking, human-machine-interaction) can be im-
proved by smart, especially textile-integrated, assistance tools. In Figure 1.2 the main pillars of
the digital industry and the focus fields for assistance tools are shown. Especially the HMI is a
field with a need for highly integrated and multi-mode capable light weight, energy saving actu-
ator and sensor solutions.

/o Internet of things ¢ Cloud Computing )
¢ Intelligent maintenance ¢ Analysis, optimization and
management prognosis
¢ Social Media ¢ Data protection
Mobile Big Data
NS availability capability J
Human-
e - . A
Networking machine-
Interaction
¢ Decentralized control o Assist X
¢ Merging of real und virtual 331 zimc.e _'sys (.ems
world e Interdisciplinarity
« Resource efficiency ¢ Sensors & Actuators
«Smart Factory e Command of complex
systems J

Figure 1.2: Main pillars of Industry 4.0. The developed elements are intended to improve the reali-
zation of the human-machine-interaction and the networking pillars (red marked).

Intelligent materials, and in particular dielectric elastomer transducers (DET) are, due to their
properties, predestined for these applications. The ability to use DEs as sensors and actuators,
even in different multi-mode and multi-frequency ranges, makes them ideal for wearable applica-
tions and intuitive feedback units. Current assistance tools have often the drawback, that they are
relatively bulky, heavy and have just very specific application areas, like visualisation, safety
monitoring or communication.

As already mentioned, the operator in a modern industry environment must deal with many dif-
ferent challenges. Mainly the communication and interaction with assets, like robots or handling
devises, and the high information density, leads to a high stress level of the operator. With smart
assistance tools, the operator can be supported and a lower physical and emotional burden, with
higher efficiency at the same time, can be achieved (see Figure 1.3). The main goals of the




assistance tools are sensing of the operator and the direct surrounding environment, as well as the
intuitive interaction with the operator via, for example, haptic or acoustic feedback. The imple-
mentation of intelligent, multifunctional assistance tools has the potential to engender further im-
provements. These improvements include quality and ergonomic control during the manufactur-
ing, documentation and training during normal workflow, and intuitive communication. Beside
the industry application many other application fields for the use of smart assistive tools have
important impact. In Figure 1.3 two application examples are described closer (industry environ-
ment and help for eldered / disabled people), to show the main advantages of multi-functional
assistance tools.
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Figure 1.3: Challenges for industry operator (left) and elderly / disabled people (right) and ad-
vantages of intelligent assistance tools. With the multifunctional, audio-tactile feedback element the
user can be supported by the direct interaction with the (digital) surrounding.

1.2. Research objective and thesis structure

The main goal of the present work is the development of innovative multi-functional sensor and
actuator elements for user interaction. The area of recording user input, force or movement as well
as tactile and acoustic feedback is of main interest. The development of flexible and textile inte-
grable elements as well as flexible frames and electronics are important, to provide reliable and
complete solutions. Based on the already known functional modes of the DET, pure sensors and
low-frequency actuators are considered as state of the art in DE-based flexible wearable devices.
As an extension of this state of the art applications, the primary objective is to expand the basic
functionalities (e.g. sensing), to include frequency-adapted tactile and high-frequency acoustic
feedback solutions. In combination with adapted control applications, all three functions can be
stimulated and controlled simultaneously. This makes it possible to create a multifunctional, self-
sensing capable interaction system.

Dielectric elastomers are considered in detail in many different scientific publications and papers
(e.g. [12], [13], [14], [15], [16], [17], [18]). The continuous development of DEs is of scientific
interest to realize alternative electro-mechanical converters for energy saving and in multi-
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functional systems. Specifically, textile integration (e.g. [19], [20], [21]) and user interfaces ([19],
[22], [23], [24]) are of great interest for the application of dielectric elastomers, beyond purely
scientific considerations.

Motivated by the growing interest on dielectric elastomer actuator (DEA) systems, dielectric
elastomer sensor (DES) systems and their combination for smart, multi-task industry-oriented
applications, the development of multi-functional DET elements is the key objective. The primary
aim of this thesis is to develop systems and methods to provide:

e Multi-mode DET actuator and sensor elements: The central point of the dissertation is
the development of DET elements with multiple intrinsic functional modes, to realise
small interaction units with wide sensor and actuator properties. In particular, the actuators
can be controlled intelligently to cover several different operating ranges and thus, for
example, simultaneously stimulate several feedback mechanisms. Additionally, the self-
sensing capability of DETs is investigated and the combination with multi-mode actuation
is validated, to integrate sensing and multi-mode actuation simultaneously. The researched
multi-mode self-sensing working principle achieves an even higher degree of multi-fea-
ture usability of individual DE elements, with low electronic and peripheral expenditure.

e FElectronic design for multifunctional DET: Textile integrable sensing electronics and
high voltage electronics are developed and validated for the use of multifunctional DET
devices. In addition, microcontrollers, communication units and batteries are integrated
together, to ensure a completely self-sufficient system design.

e Validation setup for multifunctional DE sensor and actuator elements: Beside devel-
oping different system structures and manufacturing processes for multifunctional DETs,
test setups to characterise the elements and validate their functional performance are built.
The input signals for actuators are provided by different kind of digital-analog-converter
(DAC) systems and output data is measured by data acquisition systems and analog-digi-
tal-converters (ADCs). The measurement setups were specially adapted to the respective
geometrical and physical structures of the integrated textiles and the DET elements.

e Textile integration of multifunctional DETs: There are already solutions for DE sensor
and partly also actuator solutions for human interaction. One task of this elaboration is to
demonstrate an inherent textile integration and manufacturing process for integrated actu-
ator-sensor elements. A manufacturing process to incorporate the textile integration pro-
cess into the manufacturing process of the DEs is developed. In addition, the integration
of the electronics and communication structure is also an important component dealt with
in this work. With this step the investigated multifunctional DET elements can be directly
integrated in textiles to develop high integrated smart-textile solutions for user feedback,
based on DETs.

The thesis is structured in several under-chapters which include the following:

Chapter 2 gives an introduction into the working principle of DEs, the manufacturing, charac-
terisation and textile integration of the DE Elements. In addition, a fundamental insight into hu-
man perception is provided, with particular reference to tactile and acoustic perception. The nec-
essary force, deflection and sound pressure required to overcome human thresholds are outlined.
Additionally, the system architecture and the design process for developing smart multi-functional




assistance tools based on DEs are shown. The communication and data processing systematic for
interaction elements is described.

Chapter 3 describes the working principle of multi-functional DE based audio tactile elements.
The fundamental development of this work is the realisation of simultaneous usability of different
working modes of DETs. By incorporating multi-frequency excitation input signals, low-fre-
quency and high-frequency components can be used, to simultaneously generate haptic and acous-
tic feedback. The intensity, frequency and shape of the two excitations can be separately adjusted.
With the use of sensing and especially self-sensing capability of DEs a highly integrated multi-
functional system is developed and validated with systematic measurements. Furthermore, user
tests are performed to validate the usability of the system in real applications. Additionally, textile
integrated prototypes are developed and validated.

Chapter 4 shows specific application examples of the developed multi-mode DE based actuators.

Various assistance tool development examples, with integrated DEs, are explained for different
use cases. The DEs can be used as sensors, actuators and multi-functional elements, depending
on the application area and the feasibility of implementation. After showing the application ex-
amples, the thesis results are summarized and a presentation of the potential further development
of the user interface based on DE elements are concluded. An outlook on further development and
research topics is given.

Peer-reviewed journal articles, book chapters and patents:

Role IF status
Title A Multi-Mode, Multi-Frequency Dielectric Elastomer Actuator
Sebastian Gratz-Kelly, Gianluca Rizzello, Marco Fontana, Stefan First pub-
Authors ) ) 19.9 .
Seelecke, Giacomo Moretti Author lished
journal | Advanced functional materials, Wiley-VCH, 2022
Title A tri-modal dielectric elastomer actuator integrating linear actua-
tion, sound generation, and self-sensing capability b
- - First -
Authors Seibastian .Gratz-Kelly, . Tim Kriiger, Stefan Seelecke, Gianluca Auglsor 4.6 112 Ee d
Rizzello, Giacomo Moretti
journal Sensors and Actuators A: Physical, Elsevier, 2024
Title An audio-tactile interface based on dielectric elastomer actuators
Authors Sebastian Gratz-Kelly, Tim Kriiger, Gianluca Rizzello, Stefan First 4.1 pub-
Seelecke and Giacomo Moretti Author ' lished
journal Smart Materials and Structures, IOPscience, 2023
Title Optimized Sensor-Array based on metal sputtered dielectric elasto-
mers for integrated user interaction
: ; P E— First pub-
Authors Sebastian Gratz-Kelly, Mario Cerino, Danle?l Philippi, Dirk Géttel, Author 3.1 lished
Giinther Schultes, John Heppe and Paul Motzki
journal | Materials, MDPI, 2024
Title Gesture and force sensing based on dielectric elastomers for an in-
telligent glove in the digital production First 10 pub-
Authors Sebastian Gratz-Kelly, Daniel Philippi, Betina Fasolt, Sophie Nalbach, Author . lished
Paul Motzki
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journal Measurement technology — methods, sensors, systems, and applications,
De Gruyter, 2024
Title Ensemble Learning Approach for Advanced Predictive Modelling
of Biometric Data and Action States with Smart Sensing
- . S d b-
6 Tajbeed A. Chowdhury, Sebastian Gratz-Kelly, Eric Wagner, Paul econ 34 pu
Authors . . Author lished
Motzki and Martina Lehser
journal | IEEE Access, 2024
Title An experimental parametric analysis of the acoustic response in di-
electric elastomer loudspeakers
- - - - - Second pub-
7 Saverio Addario, Sebastian Gratz-Kelly, Gianluca Rizzello, David 2.3 .
Authors ) ) Author lished
Naso, Giacomo Moretti
journal Journal of Vibration and Control, Sage Journals, 2024
Title Concept studies and application development of textile integrated
dielectric elastomer sensors for smart shoe technologies
; . -~ : _ Second -
8 | Authors Andreas Meyer, Martm Wagner, Sebastian Gratz-Kelly, Sophie Nal 1.0 pub
bach, Paul Motzki Author lished
journal Measurement technology — methods, sensors, systems, and applications,
De Gruyter
Title Textilbasierte Assistenzsysteme auf Basis intelligenter Materialien:
Effizienzsteigerung in der Kiihlmittelpumpenmontage under
9 . Auth - .
Authors | Sebastian Gratz-Kelly, Paul Motzki uthor review
Book Assistenzsysteme fiir die Produktion, Carl Hanser Verlag GmbH
Title Textilbasierte Assistenzsysteme
: . under
10 | Authors | Sebastian Gratz-Kelly, Tajbeed Chowdhury, Paul Motzki Author “ | review
Book Assistenzsysteme fiir die Produktion, Carl Hanser Verlag GmbH
Title Audio-Tactile transducer device based on dielectric electro-active
- b-
1 elastomers - patent Inventor ) Pu
Authors Giacomo Moretti, Sebastian Gratz-Kelly, Marco Fontana, Paul lished
Motzki, Gianluca Rizzello, Stefan Seelecke
1.3. State of the art

The basic functionalities of DETs can be divided into sensor, actuator and generator working
principle. In the following, a selection of literature is shown that illustrates the applications of
DE:s in the sensor and actuator field. Based on these two basic functionalities of DETS, a further
level of multifunctionality is developed in this thesis. The only state-of-the-art concept that pro-
vides multifunctionality for DEs is self-sensing, where simultaneous activation and sensing of the
DE element is possible. An overview of the self-sensing literature is given in section 1.3.1.3.

Building on the basic DE applications, textile-integrated sensor and actuator solutions as well as
feedback elements are additionally presented, as representatives of interaction elements. The fo-
cus will be on the general textile integration of sensors and actuators (1.3.2.1), the integration of
DE-based elements (1.3.2.2) and specifically DE-based haptic elements and loudspeakers
(1.3.1.4). In addition, human-computer interaction assistance tools are supplementary considered.




1.3.1. Dielectric elastomer transducers

1.3.1.1. Dielectric elastomer transducers as sensors

DE sensors (DES) can be used in different applications. Mainly the use as force sensors is focused
in the literature, as DETs are, due to their high stretchability, directly suitable for the use as strain
sensors. To develop strain sensors mainly the manufacturing process (e.g. [25], [26], [27], [28],
[29]), the integration and the electronic development (e.g. [30], [31], [32]) is scientifically of in-
terest. The single sensor working principle itself is straight forward and only of quiet low scientific
interest, in contrast to more complex sensor systems (e.g. sensor arrays and multi sensor solu-
tions).

Beside the application of stretch sensing, DEs can be used as force or pressure sensors. Due to
the very low thickness of the DE film, the direct force applied to the DE membrane need to be
very high to measure a realisable capacitance change. Consequently, further developments are
required for the use of DETs as force sensors. In [33] the pressure inside a polymeric tube can be
measured by an outer DES membrane applied to the tube. By adding a 3-dimensionsional structure
to the DE electrode [34] shows, that a force applied to the structure can be measured by the DES.
In [35] and [36] a sensor array is developed and characterised. This development enabled the
recalculation of the localisation of the applied force on the DE membrane. In [37] a sensor array
is realised by stacking 4 DES-layers with different geometries and measuring each overlapping
capacitance to detect the pressed sensor area. In [38] a force sensor is realised by using lithium-
chloride solution as electrode. ([39], [40]) developed a multi-axis compressive sensor, based on
DEs and ([41], [42]) uses micro pores to realise pressure-sensitive DES. [43] instead uses a mul-
tilayer DES with a substrate, to increase the sensitivity. In [44] a 6-axis force/torque sensor is
developed.

1.3.1.2. Dielectric elastomer transducers as actuators

DE actuators (DEA) are used in many different application fields. For an overview of the main
fields in which DEAs are used in the literature, some publications are listed in the following. In
[45] and [46] general applications of DEAs are shown and compared. One main application field
for DEAs are soft-robotic use-cases. For soft-robotic applications different review papers ([47],
[48], [49], [50], [51]) and many research papers are published (e.g. [52], [53], [54]). A similar
application of DE actuators are artificial muscles like shown in [55] which can be also used as
robotic muscles [56]. Another application field of DEA systems are high frequency actuators
([571, [58], [59]) and the controlling of vibrations at high frequency [60]. DEAs can be used for
direct linear actuation ([61], [62]) as well as for more complex movements, like for three and two
dimensional soft grippers ([63], [64], [65], [66], [67]), pneumatically supported grippers [65] and
suction cup grippers ([68], [69]). Dielectric elastomers are particularly suitable for pumps, due to
their flexible and high-frequency controllability. There are applications for micropumps ([70],
[71]), fluid pumps ([72], [73]), pneumatic pumps [74] and stretchable soft pumps ([75], [76],
[77]). Additionally, DEAs can be used as valves ([78], [79], [80], [81]) and for contactors ([82],
[83]). A further very important application of DEAs are haptic and tactile elements and textile
integrated feedback elements, some examples are shown in section 1.3.2.1 - Conventional textile
integrated sensor and actuator solutions and 1.3.2.2 - EAP based textile integrated Elements.
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1.3.1.3. Self-sensing applications of DETs

In the state of the art, DETs are only used multifunctionally due to the self-sensing effect. [84]
proved that the functional principle of self-sensing for DEAs works. In [85] the self-sensing effect
is used to realise stiffness control of dielectric elastomer actuator based soft robots. In different
papers, the self-sensing is used to operate DEAs in close looped control ([86], [87], [88], [89]).
The self-sensing algorithms are differentially realised, by models [90], online estimation algo-
rithms [90], [91] or neural networks [92], [93] for example.

With the presented work a complete new multi-functionality of DEAs is developed, which is not
included in recent literature. The self-sensing capability can additionally be integrated into the
range of functions of the here developed DE actuators, which is presented in section 3.4.

1.3.1.4. DET based haptic and acoustic feedback
Beside specific separated sensors and actuators, general architectures of haptic elements and
loudspeakers based on DETs have already been described [18]. In Figure 1.4 exemplative pictures
of, in literature developed, loudspeakers and haptic feedback prototypes are shown.
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Figure 1.4: Exemplative EAP based loudspeakers and haptic transducers ((a) [94]; (b) [95]; (c) [96];

(d) [971; (e) [98]; (F) [99]; (2) [100]; (h) [101]; (i) ([102], [103]); () [104]; (k) ([105], [106]); (T)
[107]).

The development of DET-based loudspeaker is advanced by the SRI international (Standford
Research Institute) of the Standford university [94], [108]. The Fraunhofer institute with the tech-
nical university Dresden developed a loudspeaker driven by a core-free rolled DEA [99]. The
chair of Elektromechanische Konstruktionen of the Technical University Berlin lead by Jiirgen
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Maas studied the acoustic performance of buckling DEA transducers [96], [98], [109] and the
chair of Mikrotechnik und Elektromechanische Systeme from Technical University of Darmstadt
showed an alternative design concept of a DEA-loudspeaker and customized electronic [110].
Furthermore, [97] showed an antagonistic structure based DE loudspeaker and in [100] a flat
stacked DE structure is characterised. Additionally, in [95] a hemispherical preloaded dielectric
elastomer loudspeaker is developed.

In the literature, EAP based haptic and mainly tactile elements are developed by different re-
searchers and research institutes. For example, a fluidic preloaded haptic transducer is developed
by researcher from research centre E.Piaggio at the University of Pisa [101]. The Sungkyunkwan
University of South Korea developed a soft actuator-based microarray and a haptic display with
sensing capability ([102], [103], [104]). In [111] a piezoelectric device for tactile rendering is
shown, ([105], [106]) are using rolled actuators to provide force-feedback developed by the Swiss
federal laboratories for materials. The école polytechnique federal de Lausanne (EPFL) developed
low voltage supplied haptic transducers, described in [107].

Several works, in the past, exploited the dynamic behaviour of DEAs (e.g., resonant behaviours)
to enhance the actuation performance [112]. Among others, Shresta et al. [113], developed a trans-
parent resonating-cavity sound absorber, whose absorption bandwidth can be tuned changing the
voltage of a microperforated wall made of DEs. Linnebach et al. [114], used the mechanical res-
onance of a cone DEA, to maximize the continuum flow delivered by a fluidic actuator driven by
the DEA and a coupled of check valves. Cao et al.[115], developed a wing mechanism capable of
flapping strokes over 30° driven by a resonant double-cone DEA. At the same time, other works
investigated the high-frequency continuum dynamics and modal response of DE membranes and
identified potential applications in the fields of morphing optics, conveyors, and vibration control
([116],[117],[118], [119]). However, the present work represents the first attempt to concurrently
exploit different eigenmodes of a same DE membrane, to produce multiple outputs, and it is the
first work in which multiple actuation outputs are achieved via a single functional DE unit, which
is protected by a patent [120].

1.3.2. Textile integrated sensor and actuator solutions

1.3.2.1. Conventional textile integrated sensor and actuator solutions

The general integration of smart sensors and actuators as well as smart elements is compared and
described in different review papers. A range of applications is considered, including vibrotactile
feedback, skin stretch or kinaesthetic feedback, artificial muscles and therapeutic compression.
The elements are compared and evaluated in terms of their textile integration capabilities and
working principles ([21], [121], [122]). A further important aspect for textile integrated and wear-
able systems are the integration of electronic and microelectronic systems into the garments [123].
Especially for sensing applications, in actual research, many further systems and technologies are
included into textiles, including pressure, humidity, wetness or spectroscopy sensors ([124],
[125]). A wide variety of energy harvesting and accumulation methods, as well as the use of the
accumulated energy, for textile integrated functional materials, are shown in [126].



1.3 Introduction - State of the art

1.3.2.2. EAP based textile integrated Elements

More specifically, in literature textile-integrated and wearable EAP based sensors and actuators
are presented and compared ([127], [128]). In Figure 1.5 exemplative pictures of, in literature
developed, textile integrated prototypes are shown.

Different scientific institutes in the field of electro active polymers contribute to textile integrated
sensor and actuator systems. A significant number of institutes have published various integrated
sensor-based textiles. For instance, the Biomedical Engineering chair at the Department of Indus-
trial Engineering, University of Florence, led by Federico Carpi, has developed biomonitoring
textiles ([129], [130]).The biometrics laboratory of the Auckland bioengineering Institute led by
lain Anderson ([131], [132], [133]) showed the monitoring of human kinematics trough highly
stretchable strip shape DE sensors, integrated into or onto garments. The Harvard’s micro robotics
laboratory lead by Robert J. Wood [134] developed textile-based stretch sensors. The Kyushu
Institute of Technology under Tom Shibata [135] developed integrated motion capturing. Further-
more, flexible and textile integrated actuator structures are developed and published by different
institutes, like hydraulically preloaded electrostatic wearables by the soft transducers lab of the
EPFL lead by Herbert Shea [23] and haptic communicators by the mentioned micro robotics la-
boratory of Harvard University ([19], [20]).

Elastomeric
capacitive
sensors

Silicone strain
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Coax cable
connection to
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Central data
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Figure 1.5: Exemplative EAP based textile integrated elements ((a) [19]; (b) [23]; (c) [129]; (d)
[131]; (e) [134]; () [132]).
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1.3.3. Human-computer assistance tools

In the literature assistance tools for many different areas, like industry and manual assembly
[136], [137], [138], health care [139], [140], [141], sport and movement [142], [143], [144] as
well as support for elderly people [145], [146] are under investigation.

The HMI sector has already, since almost two decades, a high impact to the science and economy
[147]. One specific application area are textile integrated senor and actuator systems. In appendix
A.1 exemplative different solutions for a smart glove as one possible HMI assistance tool are
shown. Only the solutions for this sub-area of human assistance tools have already over 50 prod-
ucts which are in a development state. This shows the high interest in that area and the potential
of further development of actual solutions. It is evident that only a limited number of the solutions
under consideration incorporate sensors and actuators. However, none of these solutions are char-
acterised by a combined and integrated approach for sensor-actuator systems..

This treatise proves that DE technology enables multi-functional integrated solutions. Sensor,
actuator and loudspeaker abilities are integrated in one element. The literature examples present
the broad range of applications, as well as the scientific and technological interest. Many more
examples, prototypes and devices can be found in the literature and may be under investigation.
The examples shown serve to illustrate and clarify the most important development areas and
application fields.

In comparison to all realisations here presented and further developments in current literature,
the multifunctionality, which is achievable with DEAs, is a completely new investigation field.
The basic developments and characteristics are shown, as well as how the multifunctional DEA
elements and the required peripheral systems can be integrated into textile-based feedback and
communication elements. While originating from the same background as the above-mentioned
works, the presented work adds for the first time simultaneous multifunctionality of smart DE
based solutions on top of user interfaces and wearable devices.
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2. Fundamentals

lectro active polymers are a class of functional and intelligent materials which respond

to an electrical stimulus with a large displacement. EAPs are divided in two main

groups, ionic EAPs, where the motion is based on a migration of ions, and electronic

EAPs, where the motion is imposed by an attraction of loads due to an electric field.

The ionic EAPs can be divided in several subgroups, ionic polymer gels (IPG), iono-
meric polymer-metal composites (IPMC), conductive polymers (CP), carbon nanotubes (CNT)
and electrorheological fluids (ERF) ([148], [149]). Electronic EAPs can be separated in ferroelec-
tric polymers under which electrets can also be counted, electro-strictive graft elastomers, electro-
strictive paper, electro-viscoelastic elastomers, liqid-christal elastomer (LCE) materials and die-
lectric EAPs ([149], [150]).

The EAP technology gained high research interest with the work of Pelrine and co-workers at the
end of the 20" century ([15], [16], [151], [152], [153]), even though W.C. Rontgen already de-
scribed the principle over 100 years earlier ([154], [155]).

Among the electronic EAPs especially soft dielectric EAPs, also referred to as dielectric elasto-
mers (DEs) (or dielectric elastomer transducers (DET)), show promising functional properties and
can be tailored to very different sizes and shapes [156].

2.1. Dielectric Elastomers

As mentioned before DEs are a sub-group of electroactive polymers and are based on an elastic,
dielectric polymer (mostly silicone, acrylic, polyurethane or natural rubber) and a compliant elec-
trode (carbon black or metal particle in silicone for example). DEs can work at a high strain rate
(up to 300 %) and have a high energy density (>8MJ/m?), they are lightweight, mechanical robust,
scalable and have a high electro-mechanical coupling efficiency (>90%) ([157], [158]). With
these advantages DEs are predestined for wearable and textile integrated applications.

2.1.1. Electromechanical working principle

By applying a voltage between the two compliant electrodes of the DE, the induced electrostatic
force compresses the elastic DE membrane in the thickness direction and produces an expansion
in the lateral directions. In Figure 2.1 the basic structure and working principle of a DET is shown.

DEs can perform two basic functions, namely actuation and sensing. These two functional prin-
ciples can be performed with the same DE structure and simultaneously. Furthermore, due to the
use of an inverse working characteristic of the DET actuator principle, energy can be generated.
The high-voltage actuator signal can be used as sensing signal, enabling the actuator to self-sense
(direct measurement of the DE state without using dedicated sensors) the system state.

13
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Dielectric elastomer
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Figure 2.1: Functional principle of DEs as actuator (left) and sensor (right) with application and
working fields.

2.1.1.1. Sensor
With the basic structure of the DE in Figure 2.1, by applying an external force or stretch to the
DE, the thickness is reduced, and the area of the electrode is increasing. With the increasing of
area and the decreasing of thickness, the capacitance C of the DE will increase:

A
C=£0-£r-L— (21)
Z

& 1s the void permittivity, &, is the elastomer relative permittivity (around 2.7 for silicone), 4 is
the area of the electrodes and L, is the thickness of the dielectric between the electrodes. Due to
the incompressibility of the dielectric, the volume of the DE remains constant (V; = AL, -
AyLy o - AzLy ). For a free space uniaxial deformation in x-direction the deformation can be ex-
plained with an equal-biaxial deformation in the yz-plane, resulting in 4, = 4, and equation 2.2

for the capacitance change

L 'L A L '0 AO
C0) = eoer—p— = éocr - /lyLyo Lyo
zZ Z-Z, z,

The capacitance change due to an external force with a clamped specimen can be described with

“AxLyp = &o&r Ay = Co - Ay (2.2)

equation 2.3 (for a stretch in x direction and pure-shear kinematics 4, = 1)

Ly-Ly Lyo A® 2
C(x) = e, L = &y&r -m ALy = sosrTi A" =0Co - Ay (2.3)
and equation 2.4 for a stretch in thickness direction z, with equal-biaxial deformation in the xy-

plane (4, = 1)

1 v, 1

_ 1
2-ZLZ,O

C(z) = go&r - 2-xLx,O/lyLy,O ) 7 (2.4)
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The capacitance for a load in x respectively z direction can be qualitative described as shown in
Figure 2.2.
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Figure 2.2: Qualitative capacitance changes due to different kind of deformation for an initial capac-
itance.

For the deformation in x direction the behaviour of the capacitance is influenced by the geometric

assumption of the deformation of the DES (see equation 2.2 and 2.3). The relationship between
stretch and capacitance depends on the deformation kinematics of the sensor, which in turns de-
pends on the geometry (e.g. aspect ratio), constraints and loading conditions to which the sensor
is subjected. Therefore, the real deformation is not linear and in a real case the capacitance change
lies between the two described kinematics of pure-shear and uniaxial deformation (by assuming
A, = 1 the capacitance would not be influenced by the deformation).

Furthermore, beside geometrical considerations the capacitance of a DE cannot be modelled just
by assuming an ideal capacitive behaviour. The relatively high and deformation-dependent re-
sistance of the compliant electrodes influences the electrical behaviour of the DET ([26], [28]).
The equivalent circuit diagram of a dielectric elastomer is accordingly, in a simplified way, a
capacitance in series with a resistor. The parallel membrane resistor R,, accounts for the DE con-
ductivity of the dielectric. For silicone based DEs, with a thickness of several um to several 100
um and dimensions in the centimetre range, the parallel resistance is in the order of several mega
ohm and can be neglected, even for relative long actuation cycle times like several seconds. In
Figure 2.3 the resulting equivalent circuit of a DE sensor is shown.

The serial resistor of the DE R; is representing the surface resistance of the flexible electrode and
the contact resistance of the electrical connections. The serial resistance for the carbon black elec-
trodes, used in this work, is in the region of several kilo Ohms (for centimetre scale DEs) depend-
ing on the geometry and the manufacturing process. The capacitance of an ideal DE can be cal-
culated by the geometry through equation 2.1. Due to the relatively high resistance of the electrode
material, a real DE cannot be adequately modelled with a simple RC circuit. The DE must be
considered as a transmission line due to the high resistance, rather than as a pure parallel
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connection of capacitances. A better representation of the real DE can be achieved by cascading
more RC circuits in parallel [159], [160].

: |
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Figure 2.3: Equivalent circuit of DE sensor with a cascade of RC circuits. The parallel resistor is
negligible (MOhm range); to reproduce real DEs, a cascade of several series circuits of R and C is
necessary.

[159], [160]For a model of 3 RC elements like in Figure 2.3 the impedance can be calculated for
symmetric model values (Rpg; = Rpgz = Rpgz and Cpg1 = Cppy = Cpgz ) with:

1 2R __ 1 _
1| pyfecuZcz
jwC —2_+2R

jwC

2R 1

j 2c2
‘Lc+ R+1“)27w6
Jw ——+2R

jwC

ZDE=R+ (2.5)

With equation 2.5 it is clear that even for a relatively easy assumption for a DE model, with just
3 separation levels, the electrical behaviour of a DE is not trivial. The intricate electrical charac-
teristics of the DE present a challenge when attempting to accurately measure its capacitance
through electronic circuitry. With that in mind the measured capacitance, with normally used
measurement equipment (which is accurate for an ideal capacitance), of the DE is just an approx-
imation of a simplified DE model.

2.1.1.2. Actuator

With the same structure as described in Figure 2.1 a flexible electromechanical drive can be re-
alized. The actuator mode functions by converting electrical energy into mechanical work. For
that a high voltage (HV) is supplied to the compliant electrodes and the flexible capacitor is
charged. The opposite charges of the HV and the GND electrodes attract each other and lead to a
thickness reduction of the DET. Due to the incompressibility, the reduction in thickness causes
an increase in the lateral direction. The maximum appliable voltage is limited by the maximum
breakdown voltage of the material. For silicone the maximum filed is in normal conditions around
80— 150 - and can be increased up to 350 -~ for acrylic DEs (with tolerated maximum of 440-7)

[18]. In practical applications, for silicone the maximum usable field lies at the lower band and
actuators are normally used until 80 — 90ulm. The force of the electro-static field between the two

electrodes is depending on the applied voltage U and can be described with the mechanical energy
W, of a plate capacitor by equation 2.6:

Wy = F -dL, =5 U%dC. (2.6)
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The force depends on the variation of the capacitance of the DE. By deriving equation 2.6 the
force can be described with:

dc d 1 —2L,0°
1 1 1 z,0
F=lvr—=lyc,- —— =1y?c,—2> 2.7
2 dLZ 2 0 dLZ AZZ 2 0 LZ3 ( )
for small variations in thickness (L, = L,,), equation 2.7 can be converted to the compressive
force
C
F=-U2-"", (2.8)
Lz

The Maxwell-stress ™% is the compressive stress induced by the electric field E and can be
described from equation 2.8 with

Max — Aioz — 22::2 = —gog, - E2. (2.9)
The induced force, and so the induced stress, are depending on the relative permittivity of the
elastomer material and quadratically dependent on the applied electric field. Therefore, to increase
the performance of a DEA, the maximum electric field and the permittivity of the material should
be increased. For those two parameters, acrylic DEs have better properties compared to silicon
(permittivity around 80 % higher and maximum electric field around 20% higher) [18]. But sili-
cone provides much smaller mechanical losses, due the lower mechanical hysteresis, and a much
better long-time performance which leads to a more reliable, stable and repeatable actuator be-
haviour.

o

With the Youngs modulus of a material (Y) the stress can be used to calculate a resulting strain
(Sx,y,2)- In the thickness direction the strain can be calculated from equation 2.10

—&g&, - E?
S =—T (2.10)
z Y
With the Poison’s ratio v the strain in x direction can be expressed by [86]
go&y - E?
&=v£%7__ (2.11)

Only the material parameters (permittivity and Youngs modulus) and the applied electric field
are decisive for the free displacement of the DEA. For these parameters a qualitatively depend-
ency from different environmental conditions and different working areas can be found in various
publications ([27], [161], [162], [163], [164], [165], [166]).

With the low strain and low force provided by a single DEA actuator, a sufficient actuation is not
achievable. So, it is necessary to increase either the strain or the force of the DE. There are two
methods to increase the output performance of a DEA. Firstly, the actuator configuration can be
modified (e.g. stacked actuators). Secondly, a biasing mechanism, which acts mechanically in
parallel to the DEA, can be employed in order to reduce the initial stiffness of the DE element
(see section 2.3.2.2 and A.3).

The main configurations of DEAs are either the thickness change of the dielectric (higher force

but very low deformation) or the stiffness change of the actuated membrane to generate a lateral
movement. This results in two main DE configurations, namely ‘thickness changing’ DEAs and
‘membrane-stiffness changing’ DEAs (Figure 2.4).
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Figure 2.4: Actuator configuration principles (a) stacked actuator with thickness actuation, (b) mem-
brane actuator in plane direction (c) membrane actuator out of plane direction (d) rolled actuator ()
tube actuator.

2.1.1.3. Loudspeaker

With the same functional principle of the DEA, the actuator (which is mainly used for haptic
feedback, in the context of user interaction) can be stimulated for higher frequency responses.
Since a loudspeaker is a transducer which converts electrical energy into mechanical energy,
DEAs fit very well to this application. To generate an acoustic signal with a DEA system, two
main principles can be used. One solution is to replace the classical drive for a conventional loud-
speaker and realise it via DEAs with a corresponding biasing mechanism. The air pressure waves
are in this case generated by the movement of a conventional diaphragm, which is moved by the
DEA (high forces needed). The other option is to use the DE membrane itself to produce the
sound. This can be done either by the well-known movement of the DE in an out-of-plane defor-
mation. This loudspeaker principle works in a similar way as in standard loudspeakers with a
diaphragm. To generate a high sound amplitude this kind of speaker works only in relatively low
frequency ranges and on a relative small bandwidth. To increase the frequency and the bandwidth,
the biasing element must be adapted and many DE layers are necessary.

Another principle to use the DEA directly for sound generation, elaborated in the context of this
work, is to make uses of structural vibrations of the DE membrane.

In literature, the preload of the membrane to generate a higher sound pressure is mainly realised

by either mechanical biasing or (more often) by fluidic preloading ([94], [95], [108], [167], [168]).
Using structural vibrations (rather than a pumping out-of-plane motion) for sound generation
leads to several advantages. On the one hand, this allows the loudspeaker to be used in a fixed
geometric configuration. So, no biasing element is necessarily needed. Another advantage of this
principle is that the out-of-plane movement can be used to induce a motion or force, independent
of the sound generation. This principle is explained in better detail in chapter 3.2 (Audio-tactile
feedback DET). The basic functional principles of the three different loudspeaker realisations are
shown in Figure 2.5.
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Figure 2.5: Different configurations and working principles of DEA based loudspeaker. (a) conven-
tional loudspeaker with DEA based drive, (b) DEA membrane as driving unit and Diaphragm and (c)
structural membrane vibration with mechanical or fluidic biasing.

Vibration of a stretched membrane

For the multi-functional elements described and developed in the following, mainly the structural

vibrations are important. For this reason, the following section takes a slightly closer look at the
vibration of membranes. For a more detailed explanation of the acoustic behaviour of loudspeak-
ers and membrane vibrations, further literature is available on which the following elaborations
are based ([169], [170], [171]).

For the prototypes developed in this thesis, the considered DEA layout is a circular out-of-plane
topology, preloaded with a constant out-of-plane deformation (compare section 3.1.1 (DET feed-
back-element topology)). Based on this example, the following refers to vibrations on a circular
membrane, as these are of practical interest for understanding structural vibrations in the consid-
ered DET topologie. Different to traditional dynamic cone loudspeakers, where the sound is pro-
duced by a pumping motion of a rigid diaphragm, the structural mode characteristic of the DEA
leads to a sound as result of membrane vibrations. A differential small part of the membrane is
considered in Figure 2.6.
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Figure 2.6: Elementary part of a vibrational membrane with acting and resulting forces (c.f. [170]).
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By assuming a pre-tensioned membrane with the pretention force { - dl and the tension {, the
vertical force ¢ - dz can be calculated for a configuration like in [170] with:

car=clay((3),, - (2) )+ ex((3), (), )|

2
With Newtons law { dz = p dx dy % and the wave speed ¢? = %equation 2.12 can be written

y+dy

with the Laplace operator V? as

9%z
2, 17 <
VZ_C_ZatZ (213)
The propriated wave equation in polar coordinates (r , 8 ) can be written as
8§27 1% 1 622 1 622 (2.14)

&2 T or 17 902 et
With equation 2.14 and the solution z = 1) - e/®t the Helmholtz equation for a circular membrane
fixed at the edge in cylindrical coordinates can be formulated as follows

oy 10 1 0%
N N TE
Applying the separation of variables method, the spatial variables s (function only of the position)
can be expressed as ¢ = Q(r)08(9) and assuming 8 smooth and continuous function (here a sinus-
oidal function) the Helmholtz equation can be recast as a Bessel equation. The substitution of ¢
with the product of 6 and Q leads to an equation, which is on one side a function of r and on the

other side of the equation a function of ¥ alone. This equation can be just solved if both functions

+ k%P =0 (2.15)

are equal to the same constant [170]. Assuming this constant to m? lead to

o %%+(k2—7:—22)!2=0 (2.16)
with the angular wavenumber k = 2. Solutions of this equation are Bessel functions with order
m. For finite displacement across the origin, the solution just contains Bessel functions of the first
kind (J,,(kr)) and for physical motions, the real part of the solution is needed. With n as the
number of zero crossings of the Bessel function (J,,,(kr) = 0), we get a solution in a structure

like [170], [172]:

Ymn (1, 60,t) = Apn Jm(kmn?) - cos(m + apy) cos(@mnt + Bmn)- (2.17)

Ymn are resulting mode shape functions of the (in this case) circular membrane. The correspond-
ing (natural) frequency f of the specific shape can be calculated with

f c
mn — "mn 2T

In Figure 2.7 some vibrational modes of a circular membrane with number pairs (m, n) are shown,
m is the number of radial nodal lines and n determines the nodal circles of the vibration schema,

(2.18)

with associated vibration frequency expressed in terms of the fundamental frequency f, [170].
The vibrational modes can be measured for pre-stretched cone DEAs with a test setup presented
in section 2.1.3.3, the measured vibration modes are shown in 3.2.1.
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Figure 2.7: Normal modes of circular membrane with 180° out of phase vibration (red -green areas)
separated by nodal lines. Frequency dependency of vibration, increasing for every nodal line (c.f.
[170]).

High frequency voltage driven vibrations in DEs

A high frequency excitation of a DE membrane will result in structural membrane vibrations,
comparable to the theoretical vibrations of a circular membrane in Figure 2.7. In different publi-
cations, the vibration of DE membranes where modelled [59], [173], [174], [175], [176]. In [59]
Moretti et al. presented a coupled multi-domain model for COP-DEAs, with electro-mechanical
interaction and the interaction with the acoustic domain. Therefore, they presented a fully-coupled
model, which considered a three-dimensional membrane element like in Figure 2.8.

The basis for modelling the DEA with an axial-symmetric membrane, is the generalised Mooney-

Rivlin hyper elastic model ([177], [178]) which is extended by the electrostatic energy density,
induced by the DE actuator properties [176]. The fully-coupled model (Figure 2.8) combines the
electro-elastic model of the DEA, with the response to the surrounding acoustic domain. With
reference to a non-linear model of the COP-DE (with assumptions described in [175]), the mem-
brane’s deformation kinematics is described by finite superimposed mode shapes. The mode
shapes describe approximately the deformation pattern of the membrane for different frequency
ranges.
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Figure 2.8: (a) Block-diagram structure of the coupled model (b) undeformed and deformed DE
membrane and (b) COP-DEA discretisation for modelling (c.f. [59]).

[177], [178][176][175]With the procedure in [59], by using the Helmholtz equation, the equation
of motion of the DET membrane can be expressed in the compact form (compare [175])

Myd+ Dyi + ky(a) = hy(@)U? (2.19)

with the modal coordinate a, My and D, as mass and damping matrices and k, and h, as deriv-
ative of the elastic potential energy of the system and the capacitance of the DE. The modal coor-
dinate a allows the mapping of the points on the DE surface, with a linear relationship. k, and h,
can be calculated by a physical-based model of the DET, with the parameters of the hyper-elastic
material (elastic potential energy and capacitance in [175]).

2.1.1.4. Generator

Besides the operation as a sensor and actuator, DEs can be used as generators. In Figure 2.9 the

working principle of a dielectric elastomer generator (DEQG) is presented. The working principle
of a DEA can be reversed, and mechanical energy can be converted into electrical energy. In [179]
a review specifically on dielectric elastomer generator systems is presented. The descriptions and
explanations in the following are based on this literature.

The operation principle (Figure 2.9) consists of the following steps:

(1) The DEG is undeformed and electrically unloaded.

(2) By an applied mechanical force to the DEG the area expands and the thick-
ness decreases. The capacitance increases from Cj,,, (initial state (1)) to
Chign With Cioy < Chign.

(3) A voltage U;, and a charge Q;, = Chigp - Ui is applied to the electrodes of
the DEG.

(4) The mechanical force is reduced and the DEG is moving back to the initial
geometry due to the elastic behaviour of the material and/or the external
forces. The capacitance decreases to Cj,,, again and the charge is removed
from the electrodes.

(1) the DEG is in its initial configuration and the cycle starts from the beginning.



2.1 Fundamentals - Dielectric Elastomers

charge voltage

> > N
@ o/
S s ®
CIow Chigh i
cnargé Q ®® Charge Q

n
E

optimal !‘riangle 0 field

@ Clow @ ) 5 @ \

3 X

C
o
=
-
[e]
(=4
-
mal
3
(0]
o
o0
Voltage V
Voltage V

@ ®® Charge Q ®® Charge Q
(a) (b)

Figure 2.9: Working principle of DEG (a) energy harvesting cycle (b) different working schemes
(CC, CV, OT and CE cycle).

DEGs can work in different (electrical) conditions, for the mechanical release (phase 4) of the
energy harvesting cycle. Depending on the conditions (controlled voltage, charge), the transduced
energy can be increased. In Figure 2.9(b) 4 main control cycles are presented. The 4 schemes are
constant charge generator (CCG), constant voltage generator (CVG), optimal triangle generator
(OTG) and constant electric field generator (CEG). The CEG method is the most effective ap-
proach, as it enables operation near the material's breakdown voltage, during the entire relaxation
phase (Phase 4). However, its practical implementation is, due to the needed complex electrical
circuit, challenging. For CCG the principle of the DEG is easy to understand. The charge stored
in a capacitor is defined by (compare equation 2.6)

Q=C-U (2.20)

If the charge Q stays constant during the phase (3) — (4) (CCQ) the voltage increases. The output
voltage can be described as

Chi,
Upur = C’::‘],:l Uin (2.21)
The stored energy in the capacitor E,; can be calculated by
EeIZ%Q'U- (2.22)

For CCG conditions that leads to a generated energy (Egep ) of

1 1/(Chi 1 Chi
Egen = 3WUout = Uin)Q = 5 (222 Uy, = Ui ) UinCiign = UinCrign (222 = 1) (223)
For constant voltage at the relaxation phase of the DE, charge gets pumped in the reservoir and

the generated energy can be calculated with:

Egen = %(Qout = QiU + Epecn = %AQU +AQU = %ACUZ (2.24)
where E,,ccr, 1S the mechanically induced energy.
In Figure 2.9 the generated energy is graphically shown. In all the conditions the maximum field
strength of the DEG cannot be extended, that leads to a loss in convertible energy for CCG and

CVG as compared to CEG. A control circuit that facilitates the interchanging of voltage and
charge (e.g. controlled charging of a storage capacitor) with specific values of the storage
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capacitor and the maximum input voltage, results in cycle phase 4 becoming tangential to the Q-
V curve. This enhances the energy conversion efficiency in comparison to CCG and CVG, due to
the expanding area of the energy plane (optimal triangle - OTG, as outlined in [179]). The highest
convertible energy can be reached, if during the complete phase (3) — (4) the maximum field
strength is applied to the DEG, but this needs more complex electronics.

Energy harvesting is especially interesting for wearable and textile integrated DE solutions. With

this principle it is achievable to transduce the moving energy and potential energy of a human for
instance to produce electrical energy (Figure 2.10).
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Figure 2.10: Human motion energy harvesting with DEGs for (a) shoes based on inflatable DEG
[180] (b) shoes based on stacked DEGs [181] and (c) knee articulation [182] (c.f. [179]).

With this approach, it is conceivable to use the DE completely autonomously as a sensor and
actuator and to provide the required energy by utilising the DEG functionality. In literature there
are some examples to use DEG in wearables and mainly in Shoes, where a maximum power of
around 4 W could be obtained [179]. In [180], [181], [182] different concepts of energy harvesting
based on DEG in Shoes or wearables are presented and shown in Figure 2.10.

2.1.2. DE manufacturing

There are many fabrication processes available and in use to produce DEs. For carbon-based
electrodes, the most common methods include pad printing, blade casting, spray or spin casting,
and screen or inkjet printing ([183], [184], [185]). The manufacturing process for the DEs utilised
in this elaboration is screen printing.

In all tests described in this work, the source material is Wacker Elastosil 2030 silicone film with
50 pum thickness. In Figure 2.11 the manufacturing process is shown in a schematic view.
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Figure 2.11: manufacturing steps for DE fabrication including electrode material and silicone film
preparation, screen-printing process, breakdown test, stacking and clamping of the produced actuator.

The silicone film gets pre-stretched prior to the printing process and fixed to a metal frame.
Mounted on the metal frame, the film can be handled easily and can be put in a semi-automatic
screen printer (compare Figure 2.12). Through a sieve with the geometry of the desired DE, the
self-made electrode mixture of polydimethylsiloxane (PDMS; (SilGel 612 by Wacker)), carbon
black (Orion Printex XE2), silicon oil and solvent (e.g. VD 60) is applied to the silicone film.
With the parameter of the screen printer and the material composition, the properties of the elec-
trode (especially the resistance and hysteresis) can be adjusted [26]. After manufacturing, the
electrodes are connected to an electrical conductor and the DEs can be stacked if a multi-layer
layout is desired. In the case of textile-integrated elements, the assembly step can be integrated
into the overall manufacturing process.
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Figure 2.12: Screen printing process with (a) sieve for the DE Design (b) metal frame with silicone
film and (c) examples of possible DE Designs. (d) Maximum electric field strength measurements for
DEAs without pre-stretch.

A main parameter for a working DEA is the maximum breakdown field. This can be tested by
applying a high voltage to the DE electrode until a breakdown of the DE appears (or until the
needed working voltage is reached without breakdown). With the maximum voltage applied and
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the known thickness of the DEA the electric field can be calculated. In Figure 2.12(d) the meas-
ured maximum electric fields for DEA samples without pre-stretch are shown. The maximum
breakdown voltage for the silicone material is given with 80 — 100 V/um from the manufacturer
(Wacker Chemie AG). The measurements in Figure 2.12(d) show that some samples even hold a
higher field strength and that the medium value is approx. 110 V/um. To be sure that the actuators
work for many cycles and under different environmental conditions, the given field strength of 80
V/um should not be overcome. The yield of the manufactured DE actuators can be increased with
a repairing process (see Figure 2.11) described in [186].

2.1.3. DE characterization

During the design process of a DE system, the characterization of the system (e.g. DE force,
biasing, mass, vibration behaviour, capacitance, resistance) is necessary. The physical behaviour
of the DE system must be measured, to validate the system output performance. For sensor, actu-
ator and loudspeaker applications different measurement units can be used. Figure 2.13 shows all
needed components for the different characterisation methods of DETs.
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Figure 2.13: components for a DE characterisation setup. With elements for the control of the sys-
tem, the mechanical or electrical stimulation of the DE specimen and validation/measurement units.

2.1.3.1. Sensors

For sensory applications, the most important value to measure is the capacitance of the DE. In a
test environment a LCR meter is used, to measure the change in capacitance during movement.
The mechanical impression is done by a linear motor, and the force is measured by a loadcell.
With this configuration, force-, linear- and bending sensors can be characterised. Beside the ca-
pacitance, the resistance of the electrodes of the DE has a high impact to the system performance
and can be measured with the LCR meter. The displacement of the specimen is measured by a
laser measuring unit. In Figure 2.14 the used measuring setup for characterising DES is shown.

The integrated DES system can be validated by applying the desired external load (e.g. stretch,
pressure/force or angle of the element) and measuring the capacitance change with the LCR meter
or a specific designed sensing electronic.

The electrical behaviour of the DE must be characterised, to design a sensor system and develop
a specific sensing electronic. The DE is not an ideal capacitor, because of the geometrically dis-
tributed electrode and the relatively high resistance, and cannot be modelled as a simple ideal
capacitor. Figure 2.14(b) shows an equivalent circuit rendering the electrical behaviour of a DES
with cascaded RC elements (compare Figure 2.3).
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Figure 2.14: (a) components for DES characterisation and (b) capacitance and resistance measure-
ment of a real DES and assumed simplified electrical model.

2.1.3.2. Actuators

For the characterisation of the mechanical behaviour of the DE within electrical actuation, a sim-
ilar setup as for the sensor characterisation is used (Figure 2.15). In order to design a DEA, it is
necessary to consider the force-displacement characteristic, particularly in the context of stimula-
tion through the application of different voltages. For that stimulation a high voltage power supply

is required.
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Figure 2.15 components for DEA characterisation.

The characterisation can be achieved with constant voltage (CV) measurements. These studies
are performed by applying the excitation voltage (normally 0 V and maximum allowed voltage)
to the electrodes, where the linear motor is moving from zero position to a maximum strain posi-
tion and back. This measurement can be repeated with a higher number of cycles, to quantify if
the force changes with different cycles. CV measurements are performed for the complete DEA
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system, to see the influence of a biasing element to the system behaviour. With the force displace-
ment characteristic of the DE and the biasing element respectively, the system behaviour can be
validated, and the maximum performance of the system is achievable, by adjusting the biasing
element (see also chapter 2.1.4).

Another characterisation parameter is the blocking force, which is measured under constant po-
sition test (CPT) conditions. During that measurement the stretch of the DE is kept constant, and
the voltage variates cyclically from 0 V to the maximal voltage. With this configuration, the force
output of the DE at a fixed position and the dynamic performed for the complete DEA setup (with
biasing element) can be measured. In Figure 2.15 the needed components for the DEA character-
isation are shown. With the corresponding setup, complete DE elements, with biasing and hous-
ing, can be characterised, whereby the DEA behaviour is validated.

2.1.3.3. Loudspeaker

For the sound quality and intensity characterisation and the validation of vibration behaviour of
the DE, a specific setup is utilised. To characterize the moving and vibrational behaviour of DEAs
for higher frequencies, a 3D laser-doppler vibrometer is used (Polytec PSV-500 3D). The vibrom-
eter measures the doppler shift of a Laser, with the relation between the stationary system and the
moving system, the velocity of the measured point can be determined. With a shift of the focus
point, a 1-dimensional scan can be performed. In the current configuration, a 3D scanner is uti-
lised, comprising three individual 1-dimensional scanners that collectively facilitate the capture
of'a 3D motion image. With this setup the complex movement of a DEA, during higher frequency
actuation, can be recorded. Figure 2.16(a) shows the needed components for acoustic characteri-
sation of a DE based loudspeaker.
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Figure 2.16: High frequency measurement setup for DE characterisation with (a) components of a
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for acoustic measurements.
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In Figure 2.16(b) a schematic drawing of the 3 D laser vibrometer and the DEA specimen is
shown. To measure the sound, directly produced by the DEA, an anechoic chamber is used (com-
pare Figure 2.16(c)). On one hand the chamber illuminates acoustic waves from the surrounding,
which could interfere with the microphone measurement, on the other hand the reflections of the
acoustic waves are reduced. A microphone, which measures the sound/air pressure, is placed at a
certain distance of the DEA. If the DE is driven with specific higher frequency input signals (e.g.
a chirp signal), the SPL of the microphone can be assigned to the respective frequency, and a
frequency spectrum is calculated.

2.1.4. DE Element design and structure

To develop a proper working DE system, it is essential to consider both the properties of the DE
element itself and those of the periphery. In the case of sensors, the critical mechanical and elec-
trical properties are the resistance of the electrode and the electrical connection. The resistor is
mainly dependent on the manufacturing process and the material properties of the electrode. The
contact consists of two components. Firstly, it is important to establish a low-resistance electrical
connection, in order to reduce the contact resistance. This in turn has a direct effect on the capac-
itance measurement of the DES. Secondly, sufficient mechanical contact must be ensured to ena-
ble the required coupling of the sensor to the measuring environment. In Figure 2.17 the main
components for a DES element are shown.

human

DE sensor
data analysis ereing
electronic
Mechanical electrical
connection connection

Figure 2.17: DE sensor element with peripheral elements. The human interaction is sensed by the
DES with a suitable sensing electronic and measurement-based data analysis. The electrical and me-
chanical connection represent the interconnecting level between the DES and the surrounding system

structure.

For membrane actuator structures the main design and developing part is the biasing mechanism
and the layering of different DEA membranes. With the layering of DE membranes, the output
force of the DEA system can be linear enhanced. To realise a layered DEA, a stacking process for
the single elements is needed. Also, the electrical and mechanical connection must be specially
designed for stacking. The mechanical connection of the single DE layers is mostly done by either
glueing of the single elements, screen printing stiff reinforcements around the electrode (e.g.
epoxy) for connection during the DE fabrication or using clamps (e.g. plastic frames). It is essen-
tial for the optimization of the system, to combine DEAs with a proper designed biasing mecha-
nism. Additionally, adapted high-voltage electronics and control electronics are part of the overall
structure of the actuator system. In Figure 2.18 the main components for a DEA feedback element
are shown.
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Figure 2.18 DE actuator element with peripheral elements. The DEA, combined with a suitable high
voltage and control electronic, provides tactile and acoustic feedback to the user. The electrical and
mechanical connection represent the interconnecting level between the DEA and the surrounding sys-
tem structure.

2.2. Human perception

The human nervous system transmits stimuli from sensory receptors to the brain and spinal cord
and sends impulses back to the rest of the body. The two main parts of the nervous system are the
central nervous system (CNS) and the peripheral nervous system (PNS). The nervous system con-
trols the ability to move, breath, adjust heartbeat and perceive sense, as much more. In Figure 2.19
the structure of the nervous system is shown, which also includes the afferent and the efferent

division.
Peripheral Nervous System
Cranial nerves + spinal nerves
Communication between CNS and res of body
Sensory (afferent) division Motor (efferent) division
Somatic and visceral sensory nerve fibers Motor nerve fibers
Conduct impulses from receptors to CNS Conduct impulses from CNS to effectors
Autonomic nervous somatic nervous
system system

Figure 2.19: Structural organisation of the nervous system (c.f. [187]).

The efferent division controls the autonomic (not consciously directed) and the somatic (con-
sciously directed) nervous system. The autonomic nervous system is further divided into the sym-
pathetic (increasing activity e.g. heart rate and blood pressure) and the parasympathetic (decreas-
ing activity and relaxation of muscles) division.
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For the human perception the sensory division, which includes somatic (information from skin,
muscles bones & joints) and visceral (internal information from organs) nerve fibres and transfers
the impulses from the receptors to the PNS and from there to the CNS, is important [187].

2.2.1. Human anatomy — sensory nervous system

The sensory nervous system can sense external inputs via different kind of extero-receptors [188],

which are olfactory sensory neurons (smell), gustatory receptors (taste), photoreceptor cells (vi-
sion), hair cells (auditory system and vestibular system), thermoreceptors (temperature) and
mechanoreceptors which are responsible for force, pressure or fibrillation sensation on the skin.
In Figure 2.20 the structure of the CNS and PNS as well as the neuron structure is shown (mainly
consists of: cell body (soma), dendrites, axons and synapses).
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Figure 2.20: (a) The nervous system of the human body as well as (b) the structure of neurons and
(c) the process of precepting a sensory stimulus [189].

2.2.2. Haptic

The haptic perception of the human works according to the same principle as shown in the pre-
vious section. Haptics comes from the Latin hapticé (meaning “science of touch”) and originally
from the Greek haptesthai (meaning “to touch”) and was originally a medical synonym for tactile.
Tactile is original form the Latin verb tangere (meaning: “to touch”). By the 20'" century the two
words become more separated and developed in a more psychological sense [190], [191].
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Physiologically, haptic feeling is an overall term for the sensation of the skin and limbs, which
includes heat sensation, pain sensation, tactile perception and kinesthetics. As shown in Figure
2.21, the human senses can be divided in mechanical, radiation and chemical group. For a me-
chanical haptic device, the tactile and the kinesthetic feedback are important.
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Figure 2.21: The human sense, including mechanical, chemical, radiation and haptic sensing, and
the haptic sub-group (c.f.[192]). The haptic sub-group contains tactile, kinesthetics, heat and pain
feeling. The sense of balance is located in the ear and represents a hybrid form of haptic and hearing
sense.

The neurons for haptic feeling are in different parts of the skin located ad responsible for different
areas of sensation. The Pacinian corpuscle is responsible for vibrotactile feedback, stimulated by
DEs for instance. In Figure 2.22 the cells are classified according to their position, response rate,
receptor density and detection rate. The kinesthetic perception is the ability to measure force and
position in the 3D space. This is realised by cells in the joints, muscles and tendons (cf. Figure

2.22).
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Figure 2.22: Principle of the tactile and kinesthetic perception (c.f. [193], [194], [195], [196],
[197]).
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To develop a feedback system that targets the tactile receptors and elicits effective perception, it
is necessary to determine the sensitivity threshold of the cells. For this purpose, several user-based
perceptual studies in the field of experimental psychology have been carried out, which show the
just-noticeable difference (JND) and the absolute perceptual threshold (AT) of the human skin.
The AT describes for example the lowest amount of force that a human can detect at a specific
skin area, the JND is the smallest necessary difference of two impulses to detect them separately.
The JND and the AT are in the same order of magnitude and have roughly the same course. In
Figure 2.23 the JND for the force perception and for deflection perception of the human skin is
presented. The threshold is very dependent on the skin area (due to stiffness of the skin and the
density of perception cells) and the conduct of the studies, therefore, the courses are only indica-
tive of quality. For example, the resulted thresholds from Hatzfeld and Werthschiitzky [198] are
about 20 dB higher than from Isar et. al. [199] .

For the design of the DEA mainly the highest values of the force and the displacement, which the
actuator needs to produce, are necessary. These minimum perception values are proportional to
the JND. The JND is also used for other perceptions, like sound and heat or brightness. The per-
ception in the most of these cases is not linear with the intensity of the stimuli but logarithmically.
For this purpose the perception-strength (P) of the human related to the stimulus-strength (5), is
described by the weber-fechner-law of the human sensation as
S
P = a-log (%) (2.25)

where a is a constant depending on the explicit stimulus and sense, and Sy is the stimulation
threshold which refers to the lowest noticeable stimulation [195], [200], [201]. The JND is due to
the behaviour described in equation 2.25 normally presented in decibel (dB).
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Figure 2.23: Just noticeable difference for force and deflection of human skin (c.f.[198], [199],
[202], [203], [204]).

Besides the intensity of the stimulus, the spatial resolution of the stimulus is also dependent on
the mechanoreceptor density. A distinction must be made between simultaneous and successive
spatial thresholds. In Figure 2.24 are the respective space thresholds of the parts of the human
body established, the successive threshold is about a quarter of the simultaneous threshold [205],
[206]. That leads to a much higher actuator density, in the case of timely variant stimuli.
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Figure 2.24: Simultaneous and successive special thresholds of different parts of the human
Body(c.f.[205], [206]).

For the feedback to the user and for the development of textile integrated actuators, which are
completely or partially in contact with the human skin, the mechanical behaviour of the skin is
interesting. The mechanical impedance Z,,, can be described as a mechanical structural resistance

against applied vibrations. Z, can be validated by the applied force F to the structure, divided by the
velocity v

7-=F_F o (2.26)

v
where @ is the reciprocal phase between the force and the velocity. The Impedance is not only
dependent on the force and the velocity but also on the phase between them. The qualitative pro-

gression of the frequency dependent Impedance is shown in Figure 2.25.
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Figure 2.25: Qualitative progression of the Impedance and phase of the mechanical Impedance (c.f.
[202], [207]).

The descriptive mechanical system of the human skin can be modelled by separate lumped ele-
ments, like a spring, damper and a mass. The frequency behaviour of the three elements is shown
in Figure 2.26. In a simple case, the mechanical model can be realized by interconnecting the three
elements. By choosing different values for the mechanical material constants of the model, the



2.2 Fundamentals - Human perception

behaviour of the skin at different areas can be modelled (see [202]). In [207] A. Kern shows a
more complex mechanical model of the human skin, which is adapted to the behaviour of the skin
evaluated by various measurements.
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Figure 2.26: Single mechanical elements (a) and simple model for the human skin (b). As well as a
more complex model of the human skin (c) ([202], [207]).

2.2.3. Acoustic

The acoustic sense of the human converts sound waves in neuronal signals, the PNS sends the
signal directly to the CNS and to the auditory cortex of the brain. The ear itself has 3 main parts
the outer ear (auricle and external auditory canal), the middle ear (eardrum and tympanic cavity)
and the inner ear (cochlea and organ of balance). In Figure 2.27 the structure of the auditory
system is shown. The sound waves reach the outer ear and get forwarded to the tympanic mem-
brane which starts to vibrate. The vibration passes on to the middle and inner ear and the cochlea,
where the stimuli get recorded by the cochlear nerve and send to the CPS [194], [195], [208].

The auditory perception is not linear with the sound pressure P but rather follows a logarithmic
scale and can be described according to equation 2.25. The sound pressure level (SPL) is the
pressure level of a sound measured in dB. The SPL of a perception is thus presented in dB which
can be calculated by the equation:

15
SPL = 20-log (S—) (2.27)
0

Sy is the absolute threshold (AT) of the human ear and its normally set to 20 pPa at 1 kHz.
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Figure 2.27: Anatomy of the ear and the auditory meatus, including outer, middle and inner ear
[208].

The psychoacoustic measuring unit for loudness is phone (reference to a sinusoidal signal with 1
kHz). In Figure 2.28 the SPL and the sound Intensity is shown, for different precepted loudness.

The lowest curve refers to the absolute human threshold and the upper lime refers to the pain
threshold. The human ear is specially in the region from around 400 Hz to 6000 Hz very sensitive.
In this region the human can hear softer sounds then the most other animals (even if they are
normally able to here higher and lower frequencies) which can be explained by the importance
for human speech in this frequency range [210].
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Figure 2.28: Normal loudness contours for sound pressure level and Intensity (pure tones) ([209],
[210]). Phons lines refer to equally loud perceived loudness by the human hearing.

[210]The JND for acoustic perception can mainly be divided into two parts, the distinguishability
for loudness and for the tone hight (frequency). There are also some studies for noise and sharp-
ness of the acoustic signal, but they are comparable to the other two groups ([209], [211], [212]).
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The sensitivity peak in the region of 3.5 kHz is explainable due to a tube resonance of the auditor
channel (compare Figure 2.27). The JND for the loudness also depends on the SPL itself, so for
example if the loudness is in a low level region a change need to be higher to be detected compared
to higher SPL (e.g. for 80 dB SPL a change of 0.5 dB can be detected but for 40 dB the change of
loudness needs to be already around 1.5 dB) [210]. In Figure 2.29 the JND for different bias SPL
at specific frequencies (Figure 2.29(a)) and the JND over the signal frequency (Figure 2.29(b))
are shown.
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Figure 2.29: SPL JND of the human hearing for different frequencies depending on the initial SPL
and the frequency JND, depending on the initial frequency ([213], [214]).

2.3. System architecture design of DET based user-interac-

tion interfaces

With the aims described in Chapter 1.1 and 1.2, the primary objective is the development of
assistance tools, based on complete new and inventive combined features, which makes the hu-
man-machine-interaction and human-computer-interaction more intuitive and natural, without
bulky and heavy equipment. Intelligent materials and in particular DETs are used, because of their
outstanding properties for wearable applications and multi-functionality.
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2.3.1. Design and structure of user-interaction interfaces

The user interface (UI) which connects the human, such as an industrial operator, with a diverse
interaction structure, must be intuitive, efficient, interactive and user friendly. To guarantee an
effective interaction, the interface should provide on the one hand a reliable and inconspicuous
user input measuring and on the other hand be able to generate an intuitive, understandable feed-
back. The user interface transfers the sensed user input to the underlaying digital system structure
and enables an interaction with the user, by stimulating specific perceptive receptors of the user.
In Figure 2.30 a schematic of the Ul role for human-machine interaction is shown. The user move-
ment, gesture, or input is measured via sensing elements and validated in the interaction structure.

The multi-functional DE elements presented here, sense mainly the user input in the form of a
button or an interactive textile-based surface. Additionally, touchpads or for example smart cloths
could be also realised (e.g. smart glove [215]). The interaction structure can calculate and provide
feedback, depending on internal system states or in a response to environmental and the user input
conditions, directly to the human.

[ User Input Sensing ]

Interaction User interface

structure
- smartsurface / haptic User
Computer / VR / interior device / smart button
/ AR / digital environment / smart screen

/ industry environment

[ haptic Feedback ]

[ visual Feedback ]

[ acoustic Feedback ]

Figure 2.30: Assistance tool as user interface for HMI. The user interface transfers the sensed user
input to the underlaying digital structure and enables an interaction with the user by stimulating spe-
cific perceptive receptors of the user.

The assistance tool is an important element of a cyber-physical system (CPS), as shown in Figure

2.31. The CPS integrates the communication capabilities and processing power of new generation
electronics, facilitating improved integration of heterogeneous devices and systems. It combines
this with modern visualisation, sensing and actuation elements to generate an architecture for hu-
man-virtual reality systems and for Internet of Things (IoT) applications.

Using an interactive assistance tool, the tasks of the three connection points of the CPS-triangle
(Figure 2.31) between human and physical components and virtual components can be fulfilled.
In different publications, generated in the framework of this research, sensory and multi-func-
tional assistance and interaction systems are shown in the context of textile integrated and user
communication, respectively sensing devices ([215], [216]).

There are many fields of application for integrated sensor and actuator elements, to realise hu-
man-machine interaction (see also section 4.1). The broad spectrum of potential applications spans
industrial production, automotive interiors, leisure, office environments, virtual reality (VR) and
augmented reality (AR), and gaming. Furthermore, important application fields are medicine and
support for handicapped and aged people as well as sport and comfort.
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Figure 2.31: Assistance tool as a main element of a cyber-physical system (CPS) cf.[8]. A multi-
functional assistance tool can be used as direct interaction with the virtual world (VR applications) or
as interaction with real physical components (AR applications). The sensing capability of the assis-
tance tool can additionally be used for the sensing of the environment (physical component) and con-
nect the virtual component with the physical component.

The realisation of the interaction and user interface can vary depending on the application. In any

case, the solution must meet the requirements of the application and the user, while providing
natural and unobtrusive interaction. Besides cameras, infrared sensors and environmental sensors
as well as strain sensors, often IMUs (inertial measurement unit) are used to track the human
movement. IMUs and strain sensors can partly be integrated into textiles but are normally not
specially designed for the integration and connection and the power lines are often not very suit-
able for human interaction applications.

Textile integrated solutions are particularly suitable, to ensure a natural and direct as well as
efficient interaction with the user. Furthermore, the electronics, to realise the sensing and the ac-
tuation signal computation and data processing, must fit to the application and enable an inherent
textile integrated and portability suitable design. To realise integrated multi-functional elements
the whole system and the production of the DE-based element need to be understood and adapted
to the specific needs. Additionally, the system structure must be customized to realise the effective
use and combine single features of the elements.

The main object of vision for the present work are multifunctional systems, which should show
the main features of an above-described intelligent assistance tools. The smart-material based el-
ements should include, on the one hand, the ability to sense user input and, on the other hand, the
ability to provide haptic and/or acoustic feedback to the user in a highly integrated manner.

In Figure 2.32 the components of a user interface, combined with parts of the computer system
are shown. The input of the user is measured with sensors and transferred via a communication
and evaluation unit to the computer system. With the logic and control unit, adapted outputs like
a certain perceptive feedback or visualisation elements are controlled.
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To develop ‘good’ interaction interfaces — which are easy to learn and easy to use — different kind
of hard and software components are needed. The design of the user interface and the manner in
which users interact with computerized systems, vary according to the specific system application.
The user interface is the part of the computer system which the user uses to undertake some tasks
or achieve some goals. The computer system itself is a combination of hard- and software com-
ponents that receive input from and communicate output to a user, to support the performance of
a task (see Figure 2.30). Although the Ul is the part of the computer system that enables interaction
and serves as a bridge between the system and the user. For the user the interface often builds the
complete system, so the user’s view of the system is often limited and based on the experience
with the user interface itself [217]. Intuitive interaction with the user is important, both for the
acceptance of the entire physical system and the computer system, as well as for the holistic user
experience.

Sensing

‘ sensors
electronic

Logic and control I Communication
unit I unit

@ontrol feedback

electronic

visualisation

Figure 2.32: Structure and components of interaction interfaces. The sensor combined with a certain

sensing electronics is used to measure the user input. A communication unit manages the interaction

to the surrounding periphery and the internal electronics (sensing and control electronics). The con-
trol electronic drives the output elements for the interaction with the user.

2.3.2. DE based User-Interface Design

User interfaces which are based on dielectric elastomers have the same structure. One main ad-
vantage of DEs is the, already described, possibility to use them as sensor and actuator at the same
time and within one single functional element. In Figure 2.33 the adapted scheme for the UI,
realised with DETs is shown. The DE is used as a sensor, with a specific designed measurement
electronics and an actuator, with corresponding control and high voltage electronics, is used as
feedback unit. The other parts of the CPS remain the same as for general interaction interfaces.

The individual components are discussed in more detail in the following sections. Furthermore,
concepts for textile integration of the components are considered.
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Figure 2.33 Structure components of DE-based interaction interfaces. The DE sensor combined with
certain sensing electronics (capacitance measurement) is used to measure the user input. A communi-
cation unit manages the interaction to the surrounding periphery and the internal electronics (sensing
and control electronics). The control electronic drives the high volt power amplifier to control the DE
actuator for the interaction with the user. One DE element can fulfil both works of the DE (sensing
and actuation).

2.3.2.1. Sensor design

To measure the input of the user, sensors to measure especially the flexion and extension of the
joints and forces applied to an object are needed. Furthermore, sensors to measure even more
complex movements or also vital signals (mainly blood pressure, heart frequency, breathing fre-
quency and body temperature) can be realised to present the human being in a holistic image (c.f.
[218]).

For the most important UI tasks, relatively simple sensing concepts are usually sufficient. In the
following, concepts for position sensing and force sensing are shown as examples. The DE ele-
ment must fulfil some requirements like resistance to environmental influences; mechanical sta-
bility; insensitivity to moisture, heat, and dirt; reproducibility; high resolution; low force-displace-
ment hysteresis; adaptable sensor deflection.

Position sensing

To measure the body position of a user or to measure the state of an input element (e.g. the state
of the presented smart button) the capacitance change of the DES can be used. The measured
stretch of the DE can be recalculated to determine the position, angle or state of a sensing element.
In Figure 2.34 three examples of sensing element topologies are shown, which can be used for
user interaction sensing. One example is a strip in plane (SIP) DES, mainly used for lateral stretch
sensing. In the context of textile-integrated applications, the SIP-DE geometry finds primary uti-
lization as an angle-measuring sensor to measure the user's joint angle. For textile integrated sen-
sors specifically, angular joint sensors are important to measure the human movement directly.

In Figure 2.34(c) a COP topology, to measure the user’s touch intensity in a user interface, is
used. Depending on the system structure (e.g. pre-stretch element) the deformation dependent
capacitance behaviour can be influenced, to adapt to a specific task or to the actual operator.
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Figure 2.34: Examples of DE sensing elements for (a) strip in plane (SIP) stretch sensing (b) joint
angle measurement and (c) user input measurement with circular out of plane (COP) DE.

Force sensing

For many applications, in addition to position measuring, also the force applied by a user is very
important. Especially for the interaction with objects, tools or other people, the force is an im-
portant parameter to validate the intention of a human, concerning the intuitive handling and in-
teraction. In [219] different use cases for force sensing in the field of human interaction are shown.
The examples are mainly focused on industrial applications, but different other fields like medi-
cine and gaming can also be improved by human force sensing.

As discussed in section 2.1.1.1, a capacitance change in the dielectric elastomer can be caused by
a change in thickness or by a change of the electrode area. Both phenomena can be exploited for
force sensing purpose. To effectively measure forces in a practically useful range, the DE must
be combined with an element which transforms the external force into a stretch applied to the DE.
In [219] different realisations of force sensing elements are shown, where the different methods
result in very different hysteresis properties.

In [215] a concept of structured electrode for force sensing DES is examined more closely in the
context of textile-based assistance tools. In Figure 2.35, the capacitance for different geometries
and pre-stretches of the DE membrane is displayed. Presented are the mean values of 3 measure-
ments for the used geometries.
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Figure 2.35: Influence of the structure geometry and pre-stretch of the DE membrane to the capaci-
tance-force performance. (a) 30 % biaxial pre-stretch and (b) 20 biaxial pre-stretch of the membrane.
The different structure values characterize the distance Ar between the intersection structures on op-

posite side of the DE [215].

The measurable force is higher for higher pretensions of the silicone membrane and increase
when the gap of the intersection silicone structures becomes narrower. One main characteristic
for the later sensor system is the beforementioned hysteresis appearing in the force-displacement
characteristics, which causes delays and inaccuracies in the force reading. [219]Moreover, by us-
ing patterned electrodes the direction of the force respectively the pressed area can be determined.
Therefore, in the test setup a plunger, moved by a linear motor, presses just on one element of a
four-segmented DE sensor. All four segments of the sensor are read out and simultaneously the
applied force is recorded with a load cell.

In Figure 2.36(a and b), the deformation profile of the motor and the resulting force measured
with the load cell is illustrated. For the one segment, which is directly deformed, the force-dis-
placement and displacement-capacitance curves are shown.

In Figure 2.36(c) the capacitance changes of different sensors, with different geometries and pre-
stretch of the DE membrane are compared. The capacitance variation is shown in a boxplot with
median (middle line in the box) and lower and higher quartile.
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Figure 2.36: Measured deformation of one segment of the force sensor with (a) force and defor-
mation of the pressed sensor segment and (b) capacitance change for the pressed segment and com-
parison with the capacitance change of thethree3 other segments.(c) capacitance variation for differ-

ent geometries and pre-stretch of the silicone foil for different sensors [215].

Textile integration

To develop user friendly and intuitive usable user interfaces, the textile integration of the single
components is an important factor. The process for the textile integration should be done during
the normal manufacturing process of the DE itself. In Figure 2.37 the manufacturing process,
including electrical connectors and textile integration is shown.

In the process, electrical connectors are glued to the DE electrode with a conductive glue. The
DE is directly glued onto the textile, with a gluing layer applied with the same screen-printing
process used to apply the electrode onto the silicone. By the shown manufacturing processes, an
integrated DE-textile composite, with layering of more DEs and electrical connectors can be pro-
duced during the DE manufacturing process. Furthermore, the DE stack can be directly applied
onto a textile. In that case, the textile (reference composition used: 80 % polyamide, 20 % elas-
tane; 210 g/sqm) first gets pre-laminated with an adhesive layer and then the staked DE element
is bonded to the textile. During the manufacturing it is feasible to integrate electrical connections
and electrical boards on the silicone film. By using flexible printed circuit boards (PCBs) and
conductive adhesive connections, a compact interconnected system (DE + connectors + PCB +
textile) can be produced. With the flexible connection the mechanical stress in the electrical con-
tact can be reduced. The DE element's low thickness (50—70 pm per layer) allows for seamless
integration with the textile to create a highly compact composite. [215].
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Figure 2.37: manufacturing process of the DE sensing element including DE manufacturing, electri-
cal connection, lamination process, textile integration and mechanical connection [215].

2.3.2.2. Actuator design

To generate a movement or a force, the electromechanical transducer effect of DEs, as described
in section 2.1.1.2, can be used. With the realisation of a textile integrated DEA, direct perceptive
feedback can be generated. Compared to Figure 2.30 in section 2.3.1, with DEAs it is possible to
generate tactile feedback with a wide frequency range and additionally acoustic feedback to a
user, so two main parts of the feedback loop can be given by the DE technology.

To generate a reasonable actuation with a DEA it is important to compensate the inherent stiffness

of the material and apply a high voltage accordingly. The stiffness reduction can be achieved with
a biasing force system, which can be specifically adapted to the DE material stiffness. The most
important biasing mechanisms are mass, stiff pre-stretch element (hard stop), linear spring, mag-
net and negative rate bias spring (NBS). In appendix A.3 the different actuator design concepts
are shown, and the force output of the system is described.

Textile integration

To integrate tactile actuators into textiles various factors must be considered. One aspect is simply
the fixation to the textile. This can be achieved in various ways. A similar way as for the DES is
glueing of the DE element onto the textile (see Figure 2.38). To enable a force transmission to the
skin and hold the pre stretch of the DE a stiffer frame is necessary. For example, silicone can be
used as material for the frame. The silicone frame can thus fulfil several tasks. The frame can be
used as glueing and connection element, hold the pre stretch of the DE and transmit the force to
the skin, protect the skin from the HV and additionally hold the electrical connections. In Figure
2.38, a sample structure of a textile integrated DEA element is shown. Depending on the actuator
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principle and force direction, further elements for pre-stretch or force transmission are needed.
However, simple implementations with silicone parts only, are possible.

Textile

Silicone layer

DE

Electric connection
Silicone layer
Textile

Skin

Figure 2.38: Textile integrated DE element with silicone frame. The DEA is encapsulated between
two silicone layers and connected to the textile.

In Figure 2.39 the process from the DE production to the system integration of the whole actuator

is shown accordingly. In a similar way as shown in Figure 2.37, the DE manufacturing process
and the textile integration of the DEA element can be realized in one process chain. For the actu-
ator integration a few more points and parts must be considered, like the shielding of the human
skin from the high voltage, the high voltage connections and the pre-stretching of the DE element.
Therefore, additional to the procedure in Figure 2.37 a protection layer is added between textile
and DEA element and a pre-stretch element is integrated.
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Figure 2.39: Textile integration and connection of DE actuator elements form single DE manufac-
turing to system integration of the whole actuator.

In the simplest way the pre-stretch element is just a fixed size spacer and, to increase the perfor-
mance, a pre-load element (biasing) like those described in A.3 can be integrated. The integration
of the pre-load element makes the process and the design of the textile (pre-tensioning; geometry)
much more complex, compared with the sensor integration. For the use of DEAs, in most cases
more layers are needed, which makes the whole construction stiffer and thus more difficult to
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integrate. The showed procedure for one single element can also be used for more elements and
for example arrays of DEA actuators and sensors.

2.3.2.3. Communication electronic design

Beside the specific sensing and high voltage electronics, an electronic for interfacing and con-
trolling the single electronics is necessary. For example, the control electronic can communicate
with external computers or visualisation electronics. The electronic receives and validates on the
one side the sensing values from the sensing electronic and controls correspondingly, based on
implemented scenarios, the high voltage electronic. Furthermore, the communication electronic
can be integrated in a more complex scenario, for example industrial environment, to control the
DEA accordingly. In [220], for example, the multifunctional DEA is combined with a neuronal
network based human sensing algorithm (heat detection) to expand the DE sensing. In Addition,
an intelligent calculation for the output signal and a closed loop control based on the sensing
values can be realised

In Figure 2.40 an example of a communication board is shown. Beside the capacitance measure-

ment electronics, a main microcontroller is integrated to execute the control logics, handle the
communication, read the sensor data and calculate a certain control signal for an external high
voltage electronic (see Figure 3.10). Further operations like for example models, based on artifi-
cial intelligent (Al) algorithms (e.g. human digital twin), additional sensors and control algorithms
can be implemented on the communication unit.
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Figure 2.40: Example for a communication main board for user interaction [221].
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3. Audio-tactile multi-mode DET development

based on dielectric elastomers. The single features of DETs like actuation, sensing and

sound generation, described above, can be excited and controlled independently and sim-
ultaneously using a single active DE element. This expansion of the standard capabilities of DEs,
including integrated self-sensing and textile integration for wearable devices, are investigated in
this section. Firstly, the basic topology of the developed multifunctional DET elements and after-
wards the developed sensing structure of the DET elements is described. Based on the basic DET
structure additionally the tactile feedback capability of the DET elements is shown.

r I \ he main focus of the presented thesis is the development of multifunctional elements,

For the validation of the complete new invented multi-functional audio-tactile feedback actuator
in a second sub-chapter (section 3.2), based on the basic DET topology the combined audio-tactile
feedback capability is systematically developed and experimentally approved. Therefore, the
structural vibrations dynamic of DEA membranes is presented, examined and validated by pa-
rameter studies. Afterwards, the construction and development of a multi-functional audio-tactile
feedback interface is theoretically and with systematic measurements described. In further sub-
chapters, the performance with a custom high-voltage electronic is validated (section 3.3), the
extension with self-sensing capabilities (section 3.4) is developed and the textile integration of
the multi-functional device is realised (section 3.5). All the presented concepts are supported with
measurements and characterisations and partly tested with user experiments under real conditions.

3.1.Basic structure of the DET feedback-element

3.1.1. DET feedback-element topology

The considered topology of the DET is a cone DEA ([222], [223]) (compare Figure 2.34(c) and
Figure 3.1), which consists of an initially-flat active polymeric membrane mounted, with a certain
pre-stretch, on a holding frame with diameter d,,. The central portion of the membrane (with di-
ameter d;) is attached to a rigid output disc to perform as end-effector. The active membrane is
made of a stack of DE layers, including compliant electrodes with alternated polarity (Figure 3.1).
Increasing the number of layers allows increasing the actuator's blocking force. In the mounting
equilibrium configuration, the membrane is deformed out-of-plane, in a conical fashion, by means
of a biasing spring that provides the end-effector with an axial force.

When a voltage difference v is statically applied on the electrodes, Coulomb forces between op-
posite-sign charges generate an electrostatic stress gy, called the Maxwell stress, which acts on
the electrodes’ plane (along the principal deformation directions) and is proportional to the
squared electric field over the dielectric of the DE [224] (see chapter 2.1.1 equation 2.9). This
electrostatic pressure is responsible for voltage-driven deformations of the DE membrane [17].

The interface can be used as an active push-button, in which axial movements of the end-effector
generated by users’ touches can be detected, by means of the sensing layer, and used to trigger
vibrotactile and acoustic stimulations by means of the actuation layers.

The device design consisting of 3 actuation layers and a single sensing layer. The sensing layer
is used for application-oriented prototype measurements in section 3.2.3 and 3.2.4. For the prin-
ciple measurements in section 3.2.2, a 3-layer actuator without extra sensing layer is used. In
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section 3.3 instead of the sensing layer the self-sensing capability of the DET is integrated, to
realise the function of the sensing layer.

1. unstretched DE 2. pre-stretched DE )
Multi-layer

l F DE# = Electrodes
Electrodes DE membrane

DE membrane

Frame

spacer

hy
d,
3. Voltage OFF 4. Voltage ON
(a)
GND Layer
End effector

Electrode—_4

HV connection .
GND connection

(c)

Figure 3.1: Cone DEA setup (a) flat pre-stretched and biased mounting configuration with NBS
with and without voltage (b) construction of HV and sensing layer and (c) connection to the single
DE Layers (c.f. [216], [225]).

The structure of the DE layering and the connection is shown in Figure 3.1(b). The system has
two electrodes connected to ground (GND), two electrodes connected to HV, and (in the extended
version) an additional positive electrode for sensing. The actuation and sensing layers share a
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common ground. The connections (tracks) between the deformable electrodes and the circuit
wires feature the layout shown in Figure 3.1(c). The developed prototype consists of cone DEAs
with an outer diameter d,, of 30 mm and an inner diameter d; of 15 mm. The single silicone layers
of the DE (3 actuation and 1 sensing layer) are 50 pm thick. HV and GND tracks run on diamet-
rically opposite sides of the electrodes, whereas the positive sensing electrode track overlaps with
the GND track. Thanks to this structure, the sensing electronic can be installed on the GND side
and connected to the same GND as the HV electronic, to reduce the required number of GND
electrodes.

Applying a low frequency (LF) voltage waveform, results in a linear movement of the end-effec-

tor along the device axis. A nonlinear negative stiffness biasing element (NBS) [226] is used as
pre-loading element (see section 2.3.2.2), consisting of a metallic buckled beam. In the presence
of high frequency (HF) voltage excitations, the motion of the end-effector becomes negligible, as
a result of the low-pass dynamics of the device. However, the DE is still able to generate sound
by means of the voltage-driven transverse structural vibrations of the membrane surface (Figure
3.2).

Exciting the actuation layers with a multi-chromatic voltage, allows concurrently producing a
linear LF actuation and generate sound. In the application, multi-mode actuation is used to provide
users with vibrotactile feedback (LF actuation), acoustic feedback (HF actuation) or combinations
of the two.

When subject to a time-varying voltage v(¢), the cone DEA response changes depending on the
frequency content of the excitation voltage. At low-frequency, the DEA shows the same pistonic
out-of-plane deformation pattern (i.e., axial displacement of the end-effector) as in the static case,
hence behaving as a linear actuator. At high driving frequencies, the motion of the end-effector
becomes negligible (low-pass filter behavior), that is, the DEA loses its ability to provide a linear
stroke. But the DEA membrane can still generate sound, as a result of the membrane's structural
vibrations, that is, it behaves as a loudspeaker.

These different behaviors over different frequency ranges depend on the DEA's dynamics, which
follow different deformation patterns (the deformation modes) based on the frequency of the elec-
trical excitation. A set of deformation modes (including the low-frequency pumping mode and
the higher-frequency structural modes) are qualitatively depicted in Figure 3.2(a). In contrast to
the low-frequency pumping mode, at high frequency the membrane exhibits a sequence of mode
shapes, hereafter called structural modes, similar to those observed on flat annular tensioned mem-
branes with fixed rims (see section 2.1.1.3 and [227]). The end-effector motion is negligible for
structural modes, since its mass is much larger than the membrane inertia [228]. We denote (m,
n) a generic structural mode with m circumferential nodes and 7z + 1 radial nodes (including the
central node and the fixed outer rim). Axial-symmetrical modes have no circumferential nodes,
that is, they are of type (0, n) (compare section 2.1.3.3).

The ranges where the cone DEA exhibits either an out-of-plane “pumping” motion (linear actu-
ation behavior) or structural vibrations (loudspeaker behavior) depend on the systems dimensions,
the relative masses of the membrane and the rigid end-effector disc, the stresses (elastic + elec-
trostatic) acting on the membrane, and the elasto-acoustic interactions (i.e., the air pressure load
on the membrane caused by the membrane vibrations [168]).

Based on the frequency response of the DEA hereby it is shown that sound generation is ascrib-

able to the structural modes, with negligible contribution from the pumping mode. Reciprocally,
the axial motion of the end-effector filters out high-frequency voltage components present in the
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excitation. A broad gap exists between the frequency range where the DEA shows a pumping
motion and the range where structural modes are excited. Taking advantage of this feature enables
to concurrently use the DEA as a linear actuator and a loudspeaker (Figure 3.2(b)), by separately
exciting its deformation modes (the pumping mode and the structural modes) via multi-chromatic

input voltage excitation.
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2 2 2
' Time Time ' Time
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Figure 3.2: Working principle of the audio-tactile element with (a) deformation modes of the DEA
(b) motion of the DEA element for LF input, HF input and combined input voltages and (c) spectral
of average axial velocity and the resulting acoustic pressure (c.f [225]).
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The vibratory and acoustic response of the DEA can be stimulated using a time-varying voltage
v(t), in the following form,

v(t) = JUp + Uy - B(b), with Uy = V2, Uy = 2V, (3.1)
where V}, is a constant bias voltage , V, is a constant excitation amplitude, and U(t) is an excita-
tion waveform with unit amplitude. The form of v(t) in equation 3.1 is chosen based on the ana-
lysed linearized response of the system. Because the DEA responds to the square of the applied
voltage (see equation 2.9), a voltage in the form given by equation 3.1 guarantees that the Maxwell
stress variations are proportional to ¥(t), in spite of the quadratic nonlinearity [110]. The quadratic
nonlinearity result in distortions which can be explained by assuming a sinusoidal input voltage
Vin = Vi - sin(wt), and the quadratic dependency of the thickness change (compare equation
2.10) can be described with the use of addition theorems of trigonometric function as

AL 2_Lly2ilp 2 (32)
2~ Vin” =5 Pin +§ Ui - cosQwt). .

where the deformation in the z direction AL, is proportional to the square of the applied voltage.
By using a bias voltage (to enable symmetrical signal shapes) the input signal has an additional
term

ALZ~ (vbias + 1/7\1'71 ' Sin(wt))z
(3.3)

1 1
= Vpigs® + > Din> 4 2 - Upigs - Din sin(wt) + > Din” - cosQwt).

using equation 3.1 leads to a linear behaviour of the movement and conclusion of the sound out-
put, by assuming equation 3.3 [110]. The cosine argument with the doubled frequency is in this
assumption the only disturbance of the signal. Notice that, if V,, < ¥} (D;,,” is neglectable in equa-
tion 3.3), then v(t) =V, + V, U(t), that is, V, roughly represents the amplitude of the time-varying
component. For high biasing voltages and low high frequency amplitudes the disturbance is rela-
tively low.

Concurrently the spectra of the average velocity on the DEA surface (DE membrane + end-ef-
fector) and the acoustic response are measured (Figure 3.2(c)), setting U(t) equal to a periodic
chirp [119], [228].

The velocity spectrum (solid line in Figure 3.2(c)), measured with the laser Doppler vibrometer
described before, presents a series of peaks corresponding to the different mode shapes of the
DEA. The abscissa of the peaks roughly represents the natural frequencies of the associated
modes. In the range below 600-700 Hz, the velocity spectrum has a single isolated peak in corre-
spondence of the natural frequency of the pumping mode (119 Hz). At higher frequencies, the
spectrum presents a set of peaks with high modal density, associated to the membrane structural
modes (see Figure 3.2(a)). The first structural mode, namely (0,1), has a natural frequency of 1038
Hz. In the range under investigation (below 5000 Hz), the maximum average velocity is reached
in correspondence of the axial symmetrical modes (pumping, (0, 1), (0, 2)). Although the DEA
has an axial symmetrical shape, peaks corresponding to the non-symmetrical modes, for example,
(1, 1), (2, 1), are also present. These are excited as a consequence of inhomogeneities in the layers
thickness or higher order effects (e.g., aerodynamic loads or gradients in the voltage distribution
due to the electrodes resistivity and the electrodes’ connections to the circuit [229]).

Because of the large inertia of the end-effector (compared to the membrane mass), the natural
frequency of the pumping mode is much lower than the natural frequencies of the structural
modes, the end-effector displacement practically falls to zero in the range where the structural
modes are excited. The acoustic pressure spectrum (dashed line in Figure 3.2(c)) shows that the
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DEA generates sound in the mid/upper-mid regions of the audible band. In particular, no acoustic
output is generated in the range below 700 Hz, that is, sound is only generated as a result of the
structural modes (with the passband of mode (0,1) representing the cut-in frequency for sound
generation), with negligible contribution from the pumping motion.

This observation is confirmed by comparing the sound pressure level (SPL) generated by the
DEA in free and blocking conditions (compare Figure 3.26), with the end-effector free to move
or locked in a fixed position respectively. The SPL generated by the free DEA at a given bias
voltage Vy is close to that measured in blocking conditions with the DEA subject to the same out-
of-plane displacement as that measured in free conditions at that same bias voltage. Sensible dif-
ferences (>2 dB) between the free and the constrained cases are only present over specific fre-
quency ranges (e.g., 2300-3000 Hz) and they are ascribable to mounting misalignments in the
blocking case, which affect the stress distribution over the DE.

The acoustic response is not uniform in the considered frequency range, as a result of the system's

modal dynamics. The DEA generates a maximum SPL of 88 dB with bias voltage V', =2 kV, and
77 dB with 7, = 1 kV. This is achieved in correspondence of the natural frequency of structural
mode (0,1). Compared to the other structural modes, mode (0,1) generates a sharper peak in the
acoustic frequency response, because it features unidirectional (single-lobe) deformations of the
DEA, which cause unidirectional alternated compression/expansion of the surrounding air. In-
creasing the bias voltage causes an increase in the SPL because of the reduction in stress generated
by the electric field (Equation 2.9), which causes the membrane vibration amplitude to increase.
The decrease in stress due to the voltage also causes the peaks in the acoustic frequency response
to shift toward left with increasing V5.

3.1.2. Sensing structure of the DET feedback-element

To demonstrate the functional principle of the DET in the sensory configuration (feedback modes
not stimulated), the described DEA configuration is first measured and validated in the sensory
operating mode. The DEA (installed inside the housing described in section 3.2.3) is deformed
from its initial equilibrium position towards the flat configuration by means of a linear motor
(Aerotech ANT-25LA) connected to a load cell (5 N; ME-MeBsysteme KD34s) on a custom-built
tensile tester. Tensile cycles are performed at a frequency of 1 Hz. The force-stroke characteristic
shows that the elastic force is on the order of 1.5 N when the DEA end-effector is pushed 3 mm
towards the flat configuration. The hysteretic behaviour in the response is due to the DE material's
viscoelasticity. During the tensile test, the capacitance of the DE sensing layer was measured with
an LCR meter (Rohde & Schwarz Hameg HM 8118). The resulting capacitance profile (averaged
values at different strokes) is shown in Figure 3.3 (bottom).

In the considered deformation range, the sensing layer's capacitance varies by approximately 100

pF. Figure 3.3 (top) shows the quasi-static passive force-stroke response of the DEA (with no
applied voltage), corresponding to the force feedback perceived by users upon pushing on the
interface (in the plot, displacement equal to zero corresponds to the pre-loaded equilibrium posi-
tion of the DEA with NBS). With the presented principle on top of the pushing force, tactile
feedback and auditive feedback is superimposed.
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Figure 3.3: Force and capacitance measurement depending on the end-effector deformation ([216]).

Sensing electronic

To use the sensing capability of DEs a sensing electronic is needed. As shown in 2.1.1.1 the DE
has a more complex electrical structure then an ideal capacitor. Due to the stretch of the electrode
and the relatively high resistance (> several kilo Ohm for typical centimetre-scale devices) the
measurement of the capacitance is influenced by the resistance change. As opposed to the capac-
itance, the resistance has a not monotonic change over the stretch [29] and depends on several
external factors like temperature and humidity. This behaviour on one side makes the evaluation
of the deformation-related change in capacitance more difficult, but on the other hand, enables
the recording of other system variables by using more complex evaluation methods.

The sensing electronic used for this work and in ([215], [216]), performs a measurement of the
cyclic charging- and discharging- time as explained in more detail in the following. In Figure 3.4
the function of the sensing principle is displayed and explained.

The capacitor (e.g. the DE sensor) is cyclically charged up to voltage U, and discharged down

to voltage Upjn (With Upyjn < Upax < Ugypp), and the duration of the resulting cycle, t. = t; +
tq, given by the sum of the charging and discharging times (t., tq respectively), is measured. By
varying the geometry of the DE, the capacitance of the DE changes and the resulting time for a
full charge-discharge cycle also changes.
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Figure 3.4: Functional principle of the used DE sensing electronic (a) equivalent circuit of the ca-
pacitance measurement, (b) charging and discharging time diagram. ([216]).

The current I(t) flowing in the circuit and the DE during the charging transient is
Usupp - Umin

t
I(t) = e RiCpe (34)
R,
where t is the time, and the voltage on the DE att = 0 is Uy,;, and the initial current is I(t) =
(Usupp - Umin) /Rq where Ug,pp, is the operating voltage of the circuit . The charging time is

calculated by setting

U. supp — Umax

I(t,) =
(£ o
corresponding to a condition where the voltage on the DE sensing layer is Uy, .4, which leads to:

Usupp - Umin )
Usupp - Umax .

(35)
tC = RICDE ln< (3.6)

Similarly, the discharging time, during which the DE voltage is decreased from Uy, t0 Ui
through resistor R, is

U.
ty = R,Cppln ( Uma" ) (3.7)

min
The total cycle time is thus proportional to Cpg:
U — Ui U
£ = [Rl n <M) +R,In ( e )] Cp. (38)

Usupp - Umax min

While in practice more complicated relationships between t,. and Cpg might apply (owing, e.g.,
to the DE’s compliant electrodes resistance), a monotonic relationship between cycle time and
capacitance is expected to hold, which can be identified upon calibration.
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The DE sensing is combined with electronics that produce an output that is inversely proportional
to the cycle time t,. Integrated logics recognize how much the sensor is deformed and can recal-
culate the deformation out of the capacitance change.

Realisation of DE sensing electronic

The sensing electronic can be used to measure the user specific movement and the interaction of
the user in DE user-interfaces applications. Furthermore, for example thresholds can be integrated
to quantify the user input intensity (see [216] and section 3.2.4).

In Figure 3.5 a realisation of the measurement electronic and a corresponding logic on a flexible
printed circuit board (flex PCB) is shown.

Beside the explained measurement unit, a microcontroller to measure the output frequency of the
charging and discharging stage and recalculate the capacitance is included, as well as power sup-
ply, wireless communication and programming interfaces are included. Additionally, many dif-
ferent sensors or sensor elements can be measured by using multiplexers for example (see [35],
[230], [231]).
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Figure 3.5: Measurement and logic electronic to measure the deformation of a DE on a flexible
printed circuit board (flex PCB) [221].

An assessment of the sensing capability of the user interface (DE sensing layer + sensing elec-
tronics/logics) is performed, by evaluating its ability to detect and count sequences of user touches
(with different intensities and frequencies).

Figure 3.6 shows the sensor output signal (which has the dimension of a frequency, and is in-
versely proportional to the charging-discharging time of the sensing circuit in Figure 3.4) in re-
sponse to a sequence of touches impressed on the unit by two different users (left and right col-
umn). Each plot reports two sequences of deformations impressed by a same user (red and blue
lines). The sensing logics were executed on the microprocessor using three different threshold
values in parallel, which were used to count the number of touches. The logics count one touch
each time the sensing signal crosses the threshold while decreasing.
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Figure 3.6: Sensing tests with users. Pushing the button changes the capacitance and allows measur-
ing the number of times the interface has been pushed. Counts of the number of touches performed
by the sensing algorithm for each threshold are represented with red and blue dots, and wrong/double
counts are represented with black markers ([216]).

The results show that the sensing layer and electronics produce a smooth output signal, which in
turns allows obtaining an accurate count of the number of crossings of the threshold values.
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Different thresholds consistently lead to the detection of a different number of touches: the lowest
value of the threshold allows detecting touches of small intensity, but it does not allow distin-
guishing among consecutive touches unless the user completely releases the end-effector (letting
it go back to the initial position) in between consecutive touches. The highest threshold, in turn,
allows recognising consecutive touches even when the user does not release the end-effector com-
pletely, provided that each touch has sufficient intensity. Wrong counts (in which a wrong esti-
mate of the number of touches was provided, even with the maximum/minimum intensity of the
touch lying within the selected thresholds) only happened in a few cases, during which the peak
values of the sensing signal felt close to/in correspondence of the threshold values.

For the sake of the tests described in section 3.2.4.3, the threshold are set to the intermediate
value among those shown in Figure 3.6 and set a second threshold close to that to prevent wrong
counts.

Textile integration

To realise wearable multifunctional user interfaces, besides the DE element itself the electronic
needs to be integrated into textiles. A variety of integration options for electronics exist. The elec-
tronics, used in the presented applications, is glued onto the textile during or after the DES man-
ufacturing process (see section 2.3.2.1 (Textile integration)). A silicon frame enables flexibility
and protects the electronic from environmental influences (Figure 3.7).

1l

connections/wires
‘ oo
Battery

power
supply
(a) 33V+5V(p)

Figure 3.7: Electronics assembly with silicone holder, battery, voltage supply and programming unit
and sensing electronic. (a) measurement unit with battery element, (b) power supply and second
measurement unit and (c) picture of assembled electronics with silicone holder. ([215] c.f. [231]).

3.1.3. Tactile feedback DET

To generate vibrotactile feedback units based on DETs, the output force and displacement of the
unit needs to be higher than the JND (see section 2.2.2, Figure 2.23). To achieve this goal the
stiffness of the DE needs to be adapted to the skin, which can be achieved by a negative bias
spring (NBS) or another pre tensioning element (compare DE actuator design appendix A.3). An-
other option is to directly bias the DE element with the human skin. Due to a high variety of the
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mechanical skin impedance, depending on the body part, the actuator output can vary with the
application. An additional method to pre-tensioning the DEA is the direct use of the textile, where
the DE element in integrated in. This new approach is investigated and considered in more detail
in section 3.5.

In Figure 3.8 blocking forces for different feedback concepts at different working points over the
working frequency are shown. In addition to their different output force, the various concepts
have other key distinguishing features such as the application of force (transverse or longitudinal
to the skin), size, integration capability in textiles and adaptability.
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Figure 3.8: Output force of different DEA feedback element topologies, validated with various sys-
tem conditions (bias voltage, input signal, frequencies and DE pre-stretch).

For the control of DE based tactile elements a voltage range of 0 — 3 kV is normally considered,
the frequency range for the vibrotactile feedback is below approx. 350 Hz. The wide frequency
range and the flexible control signal (e.g. sin, rect, peaks) are advantages of DE based elements.
The considered frequency range corresponds to a low frequency control input signal in equation
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3.1. To increase the force output of the feedback element more DEA layers can be stacked on each
other.

The in Figure 3.8 considered topologies are exemplative to show the potentials of DEA based
tactile elements. For the development and system characterisation in the following the DEA to-
pology described in 3.1.1 is considered.

High voltage actuation electronic
To drive the DE with HV, a controlled amplifier is necessary. To generate the HV, different
circuit realizations are considered. With a controlling input-voltage the output-voltage in kilovolt
range can be controlled. In Figure 3.9 different realisations are shown.

1.) Villard/Greinacher circuit  2.) StepUp-Converter
(voltage doubler) (Boost-Converter)

Input Output
Signal Signal
HV 3.) Flyback converter
Electronic | Y |
ol §|El
l

Figure 3.9: High voltage circuit principles and different realisations.

The different realisations can be combined to increase the performance of the HV electronic. To
control the output voltage for a capacitive load, additionally to the loading phase, the charge needs
to be discharged from the load again. To achieve such a controlled HV output a discharging stage
is necessary. The discharging stage can be realised with switchable resistors, to adjust the dis-
charging current. In different publications ([31], [32], [232]) the HV circuit structure as described
in Figure 3.10 is developed and described. At the higher component level, the circuit consists of
a resonant converter and a rectifier, which can be also a voltage doubler. In addition, a discharging
stage is integrated.
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Figure 3.10: Realised HV circuit with resonant converter, rectifier and discharging stage ([221]; c.f.
[31], [32]).

Textile integration of the HV electronic

The textile integration of HV electronics has additional challenges compared to the sensing elec-
tronics (compare section 3.1.2). However, the principle structure of textile integration is the same
as for the sensing electronic (compare Figure 3.7). Important for the high voltage electronic is that
the user and the environment are always safely separated from the potentially high voltage signals.
In Figure 3.11, to separate the high voltage electronic, a shielding with silicone on both sides of

the board is integrated.

Electric connection

DE
Textile
Silicone layer

HV electronic

Silicone layer
Textile
Skin

Figure 3.11: Textile integration principle of high voltage electronics.

Since the current driving the DEA and the capacitance of the DEA itself are very low (maximum
current output of used HV electronic 10 mA and DEA capacitance ~ 1 nF (for small layer number
and DE in the centimetre range)), the potential harm that can provoke to users is negligible. Com-
pared to the safety limits recommended for DEA applications (20 mA continuous DC and > 100
nF) [233], the used high voltage is quite harmless. However, a silicone shielding, needed to
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prevent any discomfort due to electrical arching, can additionally be used as fixture of the elec-
tronic onto the textile-composite.

3.2. Audio-tactile feedback DET

This section is based on the published papers:

S. Gratz-Kelly, G. Rizzello, M. Fontana, S. Seelecke, and G. Moretti (2022), “A Multi-Mode,
Multi-Frequency Dielectric Elastomer Actuator”, Advanced Functional Material, Vol. 32, Is-
sue 34, doi: 10.1002/adfm.202201889.

and

S. Gratz-Kelly, T. Kriiger, G. Rizzello, S. Seelecke and G. Moretti (2023), “An audio-tactile
interface based on dielectric elastomer actuators”, Smart Materials and Structures, Vol. 32,
Nr. 3, doi: 10.1088/1361-665X/acb6da

A relative unexplored ground, on which DEs might mark a real breakthrough, is that of multi-
functionality. This is the combination of multiple independent functions, normally implemented
via separate transducers, into a single unit, with the aim of pushing a system’s bounds in terms of
lightweight and compactness. Attempts to achieve multi-functionality via DEAs have mostly gone
in the direction of self-sensing, which consists in determining a DEA’s force/stroke based on
measurement of its electrical state, with no need for external mechanical sensors [84], [88], [234].
This is typically achieved superposing a high-frequency small-amplitude component, on top of
the actuation driving voltage, and using the resulting measured current to infer information on the
DEA state [88], [235].

In this thesis a principle to develop multi-function DE devices that can concurrently accomplish
audible sound generation and linear actuation is developed. The in section 2.3.2.2 described
known reference topology of an out-of-plane cone DEA [222], [235] is used (section 3.1.1). Op-
tical measurements of voltage-driven deformations are used to show that the frequency response
of the DEA system features two clearly distinct and resolved working ranges: a lower-frequency
(LF) range where the actuator features a pumping-like linear motion, associated to the displace-
ment of a massive rigid moving frame attached the DE membrane; and a higher-frequency (HF)
range where no motion of the suspended rigid frame occurs, but where higher-order structural
modes of the DEA membrane are excited [116], [228]. With acoustic measurements it can be
shown that no sensible acoustic pressure is produced, within the passband of the pumping mode,
and sound generation is only achieved as a consequence of the HF structural mode excitation
[167], [236]. Based on these different dynamic behaviors at different frequencies the concurrently
production of a linear motion and generate sound is possible. This is achieved by exciting the
DEA with a single multi-chromatic voltage input, including a LF high-amplitude component (re-
sponsible for linear actuation) and a HF low-amplitude component (responsible for sound gener-
ation) which can be programmed independently. With this setting, a centimetre-scale DEA can
concurrently achieve a linear stroke in the millimetre range and sound generation with level over
60 dB at a distance of 0.35 m from the speaker. Dually, blocking the axial motion of the DEA, the
membrane can generate voltage-driven blocking force variations in the order of several hundred
mN, while still producing sound with a similar pressure level as in the free case.
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To practically prove the ability of the DEA to concurrently serve multiple purposes (linear actu-
ation and sound generation) in different operating conditions, different proof-of-concept tests are
performed. Including validation that the DEA can reproduce complex audio signals, with level of
60-70 dB, while at the same time producing an axial movement or lifting a load of 20 g (roughly,
200 times the DE membrane mass). Additionally, it can be shown that different sensing methods
can be used to provide the DEA with the additional ability to recognize deformations impressed
by external loads or user interaction. The methods include electric current measurements, specific
additional sensing layer which can be used to measure the deformation with the in section 3.1.2
described capacitance sensing method and direct self-sensing methods during the performed ac-
tuation. The subsequent section 3.3 will provide a detailed exposition of the self-sensing perfor-
mance to develop a tri-mode DEA, which has been designed using the twofold mode previously
delineated. . In particular, the DEA can be used to sense the deformations impressed by a user and
provide a vibrotactile stimulus combined with superposed sound feedback. Despite their simplic-
ity, these case studies demonstrate that DEA multi-functionality might be used in the future to
develop compact lightweight multi-modal interfaces, capable of collocated audio-tactile feedback
[24], [237], [238], [239], or buttons with programmable audio and tactile click feedback [240],
[241].

The multi-frequency, multi-mode principle proposed here leverages and takes advantage of some
general features of DEAs, such as surface-distributed actuation which allows exciting different
deformation modes of the same membrane via a single input. Compared to other multi-functional
membrane actuators based on polymeric transducers (e.g., ferroelectric and electrostrictive poly-
mers [240]), DEs exhibit a relatively low elastic modulus (on the order of 107'— 100 MPa, as
opposed for example, to 103 MPa of PVDF-based ferroelectric polymers), and can achieve larger
stretches (>100%, as opposed to typical maximum values close to 10% for ferroelectric or con-
ducting polymers [242]). This combination of features allows them to undergo large actuation
strains (here used to produce linear actuation) while simultaneously being subject to small-ampli-
tude vibrations (leading to sound generation). The specific cone DEA layout considered here (sec-
tion 3.1.1) further allows obtaining a convenient frequency response (characterized by clearly
distinct regions where the DE membrane either features a pumping motion or structural vibra-
tions) for multi-mode operation. Although the cone DEA layout has been largely used in the past
separately as a linear actuator in the low-frequency range ([88], [243]) or a loudspeaker,([97],
[228]), this is the first work that proves that the two operation modes can be exploited at the same
time. In contrast to other DE loudspeakers, which in most cases rely on a pneumatically-biased
bubble-like DEA membrane (compare section 2.1.3.3) ([167], [168], [244]), here the use of a large
suspended mass (the moving rigid frame) allows creating a large frequency gap between the band
where the DEA provides linear actuation, and the region where structural modes with high modal
density are excited and generate sound. In contrast to traditional coil-based loudspeakers with
rigid cone diaphragm, the LF pumping motion here does not contribute to generating audible
sound in the bass range [169], but produces a usable force/displacement output instead. These
features allow producing independent linear actuation and sound generation at the same time by
concurrent excitation of different vibration regimes. Audio-tactile interfaces aim to add an acous-
tic function layer on top of vibrotactile stimulation, so as to convey complex actuation patterns or
interaction modes (e.g., the clicking feedback of buttons) in a virtual manner [245]. State-of-the-
art solutions for audio-tactile interfaces typically require two separate actuation units for vibration
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and acoustic feedback, such as vibration motors and electrodynamic speakers [246]. These units
are usually made with stiff and bulky components, and they might be difficult to install close to
one another. This would offer limited levels of co-location of the haptic and acoustic stimuli and
limited potential for rendering realistic localized scenes [247]. The State-of-the-art solutions for
DE based interfaces and tactile, as well as acoustic transducers are presented in section 1.3.

The sensing of deformation can be either performed by using the DEA layers (e.g. current meas-

urement) or can be realised due to an incorporation of a dedicated sensing layer in the active stack.
The extra sensing layer allows performing advanced sensing tasks (e.g., distinguishing rapid se-
quences of user-prescribed deformations) and improves the system reliability. In the concept pro-
posed here, the sensing layer is operated with low voltages, potentially leading to a significant
improvement in lifetime. The incorporation of the sensing layer (with its own elastic stiffness)
comes at the cost of a moderate reduction in the strain of the active DE stack. But the sensing
layer allows maintaining a simple and compact layout for the active DE interface with high sens-
ing capability.

3.2.1. Acoustic response DET membrane vibration
This section is based on the published paper:

S. Addario, S. Gratz-Kelly, G. Rizzello, D. Naso, G. Moretti (2024), “An experimental par-
ametric analysis of the acoustic response in Dielectric Elastomer Loudspeakers”, Journal of
Vibration and Control.

In this chapter the structural vibrations and the corresponding sound output of the DEA mem-
brane are characterised and the described theory is validated with parametric measurements.
Therefore, different DEA geometries (diameter, thickness and inner to outer diameter ratio) are
manufactured and validated under different boundary conditions (stretch, mechanical and electri-
cal operation point, applied voltage).

As already described in section 2.1.1, DEAs can be used as actuators which, in the case of user
interaction applications, can be used to provide haptic feedback to users. Furthermore, as shown
in section 2.1.1.3, DEAs can also be used as loudspeakers. The different concepts for DE based
loudspeakers are explained in section 2.1.1.3. For wearable applications mainly the membrane
vibration is predestined for acoustic feedback. In ([59], [174], [248]) the basic concept and simu-
lation of a DEA membrane vibration-based loudspeaker are described.

3.2.1.1. Characterisation of structural acoustic response

The basic mathematical derivation of structural membrane vibrations (mainly for circular based
structures) is shown in section 2.1.1.3. In this chapter the basic mathematical derivation is con-
cretized and compared with models published in the literature ([59], [174], [175]) and real meas-
urements.

With using equation 2.19 the structural frequencies can be calculated analytically. From equation
2.19, by linearisation of the DE membrane dynamics, the resulting modal formulation is given by

(1591, [175])

Myi + Dyi + Kya = hy(a)U? (3.9)
with K, as stiffness matrix. The displacement of a target point X on the DE surface u(X) can be
expressed as a linear combination of shape functions m;, (X)
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-

u() = ) apm() (3.10)
k=1

As observed in [59], the mass M, is made of two contributions: one due to the membrane inertia

and one due to the added acoustic mass, which is non-negligible for thin lightweight membranes

vibrating in air [248], considering orthogonal modes, M, and K are diagonal. It is therefore ap-

propriate to define the natural frequency f;, of the k-th mode as a function of the above-mentioned

mass contributions, with the following formulation [174]:

1 ke 1 ky _ fx

= 2 i o i)

where ki is the lumped modal stiffness of the DE (associated to mode k), m¢ is the modal mass

due to the DE inertia and mj}} is the modal air mass contribution [174]. The ratio ,,, can be calcu-

lated based on a reference configuration r,”” (DE diameter d”/ and thickness L7 ). By consid-

fx (3.11)

ering m{ to be proportional to dosz,o and m§ proportional to d03 the ratio r;, = Z—E is resulting
k
proportional to Ld—" (e.g. equation 7.5.15 in [170]). The ratio r,,, can be expressed based on the ref-
z,0

erence configuration with

d, L% fref\?
_ 0 “z0 _ref . ref __ k
Tm = Wm Tm with Tm = <fkr—ef) -1 (3.12)

fkref represents the value of f;in the reference configuration.

In Figure 3.12 the topology of a reference DE loudspeaker (compare Figure 3.1) as well as the
working configuration is shown. Furthermore in Figure 3.12(b) two examples of vibration-modes
of the DE membrane (radial symmetric) are depicted.
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Figure 3.12: (a) Layout of a COP DE loudspeaker with initial in plane pre-stretching and out of
plane working configuration and (b) exemplative vibration modes of the DE membrane (c.f [249]).

In [59] a multi-domain model of the COP-DEA is presented in a way, that the electro-mechanical

interaction and the interaction between acoustic domain and the structure of the DE membrane is
covered. Moretti et. al. showed in their work that with a fully coupled model, with the structure
shown in Figure 3.13, the vibrational modes and the generated sound of a loudspeaker with a
topology like in Figure 3.12 can be modelled. The electro-mechanical and acoustic coupled model
Figure 3.13 (a) takes the square of the applied voltage v (compare equation 3.1) and calculates
the motion profile of the membrane surface (compare equation 3.9) with respect to the modal
coordinate a. The subsequent acoustic model calculates the acoustic pressure p at a target point
in space. With a linear parameter-varying model (LPV) and the splitting in fast and slow DE
dynamic, the non-linear model (equation 3.9) can be reduced.

pEa | %, Acoustic | P

. model | model
u

(a)
u | SlowDEA a a

dynamics
a
i zar?;r[r)mi': a Acoustic | /P
1 y > model
LPV model
(b)

Figure 3.13: Block-diagram structure of the (a) electro-mechanical and acoustic coupled model and
(b) the splitting in a slow and fast DE dynamic to realise a LPV model [175] .

With the 3D Doppler laser vibrometer PSV-500 3D by Polytec, described in 2.1.1.3, the vibra-
tions of the membrane can be measured. The three heads of the vibrometer allow to measure the
velocity components of a target point. With the setup shown in Figure 3.14(b) the vibration of
different points on the membrane can be validated and the vibration intensity can be calculated.
With different excitation frequencies the vibration modes of the membrane changes, and different
structural deformations appear (Figure 3.14(c)).

The model of the DEA loudspeaker bases on a lumped parameter model [250] with an extension
of the model for the effect of the acoustic loads on the structural dynamics of the DEA membrane.
The in section 2.1.3.3 already described model (Figure 2.8) can be divided in a fast (structural
vibration) and slow (macroscopic movement) DEA dynamic model, which allows a model reduc-
tion from a ‘fully-non-linear’ electro-elasto-acoustic model to LPV [175].

With the model described in [175] the measured velocity spectra can be simulated with a finite-
element-method (FEM) model. The fully-coupled model is able to predict the natural frequencies
of the DEA for different scenarios accurately. For different parameters like the voltage, the me-
chanical biasing as well as the geometry of the DEA, the model can be used to predict the
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frequency dependent velocity of the loudspeaker [59]. The coupled model provides a more con-
sistent estimation of the natural frequencies that a pure structural model of the DEA.
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Figure 3.14: (a) Test setup with anechoic sound absorbing chamber for sound measurements (b)
schematic and photo of the experimental test bench and distribution of the measurement point. (c)
experimental contour plots of the DEA membrane velocity distribution and mode nomenclature (c.f.

(59D

In Figure 3.15 the experimental measurements of the membrane velocity and the output SPL are
compared with the prediction of the FEM model. The measurement- samples have a 100 pm thick
silicone film and an outer diameter of 70 mm with an initial biaxial pre-stretch of 20 % and a an

out of plane deformation of approximately 15 mm. The membrane aspect ration 4 = % of the

two samples is different (0.5 (G1) and 0.34 (G2)) ([59], [174]).

67



68

(=)}

2
EE4
3
“ g
—= 0
$3 AL LA D il T
200 400 600 800 1000 G1
f(Hz) ——
_ )
L E6 \O/
s E
874 A mod.
3 & i |- exp.
3 g & Al
289 EA\ i
g -g 0 ..l(),,/ ‘\_\\“‘J‘“‘ﬂ s rmasd ,,,MN"\ L\P\‘
<
= 200 400 600 800 1000
f(Hz)
(a)
30 PN mm
%\ Gl
a
% ‘ ! ' : (&
a0 Lez” | L (02) | (03)

300 700 1100

300 700 1100
frequency (Hz)

(b)

Figure 3.15: Comparison of model (solid lines) and experimental (dashed lines) of the (a) average
velocity spectra and (b) SPL of the COP DE membrane. (c.f. [59], [174]).

3.2.1.2. Parameter influence on the acoustic response
With parametric studies of the thickness and the diameter of the DEA membrane as well as the
biasing voltage and mechanical biasing of the DEA element, the functionalities and parameter
dependencies of structural-vibration based DEA loudspeakers can be shown.
The eigenfrequencies (natural frequency) of membranes vibrating in vacuum scale proportionally
to the inverse of the diameter and are independent of the membrane thickness [170]. The eigen-
frequency f;, for a generic choice of the thickness and diameter of the membrane related to the

reference geometry Zef can therefore be written as
dref
fo=—2—-f, (3.13)
do

The natural frequency for the k-th mode-response of the DE can be approximately explicitly ex-
pressed by assuming equations 3.11 to 3.13 with
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ref rref
do k

d ref 2 '
’ 1+ ﬂLZ_rO ;:_ef -1
dgef LZ,O fkref

Equation (3.14) highlights scaling trends for f;. Although the DE’s eigenfrequencies in a refer-
ence configuration might be not immediately available (especially the vacuum natural frequency

fk ==
(3.14)

fio), equation (3.14) still provides relevant insight into the trends associated to the system dimen-
sions. Among others, the equation shows that, as the DE thickness increases, the natural frequency
in air asymptotically approaches that in vacuum, as the effect of the acoustic added mass becomes
progressively smaller than the DE inertia.

Influence of the membrane thickness

The influence of the membrane thickness on the eigenfrequencies of the acoustic output of the
DE can be estimated with equation 3.11. In [174] the frequency behaviour of the DEA for different
values of the membrane thickness are shown based on a FE model. With the model the SPL of the
membrane is calculated. The frequency and maxima of the SPL increases for higher thickness of
the membrane, due to the reduced influence of the air mass (my). Equation 3.14 shows that, as the
DE thickness increases, the natural frequency in air asymptotically approaches that in vacuum, as
the effect of the acoustic added mass becomes progressively smaller than the DE inertia.

To validate the model and the influence of the membrane thickness, DEAs with different thick-
ness are measured with the same test rig setup like in Figure 3.14. For the measurement a DE
diaphragm, that has a diameter of 30 mm, a fixed out-of-plane deformation (h = 0.25-d, ) and
the applied bias voltage of 1 kV, is considered. The effect of thickness scaling, which is achieved
by varying the number of layers of the dielectric material (each 50 pm thick), is analysed. A series
of experiments was performed to test the consistency of the simulative results [174].

As shown in Figure 3.16(a), the intensity of the first peak sound pressure level (SPL) increases
with the membrane thickness. This effect is most pronounced at low frequencies, whereas at high
frequencies the diaphragm proves to be less sensitive to aero-acoustic loads. Since the passband
of the pumping-mode is low in the frequency range, the acoustic response is mainly determined
by the structural mode. The phenomenon of each first peak is attributable to the structural vibra-
tion modes of the diaphragm, which consist of a radial movement and a simultaneous axial move-
ment of the diaphragm itself.

An important aspect for the measurement uncertainty is the assembly of the membrane and the
consequent alignment of this in the setup, used to conduct the test. In the shown plots at low
frequencies the peaks are more pronounced and recognisable, while at high frequencies the trends
are much less clear. The observed phenomenon may be attributed to the presence of errors in the
assembly of the different membranes, misalignment, or constraint issues. The dashed red curve in
Figure 3.16(b) comes from a three-point fitting, starting from the equation 3.21.

Figure 3.16 shows how an increase in thickness simultaneously corresponds to an increase in the

frequency of the first resonance peak (natural frequency of the first mode (0,1)) until asymptoti-
cally reaching the vacuum resonance frequency of the system.
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Figure 3.16: (a) measured SPL as a function of the frequency, for different membrane thicknesses;
(b) natural frequency of the first mode (0,1) as a function of the initial thickness. Data are relative to a
DEA with L, o= 30 mm subject to bias voltage of 1 kV and out-of-plane pre-deformation

h = 0.25 - d, (c.f. [249]).

Influence of the membrane diameter

The scaling of the radial dimensions of the DE influences the frequency behavior of the DEA
system. By fixing the boundary conditions of the DE constant (same thickness and applied volt-
age, proportional out-of-plane deformation h = ay, - dy and inner diameter d; = «}, - d,)), the fre-
quency of the first mode for different diameter can be calculated with equation 3.14 and is pro-
portional to dog :

The study measurements for validation concerning the variation of SPL as the diameter varies is
conducted, while holding constant membrane thickness values (L,, = 150um ), applied voltage
(1 kV) and pre-deformation (h = 0.25 - d;). Figure 3.17(a) shows the first resonance peak of each
membrane, and from this trend the corresponding sound pressure scales sub-linearly with the
membrane diameter.

|
100 . T T | 2500
.fOl @ fll | *  Experim.
O i 2000 - — —Eq. (3.14)
~ 80 /' 4 R N
g 7 I 5 1500 X
Y / | = AN
_: i 4
o i —— i <= 1000 Sx
“2 60 J/ |==-d, =20mm L S~
ros-’ ——d_=30mm : 500 N
Y2 EE d =40mm :
40 ' . ' ‘ ! % 20 30 40 50 6
1000 1500 2000 2500 3000 | /
frequency (Hz) i d_(mm)
(a) ' (b)

Figure 3.17: (a) measured SPL as a function of the frequency, for different membrane diameters; (b)
natural frequency of the first mode (0,1) as a function of the diameter d,. Data are relative to DEA
with L, o = 150 um (3 layers) subject to bias voltage of 1 kV and out-of-plane pre-deformation

h = 0.25 - d,.

The modification of the diameter is associated with a change in the acoustic level. However, of
greater significance is the alteration in the frequency range within which resonances occur,
thereby influencing the operational range of the speaker. The trend of the eigenfrequency of mode
(0,1) is shown in Figure 3.17(b) as a function of the membrane diameter and it thus follows, that
the experimental results actually trace the curve calculated from equation 3.14. The red dashed
curve in Figure 3.17(b) is plotted for the same parameters for Figure 3.16(b).
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Influence of the aspect ratio
Besides the outer dimeter of the DEA also the inner diameter has an influence on the behavior.
In general, the mechanical characteristic and influence of the inner and outer diameter of a COP-
DEA can be predicted. With simple equations the force and stroke of the COP-DE can be calcu-
lated [251], [252]. The average radial stretch A of the DE membrane is determined with
Vh2+ (o —di)? _h? + (1 —14)?
(do—d) — (1-1a)

d; . . .
where ng = o 1s the membrane aspect ratio. The stress in the membrane o can be calculated
o

1= (3.15)

depending on the force on the DE end-effector Fpy and the cross-sectional area of the membrane

Acs
2 2
o= Fpp\h* + (1 —1nq) (3.16)

The thickness of the membrane during deflection L, 4 is determined by the surface area of a trun-

cated cone with the assumption of incompressibility of the material with
(1—-mnq)
Lza=Lzo- - 3.17
z,d z,0 h2+(1—77d)2 ( )
This leads to the cross-sectional area of the membrane A5 dependent on the respective DE di-
ameter d € [d;, d,]

w-d-(1—ng)

3.18
V2 + (1 —n4)? (3:18)
Inserting equation 3.18 into 3.16 results and substituting 3.15 in the following for the membrane
stress at the diameter d

Acs=m- d'Lz,d= Lo -

Fpp(h* + (1=13)%)  Fpg(1=14) - 22

_ - 1
Lyo-h?m-d-(1—ng) Lyo-h-m-d (3.19)

It can be concluded that the membrane stress (which influences the SPL and the eigenfrequency
of the DEA loudspeaker) increases with the stretch of the membrane and is dependent on the
aspect ratio 7 .

In Figure 3.18 the mechanical performance for different aspect ratios of the DEA is shown
([252]). The blocking force and stress are dependent on the ratio of inner and outer diameter and
on the electrode ring diameter [252]. The frequency response of the membrane shifts toward
higher frequencies with increasing stress in the membrane and thus by increasing 7,4. Also, the
peak value of the SPL increases with n; which can be explained by the higher electric field ap-
plied to the membrane [174].
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Figure 3.18: Resulting performance of a COP-DE depending on the inner and outer diameter ((a),
(b), (c)) with (d) blocking force and (e) stroke (c.f. [252]). The geometries of the six different test
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By assuming the out-of-plane deformation h to be constant, the resulting electric field in the
membrane changes with the aspect ratio n4. In Figure 3.19(a) the SPL over the frequency for
different 14, shown in [174], is displayed. The dashed lines show the behaviour for a linear com-
pensation of the resulting electric field [174]. In Figure 3.19(b) the eigenfrequency for different
ngq 1s plotted and compared with the analytical calculation of equation 3.11.
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Figure 3.19: (a) SPL as a function of the frequency response of the DE membrane for different val-
ues of 174 and (b) function of the eigenfrequency of mode (0,1) as function of 54 (c.f. [174]).
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Influence of electrical and mechanical biasing

The effect of the biasing voltage and applied mechanical preload to a DE membrane are investi-
gated in this section. The analysis is carried out keeping diameter (do = 30 mm) and thickness (to
= 150 um) unchanged. In the shown plots (Figure 3.20(a) and (b)) it is the macroscopic trends
can be noted, because they are obtained from the same membrane (changing the operating condi-
tions).

The minor discrepancies in aspect ratio that arise due to variations in assembly or dimensional
tolerances are circumvented by concurrent production of the samples within the same process.
This is accomplished by employing a singular screen-printing screen to facilitate the printing of
diverse configurations. The results in Figure 3.20(a) (upper and lower figures) are related to a pre-
loaded (2 different configurations: h/do = 25% and h/do = 33%) DE membrane subjected to dif-
ferent bias voltages between 1.0 kV and 2.5 kV.
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Figure 3.20: SPL as a function of the frequency response for a DEA with d, = 30 mm and to = 150
um subject (a) to constant out-of-plane deformation (top: h/d, = 25%, bottom: h/do = 33%) and dif-
ferent bias voltages; and (b) constant bias voltage (top: Vy = 1.0 kV, bottom: Vi = 2.5 kV) and differ-
ent mechanical pre-loads.

The increase in bias voltage generates a decrease in the stress acting on the membrane (due to
Maxwell stress) and leads to a reduction in the natural frequencies of the different modes. Fur-
thermore, Figure 3.20(a) shows how the SPL, generated by the membrane, increases as the applied
voltage increases. The Figure 3.20(b) (upper and lower figures) shows a comparison of the fre-
quency-SPL trend characterised by different values of applied preloads (do/h), keeping the biasing
voltage constant. Increasing the do/h ratio causes a visible increase in the natural frequency rela-
tive to the mode (0.1), because of the increased stress induced on the membrane. In addition, the
SPL value is raised over the entire frequency spectrum considered. It can be noticed that the
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difference between the natural frequencies that the membrane presents is more pronounced the
higher the voltage to which it is subjected and, consequently, the electrical stresses is.

In Figure 3.21 the natural frequency is extrapolated as a function of out-of-plane deformation and

applied voltage. The underlined yellow area is the function within which the natural frequency
varies. The highest point is almost 992.6Hz (with Vy = 1 kV) and the lowest 744Hz (with V, =
2.5 kV), ensuring a natural frequency modulation range of more than 30% when considering the
two minimum and maximum peaks.
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Figure 3.21: Range of variation of natural frequency of the first mode (0,1) for a DEA with d, = 30
mm and to = 150 pm subject to different out-of-plane pre-loads and bias voltages.

Influence of electrode material

A further influencing aspect to the membrane vibration is the electrode material. The electrode
highly contributes to the mass of the DE membrane (approx. 33 %, for a 1:1 mass mixture of the
electrode (silicone / carbon black) and a (double-sided) electrode of 10 pm each with a 50 pm
silicone film; The densities are assumed to be 1.2 g/cm?® for silicone and 1.8 g/cm® for carbon
black) and to the thickness of the membrane, which in turn influences the vibration behavior of
the membrane. For the manufacturing process, shortly described in section 2.1.2, carbon-black
based electrodes with a thickness of roughly 10 um are used. To compare the influence of the
electrode material a newly developed method for manufacture the DE membrane with sputtered
metal electrodes is used ([253], [254]). For the manufacturing the same silicone material (Elastosil
2030 with a thickness of approx. 50 pm) is used and biaxially pre-stretched (37.5 %) during the
manufacturing process. The pre-loaded silicone film is fixed to a metal frame and then coated in
a 45x45x45 cm® vacuum chamber with 10 nm nickel and chrome. The exact manufacturing pro-
cess and influence of the materials to the performance are described in [254]. In a further step the
electrode can be shaped by an ultra-short pulse laser, like shown in [253]. With that manufacturing
process it is possible to build metal-electrode DEAs with the same shape than for the conventional
process, but with lower thickness and higher conductivity. In the application and for the measure-
ments, the sample can be stretched up to the pre-stretch configuration during the manufacturing
process while retaining its full functionality. For higher strain, the metal electrode can be dam-
aged, and the mechanical resistance increases significantly. In Figure 3.22 the mechanical behav-
ior of the two different electrode materials are shown.

The absolute hysteresis of both materials are comparable. Due to the wrinkles which appear at
the sputtered electrode the mechanical force is much lower than for the carbon black electrodes.
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Due to the manufacturing process the sputtered metal electrode DEAs have no pre-stretch in the
flat position (configuration of no out-of-plane deformation). This leads to a very low pre-load of
the membrane for small out-of-plane deformations.
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Figure 3.22: Comparison of the, (a) mechanical DE behaviour and hysteresis, (b) electro-mechanical
behavior and output performance, and (c) the system behavior (DE + NBS) for sputtered metal elec-
trodes and screen-printed carbon black electrode.

In Figure 3.23 the SPL of the metal electrode DEA for different out-of-plane deformations and
for different biasing voltages is shown. The overall behavior, except for low deformations, is
comparable to the carbon black electrode membrane.
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Figure 3.23: SPL of sputtered metal electrode membrane for (a) different out-of-plane deformations
and (b) different bias voltage.

For the direct comparison, measurements with the same geometry and layer number of sputtered
and screen-printed electrodes are performed. The comparison is done for the same reference de-
formation (5mm) and the same membrane stretch for both electrode types, compared to the refer-
ence configuration. In Figure 3.24 the SPL for the different configurations with two different bias
voltages are presented.

The stretch of the carbon black electrode in the 5 mm configuration is A=1.73 which leads to a
deformation of 10.58 mm out-of-plane deformation for the metal electrode to have the same mem-
brane stretch. Due to the different pre-stretch in the initially flat configuration, it is not realizable
to perform the exact same measurements for both specimens. This leads to measurements with
deviating boundary conditions for the different DEAs. For example, the resulting deformed shape
and the circumferential stretch for both configurations are not the same. The configurations uti-
lized are intended to be an approximation of comparable DEA measurements.
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Figure 3.24: SPL comparison for sputtered and screen-printed electrode with (a) same membrane
stretch and (b) same deformation.

Figure 3.25 shows the direct comparison of the SPL for the two electrode materials. The output
performance is in the same range and the frequency peaks change as expected.
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Figure 3.25: Direct SPL comparison for sputtered and screen-printed electrode with (a) same mem-
brane stretch and (b) same deformation.
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One significant difference is the (in Figure 3.25 marked) low peaks at around 900 and 1100 Hz
of the sputtered electrode. The peaks are broad for 5 mm deformation and very steep for higher
deformations. One explanation for this behavior is the wrinkle structure of the membrane which
can lead to absorptions of the membrane transversal vibration by change of the wrinkle structure.

3.2.2. Audio-tactile element principle and development

By exciting the DEA prototype, with a multichromatic input (Figure 3.2(b)), given by the sum of
a bias, an LF term, and an HF term, it is possible to concurrently produce a stroke (linear actuator
working mode) and generate sound (loudspeaker working mode). This is achieved by driving the
actuator with an input excitation that is the combination of a signal with LF fundamental fre-
quency and large amplitude (responsible for the pumping mode excitation), and a HF low-ampli-
tude signal (responsible for the excitation of structural modes, corresponding to transversal vibra-
tions of the DE membrane):

v(t) = JUy + Uo(t) + Uy - U(t),

- vz _yz (3.20)
max > mln, 1= max ) mln, UZ = ZVmawa VK < Vmax

where ¥(t) and U(t) are signals ranging between -1 and +1 that vary in time on different time
scales; 7(t) has fundamental frequency in the LF range (e.g., 10°-10? Hz), ¥(t) has most of its

spectral content in the range 5 - 10 5 - 103 Hz; V4, and V,,;,, are the maximum/minimum volt-
ages to which the DEA is subject when ¥ = 0, while V, is a measure of the amplitude of the HF
voltage component, since

v(t) ® Vinax + Vi 0(0) (3.21)
in the time intervals where v(t) = 1.

The LF component of the excitation (i.e., U;U(t)) is responsible for the generation of a linear
stoke of the end-effector. The HF component (i.e., U, - ¥(t)) is responsible for sound generation.

The time-series of the end-effector stroke and the SPL are shown in Figure 3.26 for a case with
/L =3 Hz (with v(t) equal to a sine and a trapezoid pulse respectively) and sinusoidal HF excitation
with fu =1108 Hz (i.e., a C6#). The DEA is able to concurrently generate a stroke on the order of
0.8 mm and a SPL on the order of 60—70 dB. Because the frequency range in which the DEA
shows a pumping behaviour does not present overlaps with the range where structural modes are
excited (Figure 3.2), the displacement z of the end-effector entirely filters out the HF component
of the excitation.

A slow drift in the end-effector position is only visible in the case of trapezoid LF excitation, but
that is a result of the DE material viscosity. In contrast to that, an LF modulation (with the same
frequency as the LF excitation) is present in the SPL. In particular, the sound intensity is higher
when v(t) is maximum. This happen because the DEA stiffness associated to the structural modes
varies with the applied voltage: increasing v(t) (and, hence, v) causes the stress on the DE mem-
brane to decrease and leads to higher-amplitude structural vibrations (see also Figure 3.2) and
higher SPL. Technically, the LF variation in the DEA stiffness causes a beat in the DEA response,
with a resulting acoustic output that holds spurious components (including, e.g., fu + fi.) in addi-
tion to the fundamental (compare appendix A.2).

The distortion can be mitigated by introducing an LF compensation in the amplitude of the HF
component in phase opposition with ¥(t). This was done by replacing V,, in equation 3.20, with
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a time-varying amplitude v, (t), which is maximum when V(t) is minimum, and vice versa,
namely:
V() = [ — (e — Do)V, (3.22)

where x 1s a constant coefficient such that > > 1. In the case of a 3 Hz LF sinusoidal excitation
with a superposed 1108 Hz HF excitation (Figure 3.26a), using k = 2 (i.e., v, varying in a range
V. < v, < 3V,) provides a more uniform trend in SPL (red dashed line) compared to the base case
(black solid line), with maximum fluctuations on the order of 4 dB.

3 v T y T 3

Z 2 = 2
e = I
= 0 48 BN
const. HF ampl. N AAA 0
, var. HF ampl.
g i
é 0.5 \/\/\/\ g 05
(5 0 N 0
= 100 —
[aa] 100
Z 80 % 80
= 60 260y S T
@ 40 @40
0 02 04 06 08 1 0 02 04 06 08 1
time (s) time (s)
1. Free - sinusoidal LF input 2. Free - square pulse LF input
(a) (b)
i 13
> 2 /\/\/\/
-
e ALF
0 =
Bias Bl
g Se=s= Bias B2 |

F, (N)
%

m 100
80
60
40

SPL (d

0 0.2 0.4 0.6 0.8 1
time (s)

3. Blocked - sinusoidal LF input
(c)
Figure 3.26: Response of the DEA to a multi-chromatic input voltage (a) sinusoidal and (b) square

wave LF input voltage with a high frequency pitch (constant amplitude black and variable amplitude
red). (c) axial force and SPL in two different blocking conditions ([225]).

The simple compensation strategy in equation and the corresponding results in Figure 3.26(a)
have the aim of highlighting margins and directions for equalizing the DEA sound output in the
presence of a superposed linear actuation. Simple equalization strategies might be built using the
heuristics in equation for example, by identifying a map of values of k that aims to obtain con-
stant-level sound in the presence of different combinations of voltage bias, amplitude and HF
excitation frequency. It is however worth remarking that the simple method proposed in equa-
tion does not keep into account the complexity of the system nonlinear response (i.e., the fact that
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the sound pressure is a complex function of the DEA state) (see section 3.4.2). For this reason, a
more promising approach, and a direction for follow-up works, might be to build dynamic filters
based on a model of the system. Compared to the simple logics in equation , this might allow
removing spurious harmonics from the sound output even in the presence of complex broadband
multi-frequency excitations.

In blocking conditions (i.e., when the end-effector is locked), the DEA is able to produce sound
with a level on the same order as that measured in free conditions at the same levels of voltage/de-
formation (Figure 3.26(c)). The SPL time trends differ from those in free conditions, as they are
highly sensitive to misalignments and lateral loads in the blocking configuration. The reaction
force generated by the blocked end-effector, which is proportional to v2, contains both LF and
HF components, with the latter showing a significantly smaller amplitude (on the order of 10
times) than the LF component, as a result of the small amplitude of the HF excitation. The maxi-
mum force variation (namely, the blocking force) produced by the DEA between the maximum
and minimum voltage is 0.5 N.

Figure 3.27 presents a summary of the multi-mode response of the DEA, subject to multi-fre-
quency inputs, in terms of SPL (variation range) and force/stroke (variation over a period).
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Figure 3.27: SPL and stroke/force variation for multi chromatic input voltage (V.= 2.4kV,
Vinin=0.8 kV and V,=0.1 kV). The left column show free displacement test, right column blocking
force test and upper row refers to constant LF sinusoidal excitation, while the lower row refers to a

HF signal with 1180 Hz (C¢*) ([225]).
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For a given LF excitation (top row), changing the pitch fz of the HF excitation (C6# to CB#) does
not cause significant modifications in the DEA free stroke or blocking force.

Here the lowest considered pitch (C4*) gives the largest SPL, as this frequency is the closest to
the (0,1) spectral peak (see Figure 3.2). Varying the frequency fi of the LF excitation for a given
HF pitch (bottom row), the SPL and its variation range in time stay nearly constant. The blocking
force is constant with the frequency, whereas the stroke is larger at the highest frequency (f. = 30
Hz), which is closer to the natural frequency of the pumping mode (see Figure 3.2) The SPL is on
the same order in free and blocking conditions, even though differences can be observed, espe-
cially in correspondence of the highest frequencies pitches (Cg™). As observed before, this is due
to lateral misalignments introduced in the DE membrane in blocking conditions. This has a big
impact on the DEA acoustic response at higher frequencies and are reflected by local differences
in the sound spectra in Figure 3.2.

The sound pressure changes depend on the out of plane deformation of the DEA. In Figure 3.28
is the SPL for different configurations of the DEA shown (without housing). Two out-of-plane
positions of the end-effector are adjusted while for each position the end-effector can either freely
move or is hold fix under blocking conditions. The SPL over the frequency is just affected very
slightly. With a higher out-of-plane deformation of the DEA the SPL increases. The SPL re-
sponses shown in Figure 3.28 can be explained using already developed multi-physics models
(see section 2.1.1.3, section 3.2.1, the appendix A.4 and [248)]).
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Figure 3.28: Sound pressure level at 0.35 m in front of the DEA (input: voltage sweep with ampli-
tude Va= 100 V and different bias levels). Two scenarios are considered: free and blocked end-effec-
tor. In each blocking test, the out-of-plane displacement of the DEA is set equal to the value meas-
ured at the same bias voltage in free conditions ([225]).

3.2.3. Control and Design of a multi-mode audio-tactile element

To realise user-interfaces, using the before invented multi-functional DET response capability,
the control of the electrical stimulation is important. The in section 2.3.2, Figure 2.33, shown
component-structure of a DET based user interaction element can be designed more efficient. This
objective can be achieved by integrating touch and sound feedback into a single component, in
conjunction with the incorporation of an additional special sensing layer positioned on top of the
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layers for movement stimulation (compare Figure 3.1). In Figure 3.29 the resulting component
structure is depicted [169].
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1 DE-
Element
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Figure 3.29: Structure components of DE-based interaction interfaces based on multi-functional
DEA. The tactile and auditive feedback can be simultaneously realised with one DEA membrane, the
sensing is integrated in an additionally sensing layer, stacked to the actuation layers.

For the audio-tactile element a COP-DEA prototype with the parameters described before (sec-
tion 3.1.1) is used. The DE layers have a radial pre-stretch of 20% in the planar mounting config-
uration. The NBS features a design similar to that described in A.3 with an angled buckled beam
and consists of a stack of two layers of 50 pm spring steel, cut using a cab XENO 1 Laser. The
out-of-plane equilibrium displacement of the end-effector with respect to the membrane base
plane is 5.25 mm.

The assembly of the DEA, the NBS, the clamping system, and the connections is installed into a
3D-printed housing (Figure 3.30). The latter is used to prevent a direct contact between the user
and the DE membrane surface (for safety reasons and to guarantee the structural integrity of the
DE), while also serving as an acoustic enclosure for the DE membrane which prevents acoustic
short circuits between the back and the front faces of the membrane [169]. The top cover of the
housing holds a printed grid, to allow sound waves to leave the box. A plastic spacer is installed
on top of the DE's end-effector and connected to a circular layer of acoustic fabric (akus-
tikstoff.com; item No.: eb150100), whose perimeter is connected (with no pre-strain) to a circular
aperture in the housing. In the equilibrium configuration, the textile layer is flat. Pushing on the
acoustic textile causes a downward deformation of both the textile layer and the DE. The spacer
between the DE and the textile surface has the aim to create a significant distance (on the order of
10 mm) between the user's finger and the point where HV is applied. The mass of the axially
moving parts (NBS, disc, spacer, screw) is 8 g, whereas the mass of the DE membrane is below
0.1g.

An exploded view of the Setup is shown in Figure 3.30. After preparation, the 4 DE layers are
clamped together via 3 D printed clamps, from where the electrical connections to the electrode
are led outside. The NBS is also clamped and connected with a 3D printed spacer to the DE.
Adjustment of the working out-of-plane equilibrium position of the membrane is performed by
regulating the spacing between the DE and the NBS through a screw. Wiring of the prototype box
is done with 4 mm jack plugs that can be directly connected to the HV power supply and the
sensing electronics.
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Figure 3.30: Housing of the DEA interface. (a) exploded view and (b) cut side view of the device
and (c) top view with cables connected ([216]).

The logics and electronic architecture of the prototype is shown in Figure 3.31. The audio-tactile
interface (DE membrane with mounting case, as shown in Figure 3.30) is the core element of the
system. The sensing electronics used to detect users’ touches feature a custom circuit design (sec-
tion 3.1.2). A microcontroller (STM32 H743ZI12) is used to read the capacitance sensor electronic,
provide a driving waveform to the HV amplifier, execute the logics, and drive built-in ancillary
systems (LEDs). Driving voltage waveforms (v in equation 3.20) are generated by the microcon-
troller and delivered to a power amplifier by means of an integrated digital-to-analog converter
(DAC). The sampling frequency of the DAC depends on the clock frequency of the system, which
requires the value of the signal output be recalculated for every resulting timestep of the DAC
output.

A commercial programable HV amplifier HA5S1U-3P5 by hivolt.de Gmbh &Co0.KG with 3000 V

maximum voltage and 10 mA maximum current is used as the power supply, and a custom am-
plifier board is included, in order to fit the maximum output voltage of the microcontroller (3.3 V)
to the maximum input voltage of the amplifier (10 V). Since the actuation layers have a capaci-
tance of around 1 nF and the maximum current of the amplifier is 10 mA with maximum voltage
of 3 kV, the audio-tactile interface is within the safety limits (20 mA continuous DC current and
>100 nF) recommended for DEA applications [233]. Nevertheless, the housing is provided with
redundant measurements (distances from HV connections, housing’s hard walls) to prevent con-
tact between user, membrane, and HV tracks.
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Figure 3.31: Subcomponents of the DEA interface including sensing electronic, microcontroller,
HV electronic and multi-functional DET interface with housing ([216]).

3.2.4. Experimental results

With the aim of proving the DEA's ability to combine linear actuation and sound generation and

to characterize the user interface, different measurements and case studies are presented, which
demonstrate the actuator's multi-functionality in complex working scenarios. Each of the follow-
ing case studies contributes in proving that the multi-mode principle introduced in Section 3.2.2
(where simple archetypal multi-frequency excitation inputs are considered) can be extended to
advanced scenarios, where the DEA is subject to complex excitation signals or complex boundary
conditions.

Firstly, measurements of the linear stroke/force at the end-effector in the presence of LF excita-
tions, to quantify the DEA's ability to convey vibrotactile stimulations, and the acoustic response
to HF excitations, are made. Then the sensing performance in terms of the device ability to rec-
ognise user touches with different frequencies and intensities is investigate. Finally, user tests that
prove that the interface can provide perceivable and recognizable feedback are presented. It can
be shown that the DEA is able to provide combined audio-tactile feedback through a series of
multi-frequency excitation profiles.

To measure the different modes of the DE, namely linear movement of the end-effector and sound
generation by the structural vibration of the DE membrane, a combined measurement setup, with
the elements shown in Figure 3.32, is used.
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Figure 3.32: Test setup for multi-mode measurements with force-, sound- and displacement meas-
urement units (c.f. [216]).

3.2.4.1. Audio-tactile Measurements

With the aim of characterising the device performance as linear actuator, the DEA free displace-
ment and blocking force in a frequency range on the order of 0-10? Hz is measured.

Free displacement tests were performed by applying a voltage sweep on the DEA and measuring

the resulting end-effector displacement with a micro-epsilon optoNCD11402 laser sensor. Meas-
urements were performed on the DEA assembly alone (without housing) and on the assembled
system (with housing). Results in Figure 3.33(a) show the device response to a signal with peak-
to-peak amplitude between 0 and 2.5 kV (top) or 1.5 kV (bottom) respectively.

As expected, the displacement is significantly reduced for lower excitation amplitudes (owing to

the quadratic dependence of the Maxwell stress on the voltage). At low frequencies, the displace-
ment of the assembled interface is lower than that of the free DEA. This is a consequence of the
stiffness of the textile layer mounted on top of the DEA's end-effector, which is initially slack but
gets stretched when the DEA moves out-of-plane. In static conditions, the displacement of the
free DEA is of 0.47 mm (at 2.5 kV peak-to-peak excitation), whereas the initial out-of-plane bias
displacement of the assembled unit is roughly 5.25 mm. The highest peak in the free displacement
response corresponds to the natural frequency of the pumping motion of the end-effector (against
the DE and the end effector stiffness), whereas secondary peaks owe to the DEA nonlinear re-
sponse. Because of the additional stiffness of the acoustic textile, the pumping motion has higher
natural frequency and lower amplitude in the assembled version of the prototype. The displace-
ment of the DE with acoustic textile in static conditions is 0.18 mm (at 2.5 kV peak-to-peak exci-
tation).

The blocking force produced by the device in the LF range is measured using a loadcell ME-
MeBsysteme KD40s + 5 N, connected via a rigid spacer to the DEA end-effector. Different meas-
urements are performed by changing the axial distance between the load cell assembly and the
DEA holding frame, so as to impress different pre-loads on the load cell
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Figure 3.33: LF free displacement measurement with and without housing (a); Blocking force for
different preload positions (b) ([216]).

Figure 3.33(b) shows that the amplitude of the generated force is constant over the considered
frequency bandwidth (deviations from a flat trend in the final portion of the range are ascribable
to mechanical resonances introduced by the load cell and are not representative of the actual de-
vice response). The output force is nearly constant in a relatively broad band of pre-loads (0.1-1
N), causing a modest axial movement of the end-effector (<1 mm, see Figure 3.3(top)). Further
increasing the pre-load (2 N) causes a significant downwards motion of the end-effector, with a
consequent reduction in the output force (as the membrane approaches the flat mechanically sin-
gular configuration).
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The maximum force and displacements generated by the DEA, shown in Figure 3.3, are well
above known thresholds for human perception [255] (i.e. 10-100 mN, 10-100 um; section 2.2.2).

The SPL produced in different operating conditions and at various locations is measured, by in-
stalling the DEA in the custom-built sound absorbing box using calibrated microphone RODE
NT-USB placed at a distance of 0.3 m from the device. Acoustic measurements were performed
with the device (including housing) installed on a support frame (with the device axis parallel to
the horizontal plane), that allows varying the relative angle between device and microphone. The
device was driven with HF voltage sweeps for different bias voltages (in the range 1.5-2.5 kV)
and amplitudes (100-300 V, i.e., much lower than the bias voltage). An overview of the SPL
response of the device is shown Figure 3.34. The device produces low or no acoustic output in the
range below ~800 Hz. The SPL response shows a peak in the neighbourhood of 1 kHz. This
corresponds to the natural frequency of the first structural vibration mode of the DE membrane
(characterised by little or no motion of the end effector, and a bubble-like deformation of the
membrane lateral surface - Figure 3.2). This can be regarded as a “cut-in frequency” for the device
acoustic response, i.¢., the device is able to steadily provide acoustic outputs above 70 dB at fre-
quencies higher than the natural frequency of the first structural mode (except for some anti-res-
onance over narrow frequency ranges). This frequency range is well above the passband of the
pumping motion used to generate tactile stimulations (see Figure 3.3 left), and above typical per-
ception thresholds for human fingers [255]. As a result, exciting the DEA in this HF range is
expected to produce no sensible tactile stimulation.

By increasing the bias voltage and/or the HF excitation amplitude, the sound pressure level in-
creases accordingly. In particular, increasing the bias voltage, the elastic stresses on the membrane
decrease (due to Maxwell stress), and the peaks in the SPL shift toward lower frequencies (com-
pare Figure 3.28).
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Figure 3.34: SPL of the prototype (with housing) for different control input signals ([216]).

To assess the influence of the housing on the acoustic response of the interface, the SPL produced

by the assembled device, with that of the sole COP-DEA installed outside of its enclosure (Figure
3.35(a)), is compared. The SPL response of the free COP-DEA (without housing) differs from
that of the assembled system in that
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a) The assembled interface features higher SPL at low frequencies, and similar (or lower)
level in the HF range;

b) The response of the free DEA shows a clear prominent peak in correspondence of the (cut-
in) natural frequency of the first structural mode, as opposed to a flatter resonance response
for the assembled unit;

c) The abscissa (natural frequency) of the first resonance peak is lower for the free

DEA. [173]
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Figure 3.35: Influence of the housing on the SPL (left); and directivity analysis of the SPL for dif-
ferent angular positions of the microphone (right) ([216]).

These differences are due to the geometry of the housing, that creates a nearly closed volume of
air underneath the DE, located between the DEA bottom face and the internal walls of the enclo-
sure. The housing structure behaves as an enclosure for the DEA membrane, preventing acoustic
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short circuits between the top and the bottom faces of the vibrating membrane, hence increasing
the SPL generated in the LF range. Increases in the natural frequency of the structural mode are
consistent with additional stiffness contributions due to the compressibility of the enclosed air
volumes (see appendix A.5). Loss of SPL at higher frequencies are due to shadowing effects
caused by the top wall of the housing.

A study of the device directivity was eventually carried out. The speaker off-axis response is
measured, by rotating the device with respect to the microphone (Figure 3.35(b)). The SPL de-
creases with the angle, experimenting a reduction of up to 10 dB at 90°. This result is in accord-
ance with simulation studies presented in [173], which proved that COP-DEA speakers have di-
rectional response, characterised by shadow regions at 90° radiation angles.

Additional force, displacement and sound measurements with different conditions are shown in
the Appendix (A.7).

3.2.4.2. Proof of concept Tests

With the aim of providing a proof of the DEA’s ability to combine linear actuation and sound
generation, hereby four exemplative case studies are presented, which demonstrate the actuator’s
multi-functionality in complex working scenarios. Each of the following case studies contributes
to proving that the multi-mode principle introduced in Section 3.2.2 can be extended to advanced
scenarios, where the DEA is subject to complex excitation signals or complex boundary condi-
tions. In particular,

a) The linear actuation can be produced in combination with complex acoustic signals, by
concurrently using the DEA as a speaker (that uses structural vibrations to play a tune)
and a metronome (which produces a pumping motion in sync with the tune’s beat).

b) The same scenario as above (complex acoustic signals reproduction + linear actuation)
can also be achieved when the DEA is subjected to a large external force (e.g., a weight
applied on its end-effector, on the same order as the blocking force measured in Figure
3.27 and Figure 3.3, that contrasts its linear actuation.

¢) Additionally, to combined multi-frequency actuation, the DE membrane can incorporate
a sensing function. For example, crossing voltage and current measurements allows the
DEA to recognize a touch applied by a user on the end-effector and respond with a com-
bined vibrotactile and acoustic stimulation.

d) By adding the specific sensing layer (compare Figure 3.1) and putting the prototype into
a housing combined with a microcontroller and a structure described in Figure 3.31 a com-
plete self-standing audio-tactile interface with different modes (closer described in section
3.2.4.3) can be developed

For all presented proof-of-concepts, quantitative figures of merit are reported in the following.
Whereas further structured applications of the presented principle might be developed in the fu-
ture, the simple tests reported here show that a single DE active unit can concurrently accomplish
complex linear actuation, sound generation, and sensing tasks. At the same time, the presented
results provide indications for future application directions, including multi-modal collocated au-
dio-tactile interfaces, [237] or virtual programmable buttons. [241].

Time-beating loudspeaker: The DEA can simultaneously work as a loudspeaker and a metro-
nome, beating the tempo of the tune that it is reproducing through the axial movement of the end-
effector (Figure 3.36(a)).
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This has been achieved by supplying the DEA with an input, v2, which is the sum of a low
amplitude HF component rendering the music track and a higher amplitude (Vimin = 0.8 kV, Vinax
=2.4kV) LF square wave term with a fundamental frequency equal to the beat of the tune (here,
134 BPM). The amplitude of the HF component has been modulated over time as described in
equation , using V,, = 0.2 kV and « = 2.5. In the initial/final phases, the DEA reproduces a clicking
sound synchronized with the pumping movement (beat) of the end-effector. Following that, the
DEA plays music while the upward movement of the end-effector concurrently marks the pulses
of the measure. Plots in Figure 3.36(a) are relative to a portion of the experiment. The music line
in the plot only shows the melodic line, whereas in the test the DEA played both melody and
accompaniment. The stroke of the DEA end-effector on the beats is of 0.8 mm, whereas the aver-
age SPL during sound reproduction is 62 dB. Similar to the results discussed in section 3.2.2 the
end-effector movement is unaffected by the HF excitation. In contrast with pure tones, which are
affected by a recognizable beat distortion caused by the superposed LF actuation (Figure 3.26),
in this case the multichromatic nature of the reproduced tune masks such distortions to the lis-
tener’s ear.

Sound generation under load: Although in the previous case study the DEA is free from exter-

nal applied loads (other than the forces due to the DE elasticity and the NBS), DEA is able to
generate sound and linear actuation even under the effect of an applied load. A mass of 20 g (i.e.,
comparable with the blocking force discussed in Figure 3.27) is applied on the end-effector, and
by applying an audio signal (song track) onto the DE (Figure 3.36(b)) the demonstrator plays
music. The peak amplitude of the acoustic signal is on the order of 0.4 kV, and it is thus not
sufficient to produce any axial motion of the end-effector, regardless of the waveform bandwidth.
By applying a step variation (between Vimin = 0.8 to Vmax = 2.6 kV) on the bias voltage, the DEA
can lift the mass while concurrently playing the music piece. Figure 3.36(b) compares the time-
series of the end-effector displacement and the generated sound pressure for the two cases of free
and loaded DEA (without and with loading mass respectively), in the presence of a same input
signal (piece-wise constant bias + soundtrack).

The end-effector stroke is 1.2 mm in the free case and 1.8 mm in the loaded case (Figure 3.36(c)).

In fact, when a mass is applied on the device, the initial value of the DEA’s out-of-plane equilib-
rium displacement ho is lower, hence making a larger stroke available for the end-effector upon
voltage application. The end-effector displacement is free from HF components due to the audio
track, even though an underdamped oscillation is visible in the case with applied mass (oval inset).
This is due to the free oscillation of the DEA + mass system, which has a natural frequency of 22
Hz (as opposed to 119 Hz of the free DEA). Figure 3.36(d) shows the trend of the SPL in the two
cases with and without load. The SPL in the two cases is comparable, hence confirming that sound
generation is loosely affected by constraints on the end-effector axial displacement. The SPL in
the loaded case is, however, generally lower than that in free conditions. This is partly due to the
fact that the out-of-plane deformation of the cone DEA is lower because of the applied mass, and
partly due to shading effects due to the 20-g-mass body (aligned with the DEA axis).
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Figure 3.36: a) Time-beating loudspeaker. The plot shows an excerpt (two bars) of the timeseries of
the applied voltage, the axial stroke, and the acoustic pressure. The DEA is driven with an input
which is the sum of a high-frequency component responsible for the tune reproduction, and a low fre-
quency component, causing the DEA end-effector to move upward in sync with the beats of the
tune’s tempo. b—d) DEA playing a tune under load. b) Excerpt of a time-series of voltage, stroke and
acoustic pressure for the free DEA (top) and in the presence of a 20 g mass applied on the DEA’s
end-effector. ¢) Increasing the voltage from Vmin = 0.8 kV to Vmax = 2.6 kV causes the DEA to lift
up the mass by 1.8 mm, while the tune is hitting the top notes. d) Time-trend of the SPL (moving-
average) for the two cases with free and loaded DEA ([225]).

Audio-tactile button: To show that the DE interface can concurrently produce multiple outputs
(namely, LF tactile stimulation and HF acoustic outputs), the device is driven with different volt-
age inputs, in the form given by equation 3.20, characterised by different combinations of LF and
HF components. Measuring the output current allows inferring information on the DEA state and
using it as a sensor, hence providing the system with a further functional layer, in addition to LF
and acoustic actuation. In contrast to the extra sensing layer and electronic the current measure-
ment allows only rough estimation of the deformation, like detecting a threshold for example.
When a bias voltage is applied to the DEA, a sudden change in device configuration (and therefore
capacitance), such as a touch, generates a current peak that can be used to trigger a response. In
section 3.3 a specific self-sensing algorithm, which uses the measured voltage and current signal,
is utilised to perform much higher accuracy in the deformation sensing. In the presented measure-
ments the DEA is employed as an audio-tactile button, able to sense a compression applied by a
user on the end-effector and respond with an acoustic and a vibrotactile stimulus (Figure 3.37).

Upon recognizing the user's touch via current measurements, the button executes a pre-defined
routine, consisting of: 1) a clicking sound, generated via a HF sinusoidal excitation with exponen-
tially decreasing amplitude; and 2) a combined LF square wave excitation and a pulsated HF
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excitation (sine wave with exponentially decreasing amplitude), applied in correspondence of the
phases in which the LF component is maximum. The latter produces a combined vibrotactile and
acoustic feedback. Because the human vibrotactile range lies below 1000 Hz [236], tactile stimu-
lation here is entirely due to the LF component of the excitation, whereas the HF component only
contributes sound feedback. Note also that the DEA blocking force (see, e.g., Figure 3.33) is
largely above (roughly, one order of magnitude) the finger's perceptual threshold [255], that is,
the DEA generates a clearly perceivable stimulus.
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Figure 3.37: Audio-tactile DEA interface. a) Picture of a user pushing the DEA OD, hence trigger-
ing an audio-tactile response. b) A constant voltage of 1.6 kV is initially applied on the DEA. Push-
ing the interface with a finger causes a peak in the current. When the current surpasses a fixed thresh-
old, the DEA responds with a complex feedback consisting of: a click sound (2 kHz frequency, with
exponentially decreasing amplitude), followed by a low-frequency (4 Hz) axial motion of the end-
effector and a superposed pulsated sound (1.5 kHz with exponentially decreasing amplitude). In the
plots, the DEA repeats its routine twice: in the first iteration, the user pushes the DEA to trigger it and
keeps it pressed all through the routine; in the second iteration, the user pushes the DEA and then re-
moves the finger ([225]).

Although, during operation, the users are constraining the axial pumping motion of the DEA end-
effector through their finger, sound is still generated as a result of the DEA higher-order structural
modes. Keeping a pressure applied on the end-effector upon touch results in SPLs of 68 dB (Fig-
ure 3.37(b) left), whereas releasing the end-effector after the touch results in a level of 74 dB
(Figure 3.37(b) right). The difference between the two cases is due to the difference in the DEA
bias axial deformation (the DEA is pushed downward when a touch is applied) and acoustic
shielding due the user's hand (which partly covers the sound pattern toward the microphone).

Compared to conventional combined audio-tactile interfaces, which make use of separate trans-
ducers and devices for sound generation and vibrotactile stimulation ([239], [256]). The DEA
audio-tactile button requires a single active DE element to produce both outputs, in addition to
generating the tactile and the acoustic stimuli in a perfectly co-located manner. In the future, this
might represent an interesting paradigm for the development of advanced rendering interfaces
capable of optimally combining acoustic and tactile stimulation [245], [257].

Sensing audio tactile button (with housing): As an extension of the previously presented con-
cept, a prototype with an extra sensing layer (compare Figure 3.1) and housing (Figure 3.30) is
presented below. by using a microcontroller, the structure described below can be operated com-
pletely autonomously In Figure 3.38 the device output in response to 3 different excitation wave-
forms: 1) a waveform which solely consists of a LF square waveform, meant to provide users with
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a variable-frequency vibrotactile stimulation (top row); 2) a waveform which only includes HF
harmonics, resulting in the execution of a jingle with no tactile stimulation (bottom row); and 3)
a composite LF + HF signal, providing the user with a simple audio-tactile multi-sensory stimu-
lation (central row), is presented.

The signals provided for the measurements in Figure 3.38 can be calculated by using equation
3.20 with the following parameters. The tactile LF excitation waveform (top row) consists in a
square wave signal v with swept frequency (rising from 1 to 90 Hz and then decreasing back to 1
Hz) and amplitude between V,,,;,=200 V and V},,,,=2100 V (with no HF superposed signal, },=0).
The purely HF excitation signal (bottom row) is a waveform v with bias voltage V;;,4x=Vimin=2300
V and amplitude V,,=300 V, rendering a soundtrack. The composite audio-tactile excitation wave-
form (middle row) is a LF square wave v (fundamental frequency 2 Hz, duty cycle 50%, V4=
2500 V; Vpypin=700 V) with a superposed 850 Hz HF pure pitch U, with slowly varying amplitude,
which changes synchronously with v : V=220 V when ¥ is maximum, and V,.= 66 V when v
is minimum. The resulting output sound is a syren alarm, whose beat is synchronised with the
tactile stimulation. In addition to those discussed in Figure 3.38, other multi-chromatic excitation
waveforms were coded on the DE button prototype. The different additional working modes are
described in the Appendix (A.6).

Blocking tests of the device are performed, in which the force produced by the interface against
a load cell, mounted against the device end-effector with a pre-load of 1 N (in the same fashion
as Figure 3.33 right) is measured. Free displacement tests in which the end-effector displacement
is validated with a laser (Figure 3.33 left). The plots in Figure 3.38 show the timeseries of the
excitation voltage, the force produced in blocking conditions, the free displacement and SPL gen-
erated in free displacement conditions.

The interface consistently produces outputs with forces on the order of 0.2-0.4 N, free displace-
ments of 0.1-0.2 mm and acoustic pressure outputs of up to 1 Pa amplitude (roughly 90 dB). It
can be noted that in the purely tactile working mode (no HF component, V,=0) an acoustic output
is also produced in addition to the LF force and displacement outputs. The intensity of this phe-
nomenon is comparatively diminished in relation to that observed in the other two cases, wherein
sound is generated by a high-frequency small-amplitude excitation. The observed intensity can be
attributed to the presence of higher-order harmonics in the driving signal component v, as well as
structural vibrations in the moving parts, such as the metallic NBS, which are induced by the steep
rising/falling times of the square excitation waveform. vFor the purely acoustic mode (bottom
row), very small vibrational feedback (displacement and force variation) is measurable, as the
excitation frequency is well above the resonance frequency of the pumping motion. Such residual
axial movements/forces fall above the perceivable threshold for human tactile sensitivity [258].
The combined audio-tactile excitation scenario (middle row) consistently produces LF force var-
iations close to 0.5 N and acoustic pressure with peak amplitude over 0.5 Pa.
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Figure 3.38: Feedback characteristic (blocking force, free displacement, SPL in free motion condi-

tion) of the DE interface subject to three different voltage excitation waveforms. Top: LF excitation

signal (rendering a tactile stimulation); Middle: composite LF+HF waveform (producing a combined
audio-tactile stimulation). Bottom: HF excitation (soundtrack) ([216]).

To improve the sensing capability and performance, an additional sensing layer is added (see
Figure 3.1). In the presented application, capacitance measurements are analysed to detect
touches, impressed by a user on the DE interface (which result in a decrease in z and, hence, on
the capacitance Cpg). The DE sensing layer is combined with electronics (see section 3.1.2) that
produce an output that is inversely proportional to the cycle time t,. Integrated logics recognize
whether (and how often) the sensor output surpasses a certain threshold (indicating the achieve-
ment of a certain minimum displacement), hence allowing to detect and count separate touches
performed by the user (compare Figure 3.6).

3.2.4.3. User tests

A combined sensing and multi-sensory actuation capability can be realized by programming the
DE interface in a way that it produces different outputs (namely, the 3 waveforms discussed in
Figure 3.38) in response to different users’ inputs (number of touches (Figure 3.6)), that are de-
tected using the logics discussed. Each output is triggered by pushing the interface end-effector a
different number of times: the sensing logic recognises the number of touches impressed by the
user and produces a different vibro-tactile routine accordingly.

To show the performance of the resulting integrated demonstrator, two different types of user
tests (with 14 volunteer subjects) are carried out.

In a first test, the subjects are asked to push the button a prescribed number of times, so as to
trigger a response, and keep their index finger on the interface end-effector during the successive
execution of the feedback routine. For each of the routines described in Figure 3.38, users are then
asked to rate the intensity of the tactile and acoustic feedback of the device on a scale from 0
(weak) to 10 (strong). Sensing was automatically tested by recording the actual number of touches
detected by the interface in response to the intended number of user’s touches (for which a success
rate of 100% was achieved).

A boxplot with median, 25th and 75th percentiles, and the most extreme data points for the rating
of the users perceived intensity (determined using the iqr command in Matlab) are shown in Figure
3.39. Ratings assigned by users demonstrate that the interface produces an appreciable level of




3.2 Audio-tactile multi-mode DET development - Audio-tactile feedback DET

tactile and acoustic feedback. Excitation with a LF variable-frequency signal, with ¥ =0 (same
waveform as in Figure 3.38-top), was also reported to produce a sensible level of acoustic feed-
back (left column in Figure 3.39).

As already mentioned with reference to Figure 3.38, this is due to high-amplitude higher-order
harmonics in the excitation (that consists in a sequence of square pulses) and vibrations of the
spring and the housing. In the purely acoustic working mode (where the sole HF excitation ¥ is
applied), users consistently reported no or very low levels of haptic feedback, possibly due to an
illusory perception of motion triggered by the acoustic feedback (right column in Figure 3.39). In
the case of a composite audio-tactile actuation (with low frequency tactile stimulation at 2 Hz,
and high-frequency sound feedback at 850 Hz), both stimuli (tactile and acoustic) were reported
to be clearly perceptible (central column in Figure 3.39). Vibrotactile intensity has been reported
to be higher in the first case (tactile stimulation alone), because of the larger applied frequencies
(90 Hz), to which human tactile perception is more sensitive. The two additional signals of the
user tests (5 signals together) are described in appendix A.6.

user perceived intensity for haptic and acoustic feedback for different modes
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Figure 3.39: Test subjects’ rating of the tactile and acoustic output intensity for three different ap-
plied excitation signals (Left: LF tactile only; Middle: LF+HF audio-tactile; Right: HF acoustic only,
as defined in Figure 3.38). Red central lines indicate median values, top and bottom edges of the blue
box indicate 25" and 75" percentiles, black error bars indicate the maxima and minima data point and
the red ‘+’ marker indicates outliers (when present). Data were processed using the iqr command in

Matlab. Labels ha. and ac. on the horizontal axis denote “haptic” and “acoustic” feedback respec-
tively (c.f [216]).

A second set of tests is performed with the aim of evaluating the local assignability of the output
(vibrotactile, acoustic, or combined) by a user, who interacts with different replicas of the DE user
interface and, hence, highlight perception advantages of a co-located audio-tactile interfaces. For
this purpose, two identical prototypes (DEA + NBS + housing) are built. The two units are located
on a same workbench at variable relative distances, and users are asked to place their index fingers
on the end effectors of the two interfaces (Figure 3.40). The two devices are then excited with
different (but synchronous) combinations of inputs, built starting from the composite voltage ex-
citation waveform presented in Figure 3.38-middle. The signal is divided into two components
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(LF and HF), that can be used to separately excite the two units. Each device can be excited with:
HF frequency signal (resulting in an acoustic output); LF signal (resulting in a tactile stimulation);
a combined multi-frequency signal (audio-tactile feedback), same as in Figure 3.38-middle; no
signal. A correction factor is applied on the amplitudes of the HF signal in the different scenarios,
to ensure that the measured sound output has the same intensity in both cases where it is executed
alone (acoustic output only) or in combination with a LF signal (audio-tactile output).

Ca.35 c+ :
-

10/20/30cm

ca.40cm [ ]

Figure 3.40: User test setup for local assignability tests with two units. User position and different
locations of the demonstrators ([216]).

Users are presented 8 different repetitions (some of which are executed twice), in which the two
devices are excited with different combinations of inputs. They are then asked to recognise what
type of output is being produced by each of the units (purely haptic, purely acoustic, audio-tactile,
no output) every time. The eight permutations of applied inputs are shown in Figure 3.41.
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Figure 3.41: Permutations of excitation signals applied on the two DEAs for user tests ([216]).

The first repetition (row 1, column 1) corresponds to a case in which the device on the right user
side produces no output and the device on the left produces a purely acoustic output; in the second
repetition (row 1 column 2), the left DEA produces a purely acoustic output while the right DEA
produces a purely tactile output, etc. All 8 permutations are repeated (in a random order) at 3
distances between the devices (10, 20 and 30 cm), the case with minimum distance (10 cm) cor-
responding to a scenario in which the sides of the two devices nearly touch one another. Results
from the tests are processed and reported in Figure 3.42 in the form of confusion matrices, which
count the number of times a user perceived a certain type of stimulus (haptic, acoustic, no stimu-
lus) on the correct side (left, right): different matrices correspond to tests with different distances
between the two DEA button units.
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Entries in each matrix correspond to cumulated values for the left and right unit. Elements on the

rows represent the actual stimulus supplied to the user (e.g., non_[ means that no feedback was
applied on the left device, haptic_r means that the stimulus applied on the right unit had an haptic
component, etc.); elements on the columns represent the feedback reported by the user (e.g., non_[
means that the user perceived no feedback on the left finger, haptic » means that the user per-
ceived a feedback containing a tactile component on the right side, etc.) The elements on the
diagonal correspond to correct associations between the supplied stimulus and the stimulus re-
ported by the user. Different signals combinations (among those in Figure 3.41) produce a differ-
ent number of entries in the matrix, because of the composite nature of the signals (which, in
general, contain tactile and acoustic components). Details on how the matrices have been popu-
lated starting from the users’ answers are reported in the Appendix (A.8). The percentages asso-
ciated to the different rows express how often a given stimulus was correctly classified by the
users. Conversely, the percentages associated to the columns express how often a given answer
provided by users corresponded to the actual supplied stimulus.

Despite the complex nature of the task (note indeed that users were asked to concurrently identify

stimuli received by two units at the same time), the average percentage of correct assignments
(diagonal elements) is significantly higher than that of misinterpreted inputs. As expected, this
holds especially true in cases where the two devices are located at a greater distance, rendering
the collocation task easier for the user. Most common confusion scenarios are related to the as-
signment of a sound source (left vs right), with results that consistently improve as the distance
among units is increased. In particular, in the scenarios where a vibrotactile feedback and an
acoustic feedback are applied on different units (e.g., top right case in Figure 3.41), users tend to
wrongly assign the location of the acoustic stimulus with higher probability (i.e., they locate the
sound source on the same side as that of the tactile stimulation). This is a natural result of cross-
modal associations between sound and tactile perceptions, reported by specialistic perception
studies [258], [259], [260].

Despite the abovementioned effects, the presented results prove that users are generally able to
correctly collocate different (or composite) stimuli in space. This offers an even stronger motiva-
tion in favour of the co-located feedback generation approach pursued by the presented DET but-
ton interface. Being able to provide co-located vibrotactile and acoustic feedback (with both stim-
uli generated at a same spatial location), the proposed DE user interface might find applications
in VR for multi-sensory rendering of localized scenes.
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fusion matrix for usertests distance 10 cm

non_| 13 1 71%
haptic_| 1 1.4%
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Figure 3.42: Confusion matrix for the user tests with 2 replicas of the DEA button, located at a dis-
tance of 10 cm (a), 20 cm (b) and 30 cm (c¢) from one another. The matrix elements correspond to
different types of stimuli (haptic, acoustic, no stimulus), elements on the rows stand for the actual

feedback generated by the units, whereas elements on the columns represent stimuli perceived by the
users. Elements on the diagonal denote a correct association between supplied stimulus and user’s
answer. Entries in the matrix correspond to the number of times a certain combination was reported
by users. Percentages on the different rows quantify how often a given stimulus was correctly identi-
fied by the user. Percentages on the columns indicate how often a certain feedback category reported
by users matched the actual applied stimulus ([216]).
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3.3. Compact housing and custom high-voltage electronic

This section is based on the published conference paper:

S. Gratz-Kelly, B. Holz, T. Kriiger, S. Seelecke, G. Rizzello, P. Motzki, G. Moretti (2023),
“An integrated Audio-tactile Interface based on DE Actuators for User Interaction”, Proc. Of
ASME, SMASIS2023, 111228.

To realise a completely integrated multi-functional device, beside the core development of the
DEA technology, the complete system setup and the electronics (described in section 2.3 - System
architecture design of DET based user-interaction interfaces) need to be integrated in a compact
unit.

3.3.1. Prototype design

As opposed to the commercial sensing and HV electronics shown in Figure 3.31, in this section
a custom made logic and sensing electronic, and a HV electronics are presented, as described in
section 3.1.2 and 3.1.3. In Figure 3.43 the signal shapes of the HV electronics and the control
schematic for the HV electronic are shown. The prototype described here can be seen as a further
development and a step towards higher integration of the previously presented prototype. In sec-
tion 3.3.2 the presented custom made electronic is tested and the performance is compared with
the used commercial High voltage electronic. For all other experimental results and system char-
acterisations the higher quality commercial HV electronic is used since the performance of the
multi-functional DEA element itself is at the focus.
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Figure 3.43: Controlled Working modes of the DEA system and corresponding high voltage signals
generated by the custom made electronic [221].
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For the custom electronics the DEA is installed into a 3D printed housing in a similar way then
before. In Figure 3.44, the structure of the custom electronics is shown. All the components are
integrated into one housing and need just a 12 V power supply to power all electronics, by means
of'a 5.5 mm coaxial plug. The logic section includes a wireless local area network (WLAN) con-
nection that grants the opportunity to communicate with the setup wireless (e.g., with a
smartphone App).

The electronics are split into two boards. One of them contains both logic and sensing circuits
(compare Figure 3.5), and a second one is used to supply HV to the actuation layers of the COP-
DEA (compare Figure 3.10).
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High voltage electronic
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Figure 3.44: Housing and setup of the multi-mode DEA device, including housing, DEA-element,
NBS and electronics [221].

The logic and sensing board consists of a stm32 microcontroller and a capacitance measurement
circuit based on a charging-discharging time measurement (section 3.1.2 and [216]). In addition
to the main functional boards, other interfaces, include programming and communication inter-
faces and power supply, are integrated. To grant fast access to large amounts of data (e.g., audio
tracks), a slot for a micro-SD card is included.

The deformation sensing of the DE, for example due to user pushing, is measured with a custom
designed sensing electronic (see section 3.1.2). The electronic measures the capacitance change
of the additional sensing layer (see Figure 3.1(c)) which is related to the deformation of the DE.
The capacitance measurement unit is based on a charging and discharging time measurement,
where the DE is loaded and unloaded to a certain voltage and the time (respectively the frequency)
of the cycling can be recalculated to the capacitance of the DE.

The sensing-logic board produces actuation-signals on-demand, based on the readings of the
sensing unit. The microcontroller recognizes the users’ inputs (i.e., a touch applied on the end
effector) by processing the sensing unit measurements and produces an analog output with maxi-
mum amplitude of 3.3 V (rendering a vibrotactile and/or acoustic feedback), that is fed as input
into the HV amplifier. In the most general case, the output signal of the microcontroller might
contain harmonics up to several kHz frequency. To avoid saturating the current at the microcon-
troller’s analog output, an operational amplifier is connected between the controller output and
the HV amplifier input. The whole sensing-logic unit is implemented on a board of approx. 65 x
65 mm, which is installed directly into the mechanical casing of the interface. All components
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and the interaction between them and the HV board including a physical component diagram with
the board is shown in section 3.1.2; Figure 3.5.

The HV amplifier magnifies the analog output of the microcontroller with a gain of 1000, up to
a maximum voltage of 3000 V. The HV amplifier is designed to achieve inexpensive manufac-
turing and small dimensions to drive the commercialization of DEs and is therefore particularly
suitable for portable stand-alone systems [32].

The presented circuit (Figure 3.10) consists of a resonant converter with three coils (primary,
secondary and feedback coil). A capacitor in parallel to the primary winding is included to gener-
ate a LC resonant circuit with fixed resonance frequency. The feedback winding triggers two
transistors to keep the circuit operating in resonance (see section 3.1.3). The complexity of the
circuit is relatively low, and it needs a low number of components. Thanks to the resonant working
principle, the power consumption is very low. The resonant converter outputs an AC voltage,
which is rectified before application to the DEA. Most resonant converters are only used up to
maximum 2 kV output. To generate a sufficient output for the DE, a Greinacher circuit (voltage
doubler) is used to increase the voltage. The Greinacher circuit can be used as rectifier and voltage
doubler at the same time [32].

To drive the DEA with high frequency it is important also to discharge the electrodes with suffi-
ciently quick dynamics. The discharging is realized with high impedance resistors which are
shortcut via HV MOSFET transistors. If the desired voltage is lower than the voltage supplied on
the DE, the transistors are switched on, and the DE gets unloaded until the comparator is negative.
In section 3.1.3; Figure 3.10, the principle structure of the HV electronic with relevant compo-
nents are shown.

3.3.2. Experimental results

To characterize the performance of the prototype with custom HV electronics, as described in
section 3.2.3 and 3.1.3, measurements with the developed HV electronics and with a conventional
available HV amplifier (HAS51U-3P5 by hivolt.de Gmbh &Co.KG with 3000 V maximum voltage
and 10 mA maximum current) are performed. The commercial HV electronics is heavier, larger
and has a cost on the order of several thousand euros, compared to the presented electronic which
is much smaller lightweight and costs below 100 €. Owing to the different target and architectural
complexity of the two systems, it can be expected that the performance of the commercial elec-
tronics represents an upper bound to the performance of the custom HV amplifier. On the other
hand, in order to bring portable and integrated DE-based interfaces to the market, the step towards
low-cost and small high-voltage electronics is a must, even though it might come at the cost of a
moderate loss in performance.

Measurements with a LF signal with high amplitude are performed. In Figure 3.45, the out-of-
plane movement of the end-effector for a sinusoidal sweep with different amplitudes up to 180
Hz, measured with a laser displacement sensor (epsilon optoNCD11402) is show. The displace-
ments obtained with the custom electronics are slightly higher, because the actual gain of the
circuit is slightly higher than the nominal value of 1000 (c.f. [221]).
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Figure 3.45: Displacement of the end-effector for different voltage amplitudes [221].

In Figure 3.46 the timeseries of sound pressure (in response to a chirp voltage input) of the com-
mercial HV electronic compared to the developed electronic is shown. The sound pressure is
measured with a microphone M210 by Microtech Gefell, located at a distance of 30 cm from the
DEA, with conditioning module M33. The conventional electronic can generate higher sound
pressure at the highest frequencies, but the frequency response of the system is not altered by the
used electronic. The lower sound pressure of the developed electronic can be explained by the
lower rated current and the poorer performance of the resonant circuit at high frequencies (espe-
cially for what concerns the discharging phase). The performance of the two electronics (in terms
of sound pressure output) is comparable at lower frequencies, with the custom electronics provid-
ing slightly larger pressure output in the range below 600 Hz, because of the slight error in the

nominal gain of the electronics (c.f [221]).

soundpressure for 2 kV Biasvoltage with 200 V amplitude
0.6

comercial electronic
developed electronic

soundpressure (Pa)

Time (s)

Figure 3.46: Measured acoustic pressure for sinusoidal-sweep (0 — 2 kHz) with a bias voltage of 1.5
kV and amplitude of 100 V [221].
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The SPL of the device (DEA + custom electronics) for different HF amplitudes and biasing volt-
ages is characterised, as shown in Figure 3.47 (top). The maximum measured SPL is nearly 90
dB at around 1 kHz, which represents the first natural frequency of the structural vibrations of the
DEA membrane (compare with Figure 3.28 and Figure 3.35 - section 3.2).

As expected, the SPL increases with higher biasing and higher amplitude. Additionally, in Figure
3.47 (bottom) the SPL for the developed and the commercial electronic are compared. Again, at
higher frequencies the commercial electronic generates higher SPL (c.f. [221]).
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Figure 3.47: SPL of the DEA with custom for different input signals of the HV source (top). Com-
parison of the SPL performance of the DEA with custom and commercial HV amplifiers (bottom)

[221].

To compare the signal quality of the two electronics, the total harmonic distortion (THD) is cal-
culated. In Figure 3.48, the THD for both electronics (relative to a test with bias of 2 kV and
amplitude of 300 V) is shown. The distortion factor measured with the commercial electronics
can mainly be attributed to the DEA, while the additional distortions achieved with the customised
circuit board can be attributed to the circuit behaviour.
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Figure 3.48 Total harmonic distortion (THD) of the sinusoidal sound signal compared with commer-
cial electronic [221].

The signal of the developed electronic has more distortion at low and higher frequencies. The
THD of the developed electronic is in the worst case around 20% (absolute) higher than the com-
mercial electronic. In the region 1100-1700 Hz, the THD of the custom board is approximately
the same as that of the commercial amplifier and the distorsion can be thus assumed entirely due
to the nonlinear DEA response (c.f. [221]).

In Figure 3.49, the prototype is tested with multi-chromatic signals including a LF and a HF
component. The applied voltage consists of a sinusoidally varying LF signal (5 Hz) with two
different superposed HF signals (middle: sinusoidal HF signal 950 Hz: and bottom: soundtrack).
The sound pressure shows a beat distortion due to LF modulation (as already observed in Figure
3.26), which should be compensated for through suitable controls, whereas the displacement of
the end-effector is smoothly varying, unaffected by the HF signal.

These results show that a multifunctional control of the DEA can be realized with the developed
HV electronic. Even if the performance and the sound quality is lower than that obtained with a
commercial amplifier, these electronics might represent a promising option for wearable or low-
cost stand-alone applications, due to their compact size, lightweight and low cost (c.f. [221]).

The other measurements presented in this thesis were made with higher accuracy and better qual-
ity HV electronic (like the one used for the comparison in this section). Even though the developed
electronic can control the DEA in a comparable manner, the sound quality of the acoustic output
is lower and could have an impact to the more general observed and investigated features of the
DEA element. Also, for the performed user-tests (section 3.2.4.3) a commercial electronic is used,
even if it turns out that the tactile feel and performance of the developed electronics in particular
is no worse than that of commercially available electronics.
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Figure 3.49: Multimode LF and HF combined working mode of the DEA. With Input voltage (LF
sin + HF sin and LF sin+ HF song), measured sound pressure and displacement of the end-effector
[221].

3.4. Self-sensing approach for audio-tactile elements
This section is based on the published paper:

S. Gratz-Kelly, T. Kriiger, S. Seelecke, G. Rizzello, G. Moretti (2024), “A tri-modal dielec-

tric elastomer actuator integrating linear actuation, sound generation, and self-sensing capa-
bilities”, Sensors and Actuators: A. Physical, Vol. 372, Issue 115332, doi:
10.1016/j.sna.2024.115332.

An additional functional capability can be added on top of the described multi-mode actuation
capability by means of self-sensing. By adding this function, the additional sensor layer can be
made redundant without compromising the detection performance of the system. With that
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advancement, besides the scientific interest of the topic, the performance of the whole system can
be improved. Figure 3.50 shows the structure of the DET based user interaction interface (com-
pare Figure 2.33).

The extra sensing layer, used for the smart sensing audio tactile button in section 3.2.4.3, is very
susceptible to noise when used with HV actuated layers. For this reason, simultaneous sensing
and actuation of the DEA prototype is not feasible and the features must be performed one after
the other (in time). With the use of self-sensing, simultaneous deformation sensing of the DEA
during actuation is realized. The additional sensing layer also increases the stiffness and hysteresis
of the system, which leads to a reduction in actuation performance.

1 DE-

Control HV Element

electronic Wl electronic

Logic and control I Communication Self-sensing +

unit I unit
Voltage /

(G Feedback:

measurement .
Tactile +

Self-sensing
algorithm

Acoustic

Figure 3.50: Structure components of DE-based interaction interfaces with multi-functional DEA
combined with self-sensing.

Different self-sensing paradigms can be implemented, leveraging the COP-DEA dynamic re-
sponse. On the one hand, when the device operates in the HF region producing an acoustic output,
the HF actuation signal component can be directly used for self-sensing mode without any further
physical or structural additions (e.g., dedicated capacitive sensing layers) or dedicated superposed
sensing signals (which increase the maximum voltage to which the DEA is subject).

On the other hand, if no acoustic output is requested, self-sensing can still be performed by in-
jecting a dedicated small-amplitude sensing signal (superposed to the LF driving signal, if present)
with spectral content in an intermediate mid-frequency (MF) region where neither linear actuation
and acoustic feedback are produced (Figure 3.51). Although, in this case, the driving voltage still
has the form given by equation 3.20 (with ¥ representing the MF sensing signal), the choice of the
sensing signal V frequency prevents (or strongly limits) sound generation.

In both cases, self-sensing algorithms are implemented using measurements of the DEA applied

voltage and current (which is dominated by HF/MF components of the driving signal), which in
turn can be used to reconstruct LF variations in the DEA capacitance, which are correlated to
variations in the stroke z.
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Figure 3.51: Working regions of the audio-tactile DEA. With LF linear movement region,
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for MF and HF regions and partially LF region. The plot is qualitative: frequency ranges
shown on the frequency axis are an approximate indication that holds for centimetre-scale
DEAs with features/material properties discussed ([261]).

A DEA can be described as a cascade RC circuit with the contact resistor, electrode resistor and
leakage resistor in parallel to the dielectric of the DE. A very simplified model is just a simple RC
circuit like the one shown in Figure 3.52. Compared to the circuit explained in section 2.1.1.1
(Figure 2.3) the leakage resistor is not included here, because the resistance is very high and has
only a relevant contribution for very small frequencies. As proposed in [262], the series resistor
of a DEA has a non-linear and hysteretic behaviour which makes it difficult to be used for dis-
placement estimation. The capacitance-displacement behaviour, on the other hand, is monotonic
and has only very low hysteresis. For this reason, the capacitance is the most suitable variable for
displacement estimation of DEAs.

i Rpe ;1 Rpoe n DE i Rpe DE
Rowe == L = g, =
,—;—| _ED_E.’I CDE,N; — i Coe
| S ! 1

Figure 3.52: DE equivalent circuit for self-sensing model by reducing the RC cascade to a simpli-
fied single RC element to roughly represent the DEA electrically (c.f. Figure 3.4).

To sense the deformation of the DEA a HF signal is superimposed to the normal driving signal.
With that the current can be magnified to increase the accuracy of the sensing. The DE movement
induced by the HF signal is, due to the low pass characteristics of the system, very low compared
to the movement induced by the LF HV signal, leading to a minor or no influence on the system
behavior. The described algorithm was proposed by Rizzelo et all. [235], [262].

The circuit can be described by a state-space representation of the electrical model. The series
resistor and the capacitance are represented as functions of the deformation and the (induced)
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current and voltage as well as the charge are dependent on the time. With this convention the
circuit can be described with:

1
v(t) = R(A)i(t) + m q(t). (3.23)

Capacitance and the resistance change due to the HV signal are very low as compared to those
associated with the LF signal. With this assumption the resistor and the capacitance of the system
can be considered to be constant during a time window including a few periods of the HF signal.

(R(d) = R; C(d) = (). Differentiation equation 3.23 and defining % q(t) = i(t), the DEA equiva-
lent circuit can be described by
d t—Rd't+1't (3.24)
:v O = R i) + 5 i(®) .

The discrete time derivative, considering the small sampling time window T, can be approxi-

. d Vi
mated with the Euler method, = y(t) = % what leads to
N
. T |
Vg — Vg1 = R(lk - lk—l) + E Lk (3.25)

In [235], [263] Rizzello et al. proposed an improved algorithm to estimate the resistance and
capacitance of a DEA. With the use of a pre-warped Tustin method for the continuous-time de-
rivatives, a stable and accurate estimation is achieved using lower sampling frequencies. The
Tustin method is also called bilinear transform or trapezoidal Integral method because it describes
the discrete values with a trapezoidal formula compared to the Euler method (rectangular
i(t) = iy). This leads to a discretisation which is more exact for the derivative approximation at a
discrete point. The derivative is calculated like with the Euler method (just shifted by half of the
discretisation window, tangential trapezoidal formula) and the function value is calculated with

y(t) = %, which considered the trapezoidal function [264].

With the ‘pre-warping’ the nonlinear relationship of the frequency (w, = %tan(wdg)) during the
bilinear transformation and discretisation can be eliminated (s-plane to z-plane transformation).
Since the electrical system of the DEA is mainly exited with a single high frequency, the pre-
warped Tustin method can be tuned for this specific frequency by shifting the frequency with the

inverse function of nonlinear relationship [265], [266]. This leads to a factor Kt = % in the
equation for the function value of iy to discretize equation 3.23 like
K
Vg = Vg1 = R — k1) + ?T (i + ik-1) (3.26)

It can be shown that the discretization given by equation 3.26 can be robustly used to perform
self-sensing also for polychromatic HF input signals, holding spectral content in a broad range
around f.

In previous works on self-sensing, the procedure described above has been implemented by pur-

posely injecting an additional higher frequency sinusoidal signal on top of the main driving signal.
The sensing signal had a fixed frequency, higher than the driving signal frequency, with the aim
of generating a readable current. The current generated by the acoustic driving signals, in addition
dedicated signals superimposed to the driving signal, which in general holds multiple harmonics
(as in the case of soundtracks) can also be used for sensing.

With reference to multi-mode and audio-tactile DEA applications, self-sensing can be realised in
different ways and for different application scenarios, as shown in Figure 3.53.
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In a first set of applications, the multi-mode DEA can be used with a HF/MF signal superimposed
to a LF voltage signal to produce a voltage-induced movement (Figure 3.53 left). The self-induced
capacitance change of the DEA can then be estimated by the self-sensing algorithm to calculate
the movement of the end-effector. By feeding the DEA with a HF or a MF signal, self-sensing is
accomplished either in combination with sound generation or alone.

In a second scenario (Figure 3.53 right) the device can be used as a multi-mode audio-tactile
button. In this case the device can produce a vibrotactile stimulation via LF driving, sound through
a HF superposed voltage signal and detect a user input by self-sensing. Also in this scenario, using
the MF range instead of the HF range, a silent self-sensing mode where no sound is produced can
be realized. Measuring the capacitance via self-sensing allows reconstructing the DEA position.
This potentially allows generating adjustable multi-mode feedback, which is a function of the
measured user input (e.g., touch).
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Figure 3.53: Different working modes of the COP-DEA. Left: multi-mode audio-tactile ex-
citation with HF structural vibration and LF linear movement as well as two alternative
modes for self-sensing (HF sound-producing working mode and MF silent working mode).
Right: user-imposed deformation with two self-sensing modes (HF sound-producing work-
ing mode and MF silent working mode) ([261]).

The frequency ranges where the different modes can be achieved depend on the 3 frequency
regions of the COP-DEA dynamic responses identified in Figure 3.51. The LF region where a
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linear movement of the DEA end-effector appears can be used to provide linear actuation (e.g.,
haptic feedback to provide to the user). The HF region corresponding to the excitation of the first
structural vibrational mode and above can be simultaneously used for self-sensing and sound gen-
eration. The MF range between LF and HF is a region where no linear movement appears, and no
sound is produced. A silent self-sensing mode can be accomplished through the use of sensing
signals within this frequency band.

3.4.1. Characterization of multi-mode DEA self-sensing

Figure 3.54 shows the frequency response of the developed prototype in terms of deformation
and SPL, obtained applying a monochromatic excitation at different frequencies (i.e., setting
Vinax = Viin in equation 3.20), for different amplitudes (\/U_z) and bias voltages (V}, = \/U_o) of
the driving voltage signal 7.
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Figure 3.54: COP-DEA frequency response in terms of displacement and sound pressure
output, highlighting the LF, MF and HF region of the response ([261]).

In the region from 150 Hz to 700 Hz the deformation and the sound pressure generated by the
unit are very low. With that observation, two main regions for the self-sensing can be identified,
respectively between 150 Hz and 700 Hz, and above 700 Hz. In the higher-frequency region the
unit produces sound and the HF driving signal can be used as self-sensing signal. In the lower-
frequency region, the system can perform self-sensing, using a dedicated injected sensing signal
while remaining silent.

To validate the self-sensing algorithm against a reference capacitance measurement (obtained
with a Rohde & Schwarz Hameg HM 8118 LCR meter), a sinusoidal movement of the end-effec-
tor has been impressed through a motor. In Figure 3.55 the capacitance estimated with the self-
sensing algorithm (at different applied bias voltages (0.5 kV; 1 kV; 2 kV)) is compared with LCR
measurements and the simple geometrical model (compare appendix A.9). LCR meter measure-
ments were obtained with a low-voltage bias applied on the DEA. The HF sensing frequency of
the self-sensing algorithm is 1 kHz.

The estimated capacitance of the self-sensing algorithm lies between the LCR meter, which
measures a lower capacitance, and the geometric model, which provides a larger capacitance com-
pared to the self-sensing algorithm. The mismatch between LCR measurements and the analytical
model is explainable due to the several combined reasons like: necking of the DE membrane;




3.4 Audio-tactile multi-mode DET development - Self-sensing approach for audio-tactile elements

contact resistance change for different bias voltage; and underestimation of the complex RC-
equivalent circuit diagram. The fact that capacitance variations predicted by the algorithm are
lower than (and then progressively approach) the expected variations (based on the geometrical
model) at low voltages (including the working conditions of the LCR meter) might be due to high
resistance of the electrodes (or the contact between electrodes and circuit tracks), which decreases
at higher working voltages.
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Figure 3.55: Self-sensing algorithm comparison with LCR meter measurement and geometric model
(c.f.[261]).

Despite the reported mismatch, the algorithm is found to predict variations in the capacitance
variations that can be used in a closed-loop setting to adjust the device output as a function of the
estimated deformation.

With the validation of the relative capacitance change, which is the relevant quantity for applica-

tions targeting deformation sensing, the self-sensing algorithm results accurate enough to detect
even very small movements and the capacitance change is comparable with conventional high
accuracy measurements. Consequentially, with the self-sensing procedure it is possible to measure
the deformation of the DE element, even with applied high voltage, accurately.

The performance of the self-sensing algorithm in both scenarios illustrated in Figure 3.53, with
deformations induced by external stimuli, or by the LF components of the excitation voltage is
measured and validated in the following.

Figure 3.56 shows a characterization of the unit performance in the presence of an external input
applied by a motor. The unit is driven with a HF signal ¥ (either a sinusoidal signal or a polychro-
matic audio track) used both to produce a hearable sound and perform self-sensing. For both cases
a same deformation of 2 mm is applied by the motor and the audio output is measured with a
microphone. The voltage input has a maximum amplitude of 200 V, bias 0f 2000 V, and maximum
sound pressure on the order of 0.15 Pa (78 dB). The test with monochromatic excitation shows
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that the sound pressure amplitude changes as a function of the stroke (reaching a maximum when
the COP-DEA out-of-plane deformation is maximum). This is a beating distortion, already ob-
served, due to the nonlinear dynamics of the system, whose stiffness (in the structural modes)
depends on z.

Correlation between the measured end-effector stroke and the sensed capacitance is quantified in
terms of Pearson correlation coefficient (CC) between displacement and capacitance time signals.
Such quantity is defined as the ratio between the covariance of the two variables and the product
of their standard deviations, and is computed via the Matlab function corrcoef. The Pearson CC
measures the linear correlation of the two variables with a result between —1 and 1 (+/- 1 perfect
correlation; 0 no correlation) [267].

The CC between the calculated capacitance and the movement of the end-effector is 0.99 in the
case of sinusoidal driving signals, and 0.83 in the case of polychromatic driving signals. A com-
parison of the capacitance calculated by the self-sensing algorithm and the geometric model shows
also that the signal shape is like to be expected. The variation of the capacitance AC is calculated
by subtracting the mean value of the measured capacitance.
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Figure 3.56: Self-sensing performance for motor-induced movement Left: sinusoidal HF
signal ¥. Right: HF signal ¥ rendering a soundtrack ([261]).

In a same manner, self-sensing in the presence of a voltage-induced deformation of the DEA
element is characterized in Figure 3.57. For the voltage-induced movement a LF signal with
Vinin =500 and V,,,4,, =2500 Volt is superimposed to a HF signal with same amplitude and fre-
quency as in the previous motor-induced measurements. The deformation of the end-effector is
below 0.5 mm and the maximum sound pressure is on the same order as for motor-induced meas-
urements. Compared to the previous case, fluctuations in sound pressure amplitude are much
higher, which can be explained with the variable value of the bias voltage due to the LF signal,
which has a much higher influence than the out-of-plane deformation. Increasing the voltage leads
to a reduction in the DE membrane stiffness, which in turn leads to larger amplitude vibrations
and sound pressure output of the stiffness associated structural modes.

The CC for the sinusoidal HF signal (0.87) is less than that measured in the case of motor induced
displacement. This is due to a ripple in the trend of the estimated capacitance, occurring in the
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low voltage range. This peak is an artifact due to multiple concurrent causes: 1) in addition to out-
of-plane conical deformations, electric activation causes a static lateral deformation of the COP-
DEA against the membrane profile necking, which leads to a change in capacitance; 2) the power
supply output is subject to distortions in the considered frequency range, due to dynamic effects
and the capacitive load created by the DEA. Both above mentioned effects become particularly
conspicuous when end-effector displacements are small, as in the example considered here. The
mismatch between actual displacement and estimated capacitance in the bottom part of the stroke
is also reflected in the capacitance-displacement trend, shown in Figure 3.56 (bottom) for 4 cycles.
Whereas the trend shows a monotonic functional behavior over a large portion of the stroke range
(similar to Figure 3.55), the univocal correlation between displacement and predicted capacitance
is not correctly estimated in the bottom part of the stroke (z € [5.0, 5.2] mm).
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Figure 3.57: Self-sensing performance for voltage-induced movement Left: sinusoidal HF
signal D. Right: HF signal ¥ rendering a soundtrack ([261]).

Despite such misestimation of the capacitance over restricted portions of the stroke ranges, the
global CC is higher than 0.8 (validation limit for high correlation [268]), and the algorithm is able
to capture the general trend of z. In the case of self- measurements performed using a song as the
HF signal, the correlation coefficient (0.88) is the same as for sinusoidal HF signals. Comparison
of the capacitance trends estimated via self-sensing and with the geometrical model (based on
measurements of z) shows a greater deviation compared to that observed in tests with motor-
driven deformation (Figure 3.57). This happens because, in this test, capacitance varies in a nar-
rower range, leading to higher relative inaccuracy in the capacitance estimation.

The validation shows that the self-sensing algorithm based on HF driving signals (either mono-
chromatic or broad-banded) in the acoustic range leads to capacitance estimates that retrace the
essential features of and have high correlation with the DEA linear displacement.

With this consideration, it is possible to use arbitrarily-complex polychromatic signals (sound-
tracks) to provide acoustic feedback while simultaneously performing sensing.

A set of measurements with the same procedure as in Figure 3.56 and Figure 3.57 by varying a
set of test parameters to test the robustness of the self-sensing capability is performed. For motor-
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induced measurements, tests at different frequencies and amplitude of the HF driving signal and
with different biasing voltages where performed, while prescribing LF sinusoidal deformations
with different deformation frequencies (1 Hz and 3 Hz) and amplitudes by the linear motor.

Tests with different frequencies of signal ¥ were run using an amplitude /U, =200 V and bias-
ing voltage V;, =2 kV, LF displacements of 2 mm amplitude at 1 Hz. Tests with different values

of amplitude \/U_z were carried out at constant biasing voltage of 2 kV and same LF deformation
as in the previous case. Tests with different bias voltages were run using a HF amplitude of 50 V
(which allows to apply different bias voltages, including low bias voltages, while preserving the
voltage polarity positive) and same LF deformations as before. Tests with different prescribed
deformation amplitude were done using a HF signal of 200 V amplitude, 350 Hz frequency and 2
kV bias voltage.

Results are summarized in Figure 3.58 in terms of SPL and CC between estimated capacitance
and measured displacement. The points for the SPL in the plot in Figure 3.58 are the mean values
of the SPL over the compete time window of the measurement. The CC is over 0.9 for all param-
eter combinations, and it decreases under 0.9 just for very low frequencies below 50 Hz.

In the considered region (below the natural frequency of the first structural mode), the SPL in-
creases with higher frequencies and depends on the HF amplitude and the bias voltage, as previ-
ously observed. The minimum SPL reached in these tests corresponds to a condition in which the
DEA produces no sound, despite minimum values displayed in the plots are on the order of 40-
50 dB because of limitations in the microphone and electronics capabilities.

The results provide evidence that, in all configurations, regions can be identified where high SPL

can be generated, while concurrently obtaining capacitance measurements with CC close to 1 or,
on the other side, regions where the CC is still high but no sound is produced. This allows imple-
menting scenarios where sensing is accomplished either in combination with or independently of
sound generation.
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Figure 3.58: Characterization of the CC based on self-sensing (dot markers) and the SPL (triangular
markers) for different parameter variations of the DEA system stimulation, with motor induced
movement and sinusoidal HF signal ([261]).

The characterization, using a soundtrack as the HF signal, is repeated. Corresponding measure-
ments are shown in Figure 3.59. In this case, the obtained CC is sensibly lower. The bias voltage
and the amount of mechanical deformation have the most significant influence on the CC, whereas
amplitude Vj, has a minor influence on the CC. For bias voltages higher than 1.5 kV and displace-
ments over 2 mm, the CC is higher than 0.8.
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It can be concluded that also with a polychromatic signal the self-sensing algorithm is able to
provide capacitance estimates that are highly correlated with the device stroke, for a broad range
of different parameters of the driving acoustic signal.

1 )
w o)
8 .\.\.___. i
S L Tog W
2 ‘
05/ L | g )
100 200 300 1 2 1 2 3 4
amplitude (V) bias voltage (kV) displacement (mm)

sl COTT . COES. —1 Hz mech. defor.
= =3 Hz mech. defor.
wl@)== mean SPL :

Figure 3.59: Characterization of the CC based on self-sensing (dot markers) and the SPL (triangular
markers) for different parameter variations of the DEA system stimulation, with motor induced
movement and polychromatic HF signal (soundtrack) ([261]).

The parametric response of the system in the presence of LF voltage-driven deformations is char-

acterized. Results obtained with a monochromatic sinusoidal HF signal are shown in Figure 3.60.
For the frequency variation measurements, an amplitude of 200 V and for the amplitude variation
1 kHz HF signal frequency is used. The voltage of the LF driving signal for both cases is a vari-
ating sinus from 0.5 - 2.5 kV with a frequency of 1 Hz. For the LF signal variation measurements
the amplitude of the HF signal is constant 200 V and the frequency 1 kHz.

The LF voltage is defined as 500 V (minimum voltage) plus a varying crest-to-trough amplitude
sinusoidal signal. In the considered tests, the end effector stroke due to LF driving voltage was on
the order of 0.45 mm.

In addition to SPL and CC the contribution of the HF signal to the end-effector displacement
(magenta x-markers) is isolated and quantified. This was done by applying a low-pass-filter to the
displacement measurement and subtracting the LF position signal (orange circular markers) from
the initial signal. The values for the HF displacement values are than calculated by using the
envelope, calculated by a Hilbert transformation (envelope function in matlab), and the corre-
sponding mean value of this time varying displacement value.

The contribution of HF signal ¥ to the stroke is generally small (on the order of microns), because
of the high frequencies and small amplitudes (U,) involved.

HF driving signals ¥ with frequency close to the DEA’s pumping mode natural frequency bring
in a greater contribution to the stroke. In this particular condition, the CC drops down because the
contribution of the HF component to the stroke becomes non-negligible, and the frequency of the
sensing signal is too low to capture it. The HF signal amplitude and LF signal amplitude have an
influence on the CC. As expected, low amplitudes of the LF driving voltage v (below 1.5 kV
variation) lead to small capacitance variations, that the self-sensing algorithm can only resolve
with limited accuracy, leading to minimum CC below 0.5 ([268]). These results suggest that a

frequency of at least 350 Hz and amplitude /U, of at least 50 V is requested for ¥, in order for
the self-sensing algorithm to provide CC above 0.8.
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Figure 3.60: Characterization of the CC (dot-markers) based on self-sensing, the SPL (triangular-
markers), HF (cross-markers) and LF (circular-markers) mean displacement. Different parameter var-
iations of the DEA system stimulation, with self- induced movement for (a) sinusoidal HF signal and

(b) polychromatic HF signal ([261]).

3.4.2. Experimental results

To prove the ability of the self-sensing DEA to concurrently implement 3 working modes (i.e.,
linear actuation, sound generation, and self-sensing) in practical scenarios, in this section results
on measurements performed on a set of structured case study demonstrations are presented. These
case studies are meant to provide a practical demonstration of the real-time multi-mode self-sens-
ing capability of the system in combination with HF and LF actuation. The considered case studies
refer to both scenarios in which the COP-DEA performs tasks involving externally induced de-
formations (e.g. smart buttons and audio-tactile interfaces), and scenarios involving voltage-
driven linear actuation (e.g. obstacle detection, voltage-driven output adaptation).

3.4.2.1. User-induced movement self-sensing

The first two examples are based on sensing of user-induced deformations, which induce a dis-
placement of the DEA end-effector. The deformation is measured via self-sensing and the output
is adjusted (by modifying the HV signal) depending on the intensity of touch, or the number of
consecutive detected touches. Here, the HF driving signal is simultaneously used for acoustic
feedback and sensing, and an additional LF signal is used to provide an tactile feedback.

Adaptive amplitude adjustment of the HF driving signal

By applying a HF signal with constant amplitude to the demonstrator, the sound pressure de-
creases when the end-effector is pushed down by the user (Figure 3.61(a)). This is consistent with
previously observed dependences of the DEA sound intensity on the out-of-plane deformation
([225] and section 3.2). Leveraging real-time self-sensing, online detection of the out-of-plane
deformation of the DEA is possible. Depending on the deformation, the amplitude of the HF signal
can be changed to make the sound pressure output of the DEA more constant. Figure 3.61(b)
shows the sound pressure output for an amplitude-compensated signal with 1 kHz HF frequency

(mm)

mean LF disp
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and an amplitude-range from 100 — 250 V (200 V without compensation). The output amplitude
for the compensation is calculated by the maxima and minima of the capacitance (Cg; C,) and
amplitude (Ua~1/Uz; Uag; Uaz) Ua = Uao+722=221(C-Cy) = Ugo+32ac . The sound pressure is recog-
nizably smoother as compared to Figure 3.61(a), showing the potential of self-sensing for equal-
ization of the sound output. With the simple control logics used in here, which makes use of a
static mapping of the HF signal amplitude as a function of the capacitance, a highly smooth sound
output could not be achieved: significant fluctuations in intensity are still present during fast
changes in deformations. A route to improve this result consists in combining the proposed closed-
loop self-sensing-based approach with a filter (based, e.g., on a dynamic model of the system)
accounting for the dynamic evolution of the system (rather than just relying on instantaneous

capacitance measurements) to adaptively select the HF signal amplitude.
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Figure 3.61: User induced deformation and corresponding closed-loop amplitude adaption
of the HF signal via self-sensing through the HF driving signal applied to the DE ([261]).

Comparison of Figure 3.61(a) and (b) shows that the peak sound pressure is lower in the test with
compensation. Reaching a constant pressure output equal to the maxim pressure in Figure 3.61(a)
(~0.2 Pa) would indeed require voltages that would lead to an electric field higher than the die-
lectric strength of the material (80 - 90 V/um).

Adaptive tactile and acoustic feedback adjustment

In audio-tactile interfaces, self-sensing can be used to change the feedback provided to the user.
This can be done for both the LF (tactile) and the HF (audio) signal or even for both on the same
time.

In Figure 3.62(a), a HF signal is applied to the electrodes with the dual purpose of producing an
acoustic output and performing self-sensing. The pitch of the acoustic output is slowly adjusted
based on the user's touch intensity. Similar to previously described amplitude adaptation tests, the
frequency is continuously updated as a function of the measured capacitance. Depending on the
implemented logics, the frequency can be increased with the DEA downward deformation (first
two plots in Figure 3.62(a)) or increased (third plot in Figure 3.62(a)). Since the intensity of the
DEA acoustic output varies with the frequency and the amount of deformation, the amplitude of
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the HF signal might be additionally varied, as in the previous section, to make the SPL more
constant.
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Figure 3.62: User induced deformation and corresponding (a) frequency adaption of the HF signal
via through the HF signal applied to the DE; (b) haptic and acoustic feedback adaptation via self-
sensing through a MF probing signal ([261]).

In a second test (Figure 3.62(b)), the DEA is used to produce audio-tactile stimuli that are func-
tion of the sensed deformation. In this case, a MF signal (350 Hz) is used for sensing, which
generates no feedback until a touch is detected. A set of thresholds values for the capacitance
(corresponding to different intensity levels of the touch) are defined. If the self-sensing algorithm
finds that a certain threshold is overcome, a specific audio-tactile feedback is provided. The
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sensing capability with thresholds is comparable with the tests performed in section 3.2.4.3. How-
ever, self-sensing allows for additional direct measurements when high voltage is applied. This
provides the capability for more complex interactions such as multiple thresholds with different
feedbacks. In Figure 3.62(b) two examples of threshold-based feedback with self-sensing are
shown. In these tests, two thresholds are implemented: upon reaching the first threshold a haptic
click feeling (LF signal) with an overlayed acoustic clicking signal (HF signal) and by reaching
the second one another feedback with the same feeling but other acoustic frequency is applied.

In the first example in Figure 3.62(b), a high pitched sound (1500 Hz) is produced upon reaching

the first threshold, whereas the pitch of the sound is reduced to 1000 Hz when the second threshold
is reached, whereas the logic is swapped in the second example (from 800 Hz to 1800 Hz). While
the feedback signal is applied, the self-sensing algorithm still works (relying on currents associ-
ated to the HF signal), which makes it possible to detect whether the user is reaching the second
threshold before or after the execution of the first feedback signal is completed. In case the second
threshold is surpassed the first routine is suppressed and the second feedback routine, with differ-
ent signal shape, starts. It is therefore an option to give a second feedback directly to the user,
without waiting for the first feedback to finish, which would lead to a bad user experience. The
magenta signal (round marker) for the right plots in Figure 3.62(b) is showing the supplied feed-
back voltage signals which is a superimposed rectangular LF signal (resulting in a tactile stimu-
lation) plus a sinusoidal HF signal with an exponentially decreasing amplitude (resulting in a
clicking sound). Both stimuli are clearly perceptible by users, as demonstrated by the previous
user tests (section 3.2.4.3).

3.4.2.2. Voltage-induced movement self-sensing

Two scenarios, involving self-sensing of voltage-induced end-effector movement, are considered
in the following. The first one deals with amplitude adaption of the HF driving signal, whereas in
the second one the impact of the moving end-effector with an obstacle is detected, and acoustic
feedback is produced accordingly. In both cases, a LF driving signal is superimposed with an HF
or MF signal, used for the self-sensing. For the present system, the voltage-induced movement of
the DEA is relatively small (<0.5mm), because the button (DEA + biasing element) was specifi-
cally designed for haptic feedback applications. Nevertheless, the minor stroke can be accurately
measured by the self-sensing algorithm and utilised in a control-loop configuration. Amplitude
compensation based on self-sensing

As already seen in section 3.4.1 and 3.2.2 the sound pressure varies strongly with the bias voltage
associated to the LF component of the signal. Self-sensing can be used to make the sound intensity
steadier by adjusting the HF driving signal amplitude as a function of the sensed deformation.

Figure 3.63 shows the end-effector displacement, sound pressure time-series and capacitance
(measured via self-sensing) for a sinusoidal input driving voltage with HF components of 1 kilo-
hertz and 250 V maximum amplitude and LF components with 5 Hz and 750 V amplitude with a
bias voltage of 2 kV. In Figure 3.63(a), the HF component of the driving voltage has constant
amplitude of 200V, which results in a highly variable sound intensity (the sound pressure is max-
imum when the LF component of the driving voltage, and, hence, the out-of-plane stroke, are
maximum). In Figure 3.63(b), such pressure output is compared with that obtained by continu-
ously varying the HF signal amplitude in a closed-loop fashion, as a function of the measured
capacitance (monotonically decreasing the HF signal amplitude with the capacitance) (linear:
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U, = Uao+%AC ; quadratic: U, = jUaOZ+AAUCa:Ac ). In Figure 3.63(c), in contrast, the HF signal am-
plitude is adjusted as a function of the instantaneous value of the LF driving voltage component
(in an open loop fashion), namely, monotonically decreasing the amplitude with increasing values
of 7(t), as previously suggested in section 3.2.2. In both cases, linear and quadratic dependences
of the HF signal amplitude on the capacitance/LF voltage are considered (the quadratic depend-

ence being motivated by the quadratic dependence of Maxwell stresses on the voltage).

Both compensation methods (self-sensing based closed-loop, and input-based open-loop) lead
smoother pressure output trends compared to the constant amplitude reference scenario. Quadratic
compensations lead to slightly smoother trends as compared to linear adaptation, though their
difference is small, given the small displacements to which the DEA is subject. In these tests, the
voltage-based compensation (Figure 3.63(c)) is found to provide a smoother sound pressure out-
put than the capacitance-based compensation. This can be explained by the dependence of the
sound intensity on the DE membrane tensile stresses, which are influenced by the bias voltage
(the higher the bias voltage, the lower the stress on the DE and, hence, its stiffness against struc-
tural vibrations). In the conditions of the presented tests, such voltage-induced change in stress
has a stronger influence than the DEA configuration (i.e., the out-of-plane stroke) on the sound
pressure output and makes the open-loop compensation more effective than the simple capaci-
tance-based compensation presented here.
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Figure 3.63: Self-induced deformation and corresponding amplitude adaption of the HF signal
measured with self-sensing based on the HF signal applied to the DE. (a) Trends of the end-effector
displacement, estimated capacitance, and sound pressure time-series in a reference scenario in which
the DEA is driven by a constant amplitude HF voltage superposed to a LF driving voltage. (b) Sound
pressure obtained by varying the HF signal amplitude as a function of the measured capacitance. (c)

Sound pressure obtained by varying the HF signal amplitude as a function of the LF driving signal
amplitude ([261]).

In practice, finer compensations, leading to a better rejection of beat distortions than that achieved
in here, might be obtaining by resorting to more complex logics, which combine open-loop infor-
mation on the input voltage with real-time measurements of the capacitance, leveraging on
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dynamic models of the DEA dynamics. It is also worth remarking that in applications (especially
user interaction) the state of the DEA can change because of external factors (impacts, impressed
deformations), and such state changes can only be detected through a deformation-based sensing,
which necessarily demands for closed-loop logics.

Obstacle detection based on self-sensing

To provide the DEA sample with the ability to detect impact with an obstacle and respond with
a sound feedback, self-sensing is used. In situations in which the DEA encounters an obstacle
during the execution of a stroke or is subject to loads that are higher than the electrostatic blocking
force, the end-effector position will stay constant in spite of input voltage variations. In practice,
impact events can be caused by an obstacle located over the DEA end-effector, or a touch by a
user. In these situations, the actuator can still generate sound leveraging high-frequency structural
modes.

A self-sensing-based obstacle detection is implemented by experimentally mapping the static
voltage-free displacement response of the DEA. The map is compared with the actual capacitance
measurements obtained via self-sensing during LF actuation. It is possible to identify obstacle
impact events by evaluating the difference between expected capacitance and measured capaci-
tance at a given voltage and verifying whether such difference is above a critical threshold.

Two corresponding tests were carried out (Figure 3.64): a first test in which the DEA concurrently

produces linear actuation and sound (top row), and a test in which the DEA initially produces
silent linear actuation. In both tests, the LF component of the driving voltage initially had lower
amplitude, which was then increased, causing the DEA to hit a fixed rigid obstacle located on the
end effector trajectory. Obstacle detection was performed via self-sensing, respectively using cur-
rent measurements associated to the HF driving signal (top) or a MF probing signal (bottom). The
error between expected capacitance and measured capacitance for the two tests is shown (magenta
line; circular marker) on the right plots. During impact events, the error increases over a prede-
fined threshold, leading to the identification of an impact event. The error is calculated by the
following method. The applied LF voltage difference (AV) is first calculated and then the capac-
itance change (AC) is computed by the algorithm. The difference of the expected capacitance
change (voltage based calculation) and the actually computed capacitance change (based on self-
sensing algorithm), are done according to a static map of the device. Upon impacts detection,
acoustic feedback is produced, by varying the frequency of the (or introducing a) HF driving
voltage component.
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Figure 3.64: Voltage-induced deformation, with obstacle detection performed by comparing the es-
timated capacitance and the measured self-sensing capacitance. Top row: the DEA is driven with a
HF+LF voltage signal, it produces a linear stroke and sound during the entire test, with the pitch of
the sound output changing upon obstacle impact. Bottom row: the DEA is driven with a MF+LF volt-
age signal, it only produces linear actuation during the first part of the test and generates sound upon
impact with the obstacle ([261]).

3.5. Textile integrated audio-tactile elements

One important advantage of the presented demonstrators is that the main working layer is based

on a um thin flexible silicone film. This gives to the multi-functional element the natural and
inherent capability to work in a mechanically flexible way, which leads to a good usability as
textile integrated elements. The integration of the presented functionalities into smart textiles,
opens the scope for many application scenarios (compare section 4.1).

Textile integration of the DE can be realized in various ways, in section 2.3.2.1 and 2.3.2.2 man-
ufacturing processes for textile-integrated sensor and actuator elements are exemplative shown.
An integration of the DE element into textiles in a compact way is developed in the following
section, using the textile itself as pre-load element. For actuator integration, a pre-tensioning ele-
ment is necessary in nearly all cases for the application of DE elements. This leads to an increase
in complexity and size both in production and in application. One approach pursued here is to use
the already existing and necessary textile directly as a pre-tensioning element. This has the effect
of reducing both the height and the complexity of the structure, thus facilitating its integration
into the manufacturing process of the DE element itself. Another approach is to pre-tension the
DE element directly on the user's skin (which is also used in [20]). In application, the concept
presented and developed here is a hybrid form (skin and textile together form the pre-tensioning
element of the DE).

(a)

(b)
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3.5.1. Design of Textile integrated audio-tactile elements

The DEA element of the multi-functional feedback unit needs to be pre-stretched and the output
force must be transferred to the skin of the user. One realisation is shown in Figure 3.65, where
the DE is pre-stretched by a spacer in static out-of-plane deformation condition. The spacer sim-
ultaneously fulfils the task of transferring force to the textile and thus to the user's skin. The DEA
is held in place by a silicone frame which can be glued to the textile. A second silicone frame can
be used to adjust the distance to the skin and thus adjust the indentation into the skin.

e AN

Textile [
| I

Figure 3.65: Working principle and construction of the DEA based textile integrated audio-tactile
feedback element.

The characteristics of the textile and the geometric design of the integrated element have an in-
fluence on the behaviour of the haptic feedback of the element. The design of a textile-based pre-
tensioning element for the DEA and the estimated stroke and force is shown in Figure 3.66.

The curves in Figure 3.66 are estimated by measurements (tensile tests for textile, DE and skin)
and linearized to show the principle qualitative design approach. The stiffness of the textile and
the stiffness of the skin can be added together and influence the characteristic of the textile inte-
grated feedback element. With the thickness of the silicone spacer between the skin and the textile
the working point of the element can be adjusted, and the actuator behavior can be adapted (Figure
3.66(c)).

A realisation of a textile integrated actuator element based on DEs, is to use only the textile
(excluding initial forces from the skin, in the equilibrium configuration) as preload element, which
leads to less required components and to a highly integrated solution. The output force of the
element is influenced by the pre stretch of the textile and by the geometry of the construction. The
geometry basically is influenced by the outer diameter of the spacer and the inner diameter of the
free textile part. The force output and deformation of the system can be estimated by intersection
of the textile force curve with the DE curve (Figure 3.66).
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Figure 3.66: Design and influence of the textile pre-tensioning element and spacer. Textile and skin
force are combined and work against the DE as a pre-tensioning element. The output performance of
the DEA is influenced by the force characteristic of the skin and textile.

Therefore, the used exemplative textile is measured with different pre-stretch and geometry. In
order to validate the optimal configuration for the realisation of the textile pre-stretched element,
a COMSOL Multiphysics® simulation of the textile force behaviour was conducted (hyper-elastic
model). In Figure 3.67 exemplative a comparison of the simulation and measurement of textile
tensile tests is shown.

5 textile tensile tests
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Figure 3.67: Measurement and simulation of pre-stretched textile (20 % biaxial) tensile test for dif-
ferent geometry.
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The textile force increases with bigger inner diameter and higher pre-stretch, for bigger outer
diameter the force decreases. For the output performance mainly the stiffness of the textile (or the
textile force + skin force) is decisive. When the textile is very stiff then the output force is high,
but the deformation of the DE-textile composite system is very low and vice versa, if the stiffness
is small the deformation can be high but with very low force. With the human JND (Figure 2.23)
the force and the displacement should be at least 100 mN and 100 pm which leads to a certain
range of the stiffness for the textile. Additionally, the total out of plane deformation of the system
defines a second boundary for the system development, in order not to exceed a certain thickness
of the whole system.

The force trend and influence of the geometry can be visualized in Figure 3.68. The output de-
formation and force depend additionally on the working point of the DE, which can be set by the
length of the spacer between textile and DE membrane. It is evident that the behaviour of defor-
mation and force is antithetical with respect to the operating point, inner and outer radius, and
pretension of the textile. The product of force and displacement is demonstrated in Figure 3.68
and in the following, which approximately represents the mechanical work performed by the sys-
tem. The cluster of curves represent the calculated output at different working points (initial equi-
librium force of the DE) for different geometries, concerning the inner and outer diameter as
shown in Figure 3.67. To take realistic configurations into account, a measured forces of the hu-
man skin (lower arm region) is added to the simulated textile force. The magnitude of the skin
force is gauged by applying a force to the indenter (12 mm diameter), which is measured using a
load cell, and thereby pushing it into the skin.
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Figure 3.68: Output deformation and force performance for different geometries and different work-
ing points of the system.

The output performance (force - deformation) increases by increasing the outer diameter and de-
creasing the inner diameter of the structure. Based on this, the output performance would theoret-
ically be maximum for lowest inner diameter and highest outer diameter. For the complete system
design, the deformation and force separately have to be higher than the thresholds of the JND.
Additionally, the system size and thickness has to fit to the application boundaries. Figure 3.69(a)
shows the output performance for different geometries ( R; € [5mm,10mm] and R; €
[R; + 2mm, 20mm]) for 20 % pre-stretch of the textile.
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Figure 3.69: Output performance of the system for different geometries (Ri: 5 -10 mm; R, up to 20
mm) with (a) output deformation, output force and output work for 20 % textile pre-stretch and (b)
for 10%, 20 % and 30% textile pre-stretch. Gray areas identify parameter-region where either the de-
formation or force is below the JIND threshold, or the structure is too big (textile out-of-plane defor-
mation > 3mm).

The grey lines identify the areas where either the JND thresholds are not met or where the thick-
ness of the system is too high (more than 3 mm out-of-plane pre deformation of the system (DEA
+ textile). In Figure 3.69(b) the output work for different pre-stretch of the textile is shown. The
performance of the system increases with the pre-stretches of the textile.

In Figure 3.70 the output performance of the system in dependence of the geometry (inner and
outer diameter) is shown.
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Figure 3.70: Output performance of textile DE system for different textile pre-stretch (maximum
output 0.0737 Nm at R; = 8 mm and R, = 17 mm (red dot)).

The maximum output of the system with the used parameters can be reached by a pre-stretch of
the textile of 30 %, inner diameter of 8§ mm and outer diameter 17 mm. In this configuration the
DE is stretched to a working point of 3 N. In Figure 3.70 the complete maximum output for three
different pre-stretches of the textile is presented (red dot).

3.5.2. Experimental results

To validate the working principle of the presented textile pre-loaded tactile feedback actuator
(see Figure 3.71), different performance measurements are carried out. The measurements are
done for different boundary conditions like working point and mechanical deformation of the
whole actuator.

v Silicone frame 3 ‘ - v
Textile /‘ — —
(a) (b)

Figure 3.71: Textile integrated DEA prototype with (a) measurement clamps and (b) silicone hous-
ing and arm strip integrated prototype.

The silicone frames used to hold the textile pre-stretch have a thickness of 1.5 mm each, the
measurement-frames are 3D printed and have an outer diameter of 60 mm. The used textile con-
sists of 80 % polyamide and 20 % elastane (210 g/m?). The textile gets pre-laminated with an
adhesive layer and is afterwards glued to the silicone frame. The connection of the centre point of
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the DE (compare the end-effector in the sections before) and the textile, is done with a filament
printed spacer with a length of 14.5 mm. In Figure 3.72 the electro-mechanical behavior of the
textile integrated actuator is shown. To simulate wearing the actuator on a body part, different
shapes of the system are compared. As reference the DE-textile composite is measured in the
mounting frame, holding the pre-stretch of the textile (30 % biaxial) and pushing with a loadcell
(KD40; +/- 10N) onto the textile part of the actuator system.

By applying the high voltage to the DEA, the stiffness of the actuator is reduced, and a differential

force can be measured. Three different shaped mechanical elements are used to induce a bending
of the DEA element. For this reason, a flat hard-stop element and two round shaped hard stop
elements (different radii 2.5 mm and Smm (curvature of the hard stop profile)) are used for the
measurements. The stiffness of the system increases by applying the hard-stop elements compared
to the ‘free’ system behavior on the order of 50 %. This can be explained by the clamped textile
edge and depends on the geometry of the clamping frame. In the context of utilising pre-tensioning
inserts, the clamped textile is already fixed. Consequently, the static pre-stretching of the textile
outside the frame exerts no further influence on the force behaviour of the actuator (due to the
insert), in comparison to the two other configurations. In Figure 3.72 the actuator system is
stretched to 5 mm staring from the equilibrium position.

The change in stiffness of the system is comparatively much smaller for the free-to-move con-
figuration, in relation to the different inserts. Two different actuators are built, based on two dif-
ferent DEA elements (one with 2 layers and one with 5 layers) with the exact same topology of
the system (silicone frame shape, textile pre-stretch, spacer length). The stiffness difference of the
two configurations is comparably low, which can be explained by the fact that the 2-layer DE is
in the reference configuration already much more deformed then the 5-layer DE, which leads to
higher initial stiffness of the DEA. The force-variation itself (difference of OV curve and 2.5 kV)
is consequently also comparable for the 2- and 5-layer systems. The main advantage of the 5-layer
system is the smaller out-of-plane deformation of the DE and the resulting reduction in the height
of the overall superstructure.
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Figure 3.72: Actuator curve (DEA + Textile) for different mechanical configurations, for 2- and 5-
layer DEA, with 0V and 2.5 kV electrical actuation.

Audio-tactile Measurements

Tactile measurements

The influence of the boundary conditions and the layers of the DE on the output performance can
be validated by measuring the output force and the out-of-plane deformation of the actuator. To
show the specific performance of the actuator, the force is measured at a certain working point,
by applying a sinusoidal voltage to the DE. Furthermore, the mechanical vibration (‘end-effector’
motion) is measured with a laser displacement sensor in the reference configuration. In Figure
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3.73 the output force of the two elements is shown. For the force measurements the textile actuator

is preloaded on the textile side (which is the contact side to the user in the application) with 3 N
and the difference force is measured in this working point.

The force increases with the bias-voltage and changes also with the shape of the deforming ele-
ment. This shows that the output force is depending on the deformation shape of the DE-textile
composite, but for an already bent actuator the change of radius has a quiet low influence. In
Figure 3.73(c) the output force for the 5-layer actuator is validated over the frequency. For this
measurement, it must be taken into account that the whole system (including the loadcell) can
have some resonance influence on the measurement. However, the force is in all cases up to 60

Hz much higher than the JND of the human in this frequency range (compare Figure 2.23 in
section 2.2.2).
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Figure 3.73: Output force of the textile integrated element with 500 V amplitude sinusoidal signal
(a) for 2 layer DE with different bias voltages (b) for 5 layer DE with different voltages and (c) 5
layer DE for different signal frequencies.

Additional to the force measurements, in Figure 3.74 the free displacement of the actuator is
measured in the reference configuration. For the deformation, the configuration without any me-
chanical boundary leads to a higher deformation than for the mechanical bended configurations.
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Figure 3.74: Output displacement of the textile integrated element with 500 V amplitude sinusoidal
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The deformation is (opposite to the force) higher for the 2-layer DE element due to the reduced
stiffness of the textile. Also, for the deformation, depending on the bias voltage, a deformation
higher than the JND can be achieved (Figure 2.23).

The measurements in Figure 3.74 are performed with 1 Hz, in this frequency range the human
skin is not very sensitive to vibrations. With higher frequency the sensitivity increases, and the
vibration is strongly perceptible. Therefore, in Figure 3.75 the vibrational output for both proto-
types over a frequency band from 1 Hz to 60 Hz are shown. The frequency dependent JND for
vibrations on the skin can be looked up in Figure 2.23 and included into consideration. For a
frequency range higher than approx. 5 Hz the vibration is much higher than the JND of the human
(red line). With the shown measurements it is clear that the output performance of the developed
textile integrated prototypes is high enough to be good perceptible by the human for tactile appli-
cations.
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Figure 3.75: Output displacement of the textile integrated element with 500 V amplitude sinusoidal
signal with 1 — 60 Hz frequency for (a) for 2-layer DE and (b) 5 layer DE.
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As demonstrated in this work, the use of capacitive signals enables the implementation of the
self-sensing capabilities. Therefore, a static measurement of the capacitance over deformation for
the 4 different configurations is shown in Figure 3.76 (LCR meter).

The cross-influence on the capacitance change depending on the configuration is clearly visible.
With that dependencys, it is possible to detect the configuration status of the element (e.g. posi-
tion/bending of the DEA), if the actuator is not touched by the user. If the actuator is fixed in the
working point, and the bending dependent capacitance is constant, the interaction with the user
(e.g. touch intensity) can be measured. To detect simultaneous touching and changing of the bend-
ing (e.g. actuator is not completely fixed to one position) more complex algorithms or multiple
DEA elements have to be integrated to realise a reliable measurement.
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Figure 3.76: Capacitance measurement of demonstrator with 5 DE layers in different configurations.

For the development of textile integrated multi-functional elements also the acoustic response
and controllability need to be proven. For that in the following, additional acoustic measurements
are performed.

Acoustic measurements

For the acoustic output performance, similar to the previous measurements, the textile-based ac-

tuator is clamped in a 3 D printed frame and preloaded with different radii in an out-of-plane
shape. The SPL is measured in a same manner as in section 3.2.4.1 and with the same voltage
input parameters like in Figure 3.34.

Figure 3.77 shows the SPL for the different configurations (compare Figure 3.72) and for 5- and
2-layer membrane actuators.

As described in section 3.2.1.2, the SPL of the 5-layer prototype is compared to the 2-layer DEA
slightly higher, and the first resonance peak appears at a higher frequency. The SPL and the res-
onant peak of the multi-functional DEA is only weakly dependent on the configuration. Because
of the slightly higher pre-stretch of the membrane in the mechanically constrained configurations,
the SPL results slightly higher in those cases. The variation in SPL due to preloading is below
several dB and can be neglected for practical applications. This means that the DEA can be used
as loudspeaker in different deformation configurations, without losing much of the performance,
which leads to a flexible usable interface.
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Figure 3.77: SPL of the actuator (DEA + Textile) for different configurations, far 2- and 5-layer
DEA, with different bias and amplitude input voltage.

For better comparison of the different configurations, Figure 3.78 presents the SPL in one plot.
The only major difference appears for the basic configuration without any mechanical preload
where a drop in the SPL appears for a frequency between 2600 Hz and 3000 Hz, which is strongly
influenced by the mechanical element and shifts toward higher frequencies by using the stretch
elements. The shift in the frequency domain can be additionally influenced by acoustic boundary
conditions in the measurement chamber, during the measurement. This behaviour can be ex-
plained by the stiffness increase due to the mechanical elements.
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Figure 3.78: SPL for different configurations and different actuator layers.
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4. Application examples, Conclusion & Out-
look

This chapter closes the thesis by showing some potential application examples and fields, sum-
marizing the main results and providing an outlook for future development and improving of the
developed systems and structures.

4.1. Application examples

Multi-functional elements can be used in many different areas and for different applications. In
this section a few application examples are shown to validate the benefit of the developed and
presented features of multi-functional DETs. In Figure 4.1 a comprehensive approach for distrib-
uted connected smart elements is shown. The combination of DE based sensors, actuators and
multi-functional elements (as developed in this thesis) with further additional components like
smart sensing textiles (e.g. smart vest), generators, electronics, artificial intelligence and brain
computer interfaces paves the way for completely new human and user interaction.

DE based sensing DE based energy harvesting
DE based actuation Additional elements
DE based multi functional elements Electronic

Figure 4.1: Combination of DE based sensor- actuator and multi-functional elements as well as gen-
erator with additional conventional elements and electronic to deliver a comprehensive distributed
human communication interface.

137



138

By integrating the single elements in an unobtrusive and sleek way, the variety of features can be
integrated without compromising wearing comfort and ergonomics. Smart materials, like SMAs
for example, can additionally be used for force feedback or active support of the user.

The different features of the developed DE based elements of this thesis and their usability and
product value enhancement are presented in the following, using individual application examples.
The examples show future fields of application and represent only a partial area of implementa-
tions. The setups presented have not yet been implemented in practice and are meant to provide a
roadmap for future investigation.

Application fields

Industry application

The field of assistance tools for industry applications and production gets more important as a
consequence of the digitalisation envisioned by the industry (I 4.0). Many assistance tools and
wearables can be used in industry applications. For this field specifically the reliability and ro-
bustness of the system is important. One example of assistance tools are smart gloves, potentially
combined with tactile and force feedback. Supporting to this work a smart sensing glove is devel-
oped, where fine movements of the fingers, with a relatively small design space, can be acquired
with sufficient accuracy [215]. If this is combined with multifunctional feedback elements a bidi-
rectional user interaction unit can be designed. The design of the DE elements and the electronic
as well as the manufacturing process of the assistance tool are matched to each other. In Figure
4.2 the main potential features of a multi-functional assistive tool, in the form of a sensing and
tactile feedback glove are shown.

Glove with DE —sensor und actuator elements
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Figure 4.2: Possible features and extensions for a smart glove to provide a fully comprehensive
smart assistance tool. DE technology viable features are red marked.
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Help for elderly people

In 2018 the total number of people over 65 worldwide outnumber the first time the number of
children under 5 [269]. The society is generally getting older and more eldered people need help
in the daily life [270]. One potential avenue for assistance is the monitoring of vital signs, with
the subsequent application of feedback appropriate to the needs of elderly individuals. . For ex-
ample, reminding them to take their medicine or practice certain exercises. Another application is
in the area of active support of the human, for example stand-up aid or working aid.

Help for handicapped people

Around one billion people of the world population (15%) have some form of disability [271].
Especially for people with physical disabilities wearable assistance tools can help. Similar like for
aged people active support and communication are fields of interest for multi-functional assistance
tools. But people with intellectual disabilities can also be helped with communication tools, for
example by combining brain-computer interaction with physical stimuli generated by feedback-
based elements.

Smart surfaces and car interior

A wide range of potential applications for multifunctional elements are smart surfaces. The sur-
faces can be used in different fields, for communication and control. The interface can be used in
all kinds of textile- or non-textile-based surfaces to interact with the surroundings. For example,
car interior or smart home control elements can be one use-field. Additionally active smart sur-
faces, which sense the state of the surface and change the geometry to increase aerodynamic effi-
ciency and attenuate vibrations and noise for example, are a potential field of application.

Virtual / augmented reality and entertainment

VR and AR are highly increasing fields. They can be used in different application scenarios like
education and training, industry, navigation, medicine, entertainment, advertising and gaming to
justname a few. The ability to recognise human movements or intentions and to convey sensations
and hearing through ‘normal’ clothing, for example, enlarges the fields and lowers the threshold
for use. In the entertainment area it could be possible to interact with real-like scenarios directly
from home.

Human digital twin

Another field of interest is the development of a human digital twin. Especially in the industrial
environment digital twins, mainly for products, handling devices and robots for instance are used.
The development of a human digital twin is much more difficult to realize. With the use of the
sensor characteristics the physical properties of a human can be transferred to a digital image. The
model behind the digital twin can not only record the person's current state (e.g. movement, posi-
tion or vital functions), but also calculate the person's most likely behavior. This can be used to
give feedback to the human or to the environment for example to warn the human if a dangerous
situation is probable or the concentration level drops down. The efficiency of the digital twin
bases mainly on the developed algorithm, but also the sensing data of the human and proper feed-
back to the human are needed for the potential real use [218].
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Sport and medicine

Assistance systems can increase the efficiency of treatment for both doctors and patients. The
patient can be supported in a similar way as elder or handicapped people with active assistance
and vital value control for instance. On the other side, surgeons can be supported during an oper-
ation with tactile and acoustic feedback for example. For sport and competitive sport, the moni-
toring of the human motion and additionally the real-time feedback to increase the performance
can be realised. For example, the movement of an athlete can be sensed in real time and slight
adjustments to the movement can be achieved with the help of haptic and/or acoustic feedback.
This means that the execution of the movement can be perfected by only repeating it several times.
Alternatively, real-time monitoring can be used to detect posture and movement deficits and make
the user aware of them (e.g. flat foot, curved back).

Comfort

Another application example can be the comfort of human users. This can be for example an
induced pleasant vibration like for massages or temperature stabilisation in garments. The mas-
sage effect can be also realised in car seats. Based on DEs a variable higher frequency vibration
can be adapted to the user need [272]. The massage function can also be integrated in massage
suites. A further application for wearable comfort elements are heating and cooling systems. The
heating is often realised by current-carrying conductors that heat up. For wearable cooling systems
implementation technologies are not very advance; smart materials with an elastocaloric-cooling
effect could help here [273].
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4.2. Conclusion

The focus of this thesis is on the development and systematic validation of multifunctional sens-
ing and feedback elements based on dielectric elastomer transduces (DETs). The actuator and
sensor properties of DETs have considerable potential for the development of slim, flexible, and
high-efficiency textile-integrated smart assistive elements. However, despite the existence of lit-
erature proposing certain user interaction and feedback solutions, this thesis is the first to develop
and propose a key benefit of DET-based interfaces: the capacity to perform multiple tasks simul-
taneously using a single interface. The evolved control and methodology extends the functional
scope of DETs as a sensor, tactile feedback element and loudspeaker simultaneously, using only
one single thin functional membrane.

The structure of a DE based user interface, with multiple capabilities (self-sensing, multi-modal
actuation) and needed peripherals, like sensing and high voltage electronics, as well as textile
integration concepts are shown. The main development of the simultaneous and efficient use of
multi-functionality is investigated and methodically described in full detail. For that the principle
of using different frequency regimes (vibration modes) for tactile feedback or movement of the
DE and sound generation is shown. With the developed concept the two modes of the DE can be
individually and simultaneously controlled. Additionally, the higher frequency regime can be also
used for self-sensing, by measuring the voltage and current through the DE. With these investiga-
tions it is possible to achieve even three different functionalities with one element and one single
control input of the DE simultaneously. In a further step, a concept to integrate the multifunctional
elements into textiles is described. All the developments and investigations are validated with
measurements and different proof-of-concept tests to demonstrate the practical functionality. The
performed validation measurements include acoustic measurements, vibrational measurements,
force and displacement measurements as well as electrical measurements, like voltage, current,
resistance and capacitance measurements. With this broad and precise validation, the mechanism
and the mode of operation can be completely understood and controlled.

Furthermore, several prototypes are built, illustrated and validated by measurements. The proto-
types are self-standing units which provide the interaction with a user, to show the practical use
of the developed concepts. Altogether, the prototypes also show the broad field of the new devel-
opment of this investigation, from the theoretical development of a multi-functional actuator over
the use of custom made sensing and high voltage electronic to programming of the periphery and
the self-sensing algorithm, as well as the integration of the whole system into a functional unit.

Finally, different applications fields and examples are shown to provide a vision of the relevance
in industry, medicine, entertainment and further other scope of interest. The different application
examples show the potential use of the developed assistive tools in ‘real-world’ applications.

4.3. Future development

The shown concepts and developments of this thesis build the basis for many different further
applications and developments. Possible further development areas are miniaturization of the
DEA element and the whole structure; the interaction of multiple DEA elements in an array (and
the interaction of different vibration modes to the whole structure and the sound output); the use
of flexible biasing elements (e.g. silicone or PET based springs), and the use of different materials
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(e.g. sputtered electrodes) or manufacturing processes for the DEA. Furthermore, the electronics,
for both the sensing and the high voltage electronics, can be improved and self-sensing algorithms
can be integrated in a compact microcontroller by reducing the required computing capacity. The
high frequency stimulation could be also increased to ultrasonic region in a further step, for ex-
ample to use a further frequency band for additional sensing and environment interaction capabil-
ity.

With a further development and adaption of the presented DE models, and integration of controls
onto small size microcontrollers, an improvement of the sound quality, the self-sensing accuracy
or for example the effective interaction of many different actuator elements can be realised. Ad-
ditionally, the investigated multi-functionality paradigm, could be also transferred into other sys-
tems and smart materials to provide them with different simultaneous application modes. In fur-
ther research projects, the practical use of the developed systems and their integration into real
application cases (e.g. assembly line) will be investigated further [274], [275].
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A.1.State of the Art - Exemplative smart gloves

Appendix

Table A 1: glove realisation state of the art. Subdivided into exoskeleton, gloves with feedback, sen-
sory gloves camera-based systems, industrial applications and scientific research.
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A.2.Capacitance measurement principles

Classical capacitance measurement methods are shown in Figure A 1. The most commonly used

methods are charging and/or discharging time measurement and the LCR meter principle, where
the phase shift and amplitude of the current associated to a sinusoidal input voltage are measured.
Other methods which are often used are based on a comparison between a known capacitance and
the measured capacitance, which can be also realised as a capacitive voltage divider where the
measured voltage is proportional to the measured capacitance. This method can be improved by
a measuring bridge to have a higher accuracy and reduce environmental influences. A further
method to measure the capacitance is the monitoring of the DC charge which can be realised by
current measuring. Problems with the charge measuring is mainly the very small amount of charge
(and current) in a quasi-static configuration of the DE, which leads to very small accuracy.

Charging Curve Discharging Curve

Cron o R | Do ot [

Cyclic charging/discharging Sinusoildal input (LCR meter principle)
I L |

R | e

capacitive voltage divider Known loaded capacitance

DE »

AC voltage measuringbridge DC Charge measurement

Figure A 1: Different capacitance measurement methods to measure the DE.

A.3.DE actuator design

In Figure A 2 the force characteristics of the different biasing elements and how they influence
the output of the DE system is shown.

The mass has only a medium actuator stroke, but the construction is very simple. With a hard stop
obviously no stroke can be performed but the output force between high and low voltage applied
is maximized and the construction is the simplest. The linear spring is as well simple but offers
only a comparable low actuator stroke. The linear spring, or positive rate bias spring (PBS) has
the main advantage that the force behavior can be easily adapted by using a different stiffness of
the spring and changing the pre-tension of the PBS in the equilibrium state. The magnet-based
biasing is a bit more complex to integrate and brings relatively high mass into the system. De-
pending on the biasing element the maximum stroke of the DEA is very different. Especially for
a negative biasing spring (NBS) the displacement of the system can be maximized. The NBS can



be additionally angled in a certain way (with the help of a fixed mechanical setting of the output
angle for the beam), which has an impact to the force behaviour of the NBS [276].
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Figure A 2: Biasing elements and influence on the design of the DE System with reaction forces (a)
mass (b) hard stop (c) magnet (d) linear spring (e) negative bias spring and (f) angled biasing spring.
As well as an example for a circular DE with force and displacement difference (g).

For an angled NBS no additional linear spring is necessary to adjust the force of the biasing ele-
ment to the DE stiffness. Therefore, the angled NBS is the best method to reach high strokes for
a rigid system structure. The NBS force can be influenced by changing the material and the ge-
ometry of the leaf spring. The force is linear with the width of the bar and cubic with the thickness
of the sheet. The length and the compression of the beam influences the stiffness of the spring and
respectively the maxima peaks of the NBS force. With the clamping angle of the NBS force can
be shifted from a symmetrical shape (for 0° angle) around the symmetry axis (zero force line)
upward, to fit the DE force characteristics (see Figure A 2(g)). By specifically designing the NBS,

clxvii



clxviii

fitting to the DE force and the application, it is possible to increase the DEA performance signif-
icantly [276], [277], [278], [279].

The shown curves in Figure A 2 are simplified to visualize the principle design process. However,

the hysteresis of the DE and the spring have a high impact to the biasing system design in real
applications. The hysteresis of the DE is mainly influenced by the electrode material. If the NBS
is build out of spring steel the hysteresis is negligible, but by using for example elastomeric pre-
load elements, which are much better for flexible integration into textiles, the hysteresis of the
bias element material has a much higher influence.

If static conditions are considered, the sum of all forces in the system need to be zero. To calculate
(graphically) the force applied to the DEA, the forces F in the moving direction of the DE €pg
must considered. For one biasing element with the force Fg;,5 the sum of the forces is:

ZF'éDE=FDE'éDE+FBiaS'éDE=0- (5.1)

For a biasing element with a unidirectional force in the direction of the DE the equation can
be directly written as

Fpg = —Fgigs- (5.2)

However, with equation 5.2 the behaviour of the DE system can be explained, by considering
the DE force and the biasing force with the specific directions of the corresponding forces.
Figure A 2 the graphical determination of the forces and the displacement of the actuator (in
correspondence of a given voltage variation) is shown. In the last row (Figure A 2(g)) for
example, a system with a COP-DE and an angled NBS is shown. The two colored curves in
Figure A 2(g) represent the DE response with (red) and without (blue) voltage, where the
black line represents the NBS force behaviour. The movement of the end effector can be read
from the x-axis and the force from the y-axis of the resulting displacement-force diagram for
the cut-out-forces of the system.

A.4.Model of the DEA dynamic response

Finite element model of the DEA acoustic response

The model described in section 2.1.1.3 and 3.2.1 is implemented in the software Comsol Mul-
tiphysics, making use of the in-built Nonlinear Structural Mechanics and Acoustic modules, and
implementing user-defined functions to consistently describe the electro-acoustic interactions
(i.e., the contribution of the voltage in the energy density function). Consistent coupling between
the membrane and the acoustic domain is implemented by means of a moving mesh feature. Fur-
ther details on the model assumptions and implementation are discussed in [173].

Table A 2: Material parameters used in the simulation ([225]).

Model assumptions

Hyperelastic params. c1,0 194 kPa
(3-param. Mooney-Rivlin)  ¢a9 71 kPa
0,1 -24 kPa
Dielectric permittivity e 28-89-1072 F/m
Structural damping loss fact. 7 0.15
DE density p 1400 kg/m?

The described model is used to predict the acoustic response of the DEA. Similar to [173], the
material parameters listed in Table A 2 were used. In particular, the DE elastic response is de-
scribed via a generalised Mooney-Rivlin hyperelastic model, the visco-elastic response via a



structural damping (with loss factor ns). The thickness of the membrane is assumed to be equal
to the total thickness of the dielectric layers. A suitable value for the density (higher than the
density of the dielectric) of the DE is chosen, to account for the contribution of the screen-printed
electrodes on the total DE mass. The geometry of the structure surrounding the DEA was mod-
elled in a simplified way as a thin flat square panel with 80 mm side length. Although this geom-
etry represents a drastic simplification compared to the actual structure, it accounts for sound
reflections from the walls around the DE, while still keeping into account acoustic short circuit
effects between the front and the back of the membrane (as the box holding the DE is not laterally
sealed). The air volume surrounding the sample has been modelled as a spherical 4 volume with
aradius of 450 mm, surrounded by a permanently matched layer with thickness equal to the mem-
brane outer radius. Other details on the model and its implementation are provided in [173].

The plots in Figure A 3 compare the experimental trends of the SPL (as a function of the fre-
quency) with the model’s predictions. In the simulations, the end-effector of the device is held
fixed, and the resulting predictions are compared with the SPL measurements obtained in the two
blocking tests presented in Figure 3.2, which feature different bias voltage and out-of-plane de-
formation, namely: B1: Vb =1 kV, h0 =5.1 mm; B2: Vb =2 kV, h0 = 5.6 mm. In both tests, the
applied voltage has an amplitude Vk =100 V.

(0.1) (0.2) (0.3) (0.4)
T W T 1 | T T 1

)
=
d 40 - _Vb:lkV-test(Bl) 4
RO | - V,=2kV - test (B2)
20 - __—Vb:lkV-model 4
————— Vb:2 kV - model
0 1 | L L |
1000 2000 3000 4000 5000

frequency (Hz)

Figure A 3: SPL in blocking conditions (B1 and B2, as defined in Figure 3.2): comparison of exper-
imental data and finite element model predictions. The green bands indicate the range where the natu-
ral frequencies of the corresponding modes (whose value is different in the two cases) are comprised

([225).

The model captures the global qualitative and quantitative trend of the SPL in the considered
frequency range. In particular, the model predicts the location and magnitude of the peak associ-
ated to the first structural mode (mode (0, 1)), in the neighbourhood of which the SPL rises from
40 dB to 75-85 dB (depending on the biasing voltage). The model shows that, in the considered
frequency range, the membrane features at least 4 axial-symmetrical modes (from (0, 1) to (0, 4)).
In particular, the acoustic response shows peaks (with an increase in the sound pressure level
consistent with the experimental data) in correspondence modes (0, 1) and (0, 3), whereas modes
(0, 2) and (0, 4) (with an even number of antinodes) have a minor influence on the acoustic re-
sponse. In addition to that, the model is able to explain the variation in SPL generated by different
electro-mechanical biasing conditions.
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As already discussed in [173], because of the drastic simplifications used here to describe the
material damping, the model does not entirely capture some features of the acoustic response (e.g.,
the presence of antiresonances in the acoustic response in the range 4-4.5 kHz), and in particular
it tends to overestimate the amount of damping present in the response at the highest frequencies.
To improve the model accuracy, one should resort to a more complex damping model (e.g., a
rheological visco-elastic model), for which a specific characterization would be required. The
model, in the form presented here and in [1], still allows obtaining a reliable estimate of the gen-
erated SPL and its dependency on the design parameters.

Nonlinear dynamics

The finite element model presented in Sect. S2 allows solving the linearised continuum dynamics
of the DEA in the neighbourhood of a given working configuration and estimate the associated
acoustic frequency response. The response of the system to multi-frequency excitations, however,
shows trends that can only be explained in terms of nonlinear system’s dynamics (namely, the
beat distortions shown in Figure 3.26). With the aim of qualitatively explaining the origins of
these effects, a lumped-parameter formulation is used, based on a mode described and validated
in ([59], [175]), and shortly recalled in the following.

The lumped-parameter model discussed here relies on a modal approach: a set of mode shape
functions (namely, the modal eigenfunctions) is used to parameterise the deformed DEA geometry
via a finite number of degrees of freedom, and the total DEA deformation is expressed as a finite
linear superposition of mode shapes. Each mode shapes describes the DEA displacements associ-
ated to a certain free vibration mode. This modal approach is largely used in the analysis of dy-
namical systems, and it has been applied to DE loudspeakers in the past ([59], [168], [175]).

End-effector - | \\,

Deformed confi g/'j/
. 4 u
Initial config. //

Figure A 4: Cone DEA in the initial (reference) configuration and in a generic deformed configura-
tion ([225]).

Denoting X the position of a generic point over the DE surface (in a reference configuration, e.g.,

the equilibrium DEA position, prior to voltage application), the displacement field u of a generic
point of the DEA (Figure A 4) with respect to the reference configuration can be thus approxi-
mated as follows:

u(X) =mX)a (1)
wherem = m(X): R® - R3*" is a multivariate function whose elements describe the mode
shapes of the DEA, and @ € R"™ is a modal coordinate whose dimension, n, equals the number

of the considered eigenmodes. a is defined in such a way that o = 0 denotes the initial configura-
tion.

The DEA dynamics can be expressed in terms of modal coordinate a leading to the n—dimen-
sional equation 2.19. A formulation for the calculation of the DEA eigenmodes and the single
terms in 2.19 is discussed in section 3.2.1 and [59], with reference to the case of purely axial-
symmetrical deformations. In particular, the eigenmodes m(X) are calculated by linearising the
DEA dynamics in the neighbourhood of a given configuration. Despite this, dynamics 2.19 are



still non-linear, as the eigenmodes here are just used as a mean of parametrising the DEA defor-
mation kinematics in a finite-dimensional fashion (i.e., the eigenmodes, obtained from system
linearisation, are here just used to perform a change of coordinates, resulting in reduction of the
problem dimension).

As regards the dynamics parameters, it is worth noticing that, in addition to the inertia of the DE
membrane and the end effector, the mass matrix M shall include contributions due to the acoustic
added mass, i.e., the air of mass put into motion by the membrane vibration. This contribution
plays a relevant role in the structural vibrations of thin lightweight membranes. Similarly, damp-
ing D accounts for both the viscous stresses in the DE membrane and the acoustic damping (i.e.,
the energy lost as sound radiation). Based on equation 2.19, the voltage enters the equations of
motion through an excitation term (right-hand side of the equation) proportional to U?, rendering
the contribution of the Maxwell stress. According to Rayleigh theory [280], the acoustic pressure
p generated by the DEA at a target point in space is linearly related to the dynamic response by a
relationship in the following general form:

p=[ HT(t — Da(r) dr, (ii)
where H(t) : R — R is a suitably defined kernel vector function, which only depends on the

geometry of the membrane and the surrounding environment, and the location of the receptor
point.

Multi-frequency input and distortions

Driving the DEA with a multi-frequency input given by the superposition of a LF signal (with
frequency f;) and a HF signal (with frequency fy) leads to distortions in the acoustic response
(see Figure 3.26), namely, the sound level decreases periodically (low-frequency modulation)
with a period equal to 1/f;. In terms of the sound spectra, this can be interpreted as a beat pattern.

With reference to the experiment discussed in Figure 3.26 (free oscillating DEA driven by a
multi-frequency input), Figure A 5a shows the time-series of the generated sound pressure,
whereas Figure A 5b shows its spectrum (calculated using the fast Fourier-transform algorithm).
In addition to the fundamental component (at frequency fy), the spectrum includes higher-fre-
quency terms which are multiples of the fundamental (2fy , 3fy , - - - ), which result in harmonic
distortions of the output (i.c., distortions within the periodic response at frequency fy ). Most
importantly, the spectrum includes harmonic components, which are close to the fundamental
frequency and only differ by f; (or its multiples). As it is well-known, the superposition of the
fundamental with such neighbouring harmonics results in a beat pattern, which is ultimately re-
sponsible for the time-trend of the sound pressure shown in Figure 3.26 and Figure A 5a
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Figure A 5 Time series (a.) and spectrum (b.) of the sound pressure for the test shown in Figure
3.26. In the test, the DEA is subject to a multi frequency input (both the HF and the LF component
have sinusoidal waveform and constant amplitude)

The reason why the DEA response includes these higher-order harmonics can be qualitatively
explained using model ((i)-(ii) and equation 2.19). For the simple purpose of justifying the beat
distortion shown in Figure A 5, the following assumptions are introduced:
— The input U? is the sum of two terms (a LF term T, and a HF term {i), assumed sinusoidal
for simplicity:

U? =1+ 0, where U = vy + vy sin(2nft), i = v, sin(2nfH t + ¢), (ii1)
and the amplitude of i is much smaller than that of U : |T(t)| « [U(t)| V t. As a conse-
quence, the membrane deformation too can be expressed as the sum of two components, as
discussed in [59] namely:

a(t) = a(t) +a(t), with |a(t)| < |a(t)]. (iv)
We call @ the solution to equation 2.19 obtained for U? = 1, namely
Ma + D + K(a) = h(a)T, (v)

whereas @ is an additional deformation appearing when the DEA is driven by input (iii).
— Multi-frequency input (iii) only excites two vibration modes (n = 2): the pumping mode
and a structural mode, while the contribution of other modes in the dynamics is neglected.
Moreover, since the passband of the pumping mode is well-resolved from those of the struc-
tural modes, its assumed that U only excites the pumping mode, whereas {i only excites the
structural mode, namely:
a=[a0]’, a=[0 «]7, (vi)
where @ and @ are parameters describing the dynamics of the individual modes.
Equation 2.19 is linearized around trajectory a, i.e., the pumping mode, and using equation (v)
we obtain the following dynamics for @, i.e., the excited structural mode:
T2 — i a+= h(@). (vii)

Ma + [ Sa Sa
Equation (vii) is linear with respect to U and &, with coefficients (namely, the stiffness and the
excitation coefficient) that vary in time in a parametric fashion, as functions of the slow dynamics

(namely, of U and @).

The focus lies on the dynamics of @ (as this is the main responsible for the sound generation) and
thus restricts to consider the second component of equation (vii). For the purpose of exemplifi-
cation, 0K,,(a)/8a, and h,(a) (components of §K(a)/da, and h(a)) can considered to be



approximated by linear functions, and configuration-induced variations (i.e., dependency on &) in
the stiffness and the excitation are small:

8Kz (a)
8“2

=k+ka, hy(a)=h+ha,fora=a=[a 0] (viii)

where k, k', h, h' are constant coefficients with |k'@| < |k|, |h'@| < |h].

Replacing (viii) into the second component of (vii) leads to the following dynamics for a:
M,,a(t) + [k + k'a(t) — h'u(t)]a(t) = [h + h'a] fi(t). (ix)

Because the timescale over which U and @ vary is much longer than the timescale of the varia-
tions in U and &, we can provide an approximate solution to (ix) by treating the terms into square
brackets as constants, and re-introducing the dependency of U and & on time after the equation
has been solved. This leads to the following solution:

a(t) = [h+h'@(t)] T(t) ~ [h+raw + hh'ﬁ(t)—k'&(t)] L) x)

—Mypw¥+k+k@(t)-hut) k=Mywy | k=Myw¥

In the right-hand side of (x), it is assumed that (viii) holds, and that voltage-induced stiffness
variations of the DE are small (|h'@(t)| « |k|), and second order terms are neglected accordingly.
In equation (x), u(t) and Ui(t) are sine waves with frequency of f; and fy (equation (iii))
whereas @(t) is a periodic signal with fundamental frequency f; (plus possible additional multi-
ple harmonics). The time trend of &(t) thus contains a fundamental harmonic term proportional
to Gi(t), plus a set of second-order terms which are proportional to the products #(t)l(t) and
t(t)a(t), and they hence lead to additional harmonic terms with frequency fy + f; and fy — f1
(plus similar terms where the integer multiples of f; appear).

Given that the transfer function between the accelerations and the sound pressure is linear (equa-
tion (ii)), this consistently explains the beat harmonics observed in the sound spectrum in Figure
A 5b.

It is finally worth noticing that the modelling approach presented here and in [175] provides a
possible tool to design advanced control strategies to equalise the DEA acoustic response in the
presence of multi-frequency inputs, via model-based filtering.

A.5.Effect of the DEA housing on the frequency response

The active COP-DEA unit (as shown in Figure 3.1 and Figure A 6 a-left) is installed in a 3D-
printed housing (see Figure 3.30). In addition to shielding the DEA electrodes’ surface from direct
contacts with users, such case acts as an acoustic enclosure for the membrane. The internal struc-
ture of the housing has the structures shown in Figure A 6a right (compare Figure 3.44 and Figure
3.31), i.e., it includes a slot, where the COP-DEA assembly is located, which eliminates (or sig-
nificantly reduces) the acoustic short circuit between the front and the back faces of the membrane.

Thanks to such feature, the volume underneath the DE membrane (highlighted in blue in Figure
A 6a-right) approximately behaves as a vented enclosure, which is in communication with the
atmosphere only through a small-size (mm-scale) gap at the assembly’s perimeter. Such enclosure
- Does not affect the low frequency response (e.g., the pumping motion) of the COP-DEA,
because of venting
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- Works as a bass-reflex at intermediate frequencies, hence preventing acoustic-short cir-
cuits between opposite faces of the DE membrane.

) Fre? DEA First struct.
Acoustic assembly Closed air i mode
short-circuit / volume ) Housing ‘
. (inner feature) A\
7
I Zal [ ]
[ ] becal

77 I, > —~ |:77/73 g !
(a) (b)
Figure A 6: (a) COP-DEA assembly without housing (left) suffering from acoustic short-circuit and
installed inside the box (right). (b) Definition of the first structural vibration mode for the COP-DEA,
and surface discretization used to formulate the model [216] (c.f. [59]).

As aresult of this, the SPL response of the free DEA at low frequencies in the acoustic spectrum
(e.g., in the range 500-900 Hz) differs from that of the boxed DE as shown by the plots in Figure
3.35, with lower-frequency pitches reaching significantly higher levels in the boxed case as a
result of bass reflections.

In the frequency ranges where the structural modes are excited, the boxed air volume can be
regarded as a closed adiabatic volume, hence contribution additional mechanical stiffness (in ad-
dition to the membrane elasticity) to the structural vibrations of the DE membrane. Hereby it is
shown that such additional stiffness can be used to explain the shift in the natural frequency of the
first peak (i.e., the first structural mode) in the spectra of the boxed DEA in Figure 3.35-left.

The model of vibrating cone DEA discussed by [59] and [175] and section 3.2.1 is used. The
model relies on a modal representation of the DEA’s dynamics (in the absence of the acoustic
enclosure), that can be expressed in the following (linearised) form (equation 2.19):

Mgt + Do + Ko = dg (v, o) (x1)
where a is a modal coordinate, which allows mapping the position of a set of points on the DE
surface via a linear relationship. Denoting x = [ry, zy, ..., T, Z»]T a vector of radial/axial coordi-

nates of a set of n points on the membrane profile (see Figure A 6b), a allows expressing the
position of the points as follows:

X = Xg + Qqq, (xii)
where x, is the equilibrium configuration of the pre-loaded membrane, and Q, is a matrix in-
ducing a change of coordinates, whose columns represent mode shape functions that allow para-
metrising the deformed shape of the membrane. M, D, and K, are mass, damping and stiffness
modal matrices; h, is an excitation coefficient, that depends on the applied time-varying voltage
v(t) and the membrane deformation kinematics. The detailed calculation of the different dynamic
parameters is discussed in the abovementioned reference papers, and it is based on

- Lumped-parameter models of the electro-hyperelastic response of the DE membrane (used
to determine K, and d,,)

- Simplified assumptions on the effects of acroacoustic loads on the membrane, which enter
M, D, (in the form of acoustic added mass and radiation damping), that in turn can be
calibrated based on experimental data.

For the purpose of the present analysis

- The focus is solely on the DE’s first structural vibration mode, i.e., it is assumed that the
membrane undergoes deformations described by a shape function that leads to bubble-like
deformations of the lateral surface (with no axial motion of the end effector) similar to
those shown in Figure A 6b (red profile). The membrane deformation is described through
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a single parameter (degree of freedom) a, which allows expressing the coordinates of the
deformed membrane’s point according to equation (xii) (in this case, Q, is a column vec-
tor expressing the deformation function, and its calculation is detailed in [59]).

- Since we are exclusively interested in evaluating the natural frequency of a particular vi-
bration mode (rather than the forced response), the DE’s free dynamics is considered
(d, = 0) and, knowing that the system is significantly underdamped, the damping can be
neglected, D, = 0.

- It is assumed that the volume of air underneath the membrane is closed and evolves adia-
batically, and the membrane faces are thus subject to a pressure difference as a result of
the compressions/expansions caused by the membrane bubble-like deformation.

With these assumptions, equation (xi) can be recast as a scalar (single-degree-of-freedom) equa-
tion, with an additional contribution due to the relative air pressure in the enclosed air volume:

Mgd + K,a = pQ'(a) (xiii)
Where M, and K|, are scalars, p is the relative pressure of the air in the closed chamber, (o) is
the volume of the chamber, and Q'(«) its first derivative. The term on the right-hand side renders

the generalised (Lagrangian) force (projected on coordinate o) due to the air pressure. Pressure p
varies with a according to the adiabatic law for ideal gasses:

(P + po) ()Y = poQy, (xiv)
where py = 1 bar is the atmospheric pressure, y = 1.4 is the adiabatic exponent, and Q, = Q(«)
is the volume subtended by the pre-loaded membrane in the equilibrium configuration. Linearis-
ing Eq. ((xiv) above equilibrium leads to:
Q' (0
P = VP e, (xv)
Fitting expression (xv) into equation (xiii) (with the derivative of () on the right-hand side eval-
uated at @ = 0, i.e., above the equilibrium position), leads to the following equation for the DE
membrane undamped free dynamics:

b (Q,(O))Z = 1
Mya+ | Ky + ypo o a=0 (xvi)
0

where the expression into square brackets expresses the total stiffness of the system, which in-
cludes an elastic contribution ( K,) and a contribution due to the air compressibility. The resulting
natural frequency for the structural mode described by « is:

£, :i\/Ka‘H’PO(Q'(O))Z/QO (xvii)

2 Mg

K, (and the shape function Q, inducing the definition of &) can be calculated using the proce-
dure described by [59], using the hyperelastic parameters described in : and a bias voltage of
2500 V. Using the plot in Figure 3.35(left), a value of 900 Hz for the natural frequency of the first
structural mode of the free DEA (without enclosure) can be assumed, and used to compute M,
from equation (xvii), excluding the contribution of the air compressibility (calculating M, analyt-
ically would involve high uncertainty, due to the contribution of the sound radiation added mass).
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Table A 3: Parameters used for the calculation discussed.

Model assumptions
Hyperelast. Params C10 230 kPa

(3-param. Mooney-Rivlin) ¢, , 8 kPa
C0,1 -29 kPa
Permittivity £ 24-88510"2 F/m
Trapped air volume Q, 30 cm?

Afterwards, the natural frequency for the assembled DEA (with housing) is calculated using
equation (xvii) (including air’s stiffness), assuming a volume on the order of 30 cm?® for the air
volume (based on the device components’ drawings). The estimated natural frequency for the
assembled COP-DEA is f, = 1030 Hz, i.e. on the order of 130 Hz higher than the natural fre-
quency of the free DEA. This result is consistent with the position of the peaks in the SPL curve
for the assembled device (or slightly higher, since the air volume is treated as tight in the calcula-
tions). The variations in the acoustic frequency response for the assembled device (compared to
the free DEA) can be consistently explained in terms of the bass-reflex effect generated by the
DEA’s housing design, which fully explains also the shift (increase) in natural frequency of the
first structural mode (i.e., the cut-in acoustic frequency).

A.6.Definition of the working modes

The 5 working modes coded on the user interface demonstrator and discussed in Sect. 3.2.4.2 are
implemented through voltage inputs in the form given by 3.20:

u(®) = Vo + () + vy - ii(t),
Uax + Unin |, _ Uhax = Umin
2 ! 2
For Mode 1, u(t) only includes a LF component u(t) ( u(t)=0 ), with
Uy = 0V; Upaxr = 2100V; Upin = 200V and u(t) rendering a square pulse varying be-
tween -1 and +1 with time-varying frequency between 3 Hz and 90 Hz.

with V, = Vy = 2UmarUar U < Unax

For Mode 2 a combination of a vibrotactile (#(t)) and an acoustic (ii(t)) signal is applied, which
can be described by setting U, = 220 V,p,; Upax = 2500 V; Uy, = 700V in the equation,
with %(t) representing a square pulse with frequency of 2 Hz (200 ms 1; 300 ms -1). The high
frequency component % (t) is a sinusoidal signal with a frequency of 850 Hz with an amplitude
of 1 when the LF component is U,,,, and 0.3 when the LF component is U,;,.

For Mode 3 a combination of a vibrotactile (z(t)) and an acoustic (ii(t)) signal is applied with a
decreasing and increasing amplitude, which can be described with the equation by setting
Uy = 300V,,; Upax = 2300V; Upy, = 700V and u(t) is a square pulse with a frequency of 5 Hz
(140 ms 1; 60 ms -1) with an exponentially decreasing and increasing amplitude (with the ampli-
tude increasing from 0 to the maximum value, and vice-versa in 2.5 s). The high frequency com-
ponent #(t) is a sinusoidal signal with a frequency of 800 Hz with exponentially decreasing and
increasing amplitude.

For Mode 4 a haptic and acoustic signal is provided when the user is pushing the button. The LF
signal consists in a sequence of two ramps, with a superposed HF sinusoidal signal with a fre-
quency of 1318.5 Hz (Es), and a third ramp whit a sequence of 3 HF pitches (E¢; Cs"; As). The
amplitude of the HF pitches has an exponentially decreasing trend, to emulate the sound of an
instrument’s key.



The fifth mode only consists of a HF music track with a bias voltage of 2300 V and an amplitude

of 300 V,,p,, and 1(t) replicating a Jingle composed by a sequence of keys (sinusoidal signals with

exponentially decreasing amplitude).

A.7.Additional experimental results of the multi-mode multi fre-
quency DEA

In the following, additional measurement results are shown, in order to provide a better under-
standing of the system response. shows measurements of the SPL at different angles, with and
without housing (i.e., free DEA sample vs DEA installed inside the acoustic housing). It can be
clearly seen that the DE has directional acoustic response, with the SPL decreasing as the angle
approaches 90°. Similar to that, lower bias voltage and amplitude lead to a reduction in SPL. The
higher frequency peaks shift to lower frequencies for higher bias voltage, as a result of a decrease
in the mechanical stress to which the membrane is subject.

30°

60°

Without housing

oltage with 200 V amplitude soundpressure Level for different Biasvolt

vel for different Biasy age with 200 V amplitude

A EE

Soquency 0]
Comparison different angles

soundpressure Level for 2.5 KV Biasvoltage with 300 V amplitude for different angles

SPL(B)

Figure A 7: Further measurements of the DEA performance.

In Figure A 8 measurements of the end effector displacement are shown. The measurements are
performed with different signals (bias voltage and amplitude) and for different frequency ranges.
Furthermore, measurement results with and without housing are shown. At higher frequencies the
end-effector out-of-plane motion falls to zero, as a result of the system dynamics (governed by
the inertia of the rigid end-effector). With the housing, the movement in the lower frequency range
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is around one half the movement without the housing, due to the increased stiffness owing to the
textile layer installed over the end-effector.

low amplitude high frequency signal High amplitude, low frequency signal

RMS of the Displacement for different Biasvoltage with 200 V amplitude

Bl

I RMS of the Displacement for different maximum Voltage

frequency (Hz)
RS of the Displacement for 2 KV Biasvoltage with different amplitude voktage

R
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Figure A 8: Displacement of the end effector for different signals with and without housing.

Without housing

In Figure A 9 force measurements for different preload forces are shown. Also, a comparison of
the force measurements at different bias voltages is presented. The force is nearly constant over
the frequency and increases with higher bias voltage. For the preload force of 0.1 N and 1 N the
output force of the DEA is the same, whereas when the DE is further pushed inward (2N preload)
the force decreases, for the DEA moves towards a flat singular configuration.

It is worth remarking that the increase in output force measured at higher frequency is an artifact
due to the measurement setup, and it owes to mechanical resonance of the DEA + load-cell as-
sembly.

RMS of the Foree for different maximum Voltage, preload 0.1 N . RMS of the Force for different maximum Voltage, preload 1 N

RMS(N)

RMS(N)

Figure A 9: Force measurement for different pre-load forces and different bias voltage and a com-
parison (low right side).

A.8.Classification of the user tests

User tests (Figure 3.41 and Figure 3.42) were performed by presenting the users with 8 different
combinations of vibrotactile and acoustic feedbacks coming from two distinct user interface units
(Figure 3.41). In addition to the confusion matrices in (Figure 3.42), Figure A 10 reports a detailed



overview of the perception results reported by the users for all cases (1-8, as

3.41).

defined in Figure

user perception Case 1

user perception Case 5

user perception Case 2

user perception Case 6

g 3 g

,,,,,,,

user perception Case 3

user perception Case 7

ap!

user perception Case 4

user perception Case 8

Figure A 10: Statistics of user perception tests with two DEA units (left-right), for 8 different com-

binations of haptic and acoustic feedback produced by the two units.

Green bars in the histograms represent the actual feedback provided by either of the units (e.g.
acoustic on left demonstrator no signal on right demonstrator for case 1 - upper right histogram),
whereas blue bars represent user’s reported answers (for different experiments with different dis-
tances between the units). It can be observed that a better perception of the right signal is possible
with a higher distance of the demonstrators. Reducing the distance especially affects the acoustic
assignability, as it is more difficult for the user to understand whether sound comes from the left
or the right unit. In spite of these natural and expected trends, the results show that the haptic
feedback is highly recognisable and highly assignable; acoustic feedbacks are also, in most case,
correctly assigned, with misassignments mostly coming from scenarios in which users wrongfully
locate the acoustic feedback on the same side from where they receive a haptic stimulation (see,
e.g., the histogram on the bottom left corner).
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The confusion matrix in Figure 3.42 is generated from the bar diagrams of Figure A 10 by using
the classification table shown in Figure A 11. The table allows map wrong (or incomplete) an-
swers produced by the users into off-diagonals entries in the confusion matrices.

assignment for confusion matrix

actual input | User answerl clasification |Condition

haptic {non_is; hap_is}
{non_is; aco_is} Nno aco_os

acoustic -
{aco_os; aco_is}  |aco_os

{non_is; hap_is}
hapto acoustic |{non_is; aco_is} no aco_os
{aco_os; aco_is} |aco _os

non

non {hap_is; non_is}
{hap_is; non_is} +

. - no aco_os
i {non_is; aco_is}
acoustic - -
X {hap_is; non_is} +
haptic . aco_os
{aco_os; aco_is} -
{hap_is; hap_is}
hapto-acoustic |{non_is; aco_is} no aco_os
{aco_os; aco_is}  |aco_os
{aco_is; non_is} no aco_os
non = = =
{aco_is; aco_os} aco_os
acoustic haptic {aco_is; hap_is}

{aco_is; aco_is}
non_is; hap_is}
{aco_is; non_is} no aco_os

hapto-acoustic

non {aco_is; acou_os} |aco_os
{hap_is; non_is}
{aco_is; non_is} no aco_os
haptic {aco_is; aco_os} |aco_os

{hap_is; hap_is}
{aco_is; aco_is}
{hap_is; non_is}

hapto-acoustic

acoustic

Figure A 11: Classification table used for the construction of confusion matrices in Figure 3.42.

Wrong answers can be caused either by a misassignment of the unit form which a certain feed-
back is produced (e.g., sound being produced by the left unit reported as being produced by the
right unit), or a particular stimulation not being perceived at all by the user (e.g., the haptic stim-
ulation or, more unlikely, the acoustic one). The entries in the table in Figure S9 have the follow-
ing meaning:

The first column corresponds to the signal actually applied on a certain unit (on either of
the sides)

The second column reports possible (wrong or partial) answers given by the user (for that
side)

The third column reports confusion matrix entries, {row; column}, generated as a result
of that particular combination. Subscripts ‘is’ and ‘os’ stand for “input side” and “opposite
side” respectively (e.g., if the input to which column 1 refers is on the left side, then ‘is’
means ‘left’ and ‘os’ means ‘right’, and vice versa).

The 4™ column reports conditions under which a certain entry is generated (as a same
combination of values on the first and second column can lead to different entries, depend-
ing on the scenario). If no condition is specified (-), the corresponding entry is included in
the matrix every time that particular input-answer combination occurs.

Note that some incorrect answer combinations lead to multiple entries in the matrix. For example,
a DEA (say, the left one) being reported to produce a combined hapto-acoustic feedback (when,



in fact, it was producing only a haptic stimulation, the acoustic one being generated by the right
unit) generates two entries: a diagonal term {haptic_l; haptic 1}, accounting for the correct loca-
tion of the haptic stimulation on the left side; and an off-diagonal {aco r; aco 1} entry.

If a certain acoustic (or haptoacoustic) signal was applied on either unit, incorrect answers always
corresponded to a misassignment of the sound source (left-to-right). For example, in Case 2, sound
generated by the left device was interpreted as being generated by the right DEA in 9 cases.

A.9.Geometric model for the COP-DEA capacitance

To compare the measured capacitance change of the COP-DEA with an expected value, a simple
geometric model ([222]) is used.

The capacitance of a DE (with nlayers) can be calculated from the thickness (L,) of the films (in
a generic deformed configuration) and the corresponding area of the electrodes (A) of the

DE (equation 2.1):
2
C=£0-£r-§-n=so-sr-§—-n (xviii)
0

z

The volume V;, of the silicone film is considered constant (incompressibility) and the electrode
area can be calculated assuming that the deformed DE membrane surface has the shape of a
conical frustum with inner radius r; , outer radius 7,, lateral length and height / (out of plane
deformation)

A=(ri+r0)-n-l=(ri+ro)-n-\/m (xix)
The capacitance can be thus calculated as a function of the out of plane deformation of the
DEA as:

A (ri+19)% w2 -((ro—1)2+h?)
. S . . n

C=¢ g M= 6 g Ve (xx)
The DE volume can be in turn calculated as
2_..2 .
Vo = _(rol - ) (xxi)
14

where A, is the pre-stretch in the flat mounting configuration.
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