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Abstract

Dielectric elastic actuators (DEA) are versatile devices with various applications, such as
in the field of soft robotics or sensor measurement technology. Additive manufacturing
(AM) enables the production of various materials with complex geometries in a layer-by-
layer process and Material extrusion (MEX) is a highly promising subcategory of it. In
this process, filaments are utilised and passed through an extruder to create the
component in a sequential manner, layer by layer. There are various methodologies for
producing parts made of multiple materials. This study employed a multi-extruder
approach to address the issues associated with processing soft materials that are difficult
to handle. Materials that contain additives like graphite can potentially contaminate the
nozzle, resulting in increased difficulty when attempting to clean it.

Therefore, a novel tool was developed to manage four extruders on a single axis.
Moreover, they were mounted on two separate movable carriages, each capable of
accommodating two extruders. Dual extruders have become well-established in the
industry and are widely used in the commercial sector. It is an efficient and simple
method to simultaneously process two materials in a single print. In order to verify the
precision and consistency of the custom printer, various measurements were performed,
including capacitance and the overall thickness of the produced parts. The machine was
required to reliably produce layers with a height of 70 um. The deviation reached a
maximum of 8 %, which is a commendable outcome considering the limitations of the
hardware.

Another section of the thesis focused on the analysis of various types of polyurethanes
(TPU) for the purpose of DEAs. The study examined the impact of varying shore
hardness levels and printing orientations on material selection. The investigation
revealed that using an infill orientation of either 0° or 90° yielded similar values for both
the Young's modulus and flexural modulus. This can be attributed to the seamless
melding of the strings, resulting in minimal differences between orientations. Regarding
the shore hardness of the materials, they exhibited comparable bending stiffness across
a range of 83A to 20D. A significant increase of over 200 % in the Young's modulus was
observed only when the hardness reached 40D. The moduli of the TPUs used as electric
conductive materials were even higher. This phenomenon may be attributed to the
graphite particles, which embed themselves within the gaps in the chains, thereby
enhancing the material's rigidity.

The DEAs that were produced underwent displacement measurements to determine
their functionality. As anticipated following the mechanical test, all actuators exhibited
comparable displacements. The findings suggest that the capacitance of the actuator is
the main factor influencing the result. When the capacitance is decreased, the
displacement is proportionally reduced. Based on the actuators that were tested, a
prototype application was designed and manufactured. Three actuators were linked in
parallel and served as gripping arms.



Kurzfassung

Die dielektrischen elastischen Aktuatoren (DEA) sind vielseitige Gerate flr
verschiedenen Anwendungen, wie zum Beispiel auf dem Gebiet der Soft Robotik oder
der Sensormesstechnik. Die additive Fertigung (AM) ermobglicht die Herstellung
unterschiedlichen Materialien mit komplexen Geometrien in einem Schicht-fir-Schicht-
Prozess und Material-Extrusion (MEX) ist eine vielversprechende Unterkategorie davon.
In diesem Prozess werden Filamente genutzt und durch einen Extruder geflihrt, um die
Komponente auf sequenzielle Weise, Schicht fur Schicht, zu drucken. Es gibt
verschiedene Methoden zur Herstellung von Bauteilen aus mehreren Materialien. In
dieser Studie wurde ein Multi-Extruder-Ansatz gewahlt, um die Herausforderung der
Verarbeitung von weichen Materialien und der Reinigung der DiUsen aufgrund der
Anwesenheit von Zusatzstoffen wie Grafit notwendig zu meistern.

Daher wurde ein neues Werkzeug entwickelt, um vier Extruder auf einer einzelnen Achse
zu verwalten. Darlber hinaus wurden sie auf zwei getrennten beweglichen Halterungen
montiert, die jeweils zwei Extrudern aufnehmen konnten. Doppel-Extruder haben sich in
der Industrie etabliert und sind im kommerziellen Sektor weit verbreitet. Es ist eine
effiziente und einfache Methode zur gleichzeitigen Verarbeitung von zwei Materialien in
einem einzigen Druck. Um die Prazision und Konsistenz des selbstgebauten Druckers
zu Uberprifen, wurden verschiedene Messungen durchgefihrt, einschlieBlich der
Kapazitat und der Gesamtdicke des hergestellten Bauteiles. Die Maschine musste
zuverlassig Schichten mit einer Hohe von 70 um herstellen. Die Abweichung erreichte
maximal 8 %, was angesichts der Einschrankungen der Hardware ein gutes Ergebnis ist.

Ein weiterer Abschnitt der Arbeit konzentrierte sich auf die Analyse verschiedener Typen
von Polyurethanen (TPU) fur die Zwecke der DEA. Die Untersuchung zeigten die
Auswirkungen unterschiedlicher Hartegrade und Druckorientierungen auf die
Materialwahl. Die Experimente ergaben, dass die Verwendung einer Flllorientierung von
entweder 0° oder 90° ahnliche Werte sowohl fir das Young-Modul als auch fur den
Biegemodul hatten. Dies ist auf die nahtlose Verschmelzung der Strange zurtickzufihren,
welche zu minimalen Unterschieden zwischen den Orientierungen fihrt. In Bezug auf
den Hartegrad der Materialien zeigten sich vergleichbare Biegesteifigkeiten im Bereich
von 83A bis 20D. Eine signifikante Zunahme von tber 200 % im Young-Modul wurde nur
beobachtet, wenn die Harte 40D erreichte. Die Module der TPUs, die als elektrisch
leitfahige Materialien verwendet wurden, waren noch héher. Dieses Phanomen kann den
Graphitpartikeln zugeschrieben werden, die sich innerhalb der Liicken in den Ketten
einbinden, wodurch die Festigkeit des Materials erhoht wird.

Mit den hergestellten DEAs unterzogen sich Verschiebungsmessungen, um ihre
Funktionalitat zu bestimmen. Wie nach dem mechanischen Test erwartet, zeigten alle
Aktautoren vergleichbare Verschiebungen. Die Ergebnisse deuten darauf hin, dass die
Kapazitat des Aktuators der Hauptfaktor ist, der das Ergebnis beeinflusst. Wenn die
Kapazitat abnimmt, wird die Verschiebung proportional reduziert. Basierend auf den
getesteten DEAs wurde eine Prototypenanwendung entworfen und hergestellt. Drei
Aktuatoren wurden parallel miteinander verbunden und dienten als Greifarm.
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1 Introduction

1 Introduction

Dielectric elastomer actuators (DEA) are a class of intelligent material systems, that have the
capability to generate significant strains and have a notable elastic energy density [79]. The
essential constituents of a DEA consist of an elastomeric material serving as the dielectric,
bordered on either side by electrically conductive material acting as electrodes. The
contraction in thickness of the elastomer is a result of Coulomb forces, leading to expansion in
other dimensions upon the application of an electrical voltage between the electrode layers
[25, 86, 88]. In the case of a symmetrical DEA configuration, it leads to an expansion in the
projected surface area. Deformation typically manifests in formations that lack symmetry. The
occurrence of this phenomenon might be attributed to either variations in geometric factors or
the utilization of different materials.

The objective of this study was to develop soft dielectric actuators through the utilisation of
commercially accessible filaments and printers, using a fully 3D-printed approach. The object
was to produce a dielectric elastomer actuator using a single manufacturing process,
incorporating a minimum of four layers composed of three distinct materials. Considerable
investigation has been undertaken with soft dielectric actuators featuring partially additively
made dielectric elastomer actuators [41, 78]. This study explores the boundaries of the
Material Extrusion (MEX) Additive Manufacturing (AM) method in order to fabricate fully
functional actuators that are suitable for practical use. Currently, there is a restricted range of
filaments for electrically conductive materials compatible with material extrusion technology
and commercially accessible. The selection of the MEX printing technology was based on its
ability to provide readily accessible multi-material printing, which is essential for the continuous
and unified production of DEAs. Soft robots exhibit potential as viable contenders for the initial
deployment of partially or fully 3D-printed robots, namely those encompassing dielectric
elastomer actuators that are exclusively fabricated by 3D printing techniques [40].

Flexible filaments pose a specific challenge when it comes to processing. On one hand, they
tend to become entangled with the driver gears in the extruder when the pressure gets too
high. On the other hand, this can also occur if the gears used do not have sufficient grip to
feed the filament into the nozzle properly. Therefore, it is crucial to use special extruders with
larger driver gears to ensure a better contact surface. This allows sufficient pressure to be
applied to the filament, ensuring reliable feeding.

When employing multi-material approaches in material extrusion, there are typically two
methods: utilizing a single extruder fed through a multi-material unit or using a multi-extruder
setup [81]. The first method has notable drawbacks when dealing with flexible or highly filled
filaments. The existing systems are tailored for robust and easily feedable extruders. If the
filament becomes excessively soft, the system will fail to guide the filament into the extruder
effectively. Another issue with using a single extruder is the contamination of the nozzle when
using electrically conductive filaments [20, 94]. They are typically filled with graphite or soot
and can modify the characteristics of other materials being used. Printing actuators with
contaminated material can reduce the dielectric properties of the dielectric material. Purging a
large amount of material before resuming printing to clean the nozzle is possible, but not very
efficient and time-consuming. The most practical approach is to utilise a multi-extruder setup.
Although dual extruders are common, using additional ones remains difficult. A common
method involves using a tool change mechanism, where extruders are stationed at the rear of
the printer and only the active extruder moves along the extruder axis (typically the y-axis on

Philipp Beier, BSc Polymer Engineering and Science Leoben 1



1 Introduction

Cartesian printers) [48, 56]. This method is highly complex and presents several challenges.
The precise mounting of the extruder during each tool change is currently unreliable for
producing extremely accurate parts. Nevertheless, the main issue lies in the high price of tool
change equipment and the necessity for proficient coding to ensure optimal functionality.

Consequently, a determination was reached to develop a printer featuring two dual extruder
configurations capable of independent movement along the y-axis. This approach is
economically efficient and mitigates problems arising from inaccuracies in the extruder's
mounting during tool changes.

Another area of focus in this study involved conducting material tests using existing filaments
for the manufacturing of actuators. The key features of these filaments include their
processability and compatibility, particularly the adhesion between distinct materials.
Additional characteristics related to their role in the actuator were also examined. The
evaluation involves an analysis of mechanical properties, specifically the Young’s modulus and
the poison ratio, within the passive layer of the actuator. The dielectric constant was measured
for the dielectric component. The evaluation of capacitance and the assessment of actuator
thickness are crucial in determining the precision and dependability of the custom 3D printer.

The final phase of the study involved creating a device in the shape of a three-finger actuator
that serves as a gripping arm. This could demonstrate potential applications for this type of
devices. The geometry displayed similarities to the DEA's that were designed for analysis
purposes. This processing technique has the capacity to generate a wide variety of potential
applications.

Philipp Beier, BSc Polymer Engineering and Science Leoben 2



2 Theoretical Background

2 Theoretical Background
2.1 Additive Manufacturing

The EN ISO/ASTM 52900 [2] standard defines additive manufacturing as "process of joining
materials to make parts from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing and formative manufacturing methodologies" [28]. Additive
manufacturing is an umbrella term for a variety of manufacturing techniques that permit the
fabrication of a three-dimensional object from a digital model [36]. The data is extracted from
a computer-aided design (CAD) file or a digital scan and transformed into a Standard
Triangulation Language (STL) or an Additive Manufacturing File Format (AMF) file. This is
inserted into a program called a "slicer" and sliced into thin layers [19]. The print head's
movements are then calculated for each layer. Comparable to a conventional 2D printer, a 3D
printer "prints" each of these layers. Therefore, the component is constructed layer by layer.
Various AM technologies can process various materials (e.g. plastics, metals or ceramics).

2.1.1 Material Extrusion

Material extrusion (MEX) is an additive manufacturing process, in which polymeric filaments
are used to construct the component. The filament is extruded through a heated die during this
procedure [13]. The company Stratasys commercialised the process in the 1980s under the
registered trademark name FDM™ (Fused Deposition Modeling™). The fundamental patents
for the process have since expired, and the term "Material Extrusion" has since been used.
This process requires relatively basic equipment, so a variety of affordable machines and kits
are now available for home users. In addition, the MEX process is significantly more
environmentally friendly than other AM processes that use granules, powders, or liquids [12].
Figure 1 depicts the configuration of a MEX system. The filament is wound on a spool, guided
into an extruder. Within the hotend, the filament is melted, resulting in the extrusion of a viscous
plastic melt through the nozzle. Using an x-y drive, the nozzle is moved over the build platform,
and a filament of molten material is deposited on it. After each layer, the platform is lowered
by the thickness of one layer in the z-direction. For particularly large components, there are
also devices with a fixed build platform and an upwardly moving nozzle head. In more
advanced machines, the construction area is tempered to improve the bond between the
molten filament and the deposited strands.

The majority of MEX printers utilize a build plate comprised of glass or diverse polymers [17].
The objective is to guarantee uniform adhesion across the entire build plate. In practice,
however, constant adhesion is not attained; therefore, several methods are recommended for
enhancing adhesion [59, 95]:

(i) Residue-free cleaning of the construction plate.

(ii) Calibration of the first layer so that the nozzle is positioned at the correct distance from the
build plate.

(iii) Using water-soluble adhesives or adhesion promoters.

(iv) Increasing the temperature of the construction plate, above the material's recommended
temperature.

Philipp Beier, BSc Polymer Engineering and Science Leoben 3



2 Theoretical Background

Material Spool

Heater Element

Nozzle
Object/Model

———— Support Material

Build Platform

Figure 1: Basic design of a MEX [67]

The MEX processing method can be classified into four distinct types of kinematic motions,

each with its own advantages and disadvantages:

2.1.2 Cartesian Printer

Cartesian printers feature a minimum of three motors that control the movement of printer
components along the Y-axis (back and forth), X-axis (left and right), and Z-axis (up and down)
of the Cartesian coordinate system (Figure 2). Cartesian printers are the most common type
of personal desktop printer because they are widely available and inexpensive [90, 101].

Cartesian printers may produce lower-quality prints when used at higher speeds, due to the
weight of the axes. Typically, the printer volume exceeds the build volume significantly because

of the motion across all axes [101, 103].

Philipp Beier, BSc
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2 Theoretical Background

X-Axis

——
S
-
=
~
s

*" Front of printer

Figure 2: lllustration of kinematic movement of a Cartesian printer [85].

2.1.3 Core XY Printer

The Core XY design, similar to Cartesian printers, utilises two motors and timing belts on the
X and Y axes to determine latitudinal and longitudinal coordinates, while the Z-axis controls
the print height. The Core XY operates through interdependent X and Y movements facilitated
by a unique belt design (Figure 3). In this scenario, the print surface will be raised to align with
the extruder [85]. The design maximises the build volume by eliminating the need for the print
surface to move sideways. Furthermore, the lighter axis allows for faster printing compared to
Cartesian printers [101].

ay

L,

AA

—

O O

Figure 3: Reference mechanism of a CoreXY printer [21].

2.1.4 Delta Printer

The Delta architecture has the most distinct kinematics among the three. Three motors, one in
each tower, work collectively to move the X, Y, and Z axes vertically, as shown in Figure 4.
This design is simple, utilising only three motors for motion instead of the typical four [85]. The
printer was one of the first to use a 32-bit system because of the intricate calculations required
for its movements.

Philipp Beier, BSc Polymer Engineering and Science Leoben 5



2 Theoretical Background

Figure 4: Schematic of Delta printer [101].

2.1.5 Bowden Extruder

The Bowden extruder is a type of extrusion mechanism in which the extruder is physically
separated from the printhead and typically attached to the printer's frame (shown in Figure 5a).
The filament is fed through a PTFE (polytetrafluoroethylene) tube by the extruder. The tube
serves the purpose of maintaining the stability of the filament during its introduction into the
printhead. [30, 46]

The reduced mass of the carriage can greatly enhance the printing velocity, in contrast to a
direct extruder configuration. Additionally, reduced vibration on the extruder axis can result in
improved print quality [46].

2.1.6 Direct Extruder

In the direct extruder configuration, the extruder is mounted directly onto the printhead (shown
in Figure 5b), enabling the filament to be fed straight into the printhead. The enhanced filament
control achieved through the close proximity of the extruder and the nozzle leads to a more
consistent extrusion or retraction process. This is especially crucial when using flexible or brittle
filaments [30, 46].

One notable drawback associated with a direct extruder is the substantial weight added to the
axis when mounting the extruder onto the printhead. This weight can have an impact on both
the print quality and the maximum print speed [46].

Philipp Beier, BSc Polymer Engineering and Science Leoben 6
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a) b)
Drive gear
° Hotend | Direct
7‘ extrusion
hot end
Bowden tube extrusion system =

Figure 5: Extruder configuration: a) Bowden extruder, b) direct extruder [10].

2.2 Thermoplastic Elastomer

Thermoplastic elastomers (TPEs) are composite materials consisting of two distinct phases,
namely a hard and a soft component. When used in applications, these materials show
elastomeric behaviour but can also function as thermoplastic polymers when subjected to high
temperatures during processing. These two phases have well-defined transitional zones. The
elastomeric features of the material are attributed to the soft component, which serves to
connect the hard components. In contrast, the hard component forms a network that is not
permanent and can be broken at elevated temperatures (i.e. by melting). Permanently cross-
linked elastomers cannot be plasticized after vulcanization. There are two techniques to make
thermoplastic elastomers: the block copolymerization of hard and soft segments in the reactor
or the mixing of incompatible thermoplastic and elastomer polymer blends [49, 91].

Various thermoplastic elastomers are classified according to the standard
DIN EN ISO 18064:2022-08 [26], as shown in Figure 6.

Philipp Beier, BSc Polymer Engineering and Science Leoben 7
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Polymer Materials

Thermoplastic

Elastomers Elastomers

Thermoplastics |

Polyether Copolyester Thermaplastic Palyolefine Crosslinked Styrenic Block
Block Amide Palyursthanas Elastomers Thermoplastic Copolymers
Elastomers

TPA TPC 1 72,4 TR TPV TPS

Figure 6: Classification of various types of Thermoplastic Elastomers according to
DIN EN ISO 18064:2022-08 [102].

Thermoplastic polyurethane (TPU) in particular, is a polymer material that can be processed
through additive manufacturing. It possesses high ductility, good resistance to hydrolysis,
excellent biocompatibility, and strong abrasion resistance [7, 61, 69]. It is suitable for use in
structures that demand high ductility, such as energy-absorbing structures and wearable
devices [8, 89].

TPUs are block copolymers composed of soft segments (SS) and hard segments (HS) that
demonstrate phase separation [66, 96]. This uniqueness arises from the various types of
cross-linkages present in its structure. A single monomer creates rigid, crystalline regions that
offer thermal stability and soften under shear stress without relying on chemical cross-links,
as seen in conventional thermosetting rubber. The second monomer forms the soft, non-
crystalline areas responsible for the material's rubber-like characteristics [23]. Various factors
affect phase separation, including variations in segmental polarity, segmental length, intra- and
intersegment interactions like hydrogen bonding, overall composition, and molecular weight
[70]. The HS is usually composed of a stiff diisocyanate and a chain extender such as a diol,
while the SS primarily contains a lengthy polyol.

These systems typically separate into microphases or domains. TPUs' physical characteristics
are influenced by the extent and configuration of phase separation, which is closely linked to
HS content [24, 43].

Philipp Beier, BSc Polymer Engineering and Science Leoben 8



2 Theoretical Background

Long-chain diol, normaly with polyether or polyester, provide the
AANANAS basic of soft segments (SS)

== Chain extender, such as short-chain diol or a diamine
== [iisocyanate, normaly is an aromatic
@ Urethane group

Figure 7: Schematic representation of a segmented TPU copolymer [23].

2.3 Dielectric Elastomer Actuator

2.3.1 Working Principle

Interest in dielectric elastomer actuators (DEAs) has grown in recent decades. The possibility
of creating or imitating natural muscle structure in a lightweight and uncomplicated manner is
the rationale behind it [29, 51]. The basic actuator setup is similar to a parallel plate capacitor
and involves a thin elastomer sheet placed between two conducting electrodes that can be
charged with a potential. DEAs are devices that transform electrostatic energy, derived from
an external electric potential, into strain energy and mechanical work by deforming a soft
dielectric material (shown in Figure 8) [42, 87].

y () VC
Polymeric Film
Electrode

Figure 8: lllustration of a dielectric elastomer actuator [32]

When connected to a power supply, one electrode is positively charged, and the other is
negatively charged. Opposite charges create a net Coulombic attraction that results in a
compressive force. The polymeric film is compressed in thickness and elongated in length and
width due to electrostatic forces. [45, 87]

The electrostatic force on the flexible membrane is related to the driving voltage U, the distance
between the compliance electrodes d, and the surface area between the electrodes A [104].
The formula for the electrostatic force of the flexible membrane is denoted as F,.

2

1 (U\? 1 1
= — —_ = — 2 1
Fe 8( ) 4 ZSU (DO—W) 4 A

Where the electric field constant is represented by ¢,, D, stands for the initial distance between
the electrodes, and w indicates the displacement in the transverse z-direction. This actuation
principle is referred to as two-axis planar actuation. The structure can expand in both the x and
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y axes due to the strain caused by the high voltage (shown in Figure 9a). According to Bigue
et al., the DEA has a constant membrane thickness and area, denoted as d and A respectively
[11]. The film's volume v is constant and can be determined by the equation:

W = Ad 2)

Structural deformation is caused by Maxwell stresses produced by electric charges situated
on the electrodes. The total electrical charge Q, is situated on the electrodes of the film under
the applied voltage U, as indicated by the following equation:

Q=CU 3)

The actuator capacitance C can be determined using the flat plate capacitor equation provided
below:

A
C= 61’603 (4)

where ¢, represents the permittivity of free space and e, denotes the relative dielectric
constant of the dielectric material. The Maxwell pressure, denoted as P, resulting from
electrostatic attraction is defined by the following equation [60].

2

P =¢.€p (%) (5)
Expansion and elongation happen in only one direction along the x- or y-axis in a one-axis
planar actuation or a configuration with one fixed end (illustrated in Figure 9b). The bend-type
actuation is characterised by a surface layer being constrained from moving, resulting in the
structure warping towards the restricted surface (depicted in Figure 9c). With slight
modifications, it is possible to configure various types of motion.
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Figure 9: a) Two-axis planar actuator, b) One-axis planar actuator, ¢) bend actuator [60].

2.3.2 Dielectric Material

The properties of dielectric elastomer (DE) materials are crucial for the performance of DEA.
For improved performance, the material must possess characteristics such as low modulus,
low viscosity, high electrical breakdown strength, and a high dielectric constant [9]. Commonly
used materials can be categorised into three groups: acrylics, silicones, and polyurethanes
(PU’s). Acrylic elastomers VHB 4910 and VHB 4905 from 3M Company are commonly used
in experiments due to their commercial availability and low cost. They are capable of
generating a higher voltage-induced strain, specifically a linear strain exceeding 380 % [79]
and an area strain over 2200 % [80]. Silicone elastomers have a lower actuation strain
compared to acrylic elastomers. A higher voltage is needed to achieve greater strain due to
the lower dielectric constant. Silicone-based DEAs can operate at high frequencies due to their
significantly lower viscoelasticity [16, 39]. PUs typically offer greater output force. A reduced
electric field can operate DEAs utilising PUs because of the PU naturally higher dielectric
constant. Nevertheless, the increased modulus leads to a relatively minor strain [44].

2.3.3 Compliant Electrodes

Compliant electrodes are another crucial element of DEAs that significantly impacts their
functionality. The electrodes should possess high compliance, high conductivity, good stability,
and strong adhesion to the membrane. Common compliant electrodes used in DEAs are
carbon grease, carbon powder, carbon nanotubes (CNTs), and graphite [16, 18, 63, 76, 87].
Carbon grease is the most commonly used option due to its affordability, high flexibility, and
widespread availability. Yet, the disadvantage of carbon grease is that the oil it contains will
eventually evaporate over time. Carbon powder and graphite are preferable for multilayer
stacked DEAs due to their ease of application on the membrane surface and their thinness.

Philipp Beier, BSc Polymer Engineering and Science Leoben 11



2 Theoretical Background

Conductivity decreases when powders lose contact under increased strain. CNTs and silver
nanowires (AgNWSs) are utilized as compliant electrodes in adaptive optical devices because
of their exceptional conductivity and transparency [58, 62, 93].

2.4 Plate Capacitor

2.4.1 Capacitance

A component's capacitance is its ability to store electrical energy. This characteristic is
possessed by the capacitor. The capacitance between two conductors is solely a function of
geometry. The opposing surface areas of the conductors, the distance between them, and the
permittivity of any dielectric substance between them. The permittivity and capacitance of
many dielectric materials are independent of the potential difference between the conductors
and the total charge on them. The capacitance C is defined by the ratio of charge Q and electric
potential U [3, 3, 100]:

QS

(6)

2.4.2 Force Acting on the Plates

The plates of a capacitor with different charges are attracted to each other as a result of
Coulomb's law (Figure 10).

L l+@ -q|
Fm Fe
-
| dx

‘?_@_‘?

U—I-—

Figure 10: Derivation of the force on the plates of the capacitor [84].

When a charge Q is displaced against the electric field force ﬁ;, a mechanical force ﬁm is
required to accomplish this.

i

ﬁm = (7)

[\

The forces can be determined by applying the principle of energy conservation. When a plate
is moved a short distance dx against the force F,,,

dW,,, = E, dx (8)
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mechanical energy dW,,is transferred to the capacitor as a conversion to electrical energy dW,
(The principle of virtual work).

dW, = dW,, = E,, dx 9)

Solving the mechanical force required to displace a plate result in the overall correlation [37].

aw,
Fm = dx

(10)

The force in a plate capacitor is also determined by multiplying its electric charge by the electric
field intensity E within the capacitor [97].

E, = QE (11)

The following applies to the electric field strength E between the capacitor plates,

U
F=2 (12)

where U represents the applied voltage and d is the distance between the plates.

This leads to the electrical work [100].

1 1
W, = QEd = - QU (13)

When Q is constant and the energy of the voltage source remains unchanged, substituting
equation (6) into equation (12) results in

Q? Q* /1
—dlZ=1==_g4(= 14
. d<26> 2 d(C) (14)
and for the mechanical force on the plates,
dw, 0*d /1\ Q*1 d Q* 1
_ _ i) . == . 15
Fm dx 2 dx (C) 2 €A dx € €A (15)

where ¢ represents the dielectric constant and A denotes the area of the plates.

2.5 Electric Resistance

Polymers typically have high electrical resistivities and are primarily used as insulators in
electrical applications. Conductive grades have specific requirements, so base polymers are
often altered to fulfil these requirements [12]. The volume resistivity p of an isotropic material
is the resistance measured according to Ohm's law between opposite faces of a unit cube.
The resistance R between the opposite ends of a block with uniform cross-sectional area A
and length [ is determined by [1, 13]:
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roPl (16)

The generalized Ohm’s law can express volume resistivity by utilizing the electric field E and
current density J:

E=p] (17)

The solid dielectric's conductivity is the inverse of its resistivity. To measure the resistance, the
specimen is positioned between the conductive electrodes. The resistance value is determined
by measuring the current passing through the sample at the voltage applied to the electrode.
The value is influenced by the size of the electrode and the sample [57]. The surface resistivity
can be determined using the three-terminal electrode measurement technique recommended
by ASTM D 257 [99]. Figure 11 displays the measurement setup. It consists of three electrodes:
top, bottom, and guard electrodes. Figure 11b depicts the test specimen and should be set up
according to [57]:

Dy — D,
2

D, is the distance from the origin to the midpoint of g, D, is the diameter of the bottom electrode,
D, is the diameter of the bottom electrode plus g (spacing between the guard and bottom
electrode), and Ds is the diameter of the top electrode.

Top Electrode

|
v

Insulation Material
] [ A ] [a

b \
g Bottom Electrode Guard Electrode

(a)

(b)

Figure 11: a) Measurement setup for resistance measuring and b) flat test specimen [57]

2.6 Tensile Testing

In a tensile test, a sample is clamped and subjected to an increasing tensile load until it fails,
measuring the requisite force and distance from the machinery. From this, the modulus of
elasticity and breaking stress can be calculated. Due to the limited elastic deformation range
of plastics, the E-modulus is determined as the secant modulus (Figure 12 a). It includes the
elastic and linear viscoelastic deformation ranges of the stress-strain curve [31, 38].
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According to standard OENORM EN 527-2 [54], the tensile modulus, or Young's modulus Y is
determined by the change in tension Ao and strain Ae (between 0.05 and 0.25 %):

v - o5(&; = 0,25%) — 01(¢, = 0,05%) Ao
- &y — € T Ae

(19)

(2] b [b]
. €q1] %“ """ M &q= €)
< —_ I-—
2| E -
- B
<]
F'qE- b2- -------- 1 :
ALy Alg; Alg
\Lg(mm)
81 Ez
€ (%)

Figure 12: Determination of the elastic constants in the tensile test: a) stress-strain diagram,
b) transverse strain-longitudinal strain diagram [38].

By using a second strain gauge that simultaneously detects the change in thickness, or
preferably width, along with the longitudinal deformation, the Poisson's ratio g, (width) or u;,
(thickness) can also be measured (Figure 12 b). This elastic parameter is calculated as follows
in the case of the width change [38]:

€qb | _ AbLO
ALgbg

w = [ (20)

2.7 Three-point Bending Testing

The deformation of the three-point specimen can be analysed as a beam-bending issue until
cracks form [52]. The DIN EN ISO 178 [55] is used to conduct the bending test on polymers.
The modulus of elasticity Ef is determined under bending stress conditions, using the same

parameters as in tension and compression tests, i.e., as the secant modulus (Figure 12) in the
range of 0.05 to 0.25 % strain of the outer fibre.

02 —0p1 Ao

Er = (21)

&2 — &7 0,002
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Figure 13: Characteristic bending stress-strain curves for polymers: a) brittle, ductile and
elastic material behaviour [38].

Figure 13 displays typical bending stress-strain curves for various polymers. The diagram in
Figure 13 (curve a) illustrates the behaviour of a material such as PS or PMMA, which is
relatively brittle. For ductile material behaviour (curve b in Figure 13), a maximum force occurs
and fracture happens before reaching the so-called standard deflection. In this case, flexural
strength can be determined at maximum load. If the materials being examined do not exhibit
a maximum force or fracture until reaching the standard deflection the norm bending stress
or¢ is determined (equation (22)) at this point, with this material behaviour also being ductile
[6, 38]. Curve cin Figure 13 represents elastic material behaviour of polymers such as TPU. It
allows us to establish the specific parameters for different polymers.

_3FL
%c = 2bh2

2.8 Viscosity

Polymer melts, which are viscoelastic fluids, hold significant technical significance. These
substances possess intricate rheological properties that give rise to a multitude of diverse
phenomena [35]. The classification of flow and viscosity curves can be achieved by considering
the purely viscous and plastic viscosities of different substances based on specific criteria, as
shown in Figure 14.
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Figure 14: Characterization of viscous liquids in the flow diagram [50]
Viscosity curves are approximated using a range of function types, including empirical, semi-
empirical, and theoretically based methods. There exist various shear stress methodologies
that have the capability to characterise the viscosity curve comprehensively or partially (shown

in Figure 15). The power-law is frequently employed due to its inherent mathematical simplicity
and describes the structurally viscous and dilatant material behaviour [77]:

T=ky" (23)

T denotes shear stress, n signifies the flow index, y is the shear rate and k represents the
consistency. The Sisko Model is employed to characterize high shear rates [65]:

N =ne +ky" ! (24)

with 1, as the infinite viscosity, k the consistency and n the power law index.

The three-parameter approach proposed by P.C. Carreau incorporates the quasi-Newtonian
range as well [68]:

NoY

7 \¢ (25)
(1 + yl)

T =

where n, denotes the viscosity at low shear rates, c represents the absolute value of the
asymptote gradient for high shear rates, and y, the location of the curved surface.
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Figure 15: Area of application for different approach function to the viscosity curve [71].

Viscosity is also known to possess an exponential relationship with temperature, often
described by the Arrhenius expression for Newtonian fluids and semi-crystalline polymers:

n = Bef/RT (26)

Where E represents the activation energy, R is the gas constant, and T stands for the absolute
temperature. This equation is typically appropriate for explaining how viscosity changes with
temperature, as long as the temperature range is not extensive. Analytical work can be
rewritten in a more useful form [22, 92].

E/m 1
N =Tnrexpy (f - T_R) (27)
where Ty represents a convenient reference temperature and ny is the viscosity at the
reference temperature. At temperatures above the glass transition temperature, methods
based on the Williams-Landel-Ferry (WLF) model have been widely accepted. This notion is
utilised to define amorphous polymers and can be expressed in the following manner [64]:

lOg (ﬂ(ﬂ) Cl (T - Tref) (28)

NTyes - Co + (T = Trer)

The variable n(T) represents the Newtonian or apparent viscosity at an absolute temperature
T, while ny_, y represents the viscosity at an arbitrary absolute reference temperature T, and

two variable parameters C; and C,.
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3 Redesign 3D-Printer

This chapter provides a comprehensive explanation of the procedure for reconstructing the
HAGE 3Dp-A2 printer (shown in Figure 16). It involves the installation of two dual extruders
that can be controlled separately, as well as a complete overhaul of its electronic components.

3.1 Original Components

The HAGE 3D printer (shown in Figure 16) is a Cartesian printer with a generous build volume
of 620 x 400 x 290 mm?, allowing for the installation of two dual extruders while still maintaining
considerable printing space. The printing bed has a 1000 W heating element, which
guarantees fast heating [82]. It is controlled by four independent stepper motors on the z-axis.
In addition, the x-axis is also driven by two separate stepper motors. The original direct dual
extruder, which is mounted to the y-axis, has been removed from the printer. A detailed and
thorough description of the redesign will be presented in the following pages. In addition, all
electrical components, including the power supply, were removed.

Figure 16: HAGE 3DpA-2 printer [82]
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3.2 Y-axis Carriage

The printer's standard setup included a single stepper motor that controlled the y-axis. To
enable the movement of two independent extruders, an additional stepper motor had to be
installed. Figure 17 displays the extruder carriages attached to the main mounting plate for the
extruders, which can be mounted on the front side using the mounting holes. The rear part of
the component features a mechanism for adjusting the tension of the belt and a bracket
designed to hold linear ball bearings. The second extruder carriage includes an extra mounting
spot for an adjustable screw, which will be detailed in section 3.3.

The drill holes are all 3 mm in diameter to accommodate M2.5 metal threads. This approach
renders the utilisation of nuts unnecessary and eliminates the need for any additional
geometries specifically designed for nuts. The carriage's dimensions are 105 x 50 x 29.5 mm?
and 105 x 50 x 37.5 mm3, respectively.

Figure 17: a) Extruder carriage for the primary extruder mount, b) extruder carriage for the
secondary extruder mount.

3.3 Dual Extruder Mount

Figure 18 illustrates the mounting system for both dual extruders. The direct extruder is
positioned on the right side of the mounting plate, while an adjustable bowden extruder is
located on the left side (shown in Figure 19). Both designs feature a cylindrical shape that fits
a standard E3D heat sink to secure the extruders in place. The slot holes allow manual
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adjustment of the nozzle's position relative to the reference point. The recess on the back of
the component ensures that the extruder is cantered and guided longitudinally. The rationale
behind this particular configuration is twofold: firstly, to minimize weight by utilizing only a single
direct extruder, and secondly, to facilitate cable management due to insufficient space within
the current drag chains. The main mounting plate also includes a holder for the BL-Touch.

a) b)

Figure 18: a) primary mounting plate for extruders, b) secondary mounting plate for extruders

The nozzle on the direct extruder of the primary mounting plate functions as a point of
reference for adjusting the other nozzles. The bowden extruders can be manually adjusted
using an adjustable bowden mount. To enable adjustments to the direct extruder, the
secondary mounting plate must possess the capability of movement. Therefore, a screw, along
with a spring, is installed on the upper side of the plate. Rotating the screw in a clockwise
direction will cause the plate to rise, whereas rotating the screw in an anticlockwise direction
will cause the plate to descend.

Figure 19: Bowden extruder mount.
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The picture provided in Figure 20 depicts the complete configuration of the Quadro-extruder
setup, including the mounting system for its cooling fans.

Figure 20: Fully assembled Quadro-extruder configuration, left secondary and right primary
assembly.

3.4 Hardware

Extruder

The Bondtech LGX [14] was installed as the direct extruder, while the Bondtech LGX Lite [15]
was used as the bowden extruder. Their use of dual-drive technology (both gears are driven,
in contrast to many other constructions where only one is driven), which relies on large drive
gears, offers an ideal choice for feeding extremely flexible filaments. The LGX extruders are
compatible with full metal hotends and can be utilized as either a shortcut cooling solution or
with standard heatsinks, which have been installed in this printer.

Mainboard and Power Supply

The primary criteria for the mainboard were a high-performance processor (minimum 32-bit
chip) and the capability to support a minimum of eight stepper motors (the z-axis is operated
separately). This involves managing four extruders, two for each y-axis, and two for the x-axis.
The BIGTREETECH Octupus [98] was selected as it is one of the most powerful mainboards
available in the commercial sector for 3D printers and has the capability to support up to 8
stepper motors. The previous system operated at a voltage of 12 volts. To achieve an industrial
standard of 24 volts, the motherboard needed to have the capability to support this voltage
level.

The chosen power supply, with a 500 W output, was essential due to the simultaneous heating
of all extruders, resulting in a power consumption of 2000 Watts.
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Arduino and CNC Shield

The HAGE printer features a large printing bed that is mounted on four threaded rods and
driven by four stepper motors. To achieve precise calibration, it is crucial to individually control
each motor for accurate adjustments. Thus, it is necessary to install an additional micro control
unit that possesses adequate processing capabilities. The Arduino Mega [5] was used in
combination with a CNC shield [47] in this specific setup. The device functions as a control
module for a 3D printer, equipped with four connections made for stepper motors.

BL-Touch

The printer was equipped with an Antclabs [4] levelling sensor to guarantee the consistent
thickness of the first layer. The sensor scans a specific quantity of measuring points on the
printing bed and calculates the precise height at which the sensor makes contact. The
measuring points are utilized to elongate a simulated mesh and automatically correct the
difference in height during the printing process.

3.5 Firmware

The printer utilized Klipper as its designated firmware. The software was installed on a Linux
Ubuntu server, which is responsible for linking most of the printers in the facility. Uploading
new software and transferring data directly to the Klipper directory eliminates the need for SD
cards to flash the motherboard, providing a convenient solution for making swift changes to
the firmware. Through the use of Python code, the process of incorporating customized codes
into the firmware is made more straightforward. Furthermore, it allows for the generation of
macros that can be called via the Slicer software. Mainsail OS was selected as the user
interface for Klipper. It is a web interface that enables the control and management of 3D
printers.

Figure 21 displays the key attributes of the interface. The left-side panel contains various
available settings. The main feature is the dashboard, which exhibits the real-time status of the
printer while a print job is in progress. A control panel for managing all axes, including the
control of filament extrusion and retraction. The current extruder's z offset and a list of available
macros that can be used. The centre of the display shows the telemetry of the extruder and
bed temperature, along with a real-time graph. The console, located on the right side, displays
the G-code steps or the output of specific data points.

The "G-Code file" displays all the uploaded print files that can be directly modified in the web
interface. All crucial printer configurations are stored in the "machine". The "machine" settings
contain, for each attached MEX printer, the pin assignment of the circuit board, the dimensions
of the printing bed, as well as customized macros.
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3.6 Calibration and Macros

The calibration of each nozzle is an essential component for ensuring the precision of the
printer. As stated in 3.3, the initial step involves manually adjusting the nozzle height relative
to the reference point, which is the primary extruder mount with the direct extruder's nozzle.

The precise location of the reference point is determined by the distance of the levelling sensor,
as depicted in Figure 22. The direct extruder and bowden extruder are separated by 55 mm.

55 26.27

Figure 22: Distance from bowden extruder to direct extruder and from direct extruder to BL-
Touch.

The distance between the primary extruder mount and the secondary extruder mount was
adjusted using two mechanical endstops on the y-axis. The distance dg, is 550 mm,
determined by adding the distance between the endstops [, , to the distance between the
endstop and the direct extruder position dgee-

dsse = lg 4 dssee (29)

“Tool change” Macro

To ensure smooth tool changes during the printing process, it was necessary to develop and
integrate specific macros into the slicer software. The macro takes into account both a G-code
offset and a bedmesh offset, ensuring accurate adjustments during the print (Figure 23).

The G-code offset allows for fine tuning of the nozzle distances. The value of the nozzle
depends on its position. If the nozzle lies on the negative axis, the value is positive. Conversely,
if the nozzle is on the positive axis, the value is negative.

“Nozzle clean” Macro

Following tool changes, the extruder that is not in use is cooled down to a temperature
approximately 50 K lower than the processing temperature. This is done to prevent the material
from leaking out of the nozzle, a phenomenon known as oozing.
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Upon reactivating the extruder, it is possible for the material to retreat back into the nozzle as
a result of the cooling process. To address this issue, a macro was devised to initially extrude
a few millimetres and subsequently cleanse it using a mounted brush positioned at the forefront
of the printing bed before recommencing the printing process.

Figure 23: Offset settings for extruders threw macro.

This procedure will be executed each time a tool change takes place. It will substantially
prolong the printing duration but guarantee better quality for the printed component.

SAVE_GCODE_STATE NAME=clean
( printer.toolhead.extruder == "extruder printer.toolhead.extruder == "
_CLEAN_NOZZLE1

_CLEAN_NOZZLE2

RESTORE_GCODE_STATE NAME=clean

in printer.toolhead.homed_axes

Z{start_z} F1500
X{start_x} Y{start_y-10} F6000

E{purge} F60

art_y} F6000

» (wipe_qty + 1)) 2

e_spd * 60)

Figure 24: Nozzle clean macro for tool change.
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4 Experimental

This section concentrates on analysing materials for the actuators passive layer by producing

specimens for tensile tests and three-point bending tests using different infill orientations.

Viscosity measurements were conducted for the dielectric component of the actuator, and the

dielectric constant was determined. In the next step,

manufactured, and their capacitance and maximum displacement were determined.

4.1 Materials

multi-material actuators were

Various thermoplastic polyurethanes with different shore hardness levels were utilised. Table 1
presents the chosen materials for the electrodes along with their key properties.

Table 1: Electrode filaments with specified data sheet information.

(RECREUS INDUSTRIES S.L., SPAIN)

(ASTM D 257)

Filament Electrical resistivity Hardness
Eel™ TPU 3D [73] 1500 Q/cm? Shore A 90
(Fenner Inc., USA) (ANSI/ESD STM 11.11)

CONDUCTIVE FILAFLEX TPU [83] <60Q Shore A 92

Table 2 displays the materials used as the dielectric component for the actuators, whereas
Table 3 lists the materials used as the passive layer of the actuator.

Table 2: Dielectric components of the actuator and experimentally determined dielectric

constant.
Filament Dielectric constant Hardness
NinjaFlex® EDGE [75] TPU 3.65 Shore A 83
(Fenner Inc., USA)
NinjaFlex® TPU [74] 4.96 Shore A 85
(Fenner Inc., USA)

Table 3: Filaments used as passive components.
Filament Hardness
NinjaFlex® TPU (Fenner Inc., USA) Shore A 85
Cheetah® [72] TPU (Fenner Inc., USA) Shore A 92
Fiberlex 20D [33] (Fiberlab S.A., PL) Shore D 20
Fiberlex 40D [34] (Fiberlab S.A., PL) Shore D 40
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4.2 Printing Parameters

Each material's process temperature ranges from 220 °C to 250 °C, while the bed temperature
can be raised to 50 °C or turned off. Every test specimen was printed using identical
configurations on the Prusa Mk3S+(Prusa, CZ). The printer configurations were implemented
as per the initial suggestions provided by the Prusa Slicer software. The utilized infill pattern
consisted of a linear rectangle, which was applied to produce specimens with infill orientations
of 0° and 90°, respectively. In the slicer program, the sequential print option was used to print
five test specimens for each orientation.

Table 4 lists the most important parameters of the print and filament settings.

Table 4: Print settings for test specimens.

Print settings Value Unit
Layer height 0.1 mm
Perimeter 1 -

Infill 100 %
Infill pattern linear Rectangle -
Printing speed 20 mm/s
Nozzle temperature 240 °C
Bed temperature Off -
Printer parameters

Build platform Satin Powder-coated Steel Sheet

4.3 Tensile Test and Three-point Bending Test

At the Institute of Materials Science and Testing of Polymers, the experiments were carried
out using a universal testing machine manufactured by Zwick Roell GmbH & Co. KG
(Germany) for the tensile tests and the three-point bending test.

The test specimen's geometry dimensions for the tensile test were chosen in accordance with
the standard ISO 527-2-5A [27] (Figure 25). This geometry was selected to optimize material
conservation, considering the availability of certain filaments.
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Figure 25: Geometry of tensile test specimen according to ISO 527-2-5A.

Figure 26 displays the dimensions of the specimen used in the three-point bending test as per

the ISO 178.

_ D
°

Figure 26: Geometry of tensile test specimen according to ISO 178.

4.4 Permittivity Measurement

The measurement configuration (Figure 27) remained in a fairly uncomplicated manner. The
relative dielectric constant of the membrane material was determined by employing a cooper
sheet as the bottom electrode and a steel cylinder as the top electrode. The membrane was
placed between the two materials, and the capacitance was measured using a multimeter
manufactured by Conrad Electronic AG (Switzerland). By rearranging equation (4), the
permittivity of the material can be obtained. In Table 5, the relevant dimensions of the
measurement are presented.

Table 5: Measurement setup with essential dimensions.

Index Element Area Thickness
a Cooper sheet 100 x 100 mm? 1 mm

b Dielectric membrane | 625-7 mm? 0.3 mm

c Steel cylinder 2251 mm? 25 mm
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Multimeter
(D)

Figure 27: Measurement setup for the relative dielectric constant: a) cooper sheet, b) dielectric
membrane and c) steel cylinder.

4.5 Viscosity Tests

The measurement of viscosity was performed using the High-Pressure Capillary Rheometer
(HPCR) Rheograph 2002, manufactured by Gottfert Werkstoff-Prifmaschinen GmbH in
Germany. In order to replicate authentic pressure conditions to the maximum extent feasible,
a custom-designed adapter for a nozzle attachment was employed (Figure 28). In addition, it
is necessary to convert the volumetric speed V obtained from the printing process, into the
piston speed v, using the following equation:

(30)

| <

Up =

where A is the area of the piston.

Three measurements were conducted for each material, with one cylinder filled and 20
measuring points. Table 6 contains the test parameters for the viscosity measurements.
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Figure 28: Adapter with E3D nozzle.

Table 6: Parameters for the viscosity measurement.

Parameters Value Unit
Volumetric speed 1.5 mm?3/s
Shear rate 239.4 1/s
Piston speed 0.01735 mm/s
Temperature 190 °C
Diameter of the capillary 0.4 mm
Length of the capillary 0.6 mm

4.6 Actuator

4.6.1 Geometry

Figure 29 depicts the design of a soft multi-material actuator. The structure includes a passive
layer made of materials specified in Table 3, two electrically conductive materials identified in
Table 1 that act as electrodes, and a dielectric membrane from Table 2.

Table 7 displays the dimensions of each layer of the actuator.

Table 7: Layer structure and dimensions of the actuator.

Index Layer Length in mm | Width in mm Height in mm

a) Passive 90 45 0.1

b) Electrode 66 37 0.07

c) Dielectric 90 45 0.21
membrane

d) Electrode 66 37 0.07
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Figure 29: Design of the multi-material Actuator: a) passive layer, b) electrode c) dielectric
membrane and d) electrode.
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4.6.2 Printing parameters

A total of 3 actuators were printed for each combination of materials as a result of the limitations
caused by the available materials. The print parameters and specific filament settings for each

material are presented in Table 8.

Table 8: Print settings for the actuators.

Print settings Value Unit
First layer height 0.1 mm
Layer height 0.07 mm
Perimeter 1 -
Infill 100 %
Infill pattern Rectangle -
Printing speed 10 mm/s
Nozzle temperature 240 °C
Bed temperature Off -
Retraction (direct extruder) 6 mm
Retraction (Bowden extruder) | 15 mm
Printer parameters

Build platform Glass

Table 9 displays the various combinations of the printed actuators and their corresponding

nomenclature.

Table 9: Combinations of printed actuators.

Name Passive Layer Electrode Dielectric membrane
20DFILA FiberFlex20D
40DFILA FiierFlex40D
FilaFlex
CheFILA Cheetah
NinjaFILA NinjaFlex
NinjaFlex

20DEEL FiberFlex20D
40DEEL FiberFlex40D Eel

e
CheEEL Cheetah
NinjaEEL NinjaFlex
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The following section provides an account of the outcomes of the material tests and the
functionality of the actuators.

5.1 Tensile Test

Figure 30 depicts a demonstration of the tensile test results performed on each material. The
observed trend suggests that there is nearly no disparity in the modulus between the 0° and
90° orientations. This phenomenon is seen in almost all materials that were subjected to
testing.
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15

Young's modulus in MPa

Fiberflex20D_0° Fiberflex20D_90°
Figure 30: Young moduli for FiberFlex20D with orientations of 0° and 90°.

Figure 31 presents a comprehensive summary of the results obtained from all tests. Moreover,
the diagram classifies the materials based on their functionality within the actuator. The
findings indicate that there is no significant disparity in the orientations of 0° and 90°, except
for FilaFlex_0° and FilaFlex_90°. FiberFlex40D exhibits a notable fluctuation in data dispersion.
One potential cause for this could be attributed to quality deficiencies during the printing
process. According to the data, both the electrode materials and Fiberflex 40D exhibit the
highest modulus values. Nevertheless, it is not possible to definitively establish a direct
relationship between hardness and the Young’s modulus. This is exemplified by the fact that
the highest values were achieved by a seemingly less rigid material. Table 10 presents a
comprehensive compilation of the outcomes derived from the tensile test.
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Table 10: Mean value and standard deviation of the Young’s modulus for the tested

materials.
Orientation Mean value in Standard deviation in
MPa MPa
0° 26.4 3.6
FiberFlex20D
90° 27.5 0.9
0° 65.0 9.3
FiberFlex40D
90° 64.9 24
0° 28.8 0.4
NinjaFlex_CHEETAH
90° 26.9 1.9
0° 30.8 1.6
NinjaFlex
90° 28.7 0.7
0° 84.1 1.6
FilaFlex
90° 73.9 1.7
0° 90.8 0.9
NinjaFlex EEL
90° 91.2 1.1
o0 LRI ——
80 Fiberfiex400 R MinjaFlex_EEL
o assive layer
% 70 d Y —==="| electrode
= E FilaFlex
v 60
=
8 50 M 0° orientation
= S =
% 40 Fiberflex20D B 90° orientation
3 : -
= 30 —— L S dielectric membrane
4 MinjaFlex
<0 Minja_CHEETAH )
10

Figure 31: An overview of the tensile tests and categorized by their respective functionalities

in the actuator.

5.2 Three-point Bending Test

In order to obtain additional information, the flexural modulus was determined, as the load case
of the actuator primarily involves bending stress. It should be noted that this particular test is
atypical for soft materials, specifically elastomers. However, the test results consistently align
with the pattern described in chapter 5.1. Figure 32 illustrates the outcome.
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Figure 32:Flexural moduli for FiberFlex20D with orientations of 0° and 90 °.

An overview of the result is visible in Figure 33. This further illustrates that the stiffness of a
material does not always correspond to its level of hardness. The results of the three-point
bending tests confirm that FilaFlex_0° exhibits a significantly greater value than FilaFlex_90°.
This this phenomenon may be attributed to the increased processing temperature, which leads
to the melting and subsequent fusion of the individual strands, resulting in the loss of their

original alignment.

Table 11: Mean value and standard deviation of the flexural modulus for the tested materials.

Orientation

Mean value in

Standard deviation in

MPa MPa
0° 28.5 14
FiberFlex20D
90° 27 1 0.8
0° 65.0 0.9
FiberFlex40D
90° 61.1 1.7
0° 25.8 14
NinjaFlex_ CHEETAH
90° 25.2 1.7
0° 26.7 0.5
NinjaFlex
90° 26.2 0.9
0° 79.6 1.1
FilaFlex
90° 65.3 3.4
0° 90.5 0.8
NinjaFlex_EEL
90° 81.5 1.7
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Figure 33: An overview of the three-point bending tests and categorized by their respective

functionalities in the actuator.

5.3 Poisson’s Ratio

The measured Poisson's ratio is not affected by the orientations. Furthermore, all materials
possess similar values, except for NinjaFlex_EEL_0°, which clearly falls below the other results.
The wide range of values limits the ability to make a conclusive statement. Both the process
of preparing for a measurement and the actual measurement itself can be influenced by
numerous potential sources of error. The primary issue with sample preparation comes to
achieving a uniform coating on the specimen. Both the camera and programme must
accurately identify and monitor the pigmentation in order to calculate the change in cross-

sectional area with precision.

To obtain a precise depiction of Poisson's ratio, it is necessary to test a greater number of
specimens. However, the range of values, specifically ranging from 0.36 to 0.4, for TPU's
aligns with those reported in the literature [53].
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Figure 34: Poisson’s ratio for all materials in 0° and 90° orientation.

5.4 Permittivity

During the study, Ninjatek introduced a new filament called NinjaFlex Edge to the market. The
proclaimed shore hardness is measured to be 83A, indicating a slightly lower hardness
compared to the Ninjetex 85A used in the conducted experiments. The initial results
demonstrated superior printability compared to the material with a shore hardness 85A. The
permittivity, however, exhibited a notable decrease, as depicted in Figure 35. This renders it

unsuitable to serve as the membrane material for the actuators.

6.0
9.5
3.0
4.5
4.0

Permittivity

3.5
3.0
2.5
2.0

NinjaFlex

NinjaFlex_Edge

Figure 35: Relative permittivity for NinjaFlex and NinjaFlex_Edge.
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5.5 Viscosity

Figure 36 clearly demonstrates the enhanced processability of Fenner Inc. latest TPU
compared to NinjaFlex, as it exhibits significantly lower apparent viscosity. NinjaFlex_Edge
has an average apparent viscosity of 784 + 56 Pa-s, while NinjaFlex has an average apparent
viscosity of 1971 £ 336 Pa-s. This represents a reduction of approximately 40%.

It is important to emphasise that this measurement refers only to the apparent viscosity. To
achieve more precise outcomes, it is necessary to use the Rabinowitsch correction to obtain
more accurate shear rates, as well as the Bagley correction to correct any inlet pressure loss.

3000

N
(@)]
o
o

2000

1500

1000 ;

200

Apparent viscosity in Pa*s

NinjaFlex Edge NinjaFlex
Figure 36:Apparent viscosity of NinjaFlex_Edge and NinjaFlex.

Another noteworthy observation was made during the measurements. During the three tests
conducted with a single cylinder filling, the residence time consistently increased until the final
measurement. Figure 37 clearly illustrates a pressure drop over time, resulting in a decrease
in apparent viscosity. This was especially noticeable with NinjaFlex.

Nevertheless, since the melted material spends a short amount of time in the nozzle, this
phenomenon does not impact the processing. Regardless of the temperature of the inactive
toolhead, the nozzle will still be purged before printing continues.
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Figure 37: Viscosity measurements of NinjaFlex_Edge and NinjaFlex at constant speed.
5.6 Actuator

The actuators were sequentially printed in various combinations. Hence, these results were
aggregated for each group in order to enhance the representation of reproducibility. The results
for FiberFlex40D were excluded from the section due to insufficient applied force to induce
displacement on the actuator before failure. Additionally, the high adhesion on the print bed
caused minor damage to the actuators, resulting in the inability to produce valid results.

5.6.1 Printing Accuracy

To verify the precision of the custom-built printer, the most straightforward approach is to
measure the thickness of the actuator and determine if the desired height has been achieved.
Figure 38 displays the measured thickness. The results indicate fluctuations both above and
below the targeted part thickness. This primarily concerns a hardware problem, which is
elaborated upon in section 6. The maximum deviation from the average value is approximately
8 %, which is a satisfactory outcome given the quality of the printer's used parts.
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Figure 38: Thickness distribution of the actuators including target thickness of 0.45 mm.

However, in order to determine whether the membrane inside the actuator has the correct
thickness, the capacitance is measured. The theoretical capacitance was calculated using the
previously determined permittivity and then compared with the measurements. Figure 39
displays the outcomes of the capacitance measurements.

0.8
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0.3
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Figure 39: Capacitance distribution of the actuators including target capacitance of 0.51 nF.

The material combination 20DILA exhibits an apparent connection between the overall
thickness of the part and its capacitance. It suggests that there is a substantial gap between
both electrodes, resulting in a reduction in capacitance, as depicted in Figure 39. By employing
this approach, it is possible to establish a correlation between the thickness of the actuator
and its capacity. It is important to mention that the capacitance was measured using a
multimeter, indicating that the results may not be completely precise.
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5.6.2 Displacement

In order to obtain a more comprehensive understanding of the results from the displacement
measurements, actuator configurations with the same passive layers but different electrode
materials were compared. The test specimen was fixed on one side, causing it to operate in a
manner similar to a cantilever. The displacement was measured manually using a grid, in each
instance after incrementing the voltage by 0.2 V until reaching a maximum of 6 kV (shown in
Figure 40).

ok

\

Figure 40: Measurement setup for displacement.

Figure 41 displays the displacement of the actuators, which consist primarily of just two distinct
materials. The passive layer and the membrane are composed of identical materials. There
was no apparent disparity in displacement. However, there is a variation in the measured
values for the capacitance. Once again, this measurement was taken using a multimeter, so
the accuracy is not guaranteed. Despite certain inaccuracies in the capacitance measurement,
there is a noticeable correlation between capacitance and maximal displacements. Generally,
higher capacitance tends to result in larger displacements, with a few exceptions.
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Figure 41: Displacement measurements of the actuator combinations NinjaFILA and
NinjaEEL.

The significant variation in the desired thicknesses for the actuator combination 20DFILA, as
stated in section 5.6.1, is also apparent in the significantly reduced displacement depicted in
Figure 42. The capacitor with the lowest capacitance exhibited minimal displacement until it
approached a voltage of approximately 5 kV, at which point it underwent a sudden and
significant rise.

During the tests, one specimen of 20DEEL experienced a short circuit and was consequently
not included in the diagram. It demonstrates that even a small deviation from the optimal
thickness can result in diminished performance of the actuator or even a total breakdown.
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Figure 42: Displacement measurements of the actuator combinations 20DFILA and 20DEEL.

The actuator configuration Cheetah, with its passive layer, generated the most optimal
outcomes (shown in Figure 43). The CheFila combination achieved a maximum displacement
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of 38 mm with a capacitance of 0.646 nF. All specimens showed a notable increase at
approximately 2 kV, and the curve profiles of all specimens are closely similar.
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Figure 43: Displacement measurements of the actuator combinations CheFILA and CheEEL.

The variation among the actuators is evident in Figure 43. The displacement varies between
15 mm and 38 mm when the voltage is 6 kV. Many of the specimens may have the ability to
withstand a higher voltage, resulting in a larger displacement. However, this specific maximum
voltage was selected to guarantee a fair comparison with all printed components. The
combinations involving NinjaFlex Eel™ exhibited slightly a reduced displacement as a result
of its greater bending stiffness in comparison to FILAFLEX.
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Figure 44: Maximum displacement of all actuator configurations at 6 kV.
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Figure 45 depicts the path followed by the tip of the actuator combination NinjaEEL,
demonstrating its movement. The origin represents the initial position where no voltage is
applied. It is then increased in intervals of 0.2 kV until it reaches 6 kV. A second-degree
polynomial trendline is used to accurately map the displacement.
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Figure 45: The trajectory of the leading point of the actuator combination NinjaEEL ranges
from O to 6 kV, increasing in increments of 0.2 kV.

5.6.3 Three-finger Actuator

An example of a potential application for the actuators is a gripper arm that uses three or more
actuators connected in parallel. Figure 45 depicts the configuration of the three-finger actuators.
The individual actuators are interconnected by a thin conductor band (shown in Figure 45).
There exists a slight distance between them, allowing for their arrangement in a triangular
formation (Figure 46). A voltage is induced; in this instance, it is approximately four kilovolts.
The fingers experience simultaneous movement and are capable of grasping an object.

Figure 46: Design of the three-finger actuator with its conductor band connection.
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A small polystyrene piece has been used to demonstrate the underlying operational principle.
The object was wrapped in insulating tape to prevent the occurrence of electrostatic charges
between the Styrofoam and the DEA. Figure 47 displays the sequential stages of the entire
process.

Figure 47: Working principle of the three-finger actuator.

An unforeseen phenomenon occurred upon reaching a voltage of 5 kV. The fingers exhibited
a repulsive force from each other. This phenomenon is likely caused by the individual electric
fields of the bottom electrode, all of which possess identical charges. Consequently, these
electric fields repel one another when a specific voltage is applied.
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The material investigations revealed that there is no substantial correlation between shore
hardness and Young’s modulus or flexural modulus in the tested TPU samples. Moreover, the
result can differ significantly when the materials are heavily filled in comparison to their
counterparts that are not filled. In addition, the Poisson’s ratio of all the tested materials
remained consistent, regardless of their hardness and printing orientation. This clearly
illustrates that relying solely on the shore hardness of materials is not always a dependable
approach when selecting materials for specific purposes, such as achieving bending stiffness.

The difficulty in handling the dielectric membrane was evident in the measurement of its
viscosity. The high apparent viscosity presents difficulties for the extruder in terms of
introducing the filament into the nozzle. Despite the new materials appearing to address those
issues, the reduced permittivity of the new material renders it unsuitable as a dielectric
membrane. This study did not investigate the cause of a lower relative dielectric constant.
However, further research must be conducted, as high permittivity is a crucial characteristic of
an actuator.

The displacement tests revealed comparable results, regardless of the varying hardness of the
passive layer. The determining factor seems to be the flexural rigidity of the electrode material.
The component's capacitance is a crucial characteristic that needs to be carefully preserved
by following precise geometries, especially between the two electrodes. The main cause of the
general disparity in displacement results can be attributed to the inaccurate printing process.
In order to achieve greater performance, it is imperative to either increase the relative dielectric
constant of the filaments or substantially decrease the bending stiffness of the actuator.

The concept of combining three actuators and connecting them in parallel may appear trivial.
Carrying out this process is highly challenging. Reducing the size of the fingers in comparison
to the tested actuator decreases the capacitance and may result in the actuator ceasing to
function. Identifying the most effective configurations and dimensions to create a device that
functions perfectly would have exceeded the scope of this thesis. However, the operational
principle was demonstrated and has the potential to function as a gripping arm.

The primary objective of this thesis was to develop a 3D printer capable of producing a
functional actuator using three distinct materials without the need for additional post-
processing. The results demonstrated a dependable and replicable approach to achieving this.
The choice to employ two separate moving dual extruders along a single axis was both cost-
effective and feasible. In certain cases, there was a deviation of over 10 percent in compliance
with the geometry of the components. The main problem lies in the hardware, as the printer
was not specifically designed to handle layer heights that are only a few tens of a micrometer.
Reducing the size of the print bed and replacing trapezoidal screws with recirculating ball
screws would significantly decrease slip. While printing, the printer executes a process known
as z-hopping, which involves raising the bed slightly to retract and then lowering it again to
resume printing. Retraction is essential for ensuring high-quality prints by preventing material
from leaking out of the nozzle. By initially moving the nozzle away from the component and
then retracting it, the deposited layer is protected from being pulled off. An additional major
improvement would involve the installation of servo motors to raise the idle nozzle of the dual
carriage. This would provide a broad range of geometric liberties. At present, the printer has a
restricted width, which is the distance between the two nozzles, to prevent the inactive nozzle
from colliding with the object being printed.

Philipp Beier, BSc Polymer Engineering and Science Leoben 47



6 Conclusion and Outlook

This study explores novel possibilities for controlling the motion of the actuator by utilising three
different materials without altering its geometry. It is feasible to selectively displace specific
components of the actuator by utilizing the induced voltage. Regarding the actuator used, it is
possible to print the front section with a less rigid material and the rear section with a more
flexible material. Consequently, the deformation would initially occur only in the front tip of the
actuator, and the entire actuator would deform only when the voltage was raised.
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9 Abbreviations

Abbreviations
A
AM
AMF
AgNWs

CAD
CNTs

do
d1
DE

DEA

Fe
Fm
FDM™
HPCR

PTFE
PU
R
R
SS

Definition
Area
Additive manufacturing
Additive manufacturing file
Silver nanowires
Breite
Capacitance
Computer-aided design
Carbon nanotubes
Plate distance
Origin distance
Diameter of electrode
Dielectric elastomer
Dielectric elastic actuator
Activation energy
Electric field strength
Electrostatic force
Mechanical force
Fused Deposition Modeling
High-Pressure Capillary Rheometer
Hard segment
Length
Current density
Material extrusion
Power law index
Electric charge
Power
Polytetrafluoroethylene
Polyurethane
Gas constant
Electrical resistance

Soft segment

Unit

V/m

J/K*mol
Q
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9 Abbreviations

STL

TPE
TPU

Standard Triangulation Language
Temperature
Thermoplastic elastomer
Thermoplastic polyurethane
Voltage
Volumetric speed
Piston speed
Displacement
Electric energy
Mechanical energy
Young’s modulus
Shear rate
Strain
Permittivity of free space
Relative dielectric constant
Electric field constant
Viscosity
Infinite viscosity
Poisson’s ratio
Volume resistivity
Tension
Shear stress

Film volume

mm?/s

mm/s

N/m?
1/s

F/m

F/m
Pa*s

Pa*s

Q*m
N/m?
N/m?
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Al name Percentage of thesis Description
DeepL 8 % Translation of Abstract
Minor help for sentence
formation
Grammarly 5% Assistance for grammatic
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