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Abstract

Dielectric elastomer actuators (DEAs) are a type of soft actuators that consist of a dielectric elastomer mem-
brane, covered with an electrode on the top and the bottom. When applying a potential, the opposite charges
on the electrodes induce an electrostatic force which squeezes the elastomer, causing it to expand. This ex-
pansion can be used as an actuation mechanism, in a wide variety of applications. A specific field of interest
are low actuation voltage DEAs. These DEAs require low stiffness and thin elastomer layers, but are easier and
cheaper to implement due to the lower voltage requirements.

The goal of this research is to develop a manufacturing process for an inkjet printed low actuation voltage
DEA, while achieving insights into the requirements and limitations of the steps involved with this process.

By using the PiXDRO LP50 inkjet printer in combination with the Dimatix DMC printhead, the bottom elec-
trode is printed on a Novele substrate with Mitsubishi NBSIJ-MUO01 AgNP ink. A dielectric elastomer ink
has been formulated consisting of polydimethylsiloxane (PDMS) and octyl acetate (OA) in 1:4 and 1:3 ratios.
These inks have been characterised on several printability parameters, placing both formulations in the jet-
table range with Z = 1.396 for PDMS:0A 1:3 and Z = 2.374 for PDMS:0A 1:4. Although theoretically jettable,
both formulations showed difficult jetting behaviour. To resume the research, the PDMS layer is instead ap-
plied by spin coating.

The PDMS surface is hydrophobic, requiring surface treatment before the electrode can be printed on top.
Several methods have been investigated, of which O, plasma treatment showed the best results. The top
electrode is printed using NovaCentrix Metalon JS-B25P AgNP ink. The printed silver electrode could not be
thermally cured and showed limited success when using an out-of-focus laser for photonic sintering. Next
to the experimental work, a finite element analysis model has been built to provide a basis for designing low
actuation voltage DEAs. The model has been validated using measurement data by Poulin et al. [1]
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Introduction

This Masters thesis describes the research into using an inkjet printer to manufacture a dielectric elastomer
actuator (DEA). DEAs are soft actuators that change shape when an electric field is applied. Due to the elec-
trostatic force induced by opposite charges, the electrodes will compress the elastomer membrane lying in
between which causes it to expand, as shown in figure 1.1.
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Figure 1.1: General working principle of a dielectric elastomer actuator, taken from [2]

The actuation output can be controlled by restricting the DEA or changing the design in such a way that a
certain motion is obtained [3-5]. Figure 1.2 shows a bistable rotating mechanism created by Liu et al. [6],
which channels the expansion of the DEA into flipping a rigid frame, resulting in two stable configurations.
Figure 1.3, from the research by Araromi et al. [7], shows a gripper designed as a minimum energy structure
that folds inward upon actuation, making it capable of gripping various objects. In both of these examples
the expansion of the DEA is converted into a specific motion required for the device’s intended purpose.

Figure 1.2: Bistable rotating mechanism, the black patches are
DEAs which push the mechanism to the other side upon
actuation, taken from [6]

Figure 1.3: Gripper that closes upon actuator, wrapped
around various objects, taken from [7]

Often, DEAs in research are created by pre-stretching a dielectric elastomer (such as off-the-shelf 3M VHB
4910 tape [9, 10]) and applying electrodes on the top and bottom [11], sometimes even as coarse as a paste
with carbon particles [12].

1.1. Problem statement

In order to be able to implement DEAs in micrometer scaled applications, a more sophisticated manufac-
turing process is required to produce these small-scale DEAs, which brings us to the problem statement for
this thesis. Several established manufacturing methods are currently used in DEA research, which come with
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Figure 1.4: A tunable lens, from left to right: A) the prototype, B) activating all four segments causes a radial uniform
squeezing, C) activating the first and third segments causes horizontal elongation, D) activating the second and fourth
segments causes vertical elongation, adapted from [8]

their own limitations and downsides. Prefabricated elastomer films can be used with automated manufac-
turing methods to improve reliability and consistency [13], but does not allow for easy miniaturisation of the
DEA. Contact-based methods, such as screen printing or nano-imprinting, can damage the fragile elastomer
layer, whereas a non-contact method using a mask, such as spraying, has a low resolution which makes small
complex designs difficult to manufacture [14]. Additionally, the actuation voltage required to achieve large
deformations is strongly linked to the thickness of the dielectric elastomer. With inkjet printing, a dielectric
elastomer layer of as thin as 5 yum can be produced with complex design patterning, due to the high level
of control with drop-on-demand systems [15-17]. This opens up possibilities for manufacturing low actua-
tion voltage DEAs, which makes them easier to implement outside of experimental settings. Whereas regular
DEAs require voltages in the range of kilovolts, a low actuation voltage DEA can operate at voltages as low as
245V [18]. This opens up more applications for DEAs, as voltages in the kV range come with safety concerns
and expensive electronics equipment.

Research goal

The main goal of this research was to develop a manufacturing process for an inkjet printed low actuation
voltage DEA, while achieving insights into the requirements and limitations of the steps involved with this
process.

Suitable materials had to be found and the interactions between the different components that build the ac-
tuator were examined. This involved preparing a dielectric elastomer ink based on PDMS and characterising
its properties for printability.

The limitations of printing with the PiXDRO LP50 and DMC printhead were investigated, in combination with
the materials used to build the DEA.

Next to the experimental work, a finite element analysis (FEA) model of an low actuation voltage DEA has
been built, to aid future design choices and predict the behaviour of an actuated DEA.

1.2. Report structure

The results of the conducted research are detailed in this report. The first chapter covers inkjet printing and
working with the PiXDRO LP50. (External) factors influencing the print process during the experiments are
described, along with directions on improving the inkjet printing process.

The following chapters concern the individual components of the DEA, the materials and methods used and
the observations during the experimental processes involved in creating the component.

After the experimental section, the FEA model is described in chapter 7. Finally, the report is concluded with
an overview of the obtained results and their discussion, ending with recommendations for future research.



Inkjet printing

Inkjet printing is an established manufacturing method for (experimental) soft electronics. Using drop-on-
demand technologies in combination with metal nanoparticle inks, high-definition and complex electronics
designs can be produced quickly and designs are easily altered. From soft electronics it is a small step to soft
actuators. Combining electroactive materials with electrodes creates mechanisms which can be used for a
wide variety of applications [19].

During this research, a PIXDRO LP50 inkjet printer (Siiss-MicroTec) in combination with a DMC print head
assembly (Meyer Burger) and DMC-11610 cartridge (FUJIFILM Dimatix) have been used, as shown in figure
2.1. This chapter provides background information on working with the PiXDRO printer in combination
with the DMC Print Head Assembly (PHA), based on existing literature and experimental findings during this
thesis.

T
-

(a) PIXDRO LP50 printer (b) DMC PHA with DMC-11610 cartridge installed, photo by JBI

Figure 2.1: Inkjet print set-up, consisting of (a) the PiXDRO LP50 and (b) the DMC print head assembly containing the cartridge

2.1. Print settings

The PiXDRO LP50 is designed for experimental applications. If desired, it is possible to adjust almost all
parameters controlling the printer. This section will expand on several basic settings and their influence on
print results.

Print speed

Equation 2.1 links print speed v [mm/s] to the quality factor QF [-], the jetting frequency F [Hz] and res-
olution R, [DPI]. The quality factor is defined as the number of nozzles used to print one line in in-scan
direction (parallel to print direction). A lower print speed generally produces better quality prints, but will
increase print time [20]. Higher jetting frequency prints faster, however low viscosity inks usually perform
better at lower frequencies. High viscosity inks are less sensitive and are better suited for high frequency
jetting [21]. The print resolution is based on the drop size and drop spacing on the substrate in combina-
tion with the desired definition of the print. If the print design contains complex or detailed features, the
waveform can be adjusted to produce smaller droplets (see also section 2.2.2) and the resolution should be
adapted accordingly.

254xQF xF
V= —mMm

R, (2.1)
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6 2. Inkjet printing

Print(bed) temperature

The print bed can be heated up to 90 °C, which can be utilized to settle the printed lines by evaporating the
solvent or even (pre)cure the ink. When using a high print bed temperature, caution should be taken with
the temperature of the print head. Especially with long continuous prints, the print head temperature will
rise significantly if the temperature difference with the print bed is large. This will cause the ink properties
to change, such as the viscosity, which influences jetting behaviour. If the printhead temperature is fixed at
a certain value, going out of this range will cause an error and stops the print. If the temperature in the print
head rises high enough to evaporate the solvent, the nozzles can clog (partially) which can ruin the print.
Unfortunately, the printer has no cooling functionalities, only heating.

Nozzle selection

Finding the right nozzle(s) to print with starts with a cleaning cycle. Purge the ink, wipe the printhead and
check which nozzles work properly using the internal dropviewer. To prevent ink spillage and a mess in
general it is best to only activate a selection of nozzles at a time.

Using multiple nozzles will reduce the total printing time, but it is a risk for jetting stability. When inspecting
the droplets in dropview, it is often found that the drop volume and velocity is significantly reduced when
two or more nozzles are activated. Unless the ink used for printing is very stable or the print design can sac-
rifice quality for faster printing, multiple nozzles should be used with caution. Next to possible jetting issues,
alignment problems have occurred when printing with multiple nozzles. Figure 2.2a shows a print with badly
printed vertical areas where the printhead shifted to the next set of swaths due to the offset between the two
activated nozzles (#9 and #13, printing in Y-direction). In figure 2.2b the print simulation shows the swaths,
with nozzle #9 in blue and nozzle #13 in green. After completing the first set of swaths with both nozzles jet-
ting simultaneously, the printhead moves over a relatively large distance to resume printing, which is prone
to small alignment errors and affects the jetting when printing with a difficult ink.

(a) Electrode printed with two nozzles where a vertical line defect has (b) Simulation of print with two nozzles (blue and green), 2 passes.
occurred. Captured with the PIXDRO print view camera The red and purple lines depict the movement of the print head

Figure 2.2: Print defect due to shift in printhead movement

External factors to consider

External factors can heavily influence the print quality. For example, figure 2.3 shows four different prints, all
printed with the same silver ink (Novacentrix NBSIJ-01). The electrodes in figure 2.3a and figure 2.3b were
printed on a sunny day (March 1st), whereas during the printing of the electrodes in figure 2.3c and figure
2.3d it was snowing outside (March 6th). The printer used for this research is located next to a window (with
automated sunscreen) and a radiator in a regular lab space. All prints were done without a heated printbed,
but with a fixed printhead temperature. There is a clear difference in print quality (besides any defects due
to the porous membrane substrate), which marks the importance of a controlled lab environment and using
the heated printbed for repeatability in manufacturing.
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(a) First electrode printed on (b) Second electrode printed on (c) First electrode printed on (d) Second electrode printed on
March 1Ist March 1st March 6th March 6th

Figure 2.3: 10x magnification microscopic images of printed electrodes

2.2. Waveform

The waveform settings sent to the printhead can be adjusted through the PIXDRO Human Machine Interface
(HMI). Figure 2.4 shows a screenshot of the HMI software, where the waveform (or pulseshape) is controlled
by the voltage (high, middle, low) and the duration of sections 1 to 8. The physical meaning of these different
sections are divided into four phases, as shown in fig 2.5.

Drnpviewl Control l Ink l Wave Sweep Start P1 p2 P3 P4

(8)

Phase1l Phase2 Phase3

1 o il

Fill Eject Recover

1. Up Down ‘ 15.0 ys

5. Fire Ramp ‘ 3.0us

2. Idle Before ‘ 22.0 ps

6. Time High ‘ 9.0 ys

3. Fill Ramp

2.0pus

7. End Ramp ‘ 5.0us

8. Idle After ‘ 15.0 ys

4. Time Low ‘ 6.5 pus

Voltage Row B ‘ 120.00 v | ‘ 120.01 Vv ‘

Figure 2.5: Waveform sections indictated
between brackets, different phases

Figure 2.4: Waveform parameters in the indicated by alternating colors

PiXDRO HMI

2.2.1. Actuation phases

The bottom voltage limit of the waveform is fixed to zero, due to a physical limitation of the electronics. Thus,
section 1 starts at 0 volt and rises to Vj,iq, where it remains for a period of time set by section 2. Because
the printhead is not capable of negative voltages, the start of the actuation is set at Vjjq. "Start” indicates
the standby position of the piezo element, where the fluid in the chamber is at rest under a bias voltage of
Vmid- In phase 1, the voltage drops to Vjo,y with a speed determined by the fill ramp duration (section 3) and
remains there for the duration of section 4 to fill the ink chamber. Phase 2 is where the droplet is ejected: the
ink chamber is compressed with a force defined by the steepness (also called "slew rate") of section 5, the
duration of section 6 and Vi which causes the ink to be pressed out of the nozzle. Phase 3 is the recovery
phase; the piezo element returns to the bias voltage Vjyiq and the fluid inside the chamber is retracted, causing
the droplet to pinch off and be jetted. In phase 4, the voltage level returns to zero and the print cycle starts
again.
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2.2.2, Tuning the waveform

Several studies have been done into designing waveforms using material parameters [22, 23]. However, with-
out knowing all specifications of the printer and printhead, obtaining a working waveform remains a trial-
and-error process.

To adjust the waveform to accommodate different inks, a few guidelines can be followed. The waveform
provided by Dimatix for the DMP-11610 cartridge serves as a starting point. In general, inks with higher
viscosities perform better at higher jetting frequencies and require higher jetting voltages to attain the same
velocity as a lower viscosity fluid.

Once a working waveform has been established, it can be adjusted even further to increase the velocity of the
droplet or for troubleshooting. For example, changing ink levels or printhead temperature settings can cause
satellite droplets or other unstable jetting performance to occur. In table 2.1, the section adjustments and
their effects are listed, as described by [24]. Jetting velocity can be increased by pushing these values to their
limits, until tails or satellite droplets are observed or no droplets are formed at all, and then going back to the
settings that produce a good droplet. The volume of the droplet is dependent on the applied voltage, as this
is directly related to the chamber volume [24].

Table 2.1: Influence of waveform sections on drop velocity, adapted from [24]

Phase | Section | Adjustment Velocity | Possible side effects
1 3 Slew rate down Faster Tails

1 4 Shorter duration | Faster Tails

2 5 Slew rate down Faster Tails

3 7 Slew rate up Faster -

4 1 Slew rate up Faster -

When troubleshooting undesired jetting behaviour table 2.1 can be used in reverse. If satellite droplets are
observed, adjust parameters 3, 4 and 5 slightly. However, it should be noted that if the satellite droplet is faster
than the main droplet, it can increase the main droplet’s velocity when merging. The DMC printhead prints
at a fixed distance above the substrate, so the presence of tails can be beneficial as long as the drops merge
completely and become stable before they reach the substrate.
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Figure 3.1: Location of the substrate in the DEA structure

The substrate is the foundation of the entire manufacturing process, as shown in figure 3.1. All subsequent
material layers will be deposited on top of the substrate, also known as bottom-up fabrication.

3.1. Material

The substrate used in this research is the Novele IJ-220 substrate, which is designed for printed electronics.
The substrate consists of a PET sheet coated with a porous membrane [25]. This porous membrane acts as a
receptive layer for the printed AgNP ink. This prevents the droplets from spreading after being printed and
speeds up curing. When used in combination with certain inks, for example the AgNP inks in this thesis, it
has the added benefit of sintering the ink without further requiring post-processing. This behaviour is further
expanded on in section 4.1.

3.2. Drawbacks

The Novele substrate comes with certain drawbacks, general flaws which affect any process and specific prob-
lems arising when using this substrate in dielectric elastomer actuator fabrication.

3.2.1. General

The substrate comes in A4-sized sheets, which are flexible and very static. This causes the substrate to attract
dust and other particles from its surroundings, which adhere to the porous membrane. These particles will
cause imperfections in the prints, as shown in figure 3.2.

Lens: Z5200X500

Figure 3.2: Mitsubishi NBSIJ-MUO1 printed over a dust particle on the substrate

When handling the sheet of Novele, special care should be taken to ensure the substrate lies flat and does
not bend. The PET layer in the substrate can form creases which causes deformities. This is especially evi-
dent when cutting the sheet, as shown in figure 3.3. These cracks can propagate further into the sheet if not
handled properly.
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(a) Cracking along cut line (b) Cracking in corner of cut substrate

Figure 3.3: Damaged Novele substrate (in grey) due to cutting with scissors, captured with PIXDRO print view camera

3.2.2. DEA-specific

Because the substrate functions as the foundation of the actuator, its stiffness has impact on the overall ac-
tuation performance. The Novele substrate is 140 um thick [25], which is relatively thick compared to the
other layers in the actuator (see section 4.3 and section 5.3). This means that using the Novele as a substrate
will severely limit the actuation output. During this research, the focus lies on the manufacturing process
instead of the performance of the resulting device, but it is an important factor to consider when producing a
DEA. Solutions can be found in other substrate materials, or for example by using a sacrificial layer between
a substrate and bottom electrode such as a microscope glass with a poly(vinyl alcohol) coating [26].
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Bottom Dielectric
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Figure 4.1: Location of the bottom electrode in the DEA structure

The bottom electrode is printed directly on top of the substrate, as depicted in figure 4.1. After printing, the
electrode will be covered by the dielectric elastomer, which is discussed in the next chapter. This chapter
mainly focuses on the process of printing with Mitsubishi NBSIJ-MUO1 silver nanoparticle ink, which has
been used for the bottom electrode during this research.

4.1. Materials

The bottom electrode is printed with silver nanoparticle inkjet ink NBSIJ-MUO01 (Mitsubishi Paper Mills Lim-
ited [27]) on a sheet of Novele 1J-220 (Novacentrix [25]) substrate. This combination was recommended (by
Andres Hunt) due to its self-sintering properties and ease of jetting.

The self-sintering aspect of the NBSIJ-MUO1 ink requires a substrate with a porous membrane containing
certain chemicals which instantly sinter the ink in place [28]. Figure 4.2 depicts the chemical sintering pro-
cess: (1) shows the printed droplet containing the silver nanoparticles on top of the substrate, followed by (2)
the diffusion of chemical sintering agents from the porous membrane and which in step (3) reacts with the
dispersing agent, resulting in (4) fused silver particles creating the electrode.

—— Dispearsing Agent

© @g e
%@ 0 ﬂf Electronic Circuit
e A v AR
ix . ? . | . K .
Microporous Layer
P T . "
| Substrate
|(RC paper. PET, etc)
A ey by N
) 2 9/ @

Figure 4.2: Schematic depicting the interactions between NBSIJ-01 ink and the substrate, from [28]

4.2. Design

The bottom electrode is the first step in defining the shape or design of the actuator. In theory, the possibil-
ities are almost endless due to the flexibility of printing with a drop-on-demand system such as the PiXDRO
printer. Several interesting studies are working towards more compliant electrodes to increase the actuation
output of the DEAs. In these studies, different compliant electrode designs have been proposed, such as pat-
terning the electrode in waves [29, 30], creating a corrugated surface [31] or using the crumpling of the metal
which occurs due to different thermal expansion coefficients [32] for example. These methods all increase

11
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the surface area of the electrode, with respect to the dielectric elastomer, which increases the total flexibility
of the system. In this research, the focus lies on the process of manufacturing, more so than the design of the
actuator. Thus, a simple rectangular electrode shape has been chosen for the bottom electrode, to accom-
modate fast(er) printing for more experimentation with the process itself. Figure 4.3 shows an example, with
along rectangular block for the electrode, a thinner strip of silver towards the contact pad at the top, which is
large enough to attach leads to a power source for actuation. The triangles in each corner are used for align-
ment, to locate the correct placement for the following layers. The triangular marker has been chosen as it
indicates the corners of the print area, as opposed to a circular or cross shaped marker. This provides a quick
confirmation of the current position when locating the marker with the built-in camera.

4 [N

Figure 4.3: Bottom electrode design example

4.3. Printing

The NBSIJ-MUO01 ink can be injected directly into the DMC cartridge, without any preparation steps. The
general settings used for experiments with this ink can be found in table 4.1. The print bed heating can also
be used, but it is not a requirement for drying or curing this silver ink.

Waveform

The base waveform for the Mitsubishi ink can be found in figure 4.4. Prints with the Mitsubishi ink have been
performed with that waveform or a slight adaptation to the shape, depending on specific conditions during
that print. See also section 2.2.2 for more information.

35
30

Table 4.1: Print 25
settings for Mitsubishi NBSIJ-MUO1 on Novele

Voltage [V]

Setting Value .
Print head temperature | 25°C
Print speed 63.5 mm/s 10
Resolution 1000 DPI .
Jetting frequency 1970 Hz
Back pressure -5 bar 0
0 10 20 30 40 50 60 70 80 920 100

Time [ps]
Figure 4.4: Base waveform for Mitsubishi NBSIJ-MUO01

Effect of print direction and multiple passes

Figure 4.5 shows prints in varying print direction (see appendix A.1 for a larger version). Each direction is
printed in one (1P), two (2P) or three (3P) print passes, with every pass adding another layer of silver of the
same image. All rectangles are 50 by 88 pixels printed at a resolution of 1000 DPI. Both print directions (X and
Y unilateral) are comparable in resulting print quality, but can heavily differ in print duration depending on
(the orientation of) the design. Figure 4.6 shows close-ups of the text printed in both directions. Comparing
the letter "i" in both prints, the sharpest line at this resolution is obtained by printing in horizontal direction.
Vice versa, printing in vertical direction gives the sharpest horizontal line. Lowering the resolution would
benefit the "crispness” of the printed text and other designs with a high level of detail. For the rectangular
electrodes however, the high resolution ensures good coverage even with a single pass and is thus better
suited for this research.

When examining the single pass prints in figure 4.5, it might seem as if the print is scattered with holes.
However, when comparing the same rectangle in different light settings in figure 4.7, it can be seen that the
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(@) Y-unidirectional print (b) X-unidirectional print

Figure 4.6: Close-up of printed text

black spots in 4.7a correspond to silver dots in 4.7b. This is probably due to a defective nozzle leaking silver
droplets while printing the other rectangles, or a nozzle that is still jetting while examining the finished print.
The two largest black spots are damages due to touching the electrode with multimeter probes, to check
for conduction. All these prints were conducting immediately upon finishing the print. While the porous
membrane of the substrate has no effect on the final print, the underlying PET sheet does. The effect of
cracks in this PET layer are visible in the single pass Y-unidirectional print.

(a) Microscopic image with mixed lighting, 150x magnification (b) Microscopic image with full ring lighting, 50x magnification

Figure 4.7: Microscopic images of the single pass X-unidirectional horizontal rectangle

Thickness of printed silver

Using a white light interferometer (Bruker) it is possible to determine the approximate layer thickness of
the printed silver. Figure 4.8 shows a 3D image of a single pass print in unilateral x-direction. Due to the
transparent and porous nature of the substrate it is difficult to perform a sharp measurement of the entire
surface. However, when comparing measurements of the single pass x-direction print with the two- and
three pass prints a relative added height difference of roughly 0.3 um can be derived. See appendix B for
more detailed images of the measurement results.
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Figure 4.8: Surface topography of the single pass x-direction print

4.4. Post-processing

Due to the self-sintering property of the NBSIJ-MUO1 ink when printed on the Novele substrate, no post-
processing step is necessary. When the print is finished, the ink is dried and the silver electrode is conducting.
Several examples of lowering the sheet resistivity of the printed silver exist in literature, usually by thermally
curing the print [33]. For this research, no additional curing steps have been applied.

Contact pad shield

Before applying the dielectric layer, it is important to ensure clear access to the contact pad of the electrode
to connect to a power source. A simple yet effective method has been found in low-stick scotch tape. Photo’s
of the results can be found in appendix C, where figures C.1 to C.2 show the same printed electrode before
applying tape, with the tape in place and after removing the tape. Some glue remains on the silver after
removal, but the electrode is not damaged. After applying the elastomer layer (see chapter 5), the tape can
be easily removed after curing the PDMS, especially when lightly tracing the PDMS on top of the tape with a
knife.



Dielectric elastomer

Bottom Dielectric
Substrate Top electrode
D Electrode D Elastomer D P

Figure 5.1: Location of the dielectric elastomer in the DEA structure

According to the research by Mikkonen et al. [16], the solution of PDMS with octyl acetate (OA) with a
PDMS:OA ratio of 1:3 produces a stable ink for printing. To determine which formulation would be the best
fit for this research, formulations with a PDMS:OA ratio of 1:3 and 1:4 have been prepared and tested.

5.1. Materials

First, PDMS (Sylgard 184, Dow Corning [34]) is prepared in a 10:1 base-catalyst ratio following manufacturer’s
instructions. After stirring the base and catalyst for approximately 5 minutes, the octyl acetate (Sigma Aldrich
[35]) is added to the preferred ratio. This mixture is stirred for 15 minutes using a magnetic stirring rod on a
mixing plate, to ensure the components mix well. Then, the ink is transferred into a storage flask and ready
to be injected into the cartridge for use in the printer.

5.1.1. Characterisation

In order for the ink to be printable, its properties need to meet certain values. A summary of these properties
and their ideal ranges is given in table 5.1. The prepared formulations have been tested on these properties,
as detailed in the following subsections.

Table 5.1: Summary of ink properties affecting jettability

Property Ideal range

Particle size < 10% of nozzle diameter [36]
Viscosity <20 cP [37]

Surface tension | <40 mN/m

Z-value 1<Z<10](38, 39]

Viscosity

Viscosity plays an important role in jetting the elastomer onto a substrate. When the ink is too viscous it
cannot pass through the nozzle, not viscous enough causes the ink to drip out of the print head. The ideal
viscosity lies below 20 centipoise, which equals 2 mPa-s (comparable to the viscosity of whole milk) [37]. The
viscosity of the PDMS:OA ink formulations has been determined using the MCR 302 rheometer (Anton Paar).
The result of the measurements at a constant temperature of 30°C are given in figures 5.2 and 5.3. The tested
samples are indicated with their formulation ratio, formulation date (in brackets) and the measurement date.
The PDMS:OA 1:4 sample has been tested twice on December 8th, to verify the high viscosity on the first run.
When comparing the measurement results of the formulations made on November 11th, both the 1:3 and 1:4
ink formulations show a significant rise in viscosity in the 26 days after preparation.

The temperature dependency of the viscosity is shown in figure 5.4. Because the viscosity reduces when
the temperature of the fluid rises, it is possible to achieve better jetting results by adjusting the printhead
temperature (within the thermal limits of the printhead and the solvent). As shown in figure 5.2 and 5.3, the
viscosity of the inks rises over time, so the printhead temperature needs to be adjusted accordingly.

15
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Viscosity measured at constant temperature (30 °C) - PDMS:0A 1:3
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Viscosity measured at constant shear rate (30 s")
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Surface tension

The surface tension has been determined through a pendant drop test using the OCA 25 goniometer (Data-
Physics Instruments). A surface tension higher than 40 mN/m can prevent the ink from properly jetting and
a surface tension that is too low can result in satellite droplets. Both ratio formulations have been measured
twice. A measurement consists of multiple runs where the goniometer automatically dispenses droplets and
determines the surface tension for each drop, derived from its curvature at maximum volume. Figure 5.5
shows a droplet of PDMS:0A 1:4 at its maximum volume, right before it drops. As recommended by the ma-
chine supervisor, the runs with a measurement error of = 0.4um are not taken into account when calculating
the result of the measurement. The surface tension of PDMS:0A 1:3 is found to be 22.84+0.18 mN/m (n = 38)
and 23.86 + 0.05 mN/m (n = 28) for PDMS:0A 1:4. See appendix D for plots of the data. During these tests,
both ink formulations crept up the outside of the needle before reaching a certain droplet mass that was
heavy enough to form a drop at the end of the needle.

Figure 5.5: Pendant drop test with PDMS:OA 1:4 ink, image captured at maximum volume
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Particle size

The particle size of the ink components must be small enough to prevent clogging of the nozzle diameter.
Lukic et al. advice a particle size of less than 10% of the nozzle diameter [36]. If the PDMS base and catalyst
parts are stirred well during ink preparation, the PDMS will dissolve completely in the octyl acetate so the
PDMS:OA ink will not contain any particles that can block the nozzle. However, the nozzle can still get clogged
when the solvent evaporates causing the PDMS to solidify.

Z-value

Fromm proposed the Z-value as a dimensionless parameter to describe the behaviour of liquid drops [39].
This parameter relates the viscosity and surface tension through the dimensionless Ohnesorge number O#h,
which is defined by the Reynolds number Re and Weber number We, all defined as shown in equation 5.1
through equation 5.4. A Z-value lower than 1 indicates an ink that is too viscous, and a Z-value higher than
10 results in the formation of multiple satellite droplets instead of a single droplet [38, 39].

Re= v 6.1 Where:
2 _ . .
u-d = density of the fluid
we=P® 4 (5.2) P ty
Y u = velocity
Oh= v We 5.3) d = diameter of the nozzle aperture
Re v = dynamic viscosity
3 (dp)’) 1/2 _ . .
Z=0h"'= ——— (5.4) v = surface tension
v
Table 5.2: Characterised properties of PDMS:OA ink
PDMS:0A 1:3 1:4
Viscosity 14.552 cP 8.892 cP
Surface tension 22.84+0.18 mN/m 23.86 £0.05 mN/m
Density 0.8398 +£0.030 g/mL | 0.8688+0.0078 g/mL
Calculated Z-value | 1.396 2.374
5.1.2. Ink stability

The ink remains liquid even after multiple days of storage in a glass bottle at room temperature, although this
is dependent on the type of container used. To illustrate this, figure 5.6 shows a photo of two bottles taken
on October 19th, where the bottle on the left is filled with 1:4 solution from October 10th and the smaller
bottle on the right is filled with a 1:4 solution prepared on September 29th. The solvent has evaporated from
the larger bottle causing the PDMS to cure and become gel-like, whereas the older PDMS:0A formulation in
the small bottle appears to have lost no solvent at all and remains liquid. This makes the left bottle unfit for
(long-term) PDMS:OA solutions storage.

Figure 5.6: PDMS:OA 1:4 solutions stored in two different types of container, prepared on the 29th of September (right
bottle) and on the 10th of October (left bottle). The left mixture has solidified, whereas the ink on the right is still fluid.
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5.2. Printing

After formulating the PDMS:OA solutions, trial prints were performed to find the right settings for the printer.
Many variables influence the print process, which are mostly optimised by trial-and-error. For more back-
ground on these settings, see section 2.1.

5.2.1. Settings

The PDMS:OA inks were rather difficult to print with. The 1:4 formulation is better jettable than the 1:3 for-
mulation, which has difficulties with pinching off a droplet from the main tail. In general, a heated printhead
at 30° C or higher was required to allow the ink to flow. The PDMS:0A inks performed better at low jetting
frequencies, around 1500 Hz or in extreme cases even as low as 150 Hz.

5.2.2. Waveform

The first waveform used to produce droplets can be seen in figure 5.7a. This waveform is based on a standard
waveform for Dimatix DMC-11610, as a starting point to fine tune the waveform for optimal droplet size
and speed. In the DropAnalysis Results window in figure 5.7b several droplets are visible and a rogue-jetting
nozzle at the left. This is probably caused by some excess fluid around the nozzle that diverts the trajectory
of the jetted fluid.
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Figure 5.7: PDMS:0A 1:4 waveform and droplets

5.2.3. DPI experiments

To investigate the effect of changing the dots-per-inch (DPI) on the print, matrices were printed on PVA
coated glass at 100, 150, 175 and 200 DPI. Close-ups of the results are shown in figure 5.8. At a DPI of 100, the
droplets have an average diameter of 70 um. From these figures, it can be seen that at 175 and 200 DPI some
droplets are close enough to coalesce and create a puddle. Whether this behaviour would improve when
printed on top of the bottom electrode could not be investigated, as printer malfunctions caused a blockade
for experimenting with PDMS ink. After repairs, the PDMS:OA ink remained troublesome when attempting
to produce jettable droplets. Due to the obstacle this formed to the rest of the research it was decided to
continue with a spin coated PDMS layer.

5.3. Spin coat application

To spin coat the PDMS layer onto the printed bottom electrode, no surface treatment is necessary. A PDMS
mixture is prepared in a 10:1 base:catalyst ratio. The samples are fixed to a microscope glass and the contact
pad of the bottom electrode is covered with removable scotch tape, to prevent the PDMS from obstructing
access to the contact pad for actuation. The spin coat recipes as stated in table 5.3 were configured to produce
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100.00pm 100.00pm

(a) 100 DPT (b) 150 DPI

100.00pm 100.00pum

(c) 175 DPI (d) 200 DPI

Figure 5.8: 10 by 10 px close-ups of printed PDMS at different DPI
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a PDMS layer of approximately 10 um, based on findings by Koschwanez et al.[40]. However, after measuring
the thickness with a micrometer (accuracy + 10 ym) it was determined that the resulting PDMS layer are
significantly thicker than expected. Attempts at measuring the thickness using an interferometer for higher
accuracy were unsuccessful due to the transparent nature of PDMS.

Table 5.3: Spin coat recipe settings

Speed Acceleration | Duration | Resulting thickness
2000 RPM | 500 RPM/s 300s approximately 30 ym
3000 RPM | 500 RPM/s 300s approximately 25-30 ym

After application, the spin coated PDMS layer is cured on a hot plate for 60 minutes at 100 °C. The curing
temperature and duration influence the stiffness of the PDMS [41, 42]. During this research, the curing set-
tings have been chosen for relatively quick curing at a medium temperature, to limit the duration of the entire
sample manufacturing process.

5.4. Discussion

The PDMS:0A 1:4 ink was slightly easier to print with than the 1:3 formulation. This is probably due to the
PDMS:OA 1:3 ink pushing the limits of printability, although it lies within the boundaries set by literature.
When printed with a higher DPI value, the printed droplets coalesce into larger puddles instead of forming
a homogeneous surface. Further research into surface treatment of the substrate, tweaking the ink formula-
tion or fine tuning the print settings can improve print results. However, in order to obtain insights into the
full fabrication process, it would be recommended to focus on inkjet printing PDMS as a subject of a future
research. To enable this research to proceed, spin coating has been chosen as an alternative manufacturing
method. An important factor in this decision was a significant period of downtime due to a malfunction in
the PiXDRO. When resuming printing experiments with PDMS:OA ink (new batches) after the repairs were
carried out, creating jettable droplets proved more difficult than before the malfunctions. Whether this is a
result of ink formulation or any residual malfunctions within the printer or printhead cannot be pinpointed
with certainty.
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Figure 6.1: Location of the top electrode in the DEA structure

6.1. Materials

For the top electrode, both Mitsubishi NBSIJ-MUO1 ink as well as Metalon JS-B25P (by NovaCentrix [43])
have been tested. These inks were both previously used in research in the Micro- and Nano Engineering
department within TU Delft. For example, Bilz et al. [33] has printed P(VDEF-TrFE-CTFE) actuators on the
Novele substrate using an Epson home inkjet printer and carbon ink. In that research, the conductivity on
Novele of both the Mitsubishi as well as the NovaCentrix ink have been examined. However, both AgNP inks
have not been printed on top of the P(VDF-TrFE-CTFE) polymer layer. For the NovaCentrix ink, conducting
results have been achieved by Bélz et al. by using an out-of-focus laser cutter as photonic curing method.
Experiments with this method are required to test its viability as a post-processing method for an electrode
printed on top of a polymer, which is part of the DEA central to this thesis.

6.2. Printing

After curing, the PDMS surface is too hydrophilic to allow directly printing on top. As a result, the printed
silver droplets (Mitsubishi NBSIJ-01 ink) accumulate together into larger, separate droplets. Three different
approaches have been explored to overcome this issue. The standard approach is to treat the PDMS surface
with plasma, like oxygen or argon [44, 45]. Next to plasma treatment, in an effort to reduce the complexity
of the manufacturing process, using a thin layer uncured PDMS as a medium for the printed silver has been
tested. The third option, using a laser to reduce the surface energy, was only briefly considered as this had
no effect on the transparent PDMS layer and caused significant damage to the electrode underneath. When
printed on top of the PDMS layer, the self-sintering effect of the NBSIJ-MUO01/Novele combination is lost.
Thus, the NovaCentrix Metalon JS-B25P ink has been tested as well, although the jetting process is signif-
icantly less reliable than with the Mitsubishi ink. Figure 6.2 and 6.3 show the waveforms used with these
inks.
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Figure 6.2: Base waveform for Mitsubishi NBSIJ-MU01 Figure 6.3: Base waveform for NovaCentrix Metalon JS-B25P
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6.2.1. Uncured PDMS

One approach to create a more receptive surface to print the top electrode onto is based on the research by
Sun et al. [46]. In this method, a thin layer of liquid PDMS is deposited on top of fully cured PDMS and the
AgNP ink is printed into the liquid PDMS. The success of this method is greatly influenced by the heating
time of the liquid PDMS layer. Figure 6.4 shows experiments with Mitsubishi NBSIJ-MUO1 printed in com-
pletely uncured PDMS (on top of the fully cured PDMS layer). Multiple print passes were used to create a
full coverage layer of silver. First, shown in figure 6.4a, one pass Y-bidirectional, then (figure 6.4b) one pass
X-bidirectional and lastly two passes Y-bidirectional (figure 6.4c), all at 750 DPI. From these images, it is sus-
pected that the liquid layer of PDMS is too thick and too liquid, leaving the silver droplets to "float" in the
uncured PDMS. Figure 6.5a shows another print with the Mitsubishi AgNP ink in a semi-cured PDMS layer
that has been heated at 100° C for 10 minutes. This appears to be too long already, as the ink creates a matrix
of fused droplets. The resolution is better than when printed directly on top of fully cured PDMS, however,
it is nowhere near 1000 DPI. This method has not been further explored, as it is still rather experimental
compared to plasma cleaning. Nonetheless, this method could prove potentially interesting for a manufac-
turing process completely contained within the PiXDRO printer, if the PDMS layers can be printed as well.
Otherwise, this method can still be used to reduce the total complexity of the manufacturing process when
determining the right parameters for liquid PDMS layer thickness and level of curing.

(a) First print: one pass Y-bidirectional (b) Second print: one pass X-bidirectional (c) Last print: two passes Y-bidirectional

Figure 6.4: Mitsubishi NBSIJ-01 on top of uncured PDMS, all prints at 750 DPI

6.2.2. Plasma treated PDMS

O, plasma activates the PDMS surface to increase the hydrophilicity. The plasma treatment is carried out in a
plasma cleaner (Diener), exposing the sample to 80 W for 30 seconds. The difference between untreated and
plasma treated PDMS can be seen in figure 6.5. Both figure 6.5a and figure 6.5b are prints of the same image,
arectangle of 30 by 50 px at a resolution of 1000 DPI. The difference is significant, which confirms the plasma
treatment as the preferred surface treatment method.

A downside to this method is the time-dependency of the hydrophilic effect. Figure 6.6 shows a close-up of an
electrode that has been printed five hours after the surface treatment. The separated drops of silver ink are an
indication of the hydrophobic PDMS surface repairing itself. This behaviour appeared on multiple locations
in the print. The signs of the PDMS repairing itself and recovering the hydrophobic surface has been observed
in prints as early as around two hours after the plasma treatment, which limits the time available for printing
the top electrode.

Mitsubishi NBSIJ-MUO01

Prints with the NBSIJ-MUO1 ink start cracking quickly. Figure 6.7 shows a drying print, directly after printing
(figure 6.7a), when almost dry (figure 6.7b) and after four more minutes (figure 6.7c). Several tests with differ-
ent print settings (for example changing print speed, bed temperature and print sizes) have been carried out,
but cracking persisted around surface impurities and after heat treatment.
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Figure 6.5:

(a) Print on semi-cured PDMS (b) Print on plasma treated PDMS

Comparison of printing on top of uncured PDMS and plasma treated PDMS, both 30 by 50 px at 1000 DPI

Lens: 75200:X500

Figure 6.6: Close-up of an electrode printed five hours after surface treatment

(a) Directly after printing (b) After 3 minutes and 8 seconds (c) After 7 minutes and 16 seconds

Figure 6.7: Mitsubishi NBSIJ-01 on top of plasma treated PDMS



26 6. Top electrode

Table 6.1: Results of thermal curing both AgNP inks at 250° C

Conducting after curing at 250 °C
Top electrode ink PDMSlayer | 15min | 20 min | 25 min | 30 min
Mitsubishi NBSIJ-MUO1 2000 RPM No No No No
3000 RPM No No No No
NovaCentrix Metalon JS-B25P | 2000 RPM No No No No
3000 RPM No No No No

NovaCentrix Metalon JS-B25P

Due to the cracking of the Mitsubishi ink, prints were carried out with NovaCentrix Metalon JS-B25P ink as an
alternative for the top electrode. This ink is harder to print with due to its tendency for clogging and unreliable
jetting behaviour. In figure 6.8, it can be seen that the printed electrode does not show cracking, even around
large print defects due to irregularities on the PDMS surface. A close-up can be seen in figure 6.9.

X=489.604,Y=272.690,7=3.240,P=0. 1,D0=35.759,WP=1 |

Figure 6.8: Photograph of top electrodes printed with Figure 6.9: Close-up of a defect in the PDMS layer, electrode
NovaCentrix Metalon JS-B25P printed with JS-B25P ink

6.3. Post-processing

Finding a method to cure the silver ink on top of the PDMS layer proved challenging, as the Mitsubishi ink
can no longer use the chemical sintering provided by the Novele substrate and the NovaCentrix ink required
sintering methods that were not available during this research. Other methods of sintering the printed silver
have been explored and the results will be discussed in this section.

6.3.1. Thermal sintering

According to NovaCentrix [47], the electrode printed with their AgNP ink should also be able to sinter when
thermal cured at 250° C. Samples printed with the NovaCentrix and the Mitsubishi ink have been subjected
to various temperatures for increasing durations on a hotplate. The samples consist of the Novele substrate
with the bottom electrode (Mitsubishi NBSIJ-MUO01 ink), two different PDMS thicknesses (spin coated at 2000
RPM and at 3000 RPM) and the top electrode. The results for the experiment at 250°C can be found in table
6.1, which shows that none of the samples were conducting.

6.3.2. Laser sintering

In previous research, Bélz et al. [33] has used an out-of-focus laser cutter (Optec) to photonically sinter silver
electrodes printed on Novele substrates. This approach has been investigated as a method to sinter the top
electrode of the DEA. The laser parameters from Bilz’ paper were used as initial settings for experiments
with a sample consisting of the Novele substrate with a bottom electrode (Mitsubishi NBSIJ-MUO01), a cured
PDMS layer and a top electrode printed with NovaCentrix Metalon JS-B25P ink. Small rectangular patches
were targeted with the laser and optically inspected with the built-in camera before moving on to the next
area with slightly adapted settings, such as laser power or number of repeats. An overview of the results of
these experiments can be found in figure 6.11. Close-ups of the experiments can be found in appendix A.2.
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Figure 6.10: Photo of all laser sintering tests on top electrode

Despite all these attempts, none of the patches in figure A.2 and A.3 (in the appendix) were conducting after
the laser treatment. Of all attempts shown in figure 6.11a only the patches outlined with the red boxes were
conducting, but with a very high resistance. Figures 6.11b to 6.11d show close-ups of the three conducting
patches, showing the flaky silver layers which are damaged at the locations the multimeter prong touched the
silver.

(a) Close- (b) First conducting patch (c) Second conducting patch (d) Third conducting patch
up of electrode area, conducting patches outlined in red

Figure 6.11: (a) section of laser sintering experiments, (b)-(d) close-ups of conducting patches

Due to the trial-and-error and time-consuming nature of these experiments, with very little successful results,
this method of sintering the top electrode cannot be recommended in this manufacturing process and has
not been further explored.

6.4. Discussion

Both AgNP inks proved unsuccessful for creating a conducting electrode on top of the spin coated PDMS.
This was to be expected, as both their manufacturer recommended post-processing methods were unavail-
able. However, when solely focussing on their printing behaviour, neither ink can be recommended for future
research. The Mitsubishi NBSIJ-MUO1 ink has dependable jetting behaviour, but has a tendency of cracking
while drying on top of the PDMS layer. These cracks were severely intensified during attempts at thermal sin-
tering the ink. The NovaCentrix Metalon ink is very sensitive to any surface impurities, such as dust or PDMS
irregularities. It requires a considerable effort to produce stable droplets and jetting remains unreliable when
not printed immediately. Despite these downsides, it cracks less than the Mitsubishi AgNP ink when drying.
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None of the investigated alternative sintering methods proved to be a serious contender for the manufac-
turing of a dielectric elastomer actuator. Using an out-of-focus laser for photonic sintering was a destruc-
tive trial-and-error process, without satisfactory results. Thermal curing caused the samples with Mitsubishi
silver print to crack further while remaining non-conductive and had little effect on the samples with Nova-
Centrix silver ink. However, it does have a negative effect on the Novele substrate, which is not capable of
handling the temperatures over 100° C and will harden, curl and burn when exposed to the high temperature
required to sinter the NovaCentrix ink (in theory). This temperature (250° C) will also increase the stiffness of
the underlying PDMS layer, which will decrease the actuation output of the DEA.



Finite element analysis

In order to validate future actuation results of an inkjet printed low actuation voltage dielectric elastomer
actuator, a finite element analysis has been created using COMSOL Multiphysics®software [48]. This can be
used in future research to check the influence of different materials or to design more complex DEA struc-
tures.

Because this thesis research produced no actuation results, the work done by Poulin et al. [1] has been used
to validate the assumptions done in the constitutive equations governing the electromechanical behavior
of the DEA. In that research, they created a low actuation voltage DEA using pad-printing and developed a
numerical model for the stiffening impact of the electrodes.

7.1. Physics
pel

pel

Figure 7.1: Schematic drawing of a DEA expanding under an applied voltage

The dielectric elastomer actuator is modelled as a parallel plate capacitor with a flexible elastomer as di-
electric layer, as shown in figure 7.1. When applying a voltage between the electrodes, the opposite charges
induce an electrostatic pressure (the Maxwell pressure) and squeeze the dielectric elastomer layer, which is
approached in the model by applying a pressure on the elastomer as given in equation 7.1.

1
Pelij = §€0€r(Ei'Ej —0.5E%) (7.1)

The behaviour of the dielectric elastomer is approached by a hyperelastic material model. Several models
exist, such as the Neo-Hookean [49], Gent [50], Boyce-Arruda [51], Ogden [52] and Yeoh [53] hyperelastic
models. Choosing a suitable model depends on the expected strain and available material parameters [49].
For more information on the different hyperelastic material models, see appendix F [19]. Considering that
this research did not yield any experimental data to fit the material parameters, the DEA is modelled as an
incompressible Neo-Hookean material, as this model is based on a single material parameter (the shear mod-
ulus). All other materials in the model are modelled as linear elastic materials.

Electrostriction

In literature, some debate exists about the need for incorporating the effect of electrostriction into the mod-
elling of dielectric elastomer actuators, however it is assumed to be negligible in PDMS due to its dielectric
constant of 2.72 which is lower than the threshold of 4 identified by Lee et al. [54].

This assumption has been verified by incorporating the electrostrictive effect to the total stress response.
According to the research by Shkel and Klingenberg [55-58], the electrostriction response of an isotropic ma-
terial can be described by five material parameters:

29
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¢ two Lamé parameters (A [Pa] and u [Pa])
¢ one dielectric constant (¢ [-])

¢ two electrostriction parameters (a; [-] and a3 [-])

The Lamé parameters and electrostriction parameters are given in equation 7.2 and 7.3, where Y is the
Young’s modulus [Pa], v is the Poisson’s ratio [-] and € is the dielectric constant [-].

Yv Y
A= T omay = 2a+w) (72
alz—g(e—l)z azz—l(e—l)(€+2)+i(€—l)2 (7.3)
5 3 15

The model has been compared to the measurements by Poulin et al., both with and without adding the elec-
trostrictive effect to the constitutive equations. The measured and modelled results are plotted in figure 7.2.
The modelled results in figure 7.2b, which take Maxwell pressure into account, show a good fit with the mea-
surement results. However, when adding electrostriction to the constitutive equations as shown in figure
7.2¢, it deviates from the trend in the measurement results.
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Figure 7.2: Comparison of the models with measurements by Poulin et al. [1]

7.2. Model

Using the physics set up as described in section 7.1, it is possible to use the model to predict the behaviour
of different geometries and DEA designs. The model is now set up as a very basic rectangular shape, but it
is able to compute alternative designs, such as a cross shaped actuator and a partially actuated DEA (only
covering a section of the dielectric elastomer with electrodes). The design aspect of the model fell outside of
the scope of this research, as the experimental process was not capable of producing a working DEA to test
such a design.

7.2.1. Parameters and variables
Table 7.1 lists all parameters defined for the model. The rectangular geometry of the DEA is controlled by the
variables listed in tale 7.2, with the exception of "V_applied" which defines the electric field in the actuator.

7.2.2. Constraints

The boundaries of the substrate and elastomer and the edges of the shell are fixed at one of the short ends
of the DEA, to simulate the clamp one would use in an actuation set-up and force the displacement into the
other direction, creating a uni-directional cantilever. An added advantage is reducing computational errors.
Errors due to dielectric breakdown are prevented by adding the parameter "V_max" to restrict the maximum
voltage of a parametric sweep.

Due to the large aspect ratios in the geometry, the electrodes are modelled as a shell with thickness "z_elec"
on both sides of the dielectric elastomer layer. A prescribed displacement is applied to couple the displace-
ment of the shell with the elastomer layer.
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Table 7.1: Parameters used in COMSOL model

Name Expression Value Description
ini_val eps 2.22E-16 Initial value to prevent errors
E_applied | V_applied/z_pdms 1E8 V/m Applied electric field
E_total sqrt(E_x"2 + E_y~2 + E_z"2) | 1E8V/m Total electric field
E_x ini_val [V/m] 2.2204E-16 V/m | Electric field, x direction
E_y ini_val [V/m] 2.2204E-16 V/m | Electric field, y direction
E_z -E_applied -1E8 V/m Electric field, z direction
V_max 100 * z_pdms [V/m] * 1076 - Maximum applied voltage
eps_0 epsilonO_const 8.8542E-12 F/m | Vacuum constant
eps_r 2.72 2.72 Relative permittivity of PDMS
epsilon epsilonO_const*eps_r 2.4083E-11 F/m | Dielectric permittivity of PDMS
Table 7.2: Variables used in COMSOL model

Name Type Description

x_elec Dimension | Depth of electrode

y_elec Dimension | Width of electrode

z_elec Dimension | Thickness of electrode

x_pdms Dimension | Depth of PDMS layer

y_pdms Dimension | Width of PDMS layer

z_pdms Dimension | Thickness of PDMS layer

x_beam Dimension | Depth of structural layer

y_beam Dimension | Width of structural layer

Z_beam Dimension | Thickness of structural laye

V_applied | Voltage Applied potential

7.2.3. Mesh

The mesh is an important factor in managing the calculation time. The total number of nodes is greatly re-
duced by modelling the thin electrodes as shell elements. As these shell elements are meshed in 2D, their
thickness is considered negligible which allows for a larger minimum element size when meshing the re-
maining geometry. The mesh is defined as a mapped mesh on the bottom boundary of the elastomer layer.
The maximum element size is defined at 150 ym, which controls the amount of nodes on the large surfaces
of the model. This mesh is swept onto the remaining boundaries of the geometry using the quadrilateral face
meshing method creating hexahedra elements.

7.3. Results

To create an understanding of the impact of changing a certain variable on the model, a sensitivity study has
been performed using five variables, as stated in table 7.3. The length and width of the electrode and PDMS
layers are defined by Xpeam and ypeam, S0 they follow the shape of the structural layer as shown in figure 7.3.
The output of the actuator is defined as the deflection [um] of the free end of the DEA, similar to a single
clamped cantilever. The full set of results can be found in appendix G.

Table 7.3: Values used in the FEA parameter study

Variable Values

Vapplied | 250V | 300V | 350V

Xbeam 1 mm 5mm | 10 mm

Ybeam 0.5mm | lmm | 5mm

Zpdms 5 um 15um | 30 um | 45 um Ybeam

Zbeam 10 pm 20 pm | 35um | 50 um Figure 7.3: Schematic

drawing indicating the variables of the DEA model
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7.3.1. Analysis

To analyse these results, one specific set of variable values has been appointed as a benchmark value for each
instance of Vypplied, resulting in tables G.2, G.4 and G.6 containing the relative deflection [-]. This allows for
quicker comparison between variable sets. The benchmark variable set and their corresponding deflection
are listed below:

Vapplied =250,300,350 V

Xbeam = D Mm 250 V: deflection = 0.013291 ym
Ybeam = 1 mMm 300 V: deflection = 0.019134 uym
Zpdms = 30 ym 350 V: deflection = 0.026037 pm

Zpeam = 35 ym

These values have been chosen as they represent a manufacturable DEA, where the PDMS layer is of a com-
parable thickness to the thickness achieved by spin coating in chapter 5 and the beam thickness is thinner
than the Novele substrate (see also chapter 3) albeit still of substantial thickness. Three voltages have been
chosen around 300 V to shown the influence of a relatively small change in applied voltage.

7.3.2. Impact of the variables on the output

When examining the results in appendix G, several patterns can be identified. Looking at each variable, the
conclusions as summarized in table 7.4 describe the general influence they have on the output. While the
output generally increases for larger ypeam, there are instances where the output very lightly decreases relative
to the lower value. Despite this, the influence of ypeam 0on the output is almost negligible compared to the
influence of the other variables.

Table 7.4: General conclusions on variable influence

Variable | Change in variable | Change in output
Vapplied Increases Increases

Xbeam Increases Increases

Vbeam Increases Mostly increases
Zpdms Increases Decreases

Zbeam Increases Decreases

The best output is found when z,qns is at its smallest, but caution should be taken with applying the voltage
to very thin dielectric layers due to the (electro)mechanical limits of the material. Nonetheless, the PDMS
layer thickness proves to be the most important variable in the set. The least important variable is shown to
be Ypeam, especially when Xpeam and zpdams are smaller.

7.4. Discussion

During modelling it became clear that the mesh formed a crucial role in creating a computable model, due to
the large aspect ratios in the very thin layers of the DEA. This has been addressed by modelling the electrodes
as shell layers. While the experimental part of this thesis did not yield any actuation results on the manufac-
tured DEA, this model can provide a theoretical basis for design choices in future research. Applicable as a
basic model, the rectangular DEA shape can be expanded into more complex designs and the current mate-
rials can be easily exchanged for other materials, to explore their influence on the DEA performance. From
the analysis run with the current model, it is shown that a thinner PDMS layer thickness is key to a higher
actuator output.



Conclusion and recommendations

Finite element analysis of a low actuation voltage DEA

A minimal model has been built, producing fitting results with the research by Poulin et al. (2016). This is
expected to correctly predict the influence of the design for similar low actuation voltage DEAs using PDMS
as the dielectric elastomer. Unfortunately this can not be validated with original actuation results from the
experimental part of this research as it has not produced a functional device. The model itself is able to
handle different designs and is thus useful for future research projects involving the design of DEAs. Through
a sensitivity study it is validated that reducing the PDMS layer thickness is vital for increasing the actuator
output.

Inkjet-printing with the PiXDRO

In this research, insights into the techniques and sensitivities concerning the printing process for the PIXDRO
were gained. Several printer limitations and settings require workarounds and fine-tuning to accommodate
the research. It is highly recommended to be aware of these limitations (such as aborting the print when
the temperature is out of bounds) and how they potentially impact the print, before starting a large print.
The printer itself behaves rather erratic, which can be largely attributed to persisting faults in the Print Head
Assembly (PHA) during the entire research.

Printing bottom electrode

Gained insights in how the Mitsubishi ink is influenced by printer settings. This ink shows very consistent
jetting behaviour. Overall, this ink in combination with the Novele substrate can be recommended for future
researches which do not require low stiffness. It is unclear whether this ink will show the same favourable
behaviour on other substrates, however, its jetting behaviour remains a big advantage over the Novacentrix
ink.

Creating dielectric elastomer layer with PDMS

Dilutions of PDMS and octyl acetate in 1:4 and 1:3 formulations have been produced, following research by
Mikkonen et al. (2020). These formulations have been characterised on material parameters influencing the
jetting behaviour. In theory, the 1:4 and 1:3 formulations should be able to print. In practice, both formula-
tions are difficult to work with in the printer. It is unclear whether this is due to material effects (for example
evaporation of the solvent or changes in viscosity) or due to the wrong printer settings or general malfunction
of the PHA.

Spin coating non-diluted PDMS is an established method for creating PDMS membranes. The results are best
when also desiccating after the PDMS mixture is poured onto the sample, prior to the spin cycle. The layer
thicknesses produced with the spin cycles in this research are still quite thick for a low actuation voltage DEA,
but it is possible to alter the spin cycle for thinner membranes. As actuation would not be possible before
successfully creating the top electrode, no attempts at spinning a thinner layer have been made in the span
of this research.

To prepare the cured PDMS layer, modifications to the surface are necessary due to its hydrophobicity. When
treating the surface with O2-plasma for 30 seconds, the PDMS surface is printable for up to four hours, after
which the quality of printing decreases. This method works well, however it is quite cumbersome as the total
process takes up to 30 minutes in a clean room. Ideally, the substrate would never have to leave the printer
during the manufacturing process.

33
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Printing in semi-cured PDMS

This method could prove worthwhile for future research as it might benefit a higher actuation output of the
DEA by creating more flexible electrodes. It can also reduce the risk of breakdown in air, as the electrode is
directly encapsulated in an insulating layer.

Printing top electrode

Printing Mitsubishi ink on top of the plasma treated PDMS works well, however, the self-sintering nature of
the ink does not work without the chemicals from the Novele substrate. It is not possible to sinter this ink by
thermal curing. Novacentrix AgNP ink has been chosen as an alternative, which was not considered for the
bottom ink as it is less consistent in its jetting behaviour. However, neither laser sintering nor heat curing
was able to create a conducting electrode. This could have been foreseen as these curing methods are not
specified by the manufacturer. Other types of conductive ink might behave favourable with the available
curing methods, and should therefore be explored.

The result of the PDMS plasma treatment is imminent, but it decays over time, which creates a time pressure
on printing the top electrode. This renders printing the top electrode with the Novacentrix ink even harder,
as it requires a lot of time and effort to incite jetting and eventually reach sufficiently stable droplets to print
with. This can not be prepared before the plasma cleaning, as that 30-minute process proves too long for the
silver ink to remain stable and ready-to-jet.

Recommendations

Inkjet printing proves to be a serious contender for manufacturing low actuation voltage dielectric elastomer
actuators. While it was not possible to complete a fully printed DEA sample, several steps can be taken to
improve future results. To summarize:

Choose a thinner substrate or a sacrificial layer to lift the DEA, reducing the total stiffness
The thickness and stiffness of the rigid PET layer of the Novele substrate are an issue for creating a low actua-
tion voltage DEA, as it will not be able to create enough force to produce significant actuation results.

Inkjet print with a different dielectric elastomer ink, preferably off-the-shelve
Other promising PDMS ink formulations from literature were not within reach during this research, but might
prove to be a more reliable ink for printing.

Retry printing with PDMS:0A once the printer is fully repaired
The issues with the PDMS:OA ink were suspected to (partially) arise from the printer malfunctions. It was not
an easy ink to print with before the malfunctions, but it worsened after the repairs.

Use a low temperature thermal curing or UV curing conducting ink for the electrodes
If the ink is curable at a low temperature it will not cause the PDMS to stiffen. If the ink is UV curable then it
is possible to cure the printed electrode inside the PiXDRO printer.
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A

Addition images

A.1. Print directions

Figure A.1: Mitsubishi NBSIJ-01 printed on top of Novele IJ-220. Overview of prints with different print directions
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40 A. Addition images

A.2. Results of top electrode laser sintering tests

1000.00um
Lens: ZS520:X200

Figure A.2: Small patches #1 to #13




A.2. Results of top electrode laser sintering tests
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Figure A.3: Large patches #14 to #18
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A. Addition images

1000.0um|

Figure A.4: Results of second laser sintering attempt. Red boxes indicating conducting patches
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Interferometer measurements
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Figure B.1: Mitsubishi NBSIJ-01 printed on top of Novele IJ-220
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44 B. Interferometer measurements
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Figure B.2: Thickness measurements of multiple passes with Mitsubishi NBSIJ-01 on Novele IJ-220
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Tape tests

o |
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Figure C.1: Close-up of electrode before applying tape
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Figure C.2: Close-up of electrode after removing tape, with glue residue
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Figure D.1: Surface tension measurements of PDMS:0A 1:3

> X

——— First measurement
»— Second measurement

2 3 4 5 6 7 8 9 10 11 12 183 14 15 16 17 18 19

Measurement [-]

Figure D.2: Surface tension measurements of PDMS:0A 1:4
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Equipment used

Characterisation
¢ Viscosity measurement: Rheometer MCR 302 (Anton Paar)

¢ Surface tension: OCA 25 (DataPhysics Instruments)
* Density: Laboratory scale
* Metrology: White light interferometer K1 (Bruker)

¢ Microscope: Digital Microscope VHX-6000 (Keyence)

Fabrication
¢ Inkjet printer: PiXDRO LP50 V5.0 (Siiss-MicroTec)

e PHA: DMC printhead - 10 pL (FUJIFILM Dimatix)
¢ Spincoater: SPIN150i (Polos)
¢ Plasma cleaner: Femto (Diemer)

¢ Laser: Micro laser etching machine (Optec)

Materials
¢ Substrate: Novele IJ-220 (NovaCentrix [25])

e AgNP ink: NBSIJ-MUO01 (Mitsubishi) [27]

* AgNP ink: Metalon JS-B25P (Novacentrix) [61]

¢ Dielectric elastomer: Sylgard-184 (Dow Corning) [34]

¢ Solvent (for PDMS ink): Octyl-acetate (Sigma-Aldrich) [35]
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Hyperelastic material models

Dielectric elastomer actuators are capable of much larger strains than 10%, so complex models are required
to approach the electromechanical behaviour realistically. Wang et al. summarized the most frequently used
hyperelastic models in table E1, where type A refers to micromechanical models, which considers the under-
lying structure of the material, type B refers to phenomenological models, which obtain the coefficients of
the model trough experimental data, and type C refers to hybrids of both types [49].

Table E1: Frequently used hyperelastic models for dielectric elastomers, from [49]

Model Type | Applicable strain | With strain-stiffening
Neo-Hookean | A 30 % - 40% No
Arruda-Boyce | A 100 % - 500 % Yes
Ogden B 100 % - 400 % Yes
Yeoh B >200 % No
Gent C 30% -155% Yes

These hyperelastic models are input for the constitutive equations as proposed by Suo [59], which describe
the behaviour of a DEA subjected to force and voltage:

_ OW (Ay,A2,43,D)
O T o As0M,
_ 0W(A1,A2,13,D)
02 T M50,
_ 0W(A1,A2,13,D)
08T T A Aa0hs

_ OW (Ay,A2,43,D)
T 1A,130D

-D-E

-D-E
(E1)

where o; represents the true stress, 1; is the stretch ratio, D is the true electric displacement, described as
D = Q/Awith Q as the electric charges on both electrodes, and E = U/ z is the true electric field. For further
explanation on the derivation of the constitutive laws in equation E1 see the detailed demonstration by Wang
et al. [49].

Micromechanical model
Neo-Hookean model This modelisbased on the statistical thermodynamics of cross-linked polymer chains.

Wszg(ﬁmgmg—s) (E2)
where p is the shear modulus (sometimes also denoted by G). This approach leads to a simple model with
only one material parameter, which follows the experimental stress-strain behaviour well up to strains of 20
%. After this the strain will approach the stretch limit of the dielectric elastomer and the stiffness will sharply

increase and the model is no longer valid [49].
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52 E Hyperelastic material models

Arruda-Boyce model

% (h _31) + ﬁ (If B 32) * 10;(1);12 (If _33) * 70(1)2;13 (Iil _34) * % (115 _35)

where 7 is a measure of the cross-link density. This model is able to account for the stiffening effect and is
therefore valid for larger strains than the Neo-Hookean model.

Ws=pu

(E3)

Phenomenological model
Ogden model This model is a function of the stretch ratios 1;. Material parameters u, and « are fitted to
experimental data.

N Ep ( ap ap ap
Wy (A, A2,25) = 3 =2 (A7 + 257 + 257 -3) (E4)

p=1ap
where N is the order of the model and the shear modulus p follows from 2u = Zgzl Kpap [52]. This model
performs fairly well for electromechanical modeling [49].

Yeoh model This model gives good results when describing the mechanical response of elastomers under
large strains [49].

W (Al,/lg,/lg) =Co (11 - 3) + Cy (Il - 3)2 + C3p (Il —3)3 (E5)

where Cjg, C29 and Cs( are material parameters obtained from a uniaxial tension experiment and I; is the
first strain invariant tensor.

Hybrid model

Gent model This model is a hybrid combination because it combines a statistical approach with a material
parameter Jjip,. This is a constant related to the stretch limit, as it is the maximum of the first strain invariant
[50].
2,912,192
i A+ A5+ 15-3
Ws:_mln 1L "2 38 - (E6)
2 Jiim

where p is the shear modulus. A a reference, a typical value of Jji, for elastomer materials lies around 120
[60]. This model is a popular choice for theoretical analysis due to its mathematical simplicity and it’s ability
to capture the stiffening of the material at large strains [49].



Results of finite element analysis

This appendix contains the results of the FEA variable study. Figure G.1 depicts the variables of the model, as
a reference for the tables with results.

Vapplied

Ybeam

Figure G.1: Schematic drawing of a DEA, indicating the variables of the FEA model

To give a clear overview of all five variables, the results are divided in six tables: for each Vyppiieq One table
containing the deflection of the actuator in ym and one table where these results are scaled with the value of
the benchmark variable set. The benchmark variable set and their corresponding deflection are listed below:

Vapplied = 250,300,350 V

Xbeam = D Mm 250 V: deflection = 0.013291 ym

300 V: deflection = 0.019134 pym
350 V: deflection = 0.026037 pm

Ybeam = 1 mm
Zpdms = 30 um
Zpeam = 35 pm
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Table G.1: Deflection of a cantilever [um] actuated at Vapplied =250V, with the benchmark value used in table G.2 in bold

Vapplied =250V

Zpdms 5 um 15 ym 30 ym 45 ym
Zheam " heam 1 mm 5mm | 10mm 1 mm 5 mm 10 mm 1 mm 5 mm 10 mm 1 mm 5 mm 10 mm
eam
0.5 mm 0.017457 | 0.23815 | 1.1456 0.009291 | 0.025151 | 0.08296 0.006303 | 0.008597 | 0.021208 | 0.004287 | 0.005111 | 0.010089
10 ym 1 mm 0.019216 | 0.27178 | 1.6132 0.009031 | 0.026311 | 0.091896 | 0.006238 | 0.008557 0.021522 | 0.004332 | 0.005095 | 0.009969
5 mm 0.022422 | 0.35688 | 2.2327 0.009226 | 0.032589 | 0.10852 0.006261 | 0.009463 0.023709 | 0.004355 | 0.005354 | 0.010638
0.5 mm 0.014369 | 0.20551 | 0.88584 | 0.009391 | 0.036396 | 0.13175 0.006423 | 0.011636 | 0.035188 | 0.00439 0.006337 | 0.016265
20 pm 1 mm 0.015069 | 0.217 0.99048 | 0.009133 | 0.037668 | 0.13781 0.00637 0.011764 0.035833 | 0.004435 | 0.006369 | 0.016403
5mm 0.017028 | 0.27598 | 1.1986 0.009362 | 0.047624 | 0.15897 0.006431 | 0.013955 0.039937 | 0.004473 | 0.00709 0.017838
0.5 mm 0.011863 | 0.13108 | 0.54223 | 0.009164 | 0.033938 | 0.12576 0.006407 | 0.013139 | 0.042005 | 0.004427 | 0.007416 | 0.020769
35 pym 1 mm 0.011793 | 0.13575 | 0.5683 0.008821 | 0.034765 | 0.12902 0.006346 | 0.013291 | 0.042654 | 0.004477 | 0.007444 | 0.021033
5 mm 0.012663 | 0.17039 | 0.64005 | 0.008903 | 0.043482 | 0.14602 0.00639 0.016088 0.047693 | 0.00452 0.008696 | 0.023227
0.5 mm 0.011053 | 0.09165 | 0.3743 0.009047 | 0.027646 | 0.10188 0.006363 | 0.012479 | 0.039834 | 0.004412 | 0.007529 | 0.021411
50 pm 1 mm 0.010705 | 0.09437 | 0.38576 | 0.008671 | 0.02813 0.10386 0.006297 | 0.012577 | 0.040364 | 0.00446 0.007556 | 0.021681
5mm 0.011143 | 0.11809 | 0.42824 | 0.008688 | 0.034712 | 0.1166 0.006322 | 0.015009 0.044977 | 0.004496 | 0.008828 | 0.02398
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Table G.2: Relative deflection of a cantilever [-] actuated at Vapplieq =250 V

Vapplied = 250 V

Zpdms 5 pum 15 ym 30 pm 45 pm
Zbeam " Lbeam | 1y | 5mm | 10mm | 1mm | 5mm | 10mm | I1mm | 5mm | 10mm | 1mm | 5mm | 10 mm
eam
0.5 mm 1.31 17.92 | 86.19 0.70 1.89 6.24 0.47 0.65 1.60 0.32 0.38 0.76
10 ym 1 mm 1.45 20.45 121.38 | 0.68 1.98 6.91 0.47 0.64 1.62 0.33 0.38 0.75
5mm 1.69 26.85 167.99 0.69 2.45 8.16 0.47 0.71 1.78 0.33 0.40 0.80
0.5 mm 1.08 15.46 | 66.65 0.71 2.74 9.91 0.48 0.88 2.65 0.33 0.48 1.22
20 pm 1 mm 1.13 16.33 | 74.52 0.69 2.83 10.37 0.48 0.89 2.70 0.33 0.48 1.23
5mm 1.28 20.76 | 90.18 0.70 3.58 11.96 0.48 1.05 3.00 0.34 0.53 1.34
0.5 mm 0.89 9.86 40.80 0.69 2.55 9.46 0.48 0.99 3.16 0.33 0.56 1.56
35 um 1 mm 0.89 10.21 42.76 0.66 2.62 9.71 0.48 1.00 3.21 0.34 0.56 1.58
5mm 0.95 12.82 | 48.16 0.67 3.27 10.99 0.48 1.21 3.59 0.34 0.65 1.75
0.5 mm 0.83 6.90 28.16 0.68 2.08 7.67 0.48 0.94 3.00 0.33 0.57 1.61
50 pm 1 mm 0.81 7.10 29.02 0.65 2.12 7.81 0.47 0.95 3.04 0.34 0.57 1.63
5mm 0.84 8.88 32.22 0.65 2.61 8.77 0.48 1.13 3.38 0.34 0.66 1.80
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Table G.3: Deflection of a cantilever [um] actuated at Vapplied =300V, with the benchmark value used in table G.4 in bold

Vapplied =300V

Zpdms 5pum 15 ym 30 pm 45 ym
Zheam " Zheam 1 mm 5mm | 10mm 1 mm 5 mm 10 mm 1 mm 5 mm 10 mm 1 mm 5 mm 10 mm
eam
0.5 mm 0.025053 | 0.34799 | 1.8095 0.013375 | 0.035836 | 0.11449 | 0.009076 | 0.012359 | 0.030235 | 0.006173 | 0.007357 | 0.014488
10 ym 1 mm 0.027604 | 0.41391 | 2.822 0.013002 | 0.037814 | 0.13206 | 0.008982 | 0.012311 0.030857 | 0.006238 | 0.007335 | 0.014331
5 mm 0.032209 | 0.55177 | 4.0683 0.013282 | 0.047119 | 0.16022 | 0.009015 | 0.013629 0.034233 | 0.00627 0.00771 0.015329
0.5 mm 0.020676 | 0.29855 | 1.3342 0.01352 0.052218 | 0.18753 | 0.009248 | 0.016738 | 0.050467 | 0.006321 | 0.009122 | 0.023389
20 pm 1 mm 0.021687 | 0.31887 | 1.5501 0.013149 | 0.05422 0.19879 | 0.009173 | 0.016932 0.051538 | 0.006387 | 0.00917 0.023609
5mm 0.02451 0.40702 | 1.9215 0.013479 | 0.068733 | 0.23225 | 0.00926 0.0201 0.057649 | 0.006441 | 0.01021 0.025707
0.5 mm 0.017078 | 0.1899 0.8007 0.013195 | 0.048804 | 0.18034 | 0.009225 | 0.01891 0.06038 0.006375 | 0.010676 | 0.029886
35 ym 1 mm 0.016978 | 0.19744 | 0.8515 0.0127 0.050061 | 0.18606 | 0.009138 | 0.019134 | 0.061396 | 0.006447 | 0.010718 | 0.030281
5mm 0.018231 | 0.24749 | 0.95951 | 0.012819 | 0.062673 | 0.21158 | 0.009201 | 0.02317 0.068772 | 0.006509 | 0.012523 | 0.033465
0.5 mm 0.015912 | 0.13264 | 0.54953 | 0.013026 | 0.039784 | 0.1464 0.009162 | 0.017964 | 0.057301 | 0.006353 | 0.01084 0.030818
50 ym 1 mm 0.015413 | 0.13685 | 0.57084 | 0.012485 | 0.040511 | 0.14974 | 0.009067 | 0.018108 | 0.058114 | 0.006423 | 0.01088 0.031216
5mm 0.016042 | 0.1709 0.63026 | 0.01251 0.050013 | 0.16848 | 0.009103 | 0.021615 0.064821 | 0.006475 | 0.012712 | 0.034544
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Table G.4: Relative deflection of a cantilever [-] actuated at Vapplieq =300 V

Vapplied =300 V

Zpdms 5 pum 15 ym 30 pm 45 pm
Zbeam " Lbeam | 1y | 5mm | 10mm | 1mm | 5mm | 10mm | I1mm | 5mm | 10mm | 1mm | 5mm | 10 mm
eam
0.5 mm 1.31 18.19 | 94.57 0.70 1.87 5.98 0.47 0.65 1.58 0.32 0.38 0.76
10 ym 1 mm 1.44 21.63 147.49 | 0.68 1.98 6.90 0.47 0.64 1.61 0.33 0.38 0.75
5mm 1.68 28.84 | 212.62 0.69 2.46 8.37 0.47 0.71 1.79 0.33 0.40 0.80
0.5 mm 1.08 15.60 | 69.73 0.71 2.73 9.80 0.48 0.87 2.64 0.33 0.48 1.22
20 pm 1 mm 1.13 16.67 | 81.01 0.69 2.83 10.39 0.48 0.88 2.69 0.33 0.48 1.23
5mm 1.28 21.27 100.42 | 0.70 3.59 12.14 0.48 1.05 3.01 0.34 0.53 1.34
0.5 mm 0.89 9.92 41.85 0.69 2.55 9.43 0.48 0.99 3.16 0.33 0.56 1.56
35 um 1 mm 0.89 10.32 | 44.50 0.66 2.62 9.72 0.48 1.00 3.21 0.34 0.56 1.58
5mm 0.95 12.93 | 50.15 0.67 3.28 11.06 0.48 1.21 3.59 0.34 0.65 1.75
0.5 mm 0.83 6.93 28.72 0.68 2.08 7.65 0.48 0.94 2.99 0.33 0.57 1.61
50 pm 1 mm 0.81 7.15 29.83 0.65 2.12 7.83 0.47 0.95 3.04 0.34 0.57 1.63
5mm 0.84 8.93 32.94 0.65 2.61 8.81 0.48 1.13 3.39 0.34 0.66 1.81
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Table G.5: Deflection of a cantilever [um] actuated at Vapplied =350V, with the benchmark value used in table G.6 in bold

Vapplied =350V

Zpdms 5pum 15 ym 30 pm 45 ym
Zheam " Zheam 1 mm 5mm | 10mm 1 mm 5 mm 10 mm 1 mm 5 mm 10 mm 1 mm 5 mm 10 mm
eam
0.5 mm 0.033962 | 0.4802 2.7082 0.0182 0.048158 | 0.14769 | 0.012352 | 0.016789 | 0.040661 | 0.008402 | 0.010009 | 0.019653
10 ym 1 mm 0.037462 | 0.59915 | 4.6928 0.017692 | 0.051346 | 0.17924 | 0.012225 | 0.01674 0.041782 | 0.008491 | 0.00998 0.019466
5 mm 0.043715 | 0.81178 | 6.9931 0.018073 | 0.064438 | 0.22443 | 0.01227 0.018553 0.046742 | 0.008534 | 0.010494 | 0.020881
0.5 mm 0.028116 | 0.41013 | 1.9058 0.018399 | 0.070762 | 0.25164 | 0.012587 | 0.022754 | 0.068362 | 0.008604 | 0.012411 | 0.031784
20 pm 1 mm 0.0295 0.44412 | 2.3111 0.017894 | 0.07376 0.27112 | 0.012484 | 0.023034 0.070047 | 0.008692 | 0.012479 | 0.032115
5mm 0.033343 | 0.56942 | 2.9362 0.018343 | 0.093798 | 0.32147 | 0.012603 | 0.027367 0.07869 0.008767 | 0.013898 | 0.035023
0.5 mm 0.023237 | 0.26021 | 1.1204 0.017958 | 0.066318 | 0.24423 | 0.012555 | 0.025723 | 0.082009 | 0.008677 | 0.014528 | 0.040645
35 ym 1 mm 0.023103 | 0.27183 | 1.212 0.017285 | 0.068135 | 0.25367 | 0.012438 | 0.026037 | 0.083525 | 0.008774 | 0.014586 | 0.041206
5mm 0.024808 | 0.34027 | 1.3671 0.017446 | 0.0854 0.29009 | 0.012523 | 0.031541 0.093758 | 0.008859 | 0.017046 | 0.045578
0.5 mm 0.021653 | 0.18156 | 0.76432 | 0.017729 | 0.054108 | 0.19877 | 0.01247 0.024442 | 0.077896 | 0.008647 | 0.014752 | 0.041925
50 ym 1 mm 0.020973 | 0.18779 | 0.80141 | 0.016992 | 0.055146 | 0.2041 0.012341 | 0.024644 | 0.079081 | 0.008741 | 0.014807 | 0.042483
5mm 0.02183 0.23398 | 0.8797 0.017026 | 0.068117 | 0.23024 | 0.012389 | 0.029422 0.088315 | 0.008813 | 0.017303 | 0.047037
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Table G.6: Relative deflection of a cantilever [-] actuated at Vapplieq =350 V

Vapplied = 350 V

Zpdms 5 pum 15 ym 30 pm 45 pm
Zbeam " Lbeam | 1y | 5mm | 10mm | 1mm | 5mm | 10mm | I1mm | 5mm | 10mm | 1mm | 5mm | 10 mm
eam
0.5 mm 1.30 18.44 104.01 0.70 1.85 5.67 0.47 0.64 1.56 0.32 0.38 0.75
10 ym 1 mm 1.44 23.01 180.24 | 0.68 1.97 6.88 0.47 0.64 1.60 0.33 0.38 0.75
5mm 1.68 31.18 268.58 0.69 2.47 8.62 0.47 0.71 1.80 0.33 0.40 0.80
0.5 mm 1.08 15.75 73.20 0.71 2.72 9.66 0.48 0.87 2.63 0.33 0.48 1.22
20 pm 1 mm 1.13 17.06 | 88.76 0.69 2.83 10.41 0.48 0.88 2.69 0.33 0.48 1.23
5mm 1.28 21.87 112.77 | 0.70 3.60 12.35 0.48 1.05 3.02 0.34 0.53 1.35
0.5 mm 0.89 9.99 43.03 0.69 2.55 9.38 0.48 0.99 3.15 0.33 0.56 1.56
35 um 1 mm 0.89 10.44 | 46.55 0.66 2.62 9.74 0.48 1.00 3.21 0.34 0.56 1.58
5mm 0.95 13.07 | 52.51 0.67 3.28 11.14 0.48 1.21 3.60 0.34 0.65 1.75
0.5 mm 0.83 6.97 29.36 0.68 2.08 7.63 0.48 0.94 2.99 0.33 0.57 1.61
50 pm 1 mm 0.81 7.21 30.78 0.65 2.12 7.84 0.47 0.95 3.04 0.34 0.57 1.63
5 mm 0.84 8.99 33.79 0.65 2.62 8.84 0.48 1.13 3.39 0.34 0.66 1.81
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