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Abstract

This thesis aims to solve the problems and fabricate fully inkjet-printed dielectric elastomer actuators
with silver electrodes and a PDMS middle layer. First, a conductive silver electrode is printed on a
coated PET substrate, followed by a printing of the dielectric elastomer middle layer to cover the bot-
tom electrode. Then, the top silver layer is printed on the PDMS to achieve the top electrode. The
problems intended to be solved in this work include printing the dielectric elastomer middle layer, treat-
ing the PDMS layer, the significant surface cracking, and the non-conductivity of the top electrode.
During the fabrication process, different concentrations of PDMS solution are tested printing. Obser-
vations on these printed samples are made to validate the most suitable printing solution and printing
process/settings. Different surface treatment cycles for the PDMS layer are also adopted to determine
the most suitable one, what effect is brought to the PDMS layer surface, and how they influence the
top electrode. For the fabrication of the top electrodes, experiments are accomplished and repeated,
coming with failures, which will be presented and discussed later. Lastly, displacement and frequency
response measurements are essential to check the performance of the DEAs, being critical sections
of the thesis.
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Figure 1.1. Robot driven by artificial muscles to mimic Figure 1.2. Artificial eyeball driven by three spring roll soft

human jaw motion [1]. actuators [2].

An actuator is a mechanical device for moving or controlling a mechanism or system, including pneu-
matic actuators, electronic actuators, motors, and hydraulic cylinders [3]. However, the weight, limited
size, complex transmission, and shape of such actuators restrict their application in some cases. These
have indead led to investigation of alternative technologies for various applications. Smart materials
are developed with one or more properties that can be significantly changed in a controlled manner
by an externally applied field. Their characteristics are reversible and consequently guarantee actu-
ation and sensing functions. Compared to conventional actuators, such actuators are relatively high
integrated. They can be applied not just to be a discrete part of the system; they serve as the system
itself, combining sensing, actuation, and mechanical functions [4]. Electroactive polymers are robust
materials for implementing a flexible actuation mechanism in soft actuators. As a type of EAP, the
dielectric elastomer can work as a soft actuator driven by the effective electrostriction between com-
pliant electrodes. They are capable of large strains and response times below 1ms, but they require
driving voltage in the kV range, limiting the possible applications. Luckily, low actuation voltage DEAs
require low stiffness and thin elastomer layers and are easier and cheaper to implement due to the
lower voltage requirements. It is suitable to drive compliant devices on micro and nano scales as an
actuation mechanism. The lightweight, flexibility with non-geometric constraints, cost-effectiveness,
and fast response provide chances for dielectric elastomer actuators configured in various shapes to
enlarge their potential as artificial muscle [5], such as human jaw motion [1], eyeball movement [2], as
well as soft robots [6]. One way to obtain low voltage driven DEAs is to decrease the dielectric layer
thickness, typically in the 20—100um range; the other way is to have optimized material properties [7].
Therefore, fabrication for low actuation voltage DEAs is feasible, especially applying the inkjet printing
method, a fabrication technique with less complexity and no need for a mask.

1



2 1. Introduction

Among various fabrication methods such as chemical vapor deposition, etching, and UV-lithography,
inkjet printing stands out for relatively fast printing speed, less complexity, different layers with desirable
configurations, and mask-free material deposition. Although inkjet printing only allows a small amount
of material to pass through the nozzle, and the print head is less durable, prone to clogging and dam-
age, the advantages are still attractive and lead to the flourishing development of inkjet printing DEAs.
The application of inkjet printing include producing circuits [8], microfluidic devices [9], biochemical
applications [10] and lab-on-a-chip community [11].

When talking about the existing DEAs, some stacked DEAs were successfully fabricated, applying
methods such as spin-coating [12], cutting and piling up [13], spray deposition [14], and folding [15].
However, applying the inkjet printing method to fabricate the single layer DEAs was not ideally suc-
cessful [16]. In addition, some defects, such as surface cracking, high resistance, and non-adhesion
(top electrode to dielectric polymer) phenomena, happened in DEAs during and after the fabrication
process. Therefore, the application of inkjet printing in manufacturing DEA remains to be explored,
leading it to become the primary goal of this thesis project.

Figure 1.3. Stack unit DEAs form into a multistacked actuator [13].

This research aims to solve the problems in the fully inkjet-printed DEA fabrication process and print
in different geometries while achieving insights into the requirements, limitations, and results of each
fabrication step involved. In the end, a functional prototype of DEA is expected. The challenges in-
clude inkjet printing smooth PDMS layers with self-prepared PDMS solution, solving the non-adhesion
problem of the top silver electrode to the PDMS layer, the surface morphology/quality of the top sil-
ver electrode, and the conductivity issue for it. The interactions between the different components
that build the actuators were not examined. These involved using different silver nanoparticle inks to
fabricate electrodes, examining the surface treatment methods, observing the appearance/surface of
different layers after each manufacturing step, and testing conductivity and displacement performance
of actuators.

Several (fabrication) challenges that are intended to be solved in this thesis project include:

1. Inkjet printing the PDMS dielectric layer.

2. Solving the problems in surface treatment of getting the smooth and hydrophilic PDMS surface
that allows silver ink adhesion.

3. Solving the problem in obtaining the low-resistance silver electrodes.
4. Solving the problem in the top electrode that has huge cracks affecting conductivity.

5. Fabricating functional single-layer DEAs.

The results of the conducted research are detailed in this report, and this thesis is organized into four
parts. The following chapters concern the individual components of the single-layer and multi-layer
DEAs, materials and methods, results, and the observations of each layer during the experimental pro-
cesses involved in creating the component. First, the working principles and structures of DEAs will
be presented in section 2.1 of chapter 2. The manufacturing process and characterization of measure-
ment setup will be introduced in the following section 2.2 and section 2.3, demonstrating the possibility
of producing the inkjet-printed electrodes and dielectric films, as well as the suitability of inkjet-printed
DE films for use with dielectric elastomer actuators. (External) Factors that influence the experiment



process and results will be described. The chapter 3 will present the manufacturing results of each layer
and show the success and the attempts to gain "perfect” layers. In the section 3.1 in this chapter, the
surface morphology and printing results of different samples will be compared to check the feasibility
of each manufacturing step. Critical testing results of prototype DEAs will be presented in the following
section 3.2. The measurement test for the displacement of actuators was done with sinusoidal waves in
different frequencies and amplitudes. Finally, the report is concluded with an overview of the obtained
results and their discussion chapter 4, ending with conclusions for the project and recommendations for
future research and directions in improving the printing process and performance of DEAs in chapter 5
and chapter 6.






Materials and Methods

2.1. Structure, working principle, and design of DEAs

In this section, structures, working principles, and the single-layer design of DEAs will be introduced
sequentially. DEAs are soft actuators that can show displacement when an electric field is applied.
Due to the electrostatic force induced by opposite charges, the electrodes will compress the elastomer
membrane lying in between. Therefore, the elastomer in the single-layer DEA is vertically compressed
and laterally expanded, as shown in Figure 2.1. The working principle in the multi-layer DEA is the
same, and the structure of a typical multi-layer DEA is shown in Figure 2.2.

Voltage on
Contraction Vv

Stretch

GND

Figure 2.1. Driving principle of the single-layer dielectric ~ Figure 2.2. A layered composite structure of a stacked DEA
elastomer actuator [17]. composed of electrodes and DE film layers [18].

The compressive stress of a single set of DEA can be related to the elastic compressive strain s, of a
DEA as follows:

D €o€r V
v=v G @1

Then for the elastic compressive strain s, of a stacked DEA, the expression is [12]:

S, = —

Ssz = NS, (2.2)

where the absolute deformation is n times higher than the deformation of a single film.
For small deformations and ignoring the stiffening impact of the electrodes, the lateral strains s, = s,
can be approximated by [7]

Sz

=5 (2.3)
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This study aims to produce a unimorph design to obtain the induced strain (bending motion) of DEAs.
A unimorph is a cantilever that consists of one active layer and one passive layer. The application of an
electric field induces deformation in the active layer. This deformation induces a bending displacement
in the cantilever. In this case, the unimorph design consists of dielectric elastomer layers and compliant
electrodes. As a result, the unimorph can remain in an almost straight neutral position when it is not
electrically activated. However, the active layers elongate upon electrical activation. Consequently,
the unimorph will bend towards the side of the passive layer (in this case, the substrate), as shown in
Figure 2.3.

@ Wy ilin‘tw |

| | ,.{1“&
P LA
Stacking Bending

Figure 2.3. Multi-layered dielectric elastomer unimorph : (a) stack of component layers; (b) activation of multi-layered
elastomeric unimorph [19].

The unimorph design of each layer is shown in Figure 2.4, divided into four layers, the substrate (passive
layer), the bottom electrode, the middle dielectric polymer layer, and the top electrode. The active
layer is the metalized dielectric elastomer layer. The unimorph design is simple, easy to be drawn in
Inkscape, and no dimensions are shown since the sizes can be adjusted in the printer software, which
will be introduced later. One vital aspect is that the middle polymer layer should be larger than the
bottom and top layers. This action can guarantee the electrical and mechanical isolation between the
bottom and the top electrodes.

Top silver electrode
PDMS layer

Bottom silver electrode

Novele Substrate

Figure 2.4. Structure of different layers in the single layer DEA.

2.2. Actuator Materials and methods

This section will introduce details by several subsections; the chemicals for PDMS solution and the used
silver inks will be included in subsection 2.2.1; details of the equipment that will be used for fabrication
and observation will be introduced in subsection 2.2.2; and printing settings and steps will be detailed
in subsection 2.2.3 and Appendix A.

2.2.1. Reagents and Materials

SYLGARD™184 Silicone Elastomer Base, Dow Corning [20] is prepared in a 10:1 base-catalyst (cur-
ing agent) ratio based on the instructions of Dow Inc. Base and catalyst is stirred in a glass beaker for
approximately 5 minutes. For inkjet printing PDMS solution, desiring is not required. Therefore, in this
case, the octyl acetate CH3CO2(CH2)7CHS3, Sigma Aldric [21], Mexico, is directly added to the mixture
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Figure 2.5. Manufacturing loop and measurement process for the fully inkjet-printed dielectric elastomer actuator.

at weight ratios of 1:4, 1:2, and 1:1 in glass beakers. The final mixtures are stirred for approximately
3 minutes. Then the solutions were filled in the DMC-11610 cartridges. The glass beakers should be
cleaned with IPA and dried with the air gun afterward.

Two types of silver inks were applied to fabricate different silver layers (Mitsubishi NBSIJ-MUO1, No-
vaCentrix JS-A211), depending on laying on porous (Novele PET) or non-porous (polymer layer) sub-
strates. Silver nanoparticle (Ag NP) inks (NBSIJ-MUO1, Mitsubishi [22] and JS-A211 (40% Ag), Nova-
centrix [23]) purchased from commercial market for printing were filled in the DMC-11610 cartridges.
The substrate used for printing is a coated PET sheet Novele 1J-220, NovaCentrix.

2.2.2. Apparatus

A Pixdro Printer LP50 inkjet printer, Suss-MicroTec [24], is used; the PIXDRO HMI Software is used
to input the control settings and figures to print; a print head set up KONICA MINOLTA 512 is used to
test and get familiar with droplet control; the DMC print head (Meyer Burger) and the 10pL cartridge
DMC-11610, FUJIFILM Dimatix™, Inc., are assembled to print Ag NP inks and the PDMS layers.
An optical microscope (KEYENCE), a white light interference microscope (Bruker), and a scanning
electron microscope were used to obtain images and determine the geometrical area of the printed
electrode and the polymer layer. KEYENCE was used to check the morphology of silver tracks, which
can give clear, labeled pictures with models of lenses and a scale bar. The white light interference
microscope Bruker was used to check the morphological details and the height of conductive layers,
which can provide data set and 3d profiles. With a scanning electron microscope, the cross-section of
the samples can be observed, therefore, measuring the thickness of transparent polymer layers.

2.2.3. Printer settings and steps

The PiXDRO LP50 is used for practical applications in this project. The parameters such as printing
speed and direction should be adjusted to control the printing. The general printing steps of each layer
in DEAs consist:

» Preparing and placing the print head in the correct position on the printer.

+ Filling the cartridges that fit the specific print head.
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» Having substrates prepared.
» Adjusting the printing settings, including waveform for different inks/materials.

 Cleaning up the substrate table and storing the print head.
Basic settings and step details in printing are expanded in Appendix A.

2.2.4. Actuator fabrication

The fabrication of dielectric elastomer actuators can be divided into mainly three layers: bottom elec-
trodes, dielectric elastomer layers, and top electrodes.

bottom electrode fabrication: After the AQNP ink had been injected intoa 10 pL DMC-11610 cartridge,
the printing process was carried out at room temperature, and cleaning cycles (purging) were used
before printing. Only one nozzle was activated to print, and two layers of ink were necessary to obtain
a conductive silver film on substrates. The silver ink for the bottom electrode is self-sintered during
the printing process, but the substrate table can be heated up at 35°C to ensure speeding up the
solvent evaporation. The printing settings and waveform of these two types of silver ink were shown in
Table A.1, and Figure A.2(b).

Dielectric elastomer layer fabrication: Once the PDMS solution was prepared well, it was jetted into
the cartridge reservoir using a filter and needle. The solution should be used up or cleaned after 4 days
maximum of preparation; otherwise, it can cure and block the cartridge. The PDMS solution should be
printed at a relatively high voltage due to its high viscosity compared to silver inks. The printhead of
the PDMS solution should also avoid being heated up for a long time, preventing unexpected polymer
curing. The printing process was carried out at room temperature, and cleaning cycles were applied
before printing. Only one nozzle was activated, and 2 layers of polymer were printed. Multiple polymer
layers are added to ensure full insulation between the top and bottom electrodes. The first layer of
PDMS should have been immediately (semi-)cured during printing with a heated substrate table at
80°C. Before the second layer is printed, the first layer of PDMS should rest on the substrate for at
least 5 min to ensure the (semi-)cured state, allowing better coverage for the second layer of polymer;
this is also required for not over-heating the print head. When the second layer printing finishes, the
sample should be held in an oven at about 80°C for at least 2h to cure the PDMS layers and solvent
evaporation fully. The curing temperature must not exceed the glass transition point of the PDMS
(T;<150°C). All post-processing steps for silver inks consisting of purely thermal treatments should be
below this point.

Top electrode fabrication: The printing process for the top electrodes was carried out at room tem-
perature, and cleaning cycles (purging) were used before printing. Only one nozzle was activated to
print, and 2 layers were necessary to obtain a well-adhesive conductive layer on polymer. The silver
ink for the top electrode was cured at 40°C during printing plus 30min after the printing process; the
top electrodes were sintered under UV light; UV light can be the UV module integrated into the printer
or an extra UV light setup. In this case, an extra UV light setup is more powerful to sinter the top elec-
trode, with 1min exposure time. The printing settings and waveform for the top electrode were shown
in A.2(c). Essential settings are listed in Table 2.1.

2.3. Characterization of Manufactured Sample and Measurement

In this work, the single-layer dielectric elastomer actuators were manufactured based on a 4-layer
structure set in which all layers are applied sequentially as shown in Figure 2.4. The layers from
bottom to top are the PET substrate, the printed bottom electrode, the inkjet-printed PDMS, and the
printed top electrode. For the characterization of the measurement setup, details will be included in
subsection 2.3.1
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Table 2.1: Essential settings in fabricating layers in DEAs.

Functional Layer Bottom electrode | Dielectric elastomer layer Top electrode

Number of nozzle 1 1 1

Driven voltage / V 60 80 60
Substrate temperature / °C 35 80 40
Cartridge temperature / °C 28 35-50 28

Number of layer 2 2 2
Curing time Immediately Printing time + 2h Printing time + 30min
Sintering Selft-sinter N/A 1min UV sintering

2.3.1. Measurement setup

In order to characterize the performance of actuators, it is necessary to measure the steady-state
deflection with an excitation and measurement setup. Therefore, a laser sensor module (OptoNCDT
1750, Micro-epsilon [25]), a data acquisition device (USB-6211, National Instruments [26]), a voltage
amplifier (HVA1500/50, Smart Material [27]), a safety acrylic cover, and hardware for setup skeleton
was used to build up the measurement setup.

Figure 2.6. Measurement setup structure for actuator characterization.

The connection diagram and the picture of the measurement setup are shown in Figure 2.7 and Fig-
ure 2.6. Measurements for deflection with voltage sources are taken with a setup consisting of a Mul-
tifunction 1/0 device fed into a high voltage amplifier. The amplifier amplifies the input voltage signal
and is connected directly to the contact pads of the actuators via a clamp at the base. The actuators
have silver paste on the contact pads to improve contact between the electrodes and the clamp. The
actuator is clamped in a vertical position to avoid the influence of gravity. The resultant deflection of the
actuator is measured using a laser distance sensor aimed at the tip of the cantilever, which is sent into
the data acquisition device along with the input signal from the function generator and recorded using
programs in LabVIEW. This allows the input voltage and deflection signals to be recorded simultane-
ously and compared. The actuator, clamp, and laser distance sensor are all contained inside an acrylic
chamber to isolate the system from external disturbances or airflow and keep all electrical contacts
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isolated for safety purposes. The transparent cover is connected to the voltage amplifier; once it is
lifted, the amplifier will go into a limit mode to protect users and devices. The displacement measure-
ment was done with the wrinkled single layer DEA (A2). The sample was excited with 40V, 80V, 120V,
160V, 200V, 240V, 280V, 320V, and 360V amplitude sinusoidal wave signals to visualize the actuation
behavior better. The prototype DEA is long-term reliable up to 320V. The intended measurement is the
displacement response from the actuator to the sinusoidal excitation in the time domain and extracting
the Bode plots from the measurement data. Based on the displacement data, a hysteresis plot of the

tested DEA can also be drawn, which will be further discussed.

PC with Labview

USB-6211 Multifunction O

Voltage amplifier
HVA1500/50, Smart
Material

Device, National Instruments

[

Figure 2.7. Measurement setup diagram for characterizing actuators.

Shield
[y S .

Laser sensor
OptoNCDT 1750,
Micro-epsilon
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Results

3.1. Manufacturing results of actuators

This section will tell the manufacturing results. All samples were manufactured according to the method-
ology in Section 2.2.4, and measurements were taken using the setup described in Section 2.3.1. The
completed actuators, as well as the intermediate steps of manufacture, are shown in Figure 2.5. The
actuators were manufactured in the form of cantilever beams with dimensions of 2.5mmx14mm, where
3.5mmx18mm is covered by PDMS. In the following subsections, results from each layer fabrication
will be described from bottom to top of the actuators.

3.1.1. Bottom electrode

In the fabrication process of the bottom electrode, only one nozzle of the print head was activated
for printing. Even though using more nozzles can save printing time, it could lead to lousy surface
quality, especially causing gaps/voids on the silver track. This is not expected since the goal is to
print a complete, smooth, and conductive bottom silver electrode. In addition, droplets fall in parallel
when using several nozzles, and the droplet trajectory is misaligned, leading to blank space on the
electrodes. Thus, the minor goal of having bottom electrodes with smooth and complete surfaces was
reached with a nozzle to print. As seen from Figure3.1(a), the surface of the bottom silver electrode was
continuous, with overlaps of each droplet spot. However, the surface continuity using three nozzles to
print was worse than using one nozzle. The obvious blank space (dark stripes) under the bright stripes
was shown in Figure3.1(b).

Figure 3.1. Surface morphology of the bottom electrodes printing with one and three nozzles. (a) The bottom electrode printed
with one nozzle. (b) The bottom electrode printed with three nozzles printing.

11



12 3. Results

3.1.2. Printing of Dielectric elastomer layer

In the fabrication process of the DE layer, four different PDMS solutions were prepared and printed
at 20%, 25%, 33%, and 50%, respectively. The concentration ratio depends on literature and experi-
ments, where details are in section 4.1. The printing process follows the steps mentioned in subsec-
tion 2.2.4. Silver tracks with different wideness, different substrate heating temperatures, and surface
treatment times were applied to validate the inkjet printing of the PDMS solution. The success in printing
PDMS(33%) will be discussed in this subsection, followed by the introduction of several failed attempts
on the way to success.

2022/05/10 2022/05/10

(b)

Figure 3.2. Microscope observations of PDMS layer on the bottom silver electrode. (a) Focus on the PDMS defect. (b) The
edge of the PDMS layer on the bottom silver layer, where the interference can be seen.

The most successful print of PDMS is applying the PDMS solution (ink) at 33% concentration. This
PDMS solution was printed on the bottom electrode, with the substrate heating at 80°C. The print was
performed twice, ending up with 2 layers of printing PDMS. The first layer would be semi-cured during
printing due to the high temperature of the substrate table, leading to better adhesion of the second
layer of PDMS.

To check if the printed PDMS(33%) layer can fully cover the bottom electrode, minor defects were made
randomly on the PDMS layer by using a sharp tool to scratch, as shown in Figure 3.2(a). The criterion
is: that if the scratch did not damage the bottom electrode, the PDMS could be said to cover that part
of the bottom silver layer. To further prove the coverage, the edge of the PDMS layer on the bottom
electrode was observed under the microscope, as shown in Figure 3.2(b). Again, interference can be
seen on the edge of the PDMS layer due to the height difference of layers and the different reflective
coefficients of the two materials.

(a) (b)

Figure 3.3. Top view of the nonfully covered bottom electrode with printed PDMS at a concentration of 20%. (a) Full view of the
8 printed PDMS layers on the bottom electrode after oxygen plasma treatment. (b) Enlarged view of the printed PDMS layer on
the bottom electrode after the oxygen plasma treatment.
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Figure 3.3(a) shows the result of the attempt to print PDMS solution (20%) on a bottom silver electrode.
The substrate was heated up at 45°C, and the sample was not cured to let the PDMS flow evenly.
However, PDMS droplets cannot be fully covered, or they did not cure on the bottom silver electrode
even though the sample was left to rest for a day after printing. A Close-up of the non-covered part is
shown in Figure 3.3(b), where the darker part is the bottom electrode, and the brighter component is
the PDMS layer. There is apparent dark space in the middle of the brighter part, showing the non-fully
covered phenomena.

Figure 3.4. Printed PDMS(50%) on the thin and wide silver tracks, forming huge droplets.

Later on, thin and wide silver tracks were prepared, and new tries of PDMS(50%) printing(no-curing)
were operated. The reason for preparing two silver electrodes of different sizes is to see whether
the wideness affects the coverage of PDMS on the silver surface. Besides, a high concentration of
PDMS solution enlarges the viscosity and helps PDMS stay on the silver surface after printing and
before curing. In the Figure 3.4, several clear huge drops are shown and outlined by red circles. The
drops cover most of the thin track while leaving the edge of the wide track uncovered, presenting that
printing on the thin track can prevent missed coverage on the bottom electrode compared to wide
tracks. However, 50% concentration PDMS solution is too viscous for printing since the printing drops
were not stable and too viscous to form a flat polymer surface.

3.1.3. Surface treatment and Thickness measurement of DE layer

A repeated treatment cycle is the most suitable surface treatment process to achieve a hydrophilic
PDMS surface for top electrode adhesion. Each treatment round is operated for 6s, and a break is
inserted between two treatments. The total treatment time will be 42s, summing up 7 rounds. The
optimized oxygen plasma treatment cycle for the PDMS layer was adopted based on literature and
experiments, which will be discussed in section 4.1. The non-wrinkled result can be seen in Figure
3.5(b). The PDMS layers were smooth and flat compared with the rough/wrinkled PDMS edge shown
in Figure 3.5(a). The wrinkle issue was solved by applying different surface treatment processes.
Therefore, an inkjet-printed PDMS layer was successfully obtained. The wrinkles on edge can be
minimized by curing the PDMS for a longer time(>2h) before applying oxygen plasma treatment.

On the way to gaining insights for a suitable treatment time, the inkjet-printed PDMS layer was contin-
uously oxygen plasma-treated for 1min and surface checked. However, as can be seen from Figure
3.6(a) and 3.6(b), many wrinkles appeared after oxygen plasma treatment, which was 1min long. The
wrinkles appeared from the middle to the edge, distributing over the entire PDMS layer.

Lastly, to measure the thickness of the printed PDMS layer, a DEA sample was cut and observed under
SEM. This type of imaging requires the sample to be conductive. A non-conductive sample will build up
a static surface charge when imaged with an electron beam [28]. It is the barrier to observing samples
in clear view since the charged surface will lead to overexposure. The surface to be observed should be
conductive in two ways: coated with gold particles or connecting the metal stage with conductive tape.
A sample cross-section is required to observe the PDMS layer thickness with cutting by a femtosecond
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(a) (b)

Figure 3.5. Observations for samples with bottom electrodes and PDMS layers, by Keyence. (a) The sample with wrinkles on
the PDMS edge after another optimized oxygen plasma treatment(18s +18s+12s). (b) The sample with no wrinkles on PDMS
after the optimized oxygen plasma treatment(6sx7).

laser cutting device. The thickness of the printed PDMS layer (upper part in the figure) is roughly 29um,
as shown in Figure 3.7(b).

EzoEZ/nsnz a 2022/05/12

E

(a) (b)

Figure 3.6. Observations under microscope for the wrinkled PDMS and close-up of wrinkles. (a) The inkjet printed PDMS layer
full of wrinkles after 1min oxygen plasma treatment. (b) Close-up of the wrinkles on the PDMS.
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Figure 3.7. Thickness measurement for PDMS layer, by SEM. (a) Cross-section of the PDMS layer on the bottom electrode
and the PET substrate. (b) Cross-section of the PDMS layer with dimensions.

3.1.4. Top electrode
This subsection will first include the successful fabrication of the conductive top electrode printing, then
goes into the attempts to achieve success. Top electrodes were printed on PDMS layers following the
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steps mentioned in subsection 2.2.4. The conductive top electrode without cracks was achieved in
conditions:

» The polymer layer was fully dried out and cured for at least 2h as mentioned in subsection 2.2.4.
(No solvent left on the polymer)

» The polymer layer was oxygen plasma-treated just before printing. (better less than 2h)
» No wrinkles on the polymer layer.

» The curing and sintering time for top electrodes were precisely controlled as mentioned in sub-
section 2.2.4.

Successful printing of the top electrode is shown in Figure 3.8(a). Even though the top electrode is
conductive, it has minor cracks across the entire surface. A close-up of the cracks is shown in Figure
3.8(b). The top electrode resistance is about 7(), measuring from the tip to the bottom. However, this
work is not repeatable, so a more reproducible manufacturing method/process remains to be operated.
The discussion about it is on section 4.1.

2022/06/10

Figure 3.8. The surface observation of a conductive top electrode. (a) The overview of a conductive top electrode. The single
layer DEA (A1) having a top electrode without huge cracks. (b) Close up of the cracks on a conductive top electrode surface.

Some observations were made to study this challenge and figure out a reproducible method. First, an
overlook of a cracked top electrode on the wrinkled PDMS layer is shown in Figure 3.9(a). In this case,
only one layer of the top electrode was printed on the PDMS layer. The middle part of the electrode
has bad surface quality, with voids and cracks. The vast cracks distributed over the silver top electrode
surface would badly affect the conductivity.

Figure 3.9(b) shows an actuator with cracking on the surface. The silver electrode was printed one
layer on the oxygen plasma-treated PDMS surface (no wrinkles). The middle part of the thin layer
of the electrode is off from the polymer surface. The enlarged view of the cracking area is shown in
Figure 3.9(c). The peeling-off phenomena in the middle of the electrode are clearly shown in it, and the
bottom electrode is visible through the hole on the top electrode and the transparent polymer layer. The
edge of the top electrode is of good morphological quality, being smooth and continuous. Compared to
the sample shown in Figure 3.9(a), the cracks here are more significant even though the area without
cracking is smooth and shiny.

To solve the floating problem, a printing test was done with a PDMS cover on top of the top electrode.
The morphology result of this trial is shown in Figure3.10(a). The top electrode was only printed once
and covered by 2 layers of printed PDMS. Compared with the previous peeling-off result, the electrode
does not flow off from the polymer this time, thanks to the top PDMS layer. However, due to the
tendency to flow, many wrinkles appeared on the top electrode. Those are not solved by printing top
PDMS film. The close-up of the wrinkles can be seen in Figure3.10(b). Besides depositing a printed
PDMS layer on top, a spin coating PDMS layer was deposited on a top electrode. However, not only
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Figure 3.9. Observations for failed DEAs on the surface defects. (a) Full view of cracks on top silver electrode on wrinkled
PDMS layer. (b) Full view of a single layer DEA with the cracked top electrode. (c) Close-up of the cracking space on the top
electrode.

wrinkles appear in this sample, but also the loss of part of the top electrode due to the centrifugal force
in the spin coating process.

In an attempt to solve cracking, an extra silver layer (using MUO1 silver ink) was printed on the top
electrode. It was intended to fill the cracks. Results are displayed in the Figure3.11(a) and 3.11(b).
However, the extra silver layer did not fill the cracks as expected. The produced droplets in printing
this extra silver layer stayed separated on the surface of the top electrode, which is shown on the right
of Figure3.11(b). The silver surface remained cracked and non-conductive.

The subsequent filling method was applied to again fill the cracks on the printed top electrode, applying
the JS-A211 silver ink in printing the top electrode and repeating the printing three times. The repetition
ensures the filling succeeds, forming an entire surface of the top electrode. As shown in 3.11(c) and
compared with Figure 3.11(a), some cracks are filled while the rest remain. The close-up in Figure
3.11(d) shows a smooth part on the top electrode, where cracks were filled. The resistance of the top
electrode is still relatively high, at 2MQ; therefore, this top electrode is not conducive.

3.1.5. Actuator results

In order to achieve functional actuators in the end, every manufacturing step should be carefully and
strictly operated to gain "perfect” layers. Only with "perfect” layers can functional actuators be obtained.
They require conductive electrodes without major cracks (top and bottom), and a hydrophilic dielectric
elastomer layer entirely covers the bottom electrode. Figure 3.8(a) shows a single layer DEA, with a
cracked and conductive top electrode and silver paste for better electrical connection. Another func-
tional single layer DEA with a conductive top electrode is shown in Figure 3.12, with wrinkles on the
top electrode. The top electrode is conductive and shows no significant cracks, and the DEA can be
excited by the uni-polar input signal. The measurement results of this actuator will be discussed in
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Figure 3.10. Surface of top electrodes covered by PDMS layer on top. (a) The top electrode covered by printed PDMS on top.
(b) Close up of top electrode surface with printed PDMS on top. (c) Close up of breakage on top electrode after coated with
PDMS.

section 3.2. Further discussion about the DEA will be discussed in chapter 4.

Table 3.1: Resistance and Surface morphology of single layer DEAs

Sample | Resistance of top electrode / Q Surface continuity
A1 around 7 Smooth and continued
A2 around 200 Wrinkled but continued

3.2. Actuation characterization results

In this section, the actuation, hysteresis, and frequency response results of the DEA will be shown.
Long-term usage with a voltage signal higher than 320V may cause contact pad failures and lead to
non-conductivity. In order to have a consistent and comparable characterization of the DEA, a thresh-
old voltage of 320V was followed. The steady-state deflection was achieved by driving with a 320V
sinusoidal wave signal at about 3.21um. The deflection of DEA reached 1.51um when operated with a
320V sine wave signal at the resonance frequency.

The Figure 3.13 shows the deflection behavior of an inkjet-printed DEA when operated with sinusoidal
voltage input signals (10Hz) with offsets. Figure 3.14 depicts the variation in deflection at the tip of the
printed DEA in response to an excitation amplitude of up to 360V. The deflection vs voltage plots, as
shown in Figure 3.15(a) and Figure 3.15(b), provide hysteresis loops, and the induced deflection has
been fully regained and even a bit over during the unloading of the voltage input (10Hz and 5Hz). A
plot depicting the measurement of the magnitude of deflection and phase of the actuator in response
to the unipolar sinusoidal voltage with an amplitude of 320V input as a function of frequency is shown
in Figure 3.16.
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(d)

Figure 3.11. Surface morphology of top electrode covered by extra silver layers. (a) The top electrode (Sample F) covered by
an extra silver layer on top. (b) Close up of top electrode surface with an extra silver layer on top. (c) The top electrode
(Sample F) covered by four extra silver layers (one printed with MUO1 silver ink, three printed with JS-A211 silver ink). (d)
Close up of top electrode surface with extra silver layers on top.

Lens: 7520:X20)

Figure 3.12. The single layer DEA (A2) having a top electrode with wrinkles but conductive.
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Figure 3.13. The plot of the deflection of the fully inkjet printed dielectric elastomer actuator when excited with sinusoidal wave
input signals at 10Hz. This shows up somewhere in the middle of the drive and therefore shows the displacement ahead.
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Figure 3.14. The plot of the steady-state deflection vs voltage (10Hz) of the fully inkjet printed dielectric elastomer actuator.
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Figure 3.15. Hysteresis graphs of the DEA. (a) The hysteresis plot of the fully inkjet printed cantilever DEA employing
sinusoidal wave input signals measured at 10Hz. (b) The hysteresis plot of the fully inkjet printed cantilever DEA employing
sinusoidal wave input signals measured at 5Hz.
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Figure 3.16. The bode plot of a fully inkjet printed DEA with measurement data points.



Discussion

4.1. Manufacturing

Table 4.1: The reasonable ranges for the physical properties of inks in inkjet printing.

Ink property Reasonable range
Viscosity p 0.008 Pa-s < u < 0.025 Pa-s [29]
Particle size < 10% nozzle diameter
Surface tension o 0.020 N/m < 6 < 0.035 N/m [29]
z-value (the inverse of the Ohnesorge number) 1<z<14[30],[31]

The ratio of PDMS to solvent plays a significant role in affecting the physical properties of PDMS so-
lution and further influencing printing. Therefore, in the work of Mikkonen et al. [32], they discussed,
experimented with, and measured the viscosity and surface tension of PDMS-OA (octyl acetate) solu-
tions at different ratios. The results also show several mixtures with different ratios of PMDS-OA, as
results of viscosity versus temperature and surface tension can be seen in Figure 4.1(a) and (b), re-
spectively. When the temperature is higher than 35°C, the PDMS solution at a 1:2 ratio will be printable
since the viscosity is within the range for printing, while the PDMS solution at a 1:4 ratio is not. There is
no significant difference in surface tension between the mixtures with a PDMS-OA ratio of 1:2, 1:3, and
1:4. Those three PDMS solutions are all accepted when only considering the surface tension value. In
experiments, the print head temperature was controlled between 35°C to 50°C; thus, the viscosity of
PDMS solutions is always within the printable range. Therefore, the PDMS solutions that were used to
print in this work meet the basic printing requirements.
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Figure 4.1. (a) Measured viscosities as a function of the temperature (25-70°C). (b) Measured surface tensions (15
measurements, confidence interval Cl 95% for the mean) [32].

The wrinkles that appeared on the printed PDMS layer after oxygen plasma treatment are well ac-
cepted to be one of the mechanical instabilities. The surface wrinkling relieves the compressive stress

21
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Figure 4.2. (a) Schematic representation of the PDMS system subjected to continuous plasma exposure. (b) Schematic
representation of a PDMS system subjected to repetitive short-period plasma exposures. Edited from [33].

for minimizing the systematic free energy, often produced from the strain mismatch between a stiff skin
and the underlying compliant foundation. In some studies on PDMS wrinkling, thermally heated and
pre-strained PDMS underwent surface oxidation and finally generated compressive stress for wrinkling
upon cooling process [33]. As shown in Figure 4.2A, due to the temperature rise in the bulk gas, the
surface oxide layer thermally expands, and its thickness increases with the duration of plasma expo-
sure. For the sample that underwent a repetitive treatment, the thermal expansion of the surface oxide
is firmly eliminated, and oxygen penetration is limited due to temperature quenching, as Figure 4.2b
shows. In the case that the electrodes printed on the wrinkled PDMS, the defects would be caused by
the wrinkles, which prohibit a continuous deposition of the silver layer as shown in Figure 3.9(a). In ex-
periments, first, a treatment cycle with 3 rounds (18s+18s+12s) was adopted; however, the results still
showed wrinkles on the surface. With the advice from the literature and supervisor, another treatment
cycle was operated with 7 rounds, and each round lasted 6s. This treatment provided decent results
in reducing wrinkles on the PDMS surface.

When discussing the top surface cracks that appeared after ink curing, Kang et al. [34] proposed
the reasons: one is not having enough material; the other has too much material, causing cracks to
grow. In this inkjet printing electrode, the latter reason seems more acceptable. Comparing the results
from one layer electrode Figure 3.9(c) and multi-layer electrode Figure 3.11(a) and Figure 3.11(c), we
can see more smaller cracks (not peeling off) on the multi-layer electrode. Some minor cracks might
appear when the printed top electrode is drying. Therefore, when the material accumulates too much,
the thickness of the top electrode will exceed the critical thickness, leading to the growth of cracks.
Therefore, having one/two-layer top electrodes is a better solution for fabricating the inkjet-printed silver
electrodes than having more than 3 layers. Besides, the JS-A211 silver ink owns a high load factor at
40%, which can also lead to unexpectedly fast material accumulation. Therefore, examining top silver
ink printing on PDMS layer will be the main work for having conductive and complete top electrodes
in future work. Besides, air humidity might also affect solvent evaporation; the successful fabrication
of the actuator was made on the 23th May, a sunny day, while the reproduction was operated on the
8-10th of June when it rained all the time. Thus, solving the problem of the non-reproducible printing
process will provide an opportunity for fabricating the stacked DEAs in the future.

4.2. Characterization

From Figure 3.13, the deflection of the printed actuator was able to follow the trend of the sine wave,
going up with voltage rising and going down when the voltage dropped. However, a response delay can
be seen in the time shift from the displacement curves to the input signal. The phase lag in the displace-
ment response is about 0.357. Besides, the actuator tended to move further away from the sensor, as
the position value at the valley was lower than before being actuated, as shown in Figure 3.13. The sine
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Figure 4.3. Schematic drawing of a producing preexisting cracks [34].

deflection of cantilever DEA is solely due to the property of electrostatic force, while the displacement
shift may be due to the power loss and heat dissipation. Due to such small deflections, the longitudinal
displacement approximately equals the contraction deformation. Thus, the radius of curvature R of the
dielectric elastomer unimorph is inversely proportional to the longitudinal strain, such that

1 2
z XS %V (4.1)

This derives that the curvature is inversely proportional to the square of the driving voltage. The theo-
retical trend of curvature agrees well with the experimentally measured one as shown in Figure 3.14.
From Figure 3.15(a) and 3.15(a), the hysteresis displacement curves show different rising and dropping
performances, having concave and convex curves, respectively. The phase lag on the displacement
response to the input signal can also be confirmed in the hysteresis plot, with the maximum displace-
ment mislocating the maximum voltage. In addition, the larger the input signal is, the more significant
displacement can be achieved with more considerable hysteresis. When analyzing the frequency re-
sponse, applying input signal at a lower frequency leads to higher steady-state displacement, which
can also be witnessed at the decreasing tendency of the gain margin in Figure 3.16. The resonance
frequency of the full inkjet printed DEA with PDMS layer was determined to be 203Hz, as seen from
the frequency on the peaks in Figure 3.16.

Further research could be dealt with a more reliable printing process for the top electrodes and the
fabrication of a fully inkjet-printed multilayered/stacked actuator which could enhance the deflection
capabilities of a cantilever with similar or even smaller voltage inputs. Finding a more suitable printing
and treatment method for top electrodes to be printed on the PDMS layer could be one of the leading
research goals in the future. It can require maintaining specific conductivity, achieving a complete
electrode surface, and gaining few defects.






Conclusion

This thesis proves the viability of an fully inkjet-printed dielectric elastomer actuator fabricated with silver
inks and PDMS solution. The cantilever DEA in this work comprises an intermediate layer of a dielectric
polymer PDMS between the Ag electrodes and is fully inkjet printed onto a coated substrate. It opens
the way for inkjet-printed DEAs with performance and ease of manufacture not previously possible. The
manufacturing process and measurement of actuators demonstrate fabrication problems, solutions,
and outcomes. In order to achieve this, an introduction was first given to form a foundation as to what
is the application of DEAs, problems with existing products, what fabrication methods DEAs exist, and
what efforts have been made to produce DEAs, and the research goal. Following this, structures,
working principles, and designs were presented, giving an overview of what will be fabricated and the
rules to follow. It provides the necessary basis for constructing the actuator, manufacturing process,
and measurement setup.

The challenging part of the manufacturing process was the printing, curing, and treating of the dielectric
polymer layer and the top electrode. The results chapter gives the manufacturing and measurement
results of each layer in the fabrication process, comparing the printing results from different (treatment)
methods. A manufacturing process flow consisting of inkjet printing of the polymer (PDMS) layer and
polymer surface treatment was adopted to achieve a functional actuator. The inkjet-printed PDMS layer
can be achieved by printing a 33% concentrated self-prepared PDMS solution on top of a heated (80°C)
substrate table in the printer, having a thickness roughly at 29um. However, the PDMS surface presents
hydrophobic performance after curing, preventing stable adhesion of films on it. With the optimized
oxygen plasma treatment cycle, which requires 7 rounds of treatment with 30s breaks between each
round, the inkjet-printed PDMS surface can perform no wrinkles and hydrophilicity. These allow the
latter top electrode printing and ensure the completeness of the top electrode surface. The top electrode
printing, however, is not consistently repeatable. Even though two conductive top electrodes were
fabricated with low resistance (7 and 200Q) and showed minor surface defects which do not affect
the conductivity, most of the top electrodes in DEAs still have cracks and high resistance. It tells that
the manufacturing method or the silver ink for the top electrode is not ideal and could not lead to a
high success rate. New treatments to get complete and defectless electrodes were operated on even
though unsuccessful. The fully functional cantilever DEA provided a stable deflection of 3.21um at
320V and can be operated up to 203Hz. The displacement at resonance is 1.51um, and the phase lag/
response delay is about 0.357.

The current study demonstrates the ability of an additive manufacturing technique to fabricate a func-
tional DEA. However, the DEA does not work perfectly, having a more negligible deflection than the
theoretical value due to the imperfections of the top electrode. The gap in the literature on inkjet print-
ing smooth and complete polymer(PDMS) and silver layers and realizing a fully inkjet-printed cantilever
dielectric elastomer actuator is accomplished but with future challenges. With interest in enlarging the
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stroke of DEA, the fully inkjet-printed multilayer/stacked DEA will be the next goal.



Recommendations

The deflection and frequency response results achieved by the actuators show acceptable results,
indicating an improvement over what has been achieved in the literature. However, there remains
potential for further research in the inkjet printed DEAs, with several areas that can be improved. This
chapter will give recommendations/tips on ink preparation, fabrication related, and future research.

PDMS solution

The ratio between the curing agent and the PDMS can be examined. A lower ratio can provide
better flexibility for the PDMS film.

Be careful about the humidity in the air and also the ages of the self-prepared PDMS solutions.
Further work should investigate if these same PDMS solutions allow good adhesion performance
of the top electrode in different weather.

Different diluting solvents can be examined to further determine the possibility of being printed on
the top electrodes. This could be helpful in researching the multi-layer DEA.

Due to the curing property of the PDMS solution, a clever way to clean up the print head should
be risen. This could save some time in the lab.

Different concentrations of PDMS solutions and different numbers of printing layers could be
investigated, which might give a thinner PDMS layer and, thus, better displacement and frequency
response results.

Top electrode

A more sustainable fabrication method for printing the top electrode should be investigated. Fur-
ther research might be related this to the multi-layer DEA fabrication.

The size/shape of the DEA could be optimized/enlarged to further avoid unexpected breakdowns
on the contact pads during actuation. It could also be effective in adapting different applications.

Cartridge related

Better quality cartridges might be used in the future, providing more stable storage of the silver
NP inks.

Cartridges should be stored in a fridge when they are not used, reducing the possibility of clogging
the print head.
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Printing setting details

KONICA MINOLTA 512 print head settings

Droplet shape and velocity

In order to have a stably jetting behavior, droplet velocity should be within a specific range, which is
about 4m/s to 6m/s. Besides, the satellite shapes should be avoided, and the timing of the waveform
matters, as shown in Figure A.1. The shape and velocity of the droplet can not only be controlled by
the amplitude of voltage but also the timing.

DMC 16110 print head settings

Print speed, DPI (dot per inch) resolution and frequency

Due to the principle of not damaging the machine, the printing frequency is ideally no more significant
than 1kHz. A lower print speed generally produces better quality prints but increases print time. On
the other hand, a higher jetting frequency allows for faster printing. However, low viscosity inks usually
perform better at lower frequencies. The print resolution is based on the drop size and drops spacing
on the substrate in combination with the desired definition of the print. Therefore, the printing speed
for each ink/figure can be calculated with the integrated DPI calculation module inside the software.

Substrate table

The substrate table supports the sample. It has several small holes which can suck the substrate.
Besides, it can be heated up to 90°C, which is suitable for thermal curing. However, the substrate table
can only move in the Y direction and rotate around the Z-axis.

Print direction

The default printing direction setting is in Y uni-direction, which is along the trail of the substrate table.
In this study, the printing figures are long in the Y direction; therefore, printing in the Y direction reduces
the number of printing paths and saves printing time. Besides, the uni-directional printing can help with
the droplet alignment and has well repetition.

Print head temperature

In PIXDRO LP50, a print head heating module is typically used to heat the print head. With high
print head temperature, the droplet velocity will increase. However, it is unacceptable that the print
head temperature goes too high since it will cause unpredictable bad results. Especially with long
continuous prints, the print head temperature will rise even though the heating module is off. It will
cause the ink properties to change, such as the viscosity, influencing the jetting behavior. If the print
head temperature is fixed at a specific value, going out of this range can cause an error and stop the
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Figure A.1. Data of controlling the velocity and path of droplets from the KM512 print head. (a) Dropview (KM512 print head)
with 14V upper voltage, 7V lower voltage, 3us ON Pulse time, and 3us OFF Pulse time. (b) Velocity, volumn, and path of
droplets. The data within the red frame is considered relatively accurate. (c) KM512 print head with 14V upper voltage, 7V

lower voltage,4us ON Pulse time, and 3ps OFF Pulse time. Testing with blue ink. (d) Velocity, volumn, and path of droplets.

The data within the red frame is considered relatively accurate.
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Table A.1: Printing settings for Mitsubishi NBSIJ-MUO1/ Novacentrix JS-A211 silver inks

Parameters | Value and unit Parameters Value and unit
Up down 9.0us End Ramp 5.0us
Indle Before 6.0us Idle After 7.0us
Fill Ramp 5.0us Substrate Heating 35°C/45°C
Time Low 6.0us Head Heating 28°C
Fire Ramp 1.5us Ink Pressure -5mbar
Time High 7.0us No. of print repeat 2/1
Frequency 950Hz

print. If the temperature in the print head rises high enough to evaporate the solvent, the nozzles can
clog (partially), and the printing will be ruined. The printer has no cooling module; thus, there is no
possibility of cooling down the print head if the temperature goes too high. The print head DMC-11610,
Fujifilm Dimatix, can be heated up to 60°C.[35]

Nozzle
The number of nozzles is constrained by the print head that is used. For example, the DMC-11610 print
head, Fujifilm Dimatix[35], can provide a 10pL droplet each time. The nozzles are 20um in diameter;
each can jet a droplet in 10pL volume per shot. The pitch is 254um, and there are 16 nozzles in the
print head. However, in reality, it is possible that not all the nozzles are working, which is highly related
to the printing voltage applied.
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Figure A.2. Waveform of different inkjet printed inks using different cartridges. (a) General waveform for KM512 print head. (b)
Waveform for the Mistubishi NBSIJ-MUO1 silver ink using the DMC cartridge. (c) Waveform for the Novacentrix JS-A211 silver
ink using the DMC cartridge. (d) Waveform for the self-prepared PDMS(33%) ink using the DMC cartridge.



Manufacturing

The defects on the bottom electrode were observed under the white light interference microscope.
Greenlight was used to brighten up the view because it is less bright than white light, allowing a clear
picture of the reflecting surface and also the transparent surface. This is observed with a 50 times
magnification objective. Small dust and leading cracks on the top silver surface were observed. The
height of the dust is about 5 pum, which is quite reasonable, for two layers of the bottom electrode is
about 1.5 -2 um thick.
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Figure B.1. The 3D profile of defects on the bottom electrode.

Here below shows some failures/defects in DEAs that affect the conductivity and surface smoothness.
Figure B.2 show different types of defects and the surface morphology of several DEAs.
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Figure B.2. Several DEAs with different types of failure/defects. (a) A single layer DEA covered by a top PDMS layer. The
sample has electrode wrinkles and cracks caused by the deposited PDMS cover. No short circuit between the bottom and top
electrodes presents. (b) A single layer DEA with relatively complete and smooth top electrode surface. No short circuit shows,

but wrinkles appear on the surface. (c) A single layer DEA with failures, including short circuit, and cracks. However, it is

partially conductive on the top electrode. (d) A single layer DEA with failures, including cracks and non-conductivity. (e) A

single layer DEA with failures, including cracks and short circuit.



Measurement

Figure C.1(a) and C.1(b) show the electrical results of a printed DEA. Figure C.1(a) shows the resis-
tance between the bottom and the top electrodes is 71.4 kQ; Figure C.1(b) shows the resistance of the
top electrode is 14.8 Q. Consequently, the bottom and the top conductive electrodes are electrically
and mechanically isolated.

Figure C.1. Observations of a DEA on the electrical performance. (a) Resistance measurement between the bottom and the
top electrodes. (b) Resistance measurement of the top silver electrodes.

The thickness measurement of the PDMS layer is done by using SEM. The sample was cut in half;
therefore, extra samples were required. The black tape on the lower part in Figure C.2 is the conductive
tape for attaching the sample to the holding table.

Figure C.3 shows how the actuator is clamped/attached vertically to the clamp. A laser sensing module
points at the tip of the cantilever beam part of the DEA. The actuator is facing back to the laser sensor,
which means the actuator will bend towards the sensor during the actuation. The two contact pads are
attached to the two red wires to the power supply.

To further validate the characterization of DEA and provide intuitive curve graphics, the lined-up fre-
quency response plot was presented in Figure C.4. It is the curve version of the scatter Bode plot,
which was shown in Figure 3.16.
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C. Measurement

Figure C.2. Close-up of the sample that was used for polymer layer measurement after being cut and measured.

Figure C.3. The close-up of the DEA being clamped on a clip and tested with power on.
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Figure C.4. The Bode plot of a fully inkjet printed DEA.
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