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Abstract

Organ-on-a-chip systems enable the possibility to experimentally model physiological micro-environmental
conditions in order to develop new medicines in a cheaper, more efficient way, eventually eliminating the
need for animal models and opening up the possibility of personalized medicine. One of the current chal-
lenges of organ-on-a-chip systems is the real-time monitoring of cellular behavior and biological processes.
This issue is tackled by proposing a manufacturing technology to manufacture polymeric membranes for
culturing of cells, tissues, and organoids with integrated sensor capabilities and fluidic functionalities.

Aside from exploiting the well characterized, simple, and low cost techniques that can be employed in
polymer manufacturing, the use of solely polymeric materials increases the opportunities for functional in-
tegration, while at the same time allowing for the translation of complex cleanroom fabrication processes
into mold-based replication techniques. A multilayer substrate consists out of four layers, a conductive layer
for the electrodes, an underlying substrate layer, a sacrificial layer, and a support layer. The soft mold, which
contains pillars with sharp tips, is manufactured by a two-photon polymerization process. This additive man-
ufacturing method allows to manufacture soft molds with freedom in dimensions of the pillars, the number of
pillars, and the location of the pillars. Soft mold nano imprint lithography is performed to manufacture this
polymeric membrane with integrated porous electrode in one manufacturing step. Pillars with sharp tips
puncture through the first two layers into the sacrificial layer to create the pores. A post treatment is done by
submerging the imprinted substrate in ethylene glycol to simultaneously dissolve the sacrificial layer which
helps with the demolding of the mold, increase the conductivity of the conductive layer, and decreases the
solubility of the conductive layer in water.

With this developed manufacturing technology, polymeric membrane with integrated porous electrode
up to 1 mm by 1 mm in effective surface area, with a thickness of 10 um, are manufactured with control over
the pore diameter (as small as 400 nm), the porosity, and the location of the pores. The morphological charac-
terization is done by scanning electron microscopy. The integrated porous electrode’s performance is char-
acterized electrically by a 4-point probe and electrochemically by cyclic voltammetry and electrochemical
impedance spectroscopy. Showing the possibility to use the conductive layer to give cells electrical stimuli
and for the use as a biosensor.
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Introduction

The costs of developing and gaining market approval for a new drug is estimated to be around $2.6 billion, [1]
takes at least 10 years,[2, 3] and fails more often than it succeeds.[4] The overall likelihood of FDA approval
for a compound from the first phase of the clinical trials is only 9.6%.[5] Each year, over 100 million animals
are used in laboratory experiments worldwide. [6]

1.1. Drug testing platforms

Currently, new drugs are tested in 3D cellular microenvironments and animal models. These kinds of 3D cel-
lular microenvironments use human cells but are not a complete system. Also, the electrical and mechanical
interactions, which significantly influence the cell behaviors, are not included. Animal models are also used
to test the compounds on a complete system. But animals are not humans, which could result in different
results. Additionally, testing on animals often causes ethical problems, are expensive, time-consuming, and
have negative environmental impacts. (4, 6-8]

A new way of validating compounds in the preclinical phase is currently being developed, the organ-
on-a-chip. Organ-on-a-chip systems enable the possibility to experimentally model physiological micro-
environmental conditions in order to develop new medicines in a cheaper, more efficient way, and eventually
eliminating the need for animal models. These systems are microfluidic chips which often contains a mem-
brane, with living cells grown onto it, which separates the microfluidic channel in two. These kinds of systems
are able to include the influence of chemical, electrical, and mechanical interactions on the cells.[4, 7-10]

If multiple organ-on-a-chip systems are connected to each other, a human-on-a-chip system can be cre-
ated. The human-on-a-chip system will be a platform to evaluate new compounds in a more complex system,
which can mimic organ to organ and tissue to tissue interactions, within a complete system based on human
cells instead of an animal model.[4, 8-10]

1.2. Applications

A straightforward application of the organ-on-a-chip systems, and eventually the human-on-a-chip systems,
would be in the pharmaceutical industry. It can be used in the preclinical trials to have better predictions for
what will happen when a certain compound is tested on humans. These kinds of systems can also be used
in the cosmetic industry. By implementing a skin-on-a-chip within the human-on-a-chip system, it could be
validated whether it is safe to put the new cosmetics on your skin without the need for animal testing. Like-
wise it could also be used to test the safety of common household chemical products. It could be exploited
to learn more about the effect of radiation on the human body. At last, it could be used for personalized
medicine. Every person is unique, and this results in different reactions per person to the same medicine. By
placing the cells of a specific patient in such a system, it could be used to determine which medicine is the
most effective for that person and also check if that person would not have an adverse reaction to a certain
medicine. This will make treatment for diseases more effective without discovering new medicines.[4, 6-9]
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1.3. Current challenges

The organ-on-a-chip system still has some challenges like verification of the design, reliability issues, the
need for high throughput, automation of the system, a flexible/modular design, interactions between the
compound and the system, size, structural, biochemical and mechanical cues, up scaling of the manufactur-
ing, and usability. But one of the main challenges is the real-time monitoring of cells.[7-11]

1.4. State of the art

It has been proposed to integrate electrodes on the membrane for real-time monitoring of the cells status.
Commonly, this issue is tackled by integrating electrodes to perform TEER measurements,[12-14] manufac-
turing microelectrodes to monitor oxygen concentration and pH level,[15] manufacturing microelectrodes
to monitor glucose consumption and lactate production,[15] using multi electrode arrays to measure the
field potentials of cardiomyocytes,[12] and applying commercial available electrodes like tungsten micro-
electrodes in the device[16] or by making a modular platform to use commercial available sensors to measure
microenvironmental parameters (e.g., pH, 02, temperature), electrochemical immunobiosensors for mea-
suring soluble biomarkers, and miniature microscopes for observation of the organoid morphologies.[17] A
fully 3D printed heart-on-a-chip system with integrated sensors has already been developed. With the stress
sensors they are able to measure the contractile strength of the heart cells. They developed six functional inks
which can be printed with micrometer resolution. This organ-on-a-chip system does not have a membrane
as discussed previously.[18]

1.5. Research question and project overview

This research can be formulated in one question. How is it possible to manufacture membrane scaffolds with
integrated sensing functionality and with precise control over the pore diameter, pore location, and porosity
with a suitable technology for mass manufacturing? The aim of this research is to design and manufacture
a membrane scaffolds with integrated sensors, which could be applied in an organ-on-a-chip system. The
conductive layer is integrated on top of the membrane, therefore, it will be located directly underneath the cell
layer within the organ-on-a-chip system as graphically presented in the figure 1.1. This will make it possible
to locally and real-time monitor the cellular behavior. The sensor will have an increased sensitivity due to
the local sensing. This could be the solution for solving the current observability challenge. Aditionally, the
integrated conductive layer can be used to provide electricial stimuli to the cell layer. To proof the concept,
it has been decided to manufacture one integrated porous electrode which is electrical and electrochemical
characterized to show its capability to give the cell layer electrical stimuli and for the application as biosensor.

Microfluidic Channel

e Cell layer

Conductive Layer
Porous Membrane

Microfluidic Channel

Figure 1.1: Schematic exploded view of a cross section of an organ-on-a-chip system containing a membrane scaffold with integrated
conductive layer.

The main focus of this research is on the manufacturing part. There will be aimed to use as few as pos-
sible manufacturing steps to keep the production costs low, which makes it more appealing from a com-
mercial standpoint. However, manufacturing sensing elements on the membrane with a manufacturing
process which is scalable for mass production remains a challenge. In order to overcome this challenge,
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solely polymeric materials are used to increase the opportunities for functional integration, while at the same
time allowing for the translation of complex cleanroom manufacturing processes into mold-based replication
techniques.[19]

1.6. Thesis Organization

The first part of the literature study consists of identifying the current challenges of organ-on-a-chip systems
which leads to the project aim, presented in chapter 1. In the second part of the literature study, the require-
ments of the membrane and the kind of sensor is selected, which is discussed in chapter 2. The last part of the
literature review leads to a manufacturing strategy to manufacture the organ-on-a-chip membrane scaffold
with integrated conducting polymeric sensors. This is described in chapter 3. A roadmap with milestones
was formulated as a checklist of tasks to complete for reaching the desired milestones. This is presented in
chapter 4. The manufacturing of a membrane with integrated conducting porous electrode is presented as a
paper in chapter 5. Because of the high quality of results, it is aimed to publish these results as a paper, from
a manufacturing point of view, in the journal Microelectronic Engineering after graduation. The last part of
this report contains a reflection about the work performed in terms of a line of thought, timeline comparison,
contributions, and personal points of improved. This is discussed in chapter 6. The manufacturing methods
are evaluated with a risk assessment and potential plans b are defined, which is discussed in appendix A.
An additional literature review is done for selecting a material and manufacturing technique to create a soft
working mold by replicating the master soft mold, described in appendix B. From the roadmap, it becomes
clear that protocols had to be established of the individual manufacturing steps to be able to manufacture
the membrane with integrated porous electrode. This work is described in appendix C and appendix D. The
written algorithm used to characterize the morphology of the membrane is explained in appendix E. The
developed permeability experiment to validate the fluidic functionality of the manufactured membranes is
presented in appendix F.






Membranes requirements and sensor
selection

2.1. Membrane requirements

Permeable supports, which have a microporous membrane to resemble the in vivo state for the growth of
specialized cell types, have become a standard method for culturing cells. These membranes are a good
reference for the membranes used in organ-on-a-chip systems, because organ-on-a-chip systems are an im-
proved version of the in vivo cell culturing platform. That is why, the aim is to create a membrane which has
the same pore diameters, pore densities, and thickness as commercial permeable supports. The pore diame-
ter of commercially available permeable supports ranges from 0.4 um to 8 um. It depends on the application
which pore size is desired. The commercial culture inserts are available in two thicknesses, 10 um and 50 pum,
which differs per pore size. The nominal pore density ranges from 6 x 10* pores/cm? to 1 x 10% pores/cm?,
which also differs for different pore sizes. This is summarized in table 2.1.[20-22]

Pore size Membrane Pore density Applications

[Um] thickness [um] [pores/ cm?]

0.4 10, 50 2x105,4x10% Transport and Permeability Studies, Cell Polarity,
1x10% Endocytosis, Drug Transport, Co-culture,

Microfobial Pathogenesis, Tissue Remodelling,
In Vitro Fertillization, Toxicity testing

1.0 10 2x10° Transport and Permeability Studies, Cell Polarity,
Endocytosis, Drug Transport, Co-culture,

Microfobial Pathogenesis, Tissue Remodelling,
In Vitro Fertillization, Migration

3.0 10, 50 6x10°,2x108 Transport and Permeability Studies, Cell Polarity,
Endocytosis, Drug Transport, Chemotaxis/Motility Studies,

Co-culture, Microfobial, Pathogenesis, Tissue Remodelling,
In Vitro Fertillization, Angiogenesis, Migration, Invasion,

Toxicity Testing

5.0 10 4x10° Metastatic Potential and Invasion, Chemotaxis/Motility
Studies, Migration

8.0 10 6x10% 1x10°  Metastatic Potential and Invasion, Chemotaxis/Motility

Studies, Migration

Table 2.1: Overview specifications of commercially available permeable supports
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2.2. Biosensor selection

A biosensor is an analytical device which consists of a biological element and a transducer which are con-
nected to a detector which processes the signal. The biological element is immobilized on the transducer and
with the usage of a detector, the device can identify one or more specific analytes and their concentration.
Different kind of biological elements can be used, like enzymes, antibodies, aptamers, nucleic acids, whole
cells, and receptors. For transducers there are multiple techniques like, optical, colorimetric, mass/mechani-
cal, magnetic, and electrochemical.[23, 24] First, a tranducer technique is selected. Followed by the selection
of sensor type. Finally, a design is selected for the sensor.

2.2.1. Selecting a transducer technique
Optical The working principle of an optical transducer is quite simple. The color indicates for example, the
pH level, the amount of oxygen or carbon dioxide.[25]

Colorimetric With a colorimetric transducer, the formed colored products are measured. These products
are formed due to a reaction between the analyte and the biological recognition element.[24]

Mass/mechanical A mass/mechanical transducer measures the eigenfrequency of a crystal. The mass of the
crystal increases when a reaction or binding of an analyte to the biological layer on the crystal happens.
This causes the eigenfrequency to change and this can be used to identify the concentration.[24]

Magnetic The magnetic tranducer uses the magnetic properties of the element which is being measured.[24]

Electrochemical Electrochemical transducers have a high sensitivity, low power requirements, low costs,
and uses quite simple detector instrumentation.[24]

For the application of this research, the optical transducer has its drawbacks. Because the sensors will
have micrometer dimensions, you will need an optical sensing instrument to see the color of the optical
transducer. Therefore the organ-on-a-chip system has to be removed from the incubator to have a look with
an optical sensing instrument, which affects the ongoing experiment and is not user-friendly. The colored
product formed by the colorimetric transducers can be seen with the naked eye but it cannot be used to
measure something at different locations of the organ-on-a-chip system at the same time. The big drawback
of the mass/mechanical transducer is that they are extremely complicated. The magnetic transducer has
complications as well. While biomolecules have almost no magnetic properties, to use a magnetic transducer,
magnetic micro/nanobeads have to bonded to the bio-molecules. Therefore, the best transducer for the
application as biosensor within an organ-on-a-chip system is electrochemical, which can be used at multiple
locations within this system at the same time.

2.2.2. Sensor type

The aim is to be able measure exocytosis and cell growth. This will verify if the cells are alive and if they are
developing. The design of an exocytosis sensor and cell growth sensor is also less complicated than the design
of an environmental sensor (like oxygen, pH, and temperature) because it does not need an additional layer
to make it sensitive for what it needs to measure. Therefore, only bare electrodes are needed. This will reduce
the number of manufacturing steps, and therefore, reduces the risks. Exocytosis can be measured using am-
perometric sensing. A constant potential is applied to the working electrode. And the current is measured
over time. The trace can be related to the redox reactions, like exocytosis, which is happening at the electrode
and electrolyte solution interface.[26-28] Cell growth can be measured by using electrochemical impedance
spectroscopy. The resistance and reactance of a surface are monitored with electrochemical impedance spec-
troscopy (EIS). This is done by applying a small amplitude AC signal with a variable frequency and measuring
the resulting current. The resistance and reactance are plotted in Nyquist plot, with plotted on the real and
imaganary axis as a function of the frequency. The growth of the biofilm will decrease the charge transfer
between the electrodes, which will result in an increased impedance. This can clearly be seen in a Nyquist
plot as a curve shift on both axis.[26, 27, 29]

2.2.3. Design

Commonly, an electrochemical sensor consists of a working electrode (WE), a reference electrode (RE) and a
counter electrode (CE). The WE is the location of the measurement. The RE electrode is used to maintain a
constant reference signal which should be placed as close a possible to the WE because of the IR drop. The
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CE supplies the needed current. It should be as big as possible to stop the CE reaction from limiting your
cell current.[30] In a conventional sensor design, the area of the counter electrode, which is located around
the working electrode, is relatively large. Miniturising such a design will result in a very small working elec-
trode which only has space for a couple of cells. This will cause fluctuations among the experiment when
measuring the impedance. A much higher sensitivity to impedance is demonstrated by using interdigitated
electrodes.[31] A three electrode system can be used to measure the cell growth, while this setup measures
the potential independant of changes that happen at the counter electrode. This is also the most common
setup in electrochemistry. Excocytosis can be measured with a four electrode setup because this setup makes
it possible to measure the solution itself instead of the reactions which are taking place at WE and CE.[32]
In previous studies, disk-shaped electrodes were used to measure exocytosis. But the shape of these elec-
trodes is limited to primarily address the cell-growth and not the axon-like outgrowths. Even when the radius
was increased of the disk-shaped electrodes, it still cannot accommodate the long outgrowths of the cells.
Therefore an interdigitated working electrode will be optimal and will be aimed for in this research.[33] To
conclude, the same sensor, containing four electrodes, can be used to measure and monitor exocytosis using
amperometric sensing and cell growth using electrochemical impedance spectroscopy. And by using inter-
digitated electrodes as working electrodes will lead to an increased sensitivity and will better accommodate
the axon-like outgrowths of the cells than disk shaped electrodes.






Methods and materials selection

In this chapter, the manufacturing methods and the materials are selected to manufacture polymeric mem-
branes with an integrated porous electrode.

3.1. Material electrodes

There are a couple of requirements which influence the material choice. The material has to be biocom-
patible because cells are going to be grown onto the membrane with the integrated porous electrode. This
membrane with integrated porous electrode should not be soluble in water, which is important for its appli-
cation. Finally, it is desired that the material has the highest conductivity possible. Because this will create
a more sensitive electrode and reduce the losses of the electrical stimuli. There is decided to use a poly-
mer, aside from exploiting the well characterized, simple and low cost techniques that can be employed in
polymer manufacturing, the use of solely polymeric materials increases the opportunities for functional inte-
gration, while at the same time allowing for the translation of complex cleanroom manufacturing processes
into mold-based replication techniques.[19] Common conjugated conducting polymer for biomedical appli-
cations are polypyrrole (PPy), polyaniline (PAni), polythiophene (PTh), and poly(3,4-ethylene dioxthiophene)
(PEDOT). PPy and PTh have both a high electrical conductivity (up to 10 x 103 S/cm). But to make the con-
ducting polymer non soluble in water, a composite has to be created. The best conductivity was reached with
a composite of PEDOT and glycol (1486 S/cm).[34] This is in the range of metallic conducters, which have
a conductivity in the range from 1 S/cm to 1 x 108 S/cm.[35] Treating PEDOT:PSS with ethylene glycol also
reduced the water solubility drastically.[19]

Conductive polymers are gaining interest from acedemics and industry, in particular PEDOT:PSS.[36]
Conductive polymers are increasingly used for sensing applications, drug delivery systems, biomedical im-
plants, and tissue engineering.[34] PEDOT:PSS has already been reported to be able to use as a material to
manufacture sensors to detect glucose,[37, 38] air humidity,[39], exocytosis,[40] and strain.[41] Additionally,
it has been reported that it is possible to decouple a PEDOT:PSS layer with an additional polyaniline layer on
top of it with a single soft embossing step to manufacture a wearable pH sensor.[42]

PSSis added to the PEDOT to make it soluble. Charge is conducted by the PEDOT molecules, ordered from
the highest conductivity to the lowest conductivity, along the backbone by delocalized electrons, along the =
- n stacking described by the hopping transport and along the side chains. The conductivity is improved with
a the treatment with ethylene glycol because it makes the PEDOT domains smaller, more densely packed, it
partially removes the non conductive PSS molecules, and reorientates the PEDOT molecules. This reorienta-
tion enhances the edge-on orientation, for which the backbone as well as the 7 - 7 stacking is oriented in the
lateral direction of the PEDOT:PSS film. This results in enhanced conductivity in the lateral direction of the
film, which is desired in our application.[43]

3.2. Membrane manufacturing techniques

The choice of a manufacturing method of the membrane depends on the material and the structure desired
of the membrane. The electrode has to be manufactured as well which influences the selection of the man-
ufacturing method. There will also be aimed to minimalize the number of manufacturing steps to keep the
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production costs low, which makes it more also appealing from a commercial standpoint. Aditionally, a man-
ufacturing method will be selected which is also possible to use on a large scale. First, an overview of the most
common techniques for membrane obtaining will be given. And second, a suitable choice for the manufac-
turing method of the membrane with integrated sensors will be given.

Phase inversion In a controlled manner, the polymer transits from a liquid to a solid state thanks to a demix-
ing process. This can be done in several ways: immersion precipitation, thermally induced phase sep-
aration, evaporation-induced phase separation and vapor-induced phase separation.[44, 45]

Sol-Gel process This process uses the hydrolysis-condensation reaction indirectly to obtain a network of
oxide from molecular precursors. The sol-gel process makes it possible to obtain inorganic structures
with a controlled porosity.[45]

Directional freezing Commonly within this process, a solution of polymer and water is frozen to create ori-
ented crystallization. These crystals will create the pores within the polymer.[36]

Anadization Membranes have been manufactured by anodizing an aluminum substrate with a chemical
which eventually etches channels straight down through the substrate.[46]

Immersion precipitation A polymer solution is cast on a support. Subsequently, it is immersed in a coag-
ulating bath containing a non-solvent. In this bath, an exchange of solvent and non-solvent happens
which forms the membrane.[44]

Interface reaction Interface reactions are mostly used commercially for obtaing thin-film membranes. It
consists out of interfacial polymerization and polycondensation reactions.[45]

Stretching A polymer is heated above the melting point and extruded in thin sheet forms. Subsequently, it is
stretched to create a porous membrane.[44, 45]

Track-etching The emission of an ion beam on the surface of a polymer film will create tracks. After it is
placed in an acid bath, uniform cylindrical pores which are famous for its precise control of the pore
size and pore density are created.[44, 45]

Electrospinning Between the polymer solution and the grounded collector a high voltage is supplied, this
will cause the polymer solution droplets to overcome their surface tension and polymer fibers will be
formed, which will form the membrane.[44]

Microfabrication Membranes can also be obtained by common microfabrication techniques like injection
molding, pressure molding, hot embossing, and spin-coating.[45, 47]

Additive manufacturing With additive manufacturing, the membrane is created by building layers on top of
each other. This enables the possibility to create membranes with different shapes, types, and designs.
The highest possible resolution is 100nm, which is done by two-photon polymerization.[48]

If a pore is created on the location of a small part of an electrode (in the case of a decoupled interdigitated
electrodes for example), the electrode will be decoupled from itself, and therefore the sensor will fail. There-
fore all membrane obtaining methods can be rejected except microfabrication and additive manufacturing.
Because those are the only techniques which makes it able to determine where the pores will be located. Both
techniques make it possible to manufacture the membrane and the sensors in one manufacturing step. Ad-
ditive manufacturing does not support the earlier selected material for the electrodes, and is not suitable for
mass volume productions compared to microfabrication processes.[48] Of the four listed microfabrication
processes, the most appealing one is hot embossing. While injection moulding and pressure moulding have
higher fixed costs which could makes them cheaper when more than 1000-20000 pieces will be manufac-
tured. The exact number depends on multiple factors like materials used and overall design. With the spin
coating process there are some technical difficulties regarding removing the manufactured membrane from
the substrate due to the pillars which are needed to create the pores. Hot embossing will be used to be able
to manufacture the membrane and electrode in one manufacturing step. This improves the manufacturing
throughput and the eliminates the risk of alignment problems.[19, 42, 44, 45, 47, 49, 50]
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3.3. Techniques for through-hole hot embossing

There are multiple techniques for the molding of through-holes. Reactive ion etching and controlled fracture
of the residual layer are post-processing methods, which means that first are molding step is done and after
that, a second (post-processing) step is performed which removes the residual layer to create through-holes.
All the other techniques listed in this section, the through-holes are created during the imprinting step.[51]

Reactive ion etching Ions are used to etch away the residual layer. This can be done from the top with an
etching mask or from the bottom. This is a time-consuming method.[51]

Controlled fracture of the residual layer The microstructures which will create the holes have an extra cir-
cular ring on top of it. This will create a groove in the residual layer during the molding step. In the
post-processing step, the residual layer can be removed by controlled fracture due to the groove.[51]

Molding on a stack of foils This technique creates a complete displacement of the residual layer by emboss-
ing freestanding structures of mold inserts into modified substrates. A relative high load is needed to
accomplish this. Therefore the risk of damaging the structures increases and a proper selection of ma-
terials is needed.[51]

Molding onto soft metal substrates A soft metal substrate is created by adding a flexible layer on top of the
regular metal substrate plate. This makes it possible to completely displace the residual layer. It has
the advantage that no graded structures are needed in the mold, and therefore the mold can be manu-
factured by lithographic processes. This technique has two main problems. The metal foils cannot be
used twice because the mold leaves imprints on it. And the other problem is that the replicated part
has to be demolded manually due to the lack of the adhesion between the metal foil and the residual
layer.[51]

Multilayer molding Instead of using a substrate which contains one layer of polymer, a second layer of poly-
mer is placed underneath it. The microstructures which create the through-holes are pressed down
through the first layer of the polymer into the second layer. The advantage of this technique is the
maintenance of the adhesion on the substrate plate, therefore it can be demolded in the vertical di-
rection. Because of the needed adhesion between the two layers of polymer, only selected material
combinations can be used. Because of the strong adhesion between the two polymers, the first layer
has to be peeled off.[51, 52]

Hot punching Hot punchingis a two-step molding process. First, a polymer with a high melting temperature
is molded with an one-sided embossing process. Subsequently, a thin film of polymer with a low melt-
ing temperature is placed on top of the molded layer of polymer. The thin film polymer is then punched
between the one-sided mold and the polymer with the high melting temperature. The residual layer is
punched into this polymer.[51]

To have a minimal number of manufacturing steps, a method which requires a post-processing step to
create through-holes will not be used. The mold for the molding onto soft metal substrates cannot be used
twice due to the damage. So, for each embossing step, a new mold is needed which is not commercially
appealing. Molding on a stack of foils is a sensitive process and that will introduce a lot of risks. The hot
punching process has a lot more steps than the multilayer molding method. Therefore the multilayer molding
method is selected. Because of the selected method, the imprinting step is called nano imprint lithography.

3.4. Techniques for peeling off the membrane
There are two main techniques for peeling of the membrane, manually and chemically. Two layers of polymer
can be peeled off manually with the help of some tools like a scalpel[47] or with the help of tape.[53] Or, the
second layer of polymer can be completely dissolved with a chemical solvent.[54, 55]

It is prefered to dissolve the complete second layer of polymer because, in comparison with manually
peeling it off, it reduces the risk of fracture and it is easier due to its small dimensions. Also, it is easier to be
scaled to be used for mass production.



3.5. Material substrate 12

3.5. Material substrate

While the membrane is going to be used in a microfluidic device, it is useful to look at commonly used sub-
strates for polymeric microfluidic devices. This will give a decent overview of possible polymeric substrate
materials which could be used for the membrane with integrated porous electrode. These can be divided
into the following categories: UV-curable, paper-based, foil-based, shrink film-based, and lithography-based.
First, these will be discussed. And subsequently, a material will be selected within one of these categories.

UV-curable A resin is cured using ultraviolet light (UV light), which only takes few seconds to a few min-
utes. This makes it interesting for fast prototyping. But it is important to use the right amount of UV
dosage. If the resin is not cured enough, it will result in a poor replication of the features. And if the
resin is over-cured, it will be hard to demold or subsequent bond. Aspect ratios of 3.5:1 can be ob-
tained using this method. UV-curable materials are Norland 63, Polyacrylate (PC), thermoset polyester
substrate (TPE), polydimethylsiloxane (PDMS), polyurethanemethacrylate (PUMA), Ormocomp, and
SU-8. Where PUMA is the only USP VI graded material.[56]

Paper-based Paper is patterned with hydrophobic walls or hydrophilic channels to create a microfluidic de-
vice. By stacking different layers of paper on top of each other, 3D structures can be obtained. Materials
used for these kinds of paper-based devices are Whatman #1, Kimwipe, paper towels, coffee filters, and
TechniCloth. None of these are USP VI graded.[56]

Foil-based Foils are less than 500 pm thick and flexible. Materials that can be used for foils are: polyethylene
(PE), polystyrene (PS), polyethylene terephthalate (PET), polypropylene (PP), polycarbonate (PC), poly-
methylmethacrylate (PMMA), polydimethylsiloxane (PDMS), cyclic olefin polymers and co-polymers
(COP and COC), and thermoset polyimide (PI). Some of the COC/COP materials that are manufactured
by TOPAS and ZEONEX are USP VI graded.[56]

Shrink film-based First, multiple heat-shrink films are patterned on the millimeter scale. Subsequently,
these films are stacked on top of each other. And finally, they are shrunk with a controlled tempera-
ture ramp, which makes the films shrink up to 95%. Channels of 95 um were successfully manufactured
using this method. Materials which can be used as a heat-shrink film are polyvinyl chloride (PVC),
polystyrene (PS), and polyolefins. Heat-shrink films are commonly used for packing instead of mi-
crofluidic devices. [56]

Lithography-based Parylene is a transparent polymer commonly used as a biocompatible coating. It is USP
VI graded and successfully implemented in rabbits for more than six months. Parylene can also be
used as a barrier against dye absorption or oxygen permeation. It is not used to construct a monolithic
device. Lithography processes are used to pattern parylene onto a device or a part of the device.[56]

Paper-based, shrink film-based, and lithography based materials are not suited for the application of
the membrane with integrated porous electrode while it cannot be used with the selected imprinting step.
And UV-curable materials are really sensitive to the UV dosage which is a big drawback. So for creating the
membrane, a foil-based material is selected.

Subsequently, a material has to be selected. PDMS is one of the most popular materials used for soft
lithography. It has higher oxygen and carbon dioxide permeability than any other polymer, and it is optically
transparent. But it does not resist pressure above a few bars, swells in organic solvents and surface treatments
are often unstable over time. Rigid polymers like PMMA and PC can be used to make less flexible structures
but have a low stability against organic solvents. Cyclic olefin polymers and Co-polymers (COP and COC)
have become more common materials for microfluidic chips. COCs/COPs are hydrophobic, absorb < 0.01 %
water which is four times less than PC and ten times less than PMMA. COCs/COPs are highly resistant to
chemicals including polar solvents but it is attacked by non-polar organic solvents like toluene and hexane.
The high chemical resistance makes them suitable for organic electrochemical applications. And they are
highly transparent in the visible and near UV regions of the spectrum. COCs/COPs also have great electri-
cal properties, they have good insulating properties (a volume resistivity of more than 1 x 10'® Q cm), a high
dielectric breakdown voltage (30 kVvmm™), a dissipation factor below those of PS and PP, and it is less de-
pended on temperature than the dielectric constants of PP and other olefinic materials. Also, they have high
biological inertness that makes them suitable for biomedical applications. To eliminate risks it is useful to use
a material which is already certified by the USP’s biocompatible guidelines to use for medical devices. And
this keeps it also more appealing to be commercialized. This leaves the choice between TOPAS and ZEONEX,
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which both have COCs/COPs with almost the same general physical (including impact strength) and optical
properties. They have both a high electric volume resistivity (>1 x 107 Q cm). The only difference is that the
COCs from TOPAS have a higher tensile strength, that is why a COC of TOPAS will be used. Because it can
handle more stress which can occur in an organ-on-a-chip device.[57-60]

3.6. Material sacraficial layer

Alot of materials are possible to use as a sacrificial layer. For example, hydrofluoric acid (HF) is used to etch
silica, metal oxides, and organic polymers. Due to its poor selectivity, it limits its use as a solvent for a sacrifi-
cial layer. Aluminum can be etched with an HF-free solvent and porous silicon is etched with KOH. Reactive
ion etching (RIE) can be used to etch away organic polymers but has a poor selectivity like HE Photoresists
(like polymethylmethacrylate (PMMA), diazonapthoquinonenovolac (DNQ-novolac), and epoxies (e.g., SU-
8)) can be dissolved by developers (like acetone, aqueous tetramethyl ammonium hydroxide (TMAH), and
propylene glycol methyl ether acetate (PGMEA)) or by thermal degration. But these removal steps are incom-
patible with many organic polymers.

All the described solvents, used to dissolve the sacrificial layer, have some disadvantages. There are, for
example, problems with using acetone while it also dissolves PEDOT:PSS. The PEDOT is going to be treated
with glycol to ensure that it does not dissolve in water. To eliminate the risk of also dissolving the PEDOT, a
polymer which dissolves in water will be used as a sacrificial layer. This developer is also the cheapest one
in comparison with the earlier mentioned ones, has good selectivity due to its mild environment, avoids the
use of toxic developers which can cause serious health hazards, and does not require a cleaning step after
dissolving the sacrificial layer. Poly(acrylic acid) (PAA), Dextran, poly(methacrylic acid), poly(acrylamide),
poly(ethylene imine), poly(vinyl alcohol), poly(ethylene oxide) 2 kDa, poly(ethylene oxide) 100 kDa, Chi-
tosan, and Sucrose are all water-soluble polymers. But PAA and Dextran are the only two polymers which
have a homogeneous film after spin-coating, still only soluble in water before photolithography, and after
photolithography.[53, 61, 62]

PAA has the advantages over Dextran that it is more stable in a wide range of solvents, and has a faster
etching rate (750 pm min).[53, 61] Therefore, PAA is selected as material for the sacrificial layer.

3.7. Substrate preparation

Techniques for thin polymer films fabrication, which will be used to manufacture the multilayer substrate,
are briefly discussed in this chapter. From which a final thin film fabrication technique is selected.

Casting This is the easiest process. A solution is cast on a horizontal substrate and dried. But there is a lack
of control of the thickness of the layer.[63]

Spin coating A coating solution is applied on a substrate, which, by rotating the substrate, spreads the liquid
over the substrate due to the centrifugal forces. It can also be applied while the disk is already spinning.
A lot of material is lost because it is ejected during the spinning of the substrate. But it has the advan-
tages that it creates highly reproducible formations of films which are very homogeneous over a large
area.[63, 64]

Doctor blading A blade is placed close to the surface of the substrate that has to be coated (typically 10 pm
to 500 um). The coating solution is placed in front of the blade. Subsequently, the blade moves over the
substrate and nicely spreads the coating solution over the substrate. This process has good controlla-
bility of the thickness of the film and less material is lost in comparison with the spin coating process if
it is done by an experienced user. However, in practice, a lot of material is lost and it takes some time
to find the right parameters. In comparison with spin coating, it is a relatively slow process and it is
harder to create a homogeneous film with high concentration solutions.[63]

Knife-over-edge coating This process is similar to doctor blading. But instead of moving the blade, the sub-
strate is placed on a roller which moves.[63]

Meniscus coating The difference between meniscus coating and knife-over-edge coatingis that the metering
of the ink is done by a separate roller.[63]

Slot die coating The substrate is placed on a roller. And a nozzle dispenses the coating solution in a line onto
the substrate, which makes it well suited for creating stripes of different materials onto a substrate.[63]
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Gravure coating This process uses two rollers. One contains the substrate and the other is the coating roller.
The coating roller is engraved with the desired pattern for creating patterned coatings. The roller
is partly immersed into the coating solution so that no ink has to be deposited separately onto the
substrate.[63]

Curtain, multilayer slot and slide coating This is the most complex and expensive coating technique. It has
the ability to create 18 different layers on top of each other simultaneously. The ink is pushed through a
holder from which the different layers will flow on top of eachother. This curtain of liquid ink then falls
on top of a web (curtain coating), is pressed on a roller (multiple slot coating), or slides against a roller
(slide coating).[63]

Screen printing This complicated process needs a flexible screen, which contains the negative pattern of
where the coating should be deposited, which is mounted under tension in a frame on top of the sub-
strate. The coating solution is placed on the screen and the squeegee presses into the screen. At the
locations of the holes in the screen, the coating solution will be pressed onto the substrate, forming a
film.[63]

Inkjet printing Inkjet printing is depositing a specially formulated ink onto a substrate. This is an additive
process which has some interesting printable materials like conductive materials, polymers, silicon
nanoparticles, and isolating materials. The diameter of one drop of the printable material is typically
less than 40 um. [65] State of the art inkjet printers, for the creating of micro parts, have a resolution of
20 um. A wide range of materials can be used for this process. But there is a need for support structures
for creating 3D micro parts and it is a sensitive process.[66] A minimum feature size of 20 um to 50 pm
can be obtained. Using an aerosol printing system, feature sizes as small as 5 um can be obtained.[63,
67, 68]

Pad printing A silicone rubber stamp is used to transfer the motif from a gravure to the substrate. This tech-
nique is only suited for small areas to create full 2D printed patterns.|[63]

Chemical vapour deposition Chemical vapor deposition (CVD) is normally not possible for polymers due to
the high temperatures which damage the functional groups of the polymer. But by modifying the pro-
cess, polymers can be deposited at low temperatures. Some of these modified processes are plasma-
enhanced CVD, photoinitiated CVD, hot-filament CVD, initiated CVD, vapor deposition polymeriza-
tion, molecular layer deposition, and oxidative CVD. It has the advantage that it does not use any sol-
vents to deposit the polymer onto the substrate, and can be scaled-up to be used for mass production.
[69]

Spray coating The coating solution is pushed through a nozzle by compressed air, creating a flow of coating
solution droplets mixed with air. The nozzle is moved around above the substrate surface to cover the
complete surface. The temperature of the substrate surface is controlled by a hot plate.[64]

Bar-coating In this process a coating solution is placed on the substrate. A bar, with a certain load, on one
side of the substrate is swiped to the other side. Which creates a thin film on top of the substrate. It
shows good application prospects because it does not waste as much coating solution as spin coating.
But further investigation is still needed of the coating conditions.[70]

Dip-coating A substrate is submersed for a certain time in a coating solution. Subsequently, it is pulled out
and cured to create a thin film onto the substrate.[71]

It is important to create a substrate with a polymer film which has an uniform thickness to not make
the embossing step even more complicated than choosing a substrate fabrication method which also can
be used for mass-production. A precise control of the thickness of the polymer layer is also more important
than mass-production to be able to experiment and find an optimal thickness of the polymer layer for the
membrane with the integrated sensor which can be reproduced without to much variation. That is why a
spin coating process is selected to manufacture the substrate, it has precise control over the thickness, and
because of its highly reproducible formations of film which is very homogeneous over a large area.



3.8. Master mold manufacturing 15

3.8. Master mold manufacturing

There is looked into techniques for to manufacture the master mold to be able to select the best suiting one
for this research.

Photolithography A light-sensitive chemical, called photoresist, is placed on a substrate. Subsequently, the
photoresist is illuminated through a photomask. The photomask contains the design which is desired
onto the substrate. The commonly used lightning is ultraviolet light with wavelengths ranging from
193nm to 436 nm. The exposure chemically modifies the photoresist at certain areas due to the pho-
tomask. These parts will be soluble or insoluble in the developing stage. This depends on if a positive
photoresist or a negative photoresist is used. It can create micro parts with a layer thickness of 1 um to
10 um. It has a high repeatability but limited materials can be used. The minimum feature size is in the
order of a 15nm.[65, 66, 72]

Depth lithography Depth lithography started in the early 80’s to create high aspect ratio structures by using
the same kind of process as photolithography but instead of ultraviolet light, X-rays were used instead.
This technology is called LIGA. A special photoresist was developed, SU-8, which enabled the fabri-
cation of high-aspect-ratio structures with ultraviolet light. Structures with details in the submicron
range can be manufactured using LIGA due to the use of X-rays.[65, 67]

Etching Etchingis the process of chemically removing material. Two main parameters characterize the etch-
ing process, selectivity and anisotropy. The selectivity determines which materials will be etched at
which rate. By choosing the right material for the mask layer and the layer which will be etched, just
the desired material will be etched at the desired location. The anisotropy determines if the etched
layer is only etched in the direction away from the mask layer (anisotropic etching) or in all directions
(isotropic), which means also under the mask layer. The feature size that can be obtained is in the
nanometer range.|[65, 73]

Selective laser sintering process Alayer of powder is placed on a substrate, and a high-temperature laser will
locally heat up the powder to sinter the layer of powder. When the layer is produced, a roller spreads
new layer of powder on top of it to create the second layer. State of the art selective laser sintering
machines can produce microcomponents with a resolution less than 30 um and can create microparts
with metal features of above 100 um. For this high-temperature process, you need fine powders to get
to this kind of resolution.[66, 74]

Selective laser melting process This process is very similar to the selective laser sintering process. Selec-
tive laser melting uses a higher energy density laser to fully melt the powder to create much denser
microparts. A state of the art machine can create micro parts with a size of 40 um and a thickness of
20 um.[66]

Laser micromachining A laser is focused on the substrate, consisting out of a bulk material, and it sends out
shortlaser pulses. The substrate will heat up so much locally, due to the absorption of the laser photons,
that the material will melt, evaporate, or sublimate. Different kind of lasers are used for this kind of
process, like microsecond carbon dioxide lasers, nanosecond solid-state lasers, and femtosecond solid-
state lasers. Feature sizes down to 10 pm can be obtained.[65, 67]

Inkjet printing This process is explained in section 3.7.

Three-dimensional printing process This process is based on inkjet printing. A layer of powder is placed
on a powder bed. Drops of binder material are deposited onto this layer. Multiple layers will create
the final micro part. No support structures are needed. With state of the art machinery, a resolution of
20 um can be obtained but the minimum feature size is 200 um for this low-temperature process.[66]

Two-photon polymerization process/multi-photon polymerization In this process, two lasers are used to
locally polymerize the photoinitiator which needs two photons, within a timewindow of 1 femtosecond,
to initiate polymerization. Therefore, this will propably only happen at the focal point of the laser
which enables a high resolution and a relative small minimum feature size. A feature size of 30 nm
was reported for SU-8 photoresist. And a minimum feature size down to 120 nm was obtained with
photopolymers. Using multi-photon polymerization minimum feature sizes of submicron dimension
can be obtained.[66, 75-77]
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Micromaching techniques Another way to manufacture the master mold is to process a piece of substrate
material by downscaled macro processes like micro grinding, micro drilling, and micro milling. This
kind of techniques have a minimum feature size of 25 um.[65, 67]

Microelectrical discharge machining The electrical discharge machining uses a tool electrode which is in
the negative shape of the desired structure (die-sinking EDM), a microwire (micro WEDM), a rod (micro
EDM-drilling which is further developed into micro EDM-milling), or a grinding disc (micro-electrical
discharge grinding). It is placed in a bath filled with a dielectric fluid together with the substrate. The
tool electrode and the substrate are separated by a small gap. An electric discharge from the tool to the
substrate will cause the substrate to locally evaporate or melt in the shape of the tool electrode. With
micro-wire EDM, 2.5D structures of 1 um with high-aspect-ratios can be obtained. Micro-diesinking
can vary in width from 20 pm to 40 um, have channels of 20 um, and corner radii of 10 um. The devia-
tions of contouring are ~1 pum. With EDM micro-electrical discharge drilling minimal diamter of 2.9 um
is achieved. And for micro-electrical milling an electrode of 100 um can be used. With micro-electrical
discharge grinding, 2.5D structures with a minimum structure width of 70 um can be created.[65, 67]

Fused deposition modeling and extrusion-based techniques A nozzle deposits material in a continuous flow
onto a printing bed or onto the micro part itself. This can be done by melting the material or with-
out melting the material. Precision extrusion deposition, 3D fiber deposition, precise extrusion man-
ufacturing, and multiphase jet solidification are additive manufacturing techniques which melt the
material. Pressure-assisted microsyringe, low-temperature deposition manufacturing, 3D bioplotting,
robocasting, direct-write assembly, and solvent-based extrusion freeform are the most common addi-
tive manufacturing techniques which do not melt the material. The fused deposition modeling process
is a relatively easy process with high operating temperatures. And a minimum feature size of 45 um can
be obtained.[66, 76]

Laminated object manufacturing process A laser beam cuts out a profile from a sheet which will be one
layer of the final micropart. The different layers are glued to each other by a heat-activated plastic
which is plated on one surface of the sheet. The best resolution which can be obtained for this kind
of process is 50 um and the minimum feature size is limited to 80 um with a layer thickness of 30 um
to 1.3mm or even more. This process can create fully dense microstructures with high mechanical
strength but post-processing is required.[66]

Laser chemical vapor deposition process The substrate is heated selectively by a laser beam to locally con-
vert gaseous reacts into thin solid layers. It has a resolution of 1 um with a low deposition rate. A con-
trolled atmosphere chamber is required for this process. And a minimum feature size down to 40 um
can be realized with this technique.[66, 76]

Focused ion beam direct writing This process is similar to the laser chemical vapor deposition process, but
instead of a laser beam, it uses a focused ion beam. The microparts manufactured by this process can
have features as small as 80 nm and a thickness of 10nm. It is a slow, high resolution, and sensitive
process which is commonly used for repair work and low volume production.[66]

Electrochemical fabrication process The electrochemical fabrication process is based on multilayer elec-
trodeposition and planarization of at least two metals, one structural material, and one sacrificial ma-
terial. The structutural material will be the final micropart. First, the sacrificial layer is electrodeposited
using instant masking. Subsequently, the mask is chemically removed and the structural layer is de-
posited into the area where the mask is removed. The structural material fills the gaps between the
sacrificial layer. Subsequently, both layers are planarized to the same level. Multiple layers will form
together the micro part. The thickness of one layer can range from 2 pm to 25pum. And the smallest
feature size possible is 20 um. The maximum height is 1.25 mm. Afterwards, the sacrificial layers have
to be removed completely which is difficult in some cases.[66]

First, there is the requirement of creating pores with a diameter of maximum 8 um. The techniques that
are left which are able to do this are photolithography, depth lithography, etching, laser micromachining,
inkjet printing, two-photon polymerization, multi-photon polymerization and, micro-wire EDM and micro-
EDM drilling. To be able to integrate multiple sensors onto the membrane, much smaller features sizes are
needed to create the small finger-like structures of the working electrode. Also the smallest diameter of pores
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which are aimed for in this research is 0.4 um. The techniques that are able to produce features with a mini-
mum size of 0.4 um are etching, two-photon polymerization and multi-photon polymerization. Keeping the
research in mind, multiple master molds have to be manufactured to investigate the influence of different de-
sign parameters like the dimensions of the pin to create a thorugh hole for example. So, a fast process would
be favored to perform an iterative process to determine the design parameters of the master mold. This expels
cleanroom processes like etching. Left are two-photon polymerization and multi-photon polymerization.
The Photonic Professional GT from Nanoscribe is a state of the art machine which uses two-photon polymer-
ization which offers the highest resolution commercially available and with the fastest printing speed.[78]

3.9. Material master mold

In this chapter there is looked into different materials which can be used to manufacture the master mold
with the Photonic Professional GT. A final material is selected afterwards.

IP Photoresists These are Nanoscribe’s own developed photoresists. They have developed a total of 4 pho-
toresists, IP-Dip, IP-L 780, IP-G 780, and IP-S. IP-Dip is index-matched resist formula to serve as immer-
sion and photosensitive material with high resolution and medium shrinkage. It has a Young’s Modulus
ranging from ~0.8 GPa to ~3.6 GPa for ranging laser powers from ~5 mW to ~13 mW. The IP-L 780 is
the highest-resolution resist formula and has low shrinkage. The Young’s Modulus ranges from ~1.25
GPa to ~2 GPa for ranging laser power from ~8.5 mW to ~16 mW. A high-viscosity resist for complex
3D writing trajectories is the IP-G 780, which has a high resolution and low shrinkage. IP-G 780 has a
Young’s Modulus in the range of ~2.1 GPa to ~3.5 GPa for a laser power ranging from ~6 mW to ~13
mW. The IP-S is an index-matched resist for smooth surfaces and fast structuring of large 3D parts.
It has a medium resolution and low shrinkage. Feature sizes down to 100 nm are possible with the IP
photoresists. Also, it has the advantage of low proximity effect, low stress, little shrinkage, good adhe-
sion to the glass substrates, easy handling because of the possibility of drop-casting of the photoresist,
requires no pre-bake (IP-L 780, IP-G and IP-S), and requires no post-exposure bake.[79-81]

SU-8 The SU-8 photoresist is a serie of commonly used negative-tone resists. The different available by
MicroChem are the 25, 50, 100, 2100, and 3000-series, which all have different viscosities. For the SU-
8 2100, the Youngs Modulus ranges from ~2.3 GPa to ~3.1 GPa for a laser power ranging from ~2.2
mW to ~4.8 mW. Feature sizes down to 30 nm were reported for a two-photon polymerization process,
but it was not manufactured with the Nanoscribe Photonic Professional GT. In combination with the
Photonic Professional GT, it should have around double the feature size of the IP photoresists. This will
be around 200 nm.[77, 79, 81, 82]

Chalcogenide Glass The biggest advantage of this material is its high refractive index of 2.45. This makes it
possible to manufacture photonic waveguides, couplers, splitters, resonators and 3D photonic crystals.
Feature sizes down to 200 nm are possible. And others features of the material that it has low stress and
little shrinkage.[79]

Ormocere This is an organically modified ceramic. It has a Young’s Modulus in the range of ~0.85 GPa to
~1.2 GPa in the laser power range of ~8.5 mW to ~15 mW.[79, 81]

PEG-DA with PETA This material combination is used as scaffolds for cell studies.[79]

AZMiR 701, AR-P-3120, AZ 9260 These positive-tone resists are used for 2D structuring and electrodeposi-
tion in air voids.[79]

AZ 5214 And this a negative-tone resist is used for 2D structuring.[79]

AZMiR 701, AR-P-3120, AZ 9260, AZ 5214, PEG-DA with PETA and Chalcogenide Glass are non-suitable or
badly-suitable materials for the required application of a master mold. That is why they are also not used for
these kind of applications. The IP photoresists and SU-8 both can create feature sizes which are small enough
for the master mold to create a membrane with integrated porous electrode. Pillars which have to be pressed
through the first two layers are going to experience a lot of force for their size. To minimalize the risk of
fracture of those beams a material has to be selected with a high Young’s Modulus. But the resolution is even
more important while this will limit the sharpness of the tips of the printed pillars, which will increase the
required puncturing force.[83] IP-L 780 is selected while it has a high Young’s Modulus, the smallest possible
features, the highest resolution, and there is in-house experience of creating structures with IP-L 780. This has
the big advantange it reduces the risk because structures are already printed sucessfully with this material.
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3.10. Electrical connections

To be able to characterize the integrated porous electrode, it has to be connected to detector instrumenta-
tion. There is a need for temporary electrical connection because during the prototyping process, different
membranes with different integrated porous electrodes will be connected to different machines. This elimi-
nates permanent electrical connections like wire bonding, flip-chip bonding, through-silicon-vias (TSVs) and
soldering as possibilities for electrical connections. An overview of different kind of temporary electrical con-
nections which are used for Lab-on-Chip devices in the past are edge connectors and sockets, spring-loaded
contacts/pogo pins, flexible interconnections, wireless connection, and liquid metals. Lab-on-Chip devices
are also microfluidic devices with electrical components. Because of the same environment, the overview
can also be applied for the connection of the integrated porous electrode of the membrane.[84]

Edge connectors and sockets A well-known example of edge connectors and sockets is the USB port. The
chip is slide into the socket and the mechanical alignment is reached by the sides of the chip. The
contact pads of the socket and the chip are connected in this manner. Because all the electrical contacts
have to be aligned next to each other it is limited how many electrical connections can be used, without
getting extremely wide sockets and edge connectors. Which can be a porblem when you have a lot of
interconnections.[84]

Spring-loaded contacts/Pogo pins Small pins are pressed vertically against the contact pad onto the chip,
creating a temporary connection.[84]

Flexible interconnections A disposable layer with contact pads on top of it are created and placed on top
of the electronics. The wires are connected to the disposable layer, and when new connections are
required only the disposable layer has to be replaced.[84]

Wireless The power and signals could also be transmitted wirelessly using antennas placed onto the chip.[84]

Liquid metals Aliquid metal alloy is injected through steel tubes to the microfluidic channels which aligned
the contact pads of the CMOS chips. The tubes were left in the holes to function as electrical connec-
tions. [84]

Edge connectors and sockets are for this stage of prototyping unnecessary complicated while these also
have to be manufactured as a (extra) part of the membrane with the integrated porous electrode. The same
holds for wireless connections and flexible interconnections. This introduces unnecessary risks which are
not desired. There is no need for allignment so there is no advantage of using the liquid metal model. So,
spring-loaded contacts/pogo pins will be used while this is a straight-forward and simple electrical connec-
tion. Because a metal pin can be pressed easy against or even through the contact pad to create an electrical
connection.

3.11. Overview of the manufacturing process

To conclude the literature review, an overview of the manufacturing process is given in figure 3.1. The overall
manufacturing process consists out of four parts. The manufacturing of the soft mold which is manufactured
out of IP-L 780 and by the Photonic Professional GT, figure 3.1A. The preparation of the substrate is done by
spin coating a layer of TOPAS on a glass Petri dish. Subsequently, one one side a thick layer of PAA is spin
coated and on the other side a layer of PEDOT:PSS is spin coated, figure 3.1D. The final multilayer substrate
is shown in figure 3.1E. The multilayer substrate is imprinted with the manufactured soft mold, figure 3.1B.
The pillars will puncture through the conductive layer and the substrate layer to create the through-holes.
The smaller parts of the mold is used to decouple the conductive layer in the same step. After imprinting
the mold is removed. The multilayer substrate is immersed in ethylene glycol to increase the conductivity
and to decrease the water solubilty of the conductive layer. Finally, it is immersed in DI water to dissolve the
sacrificial layer. The final product will be the membrane with integrated sensor, 3.1C. This process will be
explained in chapter 5 section 5.4.
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Figure 3.1: Schematic overview of the manufacturing process divided into four steps. A: The master mold is manufactured with a two-
photon polymerization process. D: The substrate consists out of four polymeric layers, a conductive layer (PEDOT:PSS), a substrate layer
(TOPAS), a sacrificial layers (PAA) and a support layer (TOPAS), which are spin coated (conductive layer and substrate layer) or casted
(sacrificial layer) and placed on top of each other. B: The multilayer substrate is imprinted (soft NIL) to create the sensor and the through
holes. C: A post treatment step is performed to enhance the conductivity of the conductive layer, to decrease the water solubilty of the
conductive layer and to dissolve the sacrificial layer which helps the demolding of the soft mold.






Outline research

In this chapter, the outline of this research is discussed. In appendix A a risk assesment is done which can
be used to create a roadmap to success which includes all the required tasks which have to be completed,
milestones, and deliverables of this research. This is presented in figure 4.1. From the roadmap to succes two
main topics can be identified. The first one is the determination of all required manufacturing and design
parameters which are covered by milestones. The second is the characterization of the membrane and the
integrated porous electrode/sensor. This is covered by deliverables.

4.1. Manufacturing and design parameters
First, the two milestones have to be accomplished to be able to successfully manufacture membranes with
integrated porous electrode, as presented in figure 4.1. Therefore, multiple tasks have to be accomplished
by experimentally determining these unknown parameters. Milestone one is accomplished when all man-
ufacturing parameters are identified. The optimal printing parameters have to be determined to be able to
print the soft mold. Protocols for spin coating TOPAS onto glass Petri dish and PAA onto TOPAS have to be
established as well. A protocol for spin coating PEDOT:PSS is already available. All the layer thicknesses de-
pended on the spin speed have to be evaluated. An imprinting protocol of the soft mold into the multilayer
substrate has to be formulated. It has to be verified whether the adhession between the different layers is
strong enough for the imprinting process. The influence of the ethylene glycol treatment onto the PAA layer
has to be identified.

Subsequently, the influence of the shape and the minimal dimensions possible of the pillars for imprint-
ing through-holes has to be identified. And, there has to be found what the minimum size of the electrodes
which is possible. This is covered by milestone two.

4.2. Characterization of the membrane with the integrated porous elec-

trode/sensors
With the identified optimal manufacturing parameters and optimal design parameters, a design of the mem-
brane with integrated porous electrode can be made. SEM images of the membrane with integrated porous
electrode can be made from the bottom to check if the membrane is indeed perforated. 4-point probe
measurements of the conductive sheet have to be done. Finally, cyclic voltammatry and electrochemical
impedance spectroscopy has to be performed to verify the electrochemical functionality of the conductive
layer. This leads to deliverable one, figure 4.1.

If the membrane with integrated porous electrode is functioning correctly, more complicated tests can
be done. The design of the electrodes can be imprinted into the multilayer substrate to check if this will
result in working decoupled electrodes. The sensor functionality can be validated by testing it in different test
solutions to see the response of the sensors. And finally, the membrane with the integrated sensors can be
manufactured. Even more complicated experiments could be done like testing the membrane with integrated
sensors with actual cells to test the biocompatibility and/or testing it in a dynamic environment, like an
organ-on-a-chip system, because this may cause new complications.
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o Identifying printing parameters for the manufacturing of the master mold

* Spin coating protocol TOPAS onto glass and thickness measurements

* Spin coating protocol PEDOT:PSS onto TOPAS and thickness measurements

 Spin coating protocol PAA onto TOPAS and thickness measurements

* Protocol imprinting IP L-780 photoresist mold into the multilayer substrate

o Verify if the adhesion between the different layers of the substrate is strong enough
for multilayer molding

* Solubility of the sacrificial layer
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[0 Milestone 1: Optimal manufacturing parameters identified

« Identify influence shape pillar for creating through-holes ]

[- Milestone 2: Optimal design parameters are identified

* Create design membrane with integrated porous electrode

* Manufacture membrane with integrated porous electrode ]

* Characterize manufactured membrane with integrated porous electrode

[0 Deliverable 1: Functional membrane with integrated porous electrode

* Imprint sensor and verify in fluids if it functions (static environment)

* Imprint sensors and verify in fluids if they function (dynamic environment)

¢ Imprint sensors and test if they function with cells (static environment)

* Imprint sensors and test if they function with cells (dynamic environment)
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[- Deliverable 2: Functional sensor

* Imprint membrane with integrated sensors and verify if the pores have the desired
dimensions

¢ Imprint membrane with integrated sensors and verify in fluids if the sensors work
correctly (static environment)

correctly (dynamic environment)

* Imprint membrane with integrated sensors and verify with cells if the it works
correctly (static environment)

¢ Imprint membrane with integrated sensors and verify with cells if the it works

¢ Imprint membrane with integrated sensors and verify in fluids if the sensors work ]
correctly (dynamic environment) ]

[- Deliverable 3: Functional membrane with integrated sensors
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Figure 4.1: Roadmap to success which contains all the required experiments, milestones, and deliverables



Manufacturing of a polymeric membrane
with integrated porous electrode

5.1. Abstract

A manufacturing technology is proposed to manufacture polymeric membrane scaffolds for culturing of cells,
tissues, and organoids with integrated sensor capabilities and fluidic functionalities. A multilayer substrate is
imprinted with a soft mold to manufacture polymeric membrane scaffolds for culturing of cells, tissues, and
organoids with integrated sensor capabilities and fluidic functionalities. Aside from exploiting the well char-
acterized, simple and low cost techniques that can be employed in polymer manufacturing, the use of solely
polymeric materials increases the opportunities for functional integration, while at the same time allowing
for the translation of complex cleanroom fabrication processes into mold-based replication techniques. With
this developed manufacturing technology, polymeric membranes with integrated porous electrode up to
1 mm by 1 mm in effective surface area, with a thickness of 10 um, are manufactured with control over the
pore diameter (as small as 400 nm), the porosity, and the location of the pores. The morphological charac-
terization is done by scanning electron microscopy. The integrated porous electrode’s performance is char-
acterized electrically by a 4-point probe and electrochemically by cyclic voltammetry and electrochemical
impedance spectroscopy. Showing the possibility to use the conductive layer to give cells electrical stimuli
and for the use as a biosensor.

5.2. Keywords
Organ-on-Chip, porous membrane, micro-manufacturing, two-photon polymerization, conductive polymer,
nano imprint lithography, electrode integration, characterization

5.3. Introduction
In 2015, the costs of developing and gaining market approval for a new drug is around $2.6 billion which is
estimated to increase every year,[1] the development of a new drug takes at least 10 years,[2] and the overall
likelihood of FDA approval for a compound from the first phase of the clinical trials is only 9.6%.[5] Organ-on-
a-chip systems enable the possibility to experimentally model physiological micro-environmental conditions
in order to develop new medicines in a cheaper, more efficient way, and eventually eliminating the need for
animal models and opening up the possibility of personalized medicine. Applications of organ-on-a-chip
systems are in the pharmaceutical industry, in the cosmetic industry, to test the safety of common household
chemical products, and to learn more about the effect of radiation on the human body. An organ-on-chip
system is a microfluidic chip which often contains a membrane, with living cells grown onto it, which sepa-
rates the microfluidic channel in two. These kinds of systems are able to include the influence of chemical,
electrical and mechanical interactions. [6-10]

There are two challenges in the design of organ-on-chip systems: the control of the membrane porosity[36,
85-87] and the real-time monitoring of cellular behavior and biological processes.[7-11]

Regarding the design there are several techniques to manufacture porous membranes based on phase in-
version, Sol-Gel process, directional freezing, anadization, immersion precipation, interface raction, stretch-
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ing, track-etching, electrospinning, microfabrication, and additive manufacturing.[36, 44, 45, 47, 48, 87] How-
ever, those techniques have several drawbacks such as high costs, complexity, or poor control over density
and pore shape.

Regarding the real-time monitoring it has been proposed to integrate an electrode onto the membrane
for real-time monitoring of the cell behavior. Commonly, this issue is tackled by integrating electrodes to
perform TEER measurements,[12-14] manufacturing microelectrodes to monitor oxygen concentration and
pH level,[15] manufacturing microelectrodes to monitor glucose consumption and lactate production,[15]
using multi electrode arrays to measure the field potentials of cardiomyocytes,[12] and applying commercial
available electrodes like tungsten microelectrodes in the device[16] or by making a modular platform to use
commercial available sensors to microenvironmental parameters (e.g., pH, O2, temperature), electrochemi-
cal immunobiosensors for measuring soluble biomarkers, and miniature microscopes for observation of the
organoid morphologies.[17]

However, manufacturing sensing elements on the membrane with a manufacturing process which is scal-
able for mass production remains a challenge. In order to overcome these challenges the use of solely poly-
meric materials increases the opportunities for functional integration, while at the same time allowing for the
translation of complex cleanroom fabrication processes into mold-based replication techniques.[19]

Conductive polymers are gaining interest from acedemics and industry, in particular poly(3,4ethylene-
dioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS).[36] Conductive polymers are increasingly used for sens-
ing applications, drug delivery systems, biomedical implants, and tissue engineering.[34] PEDOT:PSS has al-
ready been reported to be able to be used as a material to manufacture sensors to detect glucose,[37, 38] air
humidity,[39] strain,[41] and exocytosis.[40] Additionally, it has been reported that it is possible to decou-
ple a PEDOT:PSS layer with an additional polyaniline layer on top of it with a single soft embossing step to
manufacture a wearable pH sensor.[42]

Moreover, a single step-manufacturing technique is really appealing to reduce the manufacturing costs
because it keeps the manufacturing steps to a minimum. Nano imprint lithography (NIL) is a high resolution
and high throughput tool for micro- and nano-fabrication. The working principle is based on the transfer of
a pattern from a mold to a thermoplastic substrate by increasing the temperature and applying a pressure.
The mold is typically a silicon substrate patterned by standard lithography. However, the use of a soft mold,
made of polymers, is emerging as an interesting alternative in order to reduce the manufacturing costs, to
increase the process efficiency, and to reduce the probability of breaking the mold during the NIL process.
This is called soft mold nano imprint lithography (soft mold NIL). The polymeric mold is manufactured by
two-photon polymerization. This technique is a high-resolution additive manufacturing technique which
allows to manufacture 3D custom design out of photopolymers with feature sizes down to 120 nm.[66] The
light-curable polymer is locally polymerized on a glass coverslip in order to create the pattern by using a
femto-second IR laser. Due to the freedom of the manufacturing method of the mold, it eventually results
precise control over the pore diameter, porosity, and the location of the pores. This improves the selectivity
of the membrane which is interesting for multiple applications like, precise separation, organic electronics,
microfluidics, and tissue engineering.[36]

In this work, a high-resolution manufacturing technology based on 2-photon polymerization and soft
mold nano imprint lithography is reported. The two-photon polymerization has been used for the realiza-
tion of custom designed polymeric molds containing pillars with sharp tips. Those molds have been used
in the soft mold NIL process to manufacture a polymeric membrane with integrated porous electrode made
of a bilayer of PEDOT:PSS and thermoplastic cyclic olefin copolymers (COC, TOPAS). While the polymeric
onductive layer is integrated on top of the membrane, it will be located directly underneath the cell layer
within an organ-on-chip system. This will make it possible to locally and real-time monitor the cell behavior.
The integrated porous electrode will have a higher sensitivity due to the local sensing. And the integrated
porous electrode can also be used to provide electrical stimulus to the cell layer. The manufacturing of poly-
meric membranes with integrated porous electrodes are reported with an effective surface area up to 1 mm
by 1 mm, a thickness of 10 um, and circular pores of different diameters, in the range between 6.6 um and
400nm in diameter. The membranes are morphological characterized by imaging them by scanning elec-
tron microscopy from the non conductive side to simultaneously verify that the imprinted pores are indeed
thorugh-holes. The electrode performance is characterized by 4-point probe measurements and electro-
chemically by cyclic voltammetry and electrochemical impedance spectroscopy to demonstrate its sensor
functionality.
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5.4. Materials and methods

5.4.1. Membrane manufacturing

Figure C.73 contains an overview of the manufacturing process which is divided into four steps:
a). Manufacturing of the soft mold

b). Substrate preparation

¢). Soft mold imprint process

d). Post treatment process.
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Figure 5.1: Schematic overview of the final manufacturing process divided into four steps. A: The soft mold is manufactured with a two-
photon polymerization process. D: The substrate consists out of four polymeric layers, a conductive layer (PEDOT:PSS), a substrate layer
(TOPAS), a sacrificial layers (PAA) and a support layer (TOPAS), which are spin coated (conductive layer and substrate layer) or casted
(sacrificial layer) and placed on top of each other. B: The multilayer substrate is imprinted (soft NIL) to create the porous electrode and
the through holes. C: A post treatment step is performed to enhance the conductivity of the conductive layer, to decrease the water
solubilty of the conductive layer and to dissolve the sacrificial layer which helps the demolding of the soft mold.

Manufacturing of the soft mold. (Figure 5.1a)

A glass coverslip (Menzel Glédser) of 30 mm in diameter with a thickness of 0.17 mm +/- 0.01 mm from Thermo
Scientific, is cleaned with acetone (EMSURE®, Sigma-Aldrich) and 2-propanol (Honeywell, Riedel-de Haén).
A drop of immersion oil (Immersol™ 518F Zeiss) is placed on the bottom of the coverslip and a drop of IPL-
780 (Nanoscribe) is placed on top of it. The coverslip is placed on a holder and placed in the Photonic Profes-
sional GT (Nanoscribe). A STL-file is created with Solidworks 2016 x64 edition (Dassault Systemes SolidWorks
Corp), converted into a job-file with Describe 2.2.4 (Nanoscribe), and printed with the Photonic Professional
GT. Adaptive slicing is used for all models. It is printed in the conventional mode, and the following param-
eters are fixed: a hatching angle of 45°, a maximum slicing distance of 0.5um, a minimum slicing distance
of 0.2 um. The soft mold used to manufacture the membrane with 400 nm pores is printed with the 63x ob-
jective, a hatching distance of 2um, with a laser power of 22.5mW, and a scan speed of 2500 ums™'. The
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soft mold used to manufacture the membrane of 1 mm by 1 mm is printed with the 25x objective, a hatching
distance of 0.5 um, with a laser power of 22.5mW and a scan speed of 10000 um s™'. Afterwards, the coverslip
with the printed structure on top of it is immersed for 25 min in propylene glycol monomethyl ether acetate,
PGMEA, (= 99.5%, ReagentPlus®, Sigma-Aldrich), followed by 5min in 2-propanol to remove the uncured
resist.

Substrate preparation. (Figure 5.1d)

A glass bottle is cleaned with ethanol absolute (= 99.95%, EMPARTA®, Merck) and placed in the fumehood
(Vinitex) to evaporate it for 1 h. Cyclic olefin copolymer granules (TOPAS 8007X-10, TOPAS) and toluene
(Honeywell, Riedel-de Haén) are mixed in the bottle to create a 20wt% solution. The solution is placed in
an ultrasonic cleaner (SHESTO SHE-UT8031-EUK) with full sinus waves for 15 min. Subsequently, the bottle
is placed on an orbital shaker (IKA® VXR basic Vibrax®) at 2200 RPM for 10 min. This is repeated until the
granules are dissolved, which can be observed by tilting the bottle and inspecting if there is any TOPAS left
on the bottom. A glass Petri dishes (360, DURAN Group) is cleaned with acetone and 2-propanol. The Petri
dish are placed in the oven (Memmert UN30) at 150 °C for 15 min to dehydrate. It is placed in the fumehood
to cool down to room temperature. The spin coating process consists out of two steps to get a TOPAS film
of 10pum. The first step has a spin time of 50 s at 3900 RPM. Subsequently, the sample is spin coated for 30s
seconds at 100 RPM. The accelaration for both steps is 250 RPM/s. 1 mL of the TOPAS solution is spin coated
(Polos 150i), on the outside of the Petri dish, with a static dispense spin coating technique. The sample dried
overnight in the fumehood.

The glass Petri dish with the 10 um thick layer of TOPAS is treated for 5 min with oxygen plasma at 60 W
(Diener Femto). 2 mL of poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), PEDOT:PSS, (1.3 wt% dis-
persion in H,0, Sigma-Aldrich) is dynamically dispensed on top of the TOPAS film during the spin coating
process (750 RPM for the membrane with 400 nm pores is diameter and 1500 RPM for the manufacturing of a
membrane with an effective surface area of 1 mm by 1 mm, 60s, 1000 RPM/s). The sample dried overnight in
the fumehood. This results in a PEDOT:PSS film of 0.07 um and 0.2 um.

A 30 wv% solutions of poly(acrylic acid), PAA, (average M,, 1800, Sigma-Aldrich) and DI water is prepared
by mixing it on an orbital shaker at 2200 RPM until the PAA is completely dissolved. 1 mL of the solution, is
dispensed on top of a TOPAS sheet (Thickness of 300 um, glass transition temperature of 70 °C, microfluidic
ChipShop). The thick layer of PAA is left to dry overnight in the fumehood.

The PEDOT:PSS and TOPAS films are placed, manually, on top of the PAA film and TOPAS sheet.

Soft mold Nano Imprint Lithography process. (Figure 5.1b)

The soft mold nano imprint lithography process is performed with a wafer bonder system (EVG 510, EV
Group). The mold and the multilayer substrate were placed between kapton foil with on top two graphene
sheets. A holding time of 10 min is used. A force of 4000 N and temperature of 120 °C is applied for the man-
ufacturing of the membrane with 400 nm pores. To manufacture the membrane with a surface of 1 mm by
1 mm, a force of 3000 N and temperature of 140 °C is applied. Also, an anti-stiction layer (EVG) was spin
coated at 2000 RPM for 60 s, rinsed afterwards with HFE7100 (HG Chemicals) and baked for 10 min at 120 °C.

Post treatment process. (Figure 5.1c)

The multilayer substrate is immersed in ethylene glycol, EG, (anhydrous, 99.8%, Sigma-Aldrich) until the
sacrificial layer is completely dissolved and the soft mold is demolded from the multilayer substrate. The
resulting membrane is dried overnight in the fumehood.

5.4.2. Membrane characterization

Morphological

The printed molds and the TOPAS side of the manufactured membranes are sputter coated (Quorum Tech-
nologies SC7620) with a 6.5nm layer of gold/palladium (Au/Pd) which is imaged with a scanning electron
microscope, SEM, (Jeol JSM-6010LA). A Matlab (R2016b) algorithm is written to find the number of pores,
mean pore diameter, smallest pore diameter, largest pore diameter, standard deviation of the pore diameter,
pore density, porosity, mean center to center distance, and standard deviation of the center to center distance.
The RGB values below [45.5, 45.5, 45.5] of the SEM image are set to [10, 10, 10] and all the other RGB values
are set to [200, 200, 200] to get a clear edges of the realized pores. The centers of the pores and their corre-
sponding diameters are detected by circulair Hough transform. Delaunay triangulation is used to determine
the average center to center distance of the pores. The scalebar at the bottom of the SEM images is converted
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into coordinates in the matlab algorithm to be able to scale all the distances in pixels to the corresponding
length by image segmentation. This algorithm is discussed in more detail in appendix E.

Electrical characterization

In the range from —0.3 pA to 0.3 pA in steps of 0.05 A is the corresponding voltage measured of one of the
manufactured membranes with an effective surface area of 1 mm by 1 mm by a 4-point probe (Signatone
couple with a Keithley Sourcemeter 2400 and Nanovoltmeter 2182) after the post treatment of the membrane.

Cyclic voltammetry

A solution of 0.1 M KCl is prepared by mixing DI water with potassiom chloride, KCl, (minimum 99.0%, Sigma-
Aldrich) on an orbital shaker at 2200 RPM for 10 min. Cyclic voltammetry is performed of one of the manu-
factured membranes with an effective surface area of 1 mm by 1 mm in the prepared 0.1 M KClI solution at
different scan rates using a gold counter electrode (DropSens DRP-C223AT) and a Potentiostat (Metrohm
Autolab B.V,, Netherlands).

Electrical impedance spectroscopy

A solution of 10mM ferrocyanide/ferricyanide in 0.1M KCl is prepared by mixing DI water with potassiom
chloride, KCl, ferricyanide (potassium hexacyanoferrate(II) trihydrate, Sigma-Alrich) and ferrocyanide (potas-
sium hexacyanoferrate(IIl), Sigma-Aldrich) on an orbital shake at 2200 RPM for 10min. Electrical impe-
dance spectroscopy is performed of one of the manufactured membranes with an effective surface area of
1 mm by 1 mm in the prepared solution at 10 mV/s using a gold counter electrode (DropSens DRP-C223AT)
and a potentiostat (Metrohm Autolab B.V,, Netherlands). The equivalent circuit is fitted by the supplied Nova
software of the potentiostat (version 1.10.1.9).

5.5. Results and discussion

As illustrated in figure 5.1E, the multilayer substrate consists of four layers, a conductive layer for the in-
tegrated porous electrode (PEDOT:PSS), an underlying substrate layer which will be part of the membrane
(cyclic olefin copolymer, TOPAS). Underneath, there is a sacrificial layer (poly(acrylic acid), PAA) and a sup-
portlayer (cyclic olefin copolymer, TOPAS). The multilayer substrate is manufactured by casting the sacrificial
layer and by spin coating the conductive layer and substrate layer, schematically shown in figure 5.1D. The
polymeric mold (photoresist, IP-L 780) is manufactured by a two-photon polymerization process, which en-
ables precise control of the diameter, location, and density of the pores, figure 5.1A. With a soft mold NIL
process, pillars with sharp tips puncture through the first two layers into the sacrificial layer to create the
pores shown in figure 5.1B. Finally, illustrated in figure 5.1D, a post treatment is done by submerging the im-
printed substrate in ethylene glycol (EG) to increase the conductivity of the conductive layer and to decrease
solubility in water of the conductive layer.[19] It will simultaneously dissolve the sacrificial layer which helps
the demolding of the soft mold.

Optimization of the soft mold printing parameters via two-photon polymerization

First, the optimal printing parameters to print the desired pillars have to be found. This is done by printing
400 nm pillars with varying base angles from 0° to 4° in steps of 1° and varying tip angles from 0° to 80° in
steps of 10°. This can be seen in figure 5.2B. This matrix of pillars is printed with varying laser power from
17.5mW to 30.0mW in steps of 2.5mW and varying scan speeds from 10 000ums™" to 2500um s in steps
of 2500 um ™. The overview of this is given in figure 5.2A. When too much dose is applied, a combination
of a laser power which is too high and scan speed which is too low, the photoresist will start to boil which
leads to partly or no printed pillars. This can be seen in the top of the SEM image in figure 5.2A. Therefore,
the pillars printed with the heighest dose are printed last. The set of pillars which looks the closest to the
modeled ones are presented in figure 5.2B. These are printed with a laser power of 22.5 mW and a scan speed
of 2500pums~!. Some of the pillars tipped over due to the capillary forces experienced between the pillars
during the development process of the soft mold. The same approach is done to determine the optimal
printing parameters of the pillars with a diameter of 8um. All the used parameters are the same as for the
optimization of the 400 nm pillars except for the base angle which is varied from 0° to 40° in steps of 10° and
the laser power which is varied from 17.5 mW to 30.0 mW in steps of 2.5 mW. An overview of all printed pillars
with a diameter is shown in figure 5.2C. And the set of pillars which looks the most like the modeled ones is
presented on the right of figure 5.2D. These are printed with a laser power of 25.0 mW and a scan speed of
2500 ums.
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Figure 5.2: Results of the optimization of the soft mold printing parameters via two-photon polymerization. From left to right, the scan
speed is varied, and from top to bottom, the laser power is varied. A: Overview of the printed pillars with a diameter of 400 nm with
varying base angle and tip angle. B: Zoomed in on the set of pillars which looks the most like the modeled ones, printed with a laser
power of 22,5 mW and a scan speed of 2500ums~'. C: Overview of the printed pillars with a diameter of 8um with varying base angle
and tip angle. D: Zoomed in on the set of pillars which looks the most like the modeled ones, printed with a laser power of 25.0 mW and
ascan speed of 2500 pm s~

Optimization of the soft mold Nano Imprint Lithography process
During the imprinting step, some pillars have the tendency to transfer from the soft mold to the multilayer
substrate. This is not desired and, therefore, different imprinting protocols are tried to minimize the number
of transferred pillars of which the results is presented are figure 5.3. The imprinting temperature, imprinting
force, and holding time are varied while these have the biggest effect on the quality of the imprint.[88]
Regarding the imprinting of a membrane with a pore diameter of 400 nm, the used imprinting parameters
are presented in figure 5.3A. The optimal imprinting parameters found are an imprinting force of 4000 N, an
imprinting temperature of 120 °C, and a holding time of 10 min. This combination of imprinting parameters
led to a low number of transferred pillars of which the experiments are presented in Appendix C. In the de-
scribed experiments, it was also found that a minimal tip angle of 80° is required to puncture through the
conductive layer and the substrate layer. All the pillars transferred with a holding time of 20 min, and there-
fore, the holding time is not altered for optimizing the imprinting parameters to imprint a membrane of 1 mm
by 1 mm. The different combinations of imprinting parameters used to optimize the imprinting protocol to
manufacture the scaled-up membrane is shown in figure 5.3B. An optimal imprinting temperature of 130 °C
is found. An imprinting force of 3000 N results in a low number of transferred pillars. While the puncturing of
the conductive layer also depends on the force applied,[83] the higher imprinting force of 3000 N is selected
as the optimal imprinting force. The experiments performed to obtain figure 5.3B are presented in Appendix
D.
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Figure 5.3: Two figures containing the imprinting parameters (imprinting temperature, imprinting force, and holding time) used to
optimize the imprinting parameters per kind of manufactured membrane. Each point, which is a combination of the three imprinting
parameters, in the figures contains a comment regarding the number of pillars that transferred. A: Figure regarding the optimization of
the imprinting parameters used to manufacture a membrane with 400 nm pores. B: Figure regarding the optimization of the imprinting
parameters used to manufacture a membrane of 1 mm by 1 mm.

Membrane manufacturing: Soft mold Nano Imprint Lithography

The first soft mold contains 8 rows of pillars of 400 nm in diameter, 16 um in height, a tip angle of 10° and
varying base angles from 1° to 4° in steps of 1°. A bigger base angle has two main advantages, it results in
increased stiffness of the pillar due to the added material and increases adhesion between the pillar and the
substrate because the surface of the pillar increases at the base. But it limits how close the pillars can be
placed next to each other due to their larger diameter at the base of the pillar. The center to center spacing
between the rows of pillars is designed to be 14 um and the center to center spacing between the pillars in one
row is designed to be, from the smallest base angle to the largest base angle, 13 um, 14 um, and 14 um to keep
the distance between the edges of the pillars at their base constant. The mold and the resulting membrane are
presented in figure 5.4A and 5.4B. Because the membranes are imaged from the TOPAS side of the conductive
membrane, it can been seen that the pillars punctured through the first two layers of the multilayer substrate.
The pillars with the smallest base angle were able to successfully be demolded since there are no pillars to be
seen in figure 5.4B.

Scaling up of the process

The process can be scaled up easily. Therefore, the second mold contains 32 by 32 pillars of 8 um in diameter,
35um in height, center to center distance of 31 um, covering an area of 1 mm by 1 mm, a tip angle of 10° and
a base angle of 40°. The mold and the resulting membrane are presented in figure 5.4C and 5.4D. Because the
membranes are imaged from the TOPAS side of the conductive membrane, confirming that the pillars went
all the way through the first two layers of the multilayer substrate. A total of 173 through holes were found by
the Matlab code of the 1024 pillars. This results in a pore density of 1.73 x 10% pores/cm? and a 16.9% success
rate to manufacture through holes of the intended pores. This success rate can be explained by a couple of
reasons. The tip is not a sharp tip because the top part shranked resulting in the small mini tip on top of
the actual tip, as presented in figure 5.4E. During the imprinting step, the adhesion force of the pillars to the
substrate just is not large enough to withstand the experienced forces. This causes the pillars to transfer from
the mold to the substrate. Figure 5.4E shows that the edges of the cone are lifted from the substrate. This
is due to the fact that the upward force of the structure due to shrinkage is larger than the adhesion force of
the material to the glass coverslip. Because of this edge, some of the polymer during the imprinting process
can get between the printed pillars and the glass coverslip. During the post treatment step, the pillars will get
separated from the glass coverslip causing them to get stuck in the membrane, which can be seen in figure
5.4E Futhermore, it shows that a lot of pillars just were not able to go through the the conductive layer and
substrate layer of the substrate. Instead of puncturing those layers, they got pressed down. While these pillars
pressed the layers downwards, the pillars were not able to fully puncture the layers which causes the pores not
to be the aimed diameter of 8 um. Therefore, the resulting mean pore diameter is 2.74 um (standard deviation
= 0.55 um, smallest pore diameter = 2.35 pm, largest pore diameter = 6.63 pm), the porosity is 0.1%, the mean
center to center distance of the pores is 70.83 um, and the standard deviation of the center to center distance
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is 51.98 um.

Electrical and electrochemical characterization

Cyclic voltammetry (CV) was performed to analyze the redox reaction between the porous electrode and the
solution. Figure 5.5A shows the redox activity of PEDOT:PSS films created with the described manufacturing
technology. This shows that the conductive film is electrochemical active which is required to use this layer
as part of a biosensor. The electrochemical characterization displays a quasi-reversible electrode behavior,
illustrated by a shift in peak potential in an otherwise linear correlation between peak current and the square
root of the potential sweep rate (as shown in the insert of figure 5.5A).

Electrochemical impedance spectroscopy (EIS) was used to investigate the electrochemical properties of
the conductive membrane. The nyquist plot of the electrical impedance spectroscopy (EIS) of the conductive
membrane which was preformed at 10mV/s in 10mM ferrocyanide/ferricyanide in 0.1M KCl is presented in
figure 5.5B. The insert contains the fitted equivalent circuit. Normally, a Randels circuit is used, when the
charge transfer is influenced by diffusion to and from the electrode, to decouple the various effects influ-
encing the impedance of the cell. It consists out of a resistor in series which models the resistance of the
electrolyte. The capacitor models the double-layer capacitance. In the parallel part of the circuit, the resis-
tor models the charge transfer resistance and the Warburg element models the diffusion process of species
into the electrode. This gives the well known shape of a semi circle at the higher frequencies and the linear
part at the lower frequencies.[89] While the conductive layer contains pores, it effects the interface where
the diffusion process takes place. This alters the slope at the lower frequencies, which will be a second semi
circle instead which won'’t necessarily follows the 45 degree slope anymore.[90] To fit the data more accu-
rately, a constant phase element is introduced in parallel to the Warburg element to be able to approximate
the second semi circle at a different degree slope by a linear line. It is placed parallel, instead of replacing
the Warburg element, to prevent the software from finding a local minimum during the fitting of the circuit.
Preventing this will result in more accurate values of the resistors and the capacitor in the circuit. In the fitted
circuit, the effect of the Warburg element can be neglected due to the small value of the Warburg constant (Y0
=900 fMho) in comparison with the constant of the constant phase element (Y0 = 4.54 u Mho).

A membrane with an effective surface area of 1 mm by 1 mm is evaluated by measuring the voltage/cur-
rent curve with a 4-point probe after the post treatment step. The voltage/current curve is fitted by a lin-
ear line, with a coefficient of determination of 1.00, presented in figure 5.5C. The slope indicates a resis-
tance of 80.0kQ which can be converted, by multiplying the resistance with n/In(2), in a sheet resistance of
363 kQ/ sq.[91] This is more than the sheet resistance found in literature. This can be explained by the fact
that the PEDOT:PSS film is thinner. The post treatment of the substrate after imprinting with EG increases
again the conductivity.[19] The US cleaner has also a negative effect on the conductivity of the PEDOT:PSS
layer, and therefore, decreasing the conductivity.

5.6. Conclusions

In conclusion, a high resolution manufacturing technology based on 2-photon polymerization and soft mold
nano imprint lithography process is presented. These are well characterized, simple and low cost techniques
that can be employed in polymer manufacturing, which makes it possible to translate complex cleanroom
fabrication processes into mold-based replication techniques. Furthermore, the use of solely polymeric ma-
terials increases the opportunities for functional integration, like the integration of electrical functionality.

This technology is applied to manufacture polymeric membranes with an integrated porous electrode. It
is demonstrated that there is control over the pore diameter (as small as 400 nm), the porosity, and location
of the pores. This is due to the large freedom of the 2-photon polymerization process. Which has the ability
to manufacture soft molds with freedom in the dimensions of the pillars, the number of pillars and location
of the pillars. It is possible to scale this technology to large area manufacturing. This is presented in this pa-
per by manufacturing membranes with an effective surface area of 1 mm by 1 mm. Finally, the manufactured
polymeric membranes with integrated porous electrodes with demonstrated sensor functionalities. Becuase
the porous electrode is conductive, it is possible to give cells electrical stimuli. The integrated porous elec-
trode is electrochemically active as well. Which makes it possible to use an electrochemical biosensor, as
already shown in literature. By exploiting the existing techniques to decouple the conductive layer, it opens
up the possibility to manufacture arrays of integrated biosensors on top of a membrane.
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Figure 5.4: SEM Images of the soft molds and the resulting polymeric membranes with integrated porous electrode after post treatment.
A: Soft mold with 32 pillars with a diameter of 400 nm, a tip angle of 80°, and varying base angles. B: Resulting polymeric membrane
with integrated porous electrode imaged from the TOPAS side. C: Soft mold with a field of 32 by 32 pillars covering an effective surface
area of 1 mm by 1 mm, with a diameter of 8um, a tip angle of 80°, and a base angle of 40°. D: Resulting polymeric membrane with
integrated porous electrode imaged from the TOPAS side. E: Close up of one of the pillars of the soft mold presented in C. F: Close up of
the membrane presented in D.
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Figure 5.5: Characterization of the 1 mm by 1 mm membrane. A: Cyclic voltammogram containing the CV curves at different scan rates of
amembrane with an effective surface area of 1 mm by 1 mm in 0.1M KCL. The inset contains the graph of the square of the oxidation peak
height versus the scan rate. B: Electrochemical impedance spectroscopy spectra of a membrane with an effective surface area of 1 mm
by 1 mm at 10mV/s in 10mM ferrocyanide/ferricyanide in 0.IM KCIL. In the inset, a schematic representation of the fitted equivalent
circuit with their corresponding values. The pores of the membrane will lower the slope of the linear part of the EIS data. The circuit
is a Randells equivalent with constant of the constant phase element (YO0 = 4.54 p Mho), to correct the lowering of linear part of the EIS
data, in parallel with a negligible Warburg constant (YO = 900 fMho) which is added to prevent the fitting software from finding a local
minimum. C: Voltage/current curve of a membrane with an effective surface area of 1 mm by 1 mm after the post treatment step.



Reflection

This chapter contains the self-reflection. First, the line of thought is discussed. Subsequently, a timeline
comparison is done. Followed by a brief discussion of the contributions of this research. At last, personal
points of improvement are discussed.

6.1. Line of thought

The first part of the literature study consists of identifying the current challenges of organ-on-a-chip systems
which leads to the project aim, presented in chapter 1. From the second part of the literature study, the re-
quirements of the membrane and the kind of sensor was selected, which is discussed in chapter 2. The last
part of the literature review leads to a manufacturing technology to manufacture a polymeric membrane with
integrated porous electrode. This is described in chapter 3 and an additional literature review for selecting a
material and manufacturing technique to create a second soft working mold is described in Appendix B. The
manufacturing methods are evaluated with a risk assessment and potential plan b’s are defined, discussed
in Appendix A. A roadmap with milestones and deliverables is formulated as a checklist of tasks to complete
for reaching the desired milestones and deliverables. This is presented in chapter 4. From the roadmap, it
became clear that most of the work would be to establish the required protocols of the individual manufac-
turing steps. This work is described in appendix C and D. The manufacturing of a polymeric membrane with
integrated porous electrode is presented as a paper in chapter 5. Because of the high quality of the results, it is
aimed to get it published in the journal Microelectronic Engineering after graduation. The algorithm written
to characterize the used to characterize the morphology of the membrane is explained in appendix E. The
performed permeability experiment to validate the fluidic functionality of the manufactured membranes is
presented in appendix F.

6.2. Timeline comparison

In figure 6.1 the planned timeline and actual timeline is presented in a Gantt chart. While the tasks were
already defined in chapter 4, this could easily be converted into the different activities of this research to be
used in this timeline.
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Looking at figure 6.1, just a small delay was encountered when the planned timeline is compared with the
actual timeline of the first 41 weeks. This happened because the literature study was planned to take more
than three months while some exams had to be done in the mean time. Eventually, it took even a bit longer
to finish the literature because I underestimated the actual writing of the literature review itself. Also, I un-
derestimated the time it takes to get trained for the needed equipment. But I had a headstart while Sam Smit
took the time to walk me through his protocol of manufacturing TOPAS films and training/explaining to me
how to use all the relevant equipment to do this on my own. Also, I underestimated the number of setbacks
I would encounter during the labwork. For example, stacking of the different layers to create the multilayer
substrate was not as easy as expected at the start of this research. So, no time was schaduled to find the best
way to do this. The gap in the weeks 34 till 37 was time spend on holidays. After holidays I picked up the re-
search where I left it. But week 42 till 46, I spend most of this time writing my report. I did this while we were
out of glass coverslips which are used in the Nanoscribe Photonic Professional GT. These took some weeks
to get delivered while the manufacturer of those coverslips had problems with their manufacturing process
and was not able to deliver the glass coverslips any sooner. At this point of the research, I was depended on
the Nanoscribe while I had to print a soft mold each time I imprinted a multilayer substrate because it would
destroy the soft mold each time. After two weeks, a new package of coverslips arrived and I could continue
with this research. But in the same week we, the users of the Nanoscribe (Paola Fanzio, Lili Maxime Hauzer,
and myself), noticed a shift in the quality of the printed structures. This was confirmed by performing the
same experiment which did work in week 41. Comparing pillars with sharp tips which were printed before
and after this sudden shift, it looked like less of the photoresist polymerized during the printing process. In
week 44 till 46 we tried multiple things in consultation with the customer support of Nanoscribe to determine
the cause of this sudden shift in quality. After weeks of experiments, we could rule out the actuators, the laser,
and the resist, which could all influence the observed phenomena. As this is written, we still don’t know what
caused this shift in quality. But I decided to continue with my research while the Photonic Professional GT
was still able to print structures. I redefined the soft mold manufacturing protocol, nevertheless, the imprint-
ing protocol still did not result in succesfull imprints. It is safe to say, it was not going to be an easy fix and the
deadline for the upcoming conference was getting closer.

Therefore, I took a step back and identified the three main problems were observed after this shift, the col-
lapsing of the pillars (figure D.3), the bending of the pillars (figure D.4), and the sticking of the pillars (figure
D.5). Of each of those problems, I started visualizing what happens during the imprinting step which results
in one of these three problems. Subsequently, I started drawing these visualizations and adding all the de-
composed forces which the pillar would experience. After understanding which and how the forces effected
this, I started brainstorming solutions. These are written around the visualization of the main problem like
a mindmap. This resulted in a list of potential solutions to these three main problems. During this set-back,
Luigi Sasso, Paola Fanzio, and I decided to have a supervisor meeting every week instead of every two weeks.
Because of the upcoming deadline for the conference, I did not have the time to try all the solutions I came
up with, Therefore, I wanted their opinion as well regarding the potential solutions and which ones to try. In
the end, they have a lot more experience and knowledge about polymer micro and nano manufacturing, and
they helped with ruling out potential solutions and determining which of the potential solutions to try first
each week. While I had already experience with the equipment and which experiments to perform, it was not
an easy fix and took weeks 47 till 52. During those weeks I was able to manufacture conductive membranes
of 1 mm by 1 mm.

6.3. Contributions

To be able to manufacture the conductive membrane, multiple manufacturing protocols were established.
Some as easy as spin coating a layer of PAA with it corresponding thickness at different spinning speeds and
protocols to print pillars/cones with the Photonic Professional GT. These will be useful for the polymer micro
and nano manufacturing group while people will also need to manufacture thin layers of the materials which
were used in the multilayer substrate of this research. Multiple people are going to work with the Nanoscribe
of which even some are going to print pillars/cones. But even for the people who are not going to print
cones/pillars, the used job-files are a nice example which I used to verify 4 to 5 parameters at once. The
established protocols during this research will save them time and eliminate risks whether it is possible or
not. But it could also be useful for people outside of the polymer micro and nano group to have in-house
protocols.
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But the developed high resolution and high throughput technology to manufacture conductive mem-
branes is much bigger than some spin coating protocols. Due to the freedom of the manufacturing method
of the mold, it eventually results in precise control over the pore dimensions, location, and porosity. This
improves the selectivity of the membrane which is interesting for multiple applications like precise separa-
tion, organic electronics, microfluidics, and tissue engineering. And the porous electrode which is integrated
on top of the membrane opens up the possibility to manufacture membranes with integrated biosensors on
top of it while this is the missing link. Because patterning of a PEDOT:PSS layer to manufacture a wearable
pH sensor was already demonstrated within the polymer micro and nano manufacturing group.[42] And in
literature multiple biosensors based on PEDOT:PSS are already reported.

6.4. Personal points of improvement

First of all, I learned a lot during this thesis. Especially how to properly do an experiment/research. This can
be seen by the amount of work I was able to do in the weeks 47 till 52, which is mainly reported in chapter5
and appendix D, in comparison with the amount of work I did in weeks 20 till 41, which is mainly described
in appendix C.

Except for the last couple of weeks of this research, we did supervisor meetings once every two weeks.
During the first couple of supervisor meetings, I noticed that it helps me a lot to prepare a powerpoint pre-
sentation with the results of the last two weeks. Because in this way, I forced myself to structure the results,
to process the results, and to write it down. And, I prefer to explain things with images instead of a lot of
words. Therefore, showing and explaining the experiments I performed, and their results during the supervi-
sor meetings, were much more clear. This made it possible for Luigi and Paola to give better and more useful
feedback. During the first couple of months, I started to write down more and more in the slides which were
eventually the notes which were the most helpful during the writing of this report. I always started the super-
visor meetings with an overview of my task list, and which of thewere already completed, to give an overview
of where we were with the research in the overall timeline. During the last couple of weeks of this research, I
did not make a powerpoint presentation anymore due to lack of time. I needed this time to get all the results
just in time for the conference, but it backfired during the writing of this report because those results were
poorly documented. So, it took a lot of time to figure out which results were from which experiment. Ilearned
from this experience that preparing such powerpoint presentation for a supervisor meeting, or just for myself
as notes, helps me a lot to structure everything from experimental set-ups to thoughts how to continue with
the overall research.

Also, writing all the parameters on the Petri dish which contained one sample helped me alot, in the end,
to figure out which one was which. In the beginning of the research, I did not do this as much. That was
probably because I did not have that many samples at that point of the research yet. 1 learned from it, that
you can never take enough notes of the experiments you performed at which parameters and so on. But it is
exactly the same for the theoretical work I did beside the lab work, writing down what information I found in
which papers would have saved me a lot of time as well.

Looking back, it would have benefitted me if I took more time to think about the experimental set-ups.
This would have reduced the number of experiments I had to perform to get to the same results. Every time
I ’just tried’ something like some randomly selected imprinting parameters it resulted (mostly) in useless
results. Currently, I identify these kind of decisions as a red flags. I realize now that at such a moment, I
need to think more about the experiment or read some literature about it. Not just to be able to defend the
research, but also to prevent that the experiment result in results which were not that useful, or that I was able
to combine some experiments in one to be more efficient, or that I just skipped a step to determine certain
parameters. This especially is true for the imprinting experiments. In contrast, the printing experiments were
really well designed because I was able to verify 4 or 5 parameters at once.

Appendix C and Appendix D contain a lot of images which I have taken with my cell phone through the
lens of the microscope. I did it in this manner, while the camera of my phone has a higher resolution than the
one installed in the microscope. I did not image every sample with the SEM to save time. In the end, it was
really efficient for the lab work but it pictures are not that clear and nice for the report. Looking back at this
decision, I should have looked into other options to document the results in a nicer way which would still be
efficient.

In an earlier stage of the research (weeks 22 till 27) the sputter coater was out of order. So, I could notimage
samples printed by the Photonic Professional GT. Luckily, I also had to establish the multilayer substrates
protocols, at this point of the research, which kept me busy during those weeks. The integration of multiple
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sensors onto the membrane was within the time given for this research not possible anymore. Because I lost
a lot of time when the Photonic Professional GT could not be used due to the lack of glass coverslips and the
shift in the quality of the printed structures. Instead, I had to work on writing my report which I always used
as an activity in case I could not do anything else in the lab. But I think it is important to try to plan as much
as possible parallel in the timeline, so that you never have to wait until a piece of equipment gets fixed or new
materials get delivered. A Gantt chart is very useful for this while it visually illustrates the critical path. In the
Gantt chart of figure 6.1, I planned the establishing of the multilayer substrate protocols and the soft mold
manufacturing protocols after each other and writing the report in the end. But these could all be planned
as parallel activities. Using a Gantt chart in an earlier stage of the research could have helped me to better
identify which experiments could be done parallel to each other, to minimalize the length of the critical path,
instead of just keeping some tasks as a plan b activity. Halfway through the research, I also started using it to
determine which experiments I could do parallel to each other in a single day. This way I could do a lot more
in one day, like printing a soft mold, imprinting a multilayer substrate, and preparing slides for the supervisor
meeting all at the same time.

At last, English is not my strong suit. Therefore, writing the report took a lot of time. I made the decision
to not to focus too much on work on the level of English of this report. Because the experimental work I could
do in a month is, in my opinion, a lot more valuable. But that is no excuse for not improving my writing and
speaking skills. This would benefit me a lot to speed up the writing of a high-quality report/paper, it will make
some of my explanations more clear, and would help me to speak more freely during a presentation.






Risk assesment and plan B

In this appendix, a risk assessment is done. This will identify which experiments have to be done and for
every risk there is a potential plan b introduced.

A.1. Identifiying optimal manufacturing parameters

Before the optimal design of the polymeric membrane with the integrated porous electrode and correspond-
ing design of the soft mold can be made, some unknown parameters have to be identified. Also, creating
decoupled electrodes is considered in this appendix while in the beginning of this research it was aimed for
manufacturing decoupled electrodes as well. This chapter is divided into the same main manufacturing steps
as used in the overview, figure 3.1. For each separate manufacturing step, there will be stated what is already
known and unknown. From this information, the risks are identified and a potential plan b is discussed for
the identified risks.

A.1.1. Manufacturing of the soft mold
Determine the optimal printing parameters and the limits of the dimensions of the desired structures.

Known: There is in-house experience of fabricating structures with the Photonic Professional GT and the
photoresist. Features sizes down to 100 nm should be possible according to literature.[79]

Unknown: The optimal process parameters for the manufacturing of the soft mold and the limits of the spe-
cific structures of this research like pillars and contours of the sensor.

Risks: Because there is in-house experience, the risks are limited while structures were already printed suc-
cessfully with the Photonic Professional GT.

Plan B: It will not be a problem to determine the optimal printing parameters. But it could be that a structure
collapses due to its design. In that case, the design of the structures have to be altered.

A.1.2. Substrate preparation
The different spin coating parameters determine what the minimum layer thickness of the different materials
is to obtain a good coverage. Also, the layer should be uniform.

Spin coating TOPAS
A layer of TOPAS has to be spin coated on top of a glass Petri dish with a desired thickness of 10 um.

Known: An in-house protocol was already developed by Sam Smit to spin coat thin layers of TOPAS.[92]
Unknown: The spin coating settings needed to manufacture a film of TOPAS of the required thickness. Be-
cause the in-house protocol was not used to manufacture the required thickness of the TOPAS layer of this
research.

Risks: Because there is an in-house protocol, the risk of creating a thin film is limited. The protocol just has
to be tweaked a bit. This can be done with the spin coating parameters or the concentration of TOPAS in
toluene.

Plan B: 1f TOPAS cannot be spin coated uniform and thin enough, a different material has to be selected. Or
a different thin film manufacturing technique has to be selected.
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Spin coating PEDOT:PSS
A layer of PEDOT:PSS has to be spin coated on top of the TOPAS film to eventually be used as an electrode.

Known: An in-house spin coating protocol is already developed forspin coating the PEDOT:PSS layer. 2-
propanol is added to increase the wettability which increases the adhesion and results into a better surface
quality. The size of the substrate does not influence the needed parameters for deposition the PEDOT:PSS
layer.[93] Antoher in-house protocol was developed which did not add 2-propanol to the PEDOT:PSS solution
but a surface treatment with oxygen plasma was done to increase the wettability of the substrate.[19]
Unknown: The relation between spin speed and film thickness has to be found for this specific substrate and
the corresponding sheet resistance.

Risks: Because there is an in-house protocol, the risk of creating a thin film of PEDOT is low.

Plan B: Because there are two in-house protocols, there is no need for a plan b.

Spin coating PAA
The layer of PAA is used for the multilayer molding and it is used a sacrificial layer to lift off the membrane
with integrated porous electrode.

Known: From literature, it is known that spin coating a solution of 6 wt% PAA in 18 wt% water and 76 wt% IPA
at a speed of 2000 rpm (500 rpm s~ ramp) for 60 s will result in a 400 nm thick PAA layer on glass.[53] Spin
coating aqueous solutions of 2.5% to 19% (w/v) PAA at different speeds (1000 RPM to 4000 RPM) resulted into
a film thickness of 40 nm to 9 um on PET disks and ITO coated silicon wafers.[61]

Unknown: No literature was found regarding spin coating PAA onto Topas.

Risks: There are not a lot of protocols known for spin coating PAA, and none were found for spin coating PAA
onto TOPAS. Some difficulties could be there like adhesion or wettability problems between TOPAS and PAA.
Experiments have to be done to find suiting parameters to create an uniform thin film of PAA onto a TOPAS
film. The relative thick layer which has to be spin coated could make it even more difficult.

Plan B: If there is a wettability problem, it could be solved by adding IPA or to do a surface treatment with
oxygen plasma.[93] If it is not possible to manufacture the required uniform layer of PAA, a different material
could be selected as sacrificial layer or a different manufacturing method could be selected like casting.

A.1.3. Soft imprinting process
Imprinting step
The soft mold must also be able to pattern and the dimensions of the features onto the substrate.

Known: There is in-house experience of soft embossing TOPAS with a PEDOT layer on top of it to create a
microfluidic device with electrodes in one step.[93]

Unknown: The difference is that there is an additional layer underneath the substrate. And the TOPAS layer
with a PEDOT layer on top of it has to be perforated to eventually create the pores of the membrane. Also, the
in-house protocol does not use IP-L 780 as soft mold.

Risks: Good guidelines were already created for a soft embossing step but they probably have to be tweaked
to find the optimal parameters for creating through-holes with a soft IP-L 780 mold.

Plan B: The risks are limited and imprinting with IP-L 780 should be possible. But if it introduces problems, a
different material could be selected for the soft mold for which there is in-house experience. Or a soft working
mold can be manufactured of the soft IP-L 780 mold, possible materials and manufacturing methods are
discussed in Appendix B. Or other materials can be selected for the substrate which should make the soft
mold imprinting step easier.

Adhesion between the different layers

The adhesion between the different layer should be high enough to prevent the splitting of them during the
demolding step.

Known: Imprinting a PEDOT:PSS and TOPAS substrate is possible.[93]

Unknown:As earlier described, the adhesion between the different layers is not known.

Risks: A good adhesion is critical for the imprinting step of the through-holes while the multilayer polymers
have to stick together to prevent that it separates. And that the PEDOT:PSS and TOPAS layer sticks to the mold
instead of the substrate. This has to be verified.

Plan B: If the adhesion is not strong enough, a different method for embossing through-holes has to be se-
lected. Or the mold has be treated with an anti stiction layer to lower the friction between the multilayer
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substrate and the mold which will lower the required adhesion between the different layers of the multilayer
substrate.

A.1.4. Post treatment

Enhancement of PEDOT:PSS layer

The ethylene glycol treatment has to positively influence the conducting and water repelling properties of
PEDOT:PSS.

Known: The conductivity of the PEDOT:PSS layer is increased by an ethylene glycol treatment and the solu-
bilty of the PEDOT:PSS layer is much lower in water.[93] At least 10 min treatment for max conductivity for a
PEDOT:PSS layer of 137 + 7 nm in thickness.[19]

Unknown: It is expected that the time of the ethylene glycol enhancement depends on the thickness of the
PEDOT layer.

Risks: Successful ethylene glycol enhancements of PEDOT:PSS were done in-house. It was found that doing
an immersion longer than needed will not influence the conductivity of the PEDOT:PSS negatively.[19] If an-
other layer thickness of PEDOT:PSS is going to be used, the minimal time needed for maximal enhancement
of the PEDOT:PSS has to be determined.

Plan B: Immerse the PEDOT:PSS layer long enough to increase the conductivity and to decrease the water
solubility. If it cannot be done successfully for another thickness, the same thickness used in the previous
research has to be used.

Disolving sacrificial layer
The PAA layer has to be dissolved successfully to release the membrane with integrated sensors.

Known: For a film thickness of ~ 400 nm, the diffusion of water into the water-soluble layer was increased
by performing ultrasonication in a water bath. The ultrasonication in a water bath for at least 10 min was
generally required. The remaining water soluble layer was subsequently removed by rinsing with water.[53]
In another paper, an etching rate of 750 um min~! was determined for PAA. But the geometry was not taken
into account, so it was advised to use as a guideline.[61]

Unknown: The influence of the ethylene glycol treatment on the solubility of PAA.

Risks: The effects of the immersion of PAA in ethylene glycol are not found in literature. So, the influence of
this on the solubility of the sacrificial layer can not be determined. Experiments have to be conducted to find
out if it still can be dissolved in water. And if that is possible, the etching rate has to be determined. But it
could also be that the ethylene glycol will dissolve the PAA layer.

Plan B: If the PAA layer will not completely dissolve in water anymore, ultrasonication in a water bath could
be tried. If that also does not work, a different solution could be selected which would dissolve the modified
PAA layer. A solution has to be selected which does not influence the membrane with the integrated porous
electrode. Or a different material for the sacrificial layer can be selected which can successfully be dissolved
after a ethylene glycol treatment. Another possibility is to do the ethylene glycol enhancement before the
PAA layer is spin coated. In this way, the layer cannot be affected by the threatment. Or the layer dissolves in
ehtylene glycol which would be a plus while it decreases the number of manufacturing steps.

A.2. Identifying optimal design parameters

There are two main parts of the design. The part which is responsible for creating the pores and the part
which creates the decoupled electrodes for the sensor.

A.2.1. Parameters membrane
The optimal dimensions and the optimal shape of the pillars has to be found. A cone shape will be probably
the best shape for perforating the two layers. The needed tip angle and base angle have to be determined.

Known: A formula is known which describes the collapse of the pillars which has the following parameters:
surface energy, Young’s Modulus, and the Poisson’s ratio.[94] Also the important parameters to insert mi-
croneedles into skin is known.[83]

Unknown: The influence of the shape of the pillar for collapsing is not taken into account. And there is not a
lot known about creating through-holes with multilayer molding.

Risks: The biggest risk is the high-aspect-ratio that is needed to create the through-holes. Because of these
high-aspect-ratios, sticking and collapsing of the pillars is an issue. Also, the chance increases of fracture of
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the pillars when the aspect-ratio is increased.[94] Experiments have to determine what the maximum aspect-
ratio is what can be obtained with a cone-shaped pillar. And also, it has to be verified if that can successfully
be imprinted through the PEDOT:PSS layer and through the TOPAS layer. Because of the cone shape of the
pillar, the base diameter of the cone has to be bigger than the diameter of the required hole to obtain the
desired pore diameter. The material could deform a bit after removing the stamp, which will result in smaller
pores. This has to be taken into account as well. Also, the required tip angle and base angle have to be
determined.

Plan B:If the aspect-ratio cannot be high enough, the thickness of the total substrated has to be lowered. This
can be done by creating a thinner layer of PEDOT:PSS, but this will result in thinner electrodes and, therefore,
a higher resistance which will make the sensor less sensitive. The thickness of the TOPAS layer could also be
lowered. The thinnest membrane used for cell culturing is 10 um, but if necessary, a thinner membrane could
be manufactured. Collapsing of the pillars themselves will not be a problem, but during the imprinting step
fracture or deformations can still cause problems.[94]

A.2.2. Parameters electrodes
The parameters to decouple the PEDOT:PSS layer successfully have to be determined. It is expected to be
influenced by the aspect ratio of the contour of the sensor the sharpness of the edge of the contour.

Known: A rectuangular beam with a width of + 34 um and 50 pm are high decoupled 100% of the electrodes,
and adding angle will decrease the decoupling.[93]

Unknown: Smaller dimensions have not been looked into.

Risks: It is possible to decouple electrodes with the imprinting step and the influences of different shapes
have been already looked into. But the smallest aspect ratios and the sharpness of the contour which will
successfully decouple the electrodes have to be determined by experiments.

Plan B: If the dimensions cannot go small enough to create at least one sensor onto the membrane, the de-
sign has to be altered to fit a sensor (which does not have the optimal design to suit the cells) on top of the
membrane. Worst case, a porous electrode could be manufactured instead of decoupled electrodes.



Additional literature review

There is an additional literature study done to determine a suitable material and manufacturing method to
create a soft working mold from a master mold manufactured by the Photonic Professional GT.

B.1. Material soft working mold

A lot of thermoplastic polymers are used for micro molding: cyclo-olefine copolymer (COC), polymethyl-
methacrylate (PMMA), polycarbonate (PC), polystyrene (PS), polyoxymethylene (POM), perfluoralkoxy copoly-
mer (PFA), polyvinlchloride (PVC), polypropylene (PP), polyethylene terephtalate (PET), polyetheretherke-
tone (PEEK), polydimethylsiloxane (PDMS), polyamide (PA), Polysulfone (PSU), polyvinylidenefluoride (PVDF),
polyetherimide (PEI), polymercaptopropylmethylsiloxane (PMMS) and perfluoropolyethers (PFPEs). Due to
the large choice of polymers, a closer look into polymers which are used for soft lithography will be given. Be-
cause using a polymer which has never been used before as soft mold introduces extra risks. The used poly-
mers for soft lithography are PDMS, PMMA, PMMS, PS, PFPEs, Ethylenetetrafluoroethylene (ETFE), Teflon,
polyurethaneacrylate) (PUA), Ormostamp, COC, PC, and PEL[50, 95-97]

PDMS PDMS is a thermally curable, elastomeric polymer, transparent down to wavelengths of 280 nm, com-
mercially available is bulk for 100 $ kg™'. Thanks to these properties it is the most common material
for soft lithography molds. Features bigger than 100 nm can be patterned using Sylgard 184. But it also
has some cons, it is not the best material for high-aspect-ratio structures. Because mechanical stress,
electrostatic attraction, and capillary forces may cause the features of the soft mold to self-adhere. This
limits the usable aspect ratio to 10:1. Also, it swells in organic solvents and could leave cyclic silicon
derivatives on the surface. A new kind of PDMS, "hard-PDMS”, was developed with a higher Young’s
Modulus. It increases from ~0.6 MPa to ~10 MPa. This enables a higher resolution but also introduces
new problems. Releasing it from the master mold could crack the hard-PDMS. And external pressure
is required to create conformal contact with a substrate. X-PDMS can have a Young’s Modulus up to 80
MPA and can replicates sub-10 nm features with conformal contact. Photocurable PDMS (hv-PDMS)
was developed to overcome the long, thermal cure under pressure of soft PDMS molds. hv-PDMS has a
higher tensile modulus than s-PDMS and the elongation at break is much higher than h-PDMS which
will make it easier to handle but it has a Young’s Modulus of ~3 MPa to ~4 MPa. With hv-PDMS re-
searchers were able to replicate 300 nm features. h-PDMS and hv-PDMS have the lowest surface energy
of the PDMS-based materials with of 20 mN m~1.[96-100]

PMMA To overcome the problem of the low possible aspect ratio of PDMS, polymethylmethacrylate (PMMA)
can be used as well. This is also a high transparent polymer. And features with an aspect ratio up to
300:1 can be created. But is has the drawback that nonconformal contact occurs due to the rigidity of
the soft PMMA mold. It has a glass transition temperature starting at 80°C. [95, 99]

PMMS With PMMS features of 15 nm has been manufactured using nanoimprint technique. But a big con is
that soft PMMS molds needs a fluorine functionalization for nondestructive release.[100]

PS PS is a transparent polymer with a glass transition temperature of 80°C. Surface features of 250 nm in
diameter and height were successfully manufactured.[95, 101]
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PFPEs PFPEs have a low Young's Modulus, low surface energy, high gas permeability, chemical resistance,
solvent resistant, and swell minimally. Feature sizes of 2 nm have been fabricated with a soft PFPE mold.
Variants of PFPE are hyperbranched PFPE (HPFPE), acryloxy PFPE (a-PFPE), and a-,w-methacryloxy
functionalized PFPE (PFPE-DMA). a-PFPE has the highest Young’s Modulus of the PFPEs with 10.5 MPa.
And regular PFPE has the lowest surface energy of 12 mNm~'. PFPE-DMA can replicate sub-100 nm
features with no indication of limits to going even smaller and has a Young’s Modulus of 4 MPa. It
has a glass transition temperature in the range of 117°C to 130°C, and costs €8 per kg to €16 per kg.
[96-98, 102]

ETFE ETFE has an exceptional toughness, an exceptional flexibility, low surface energy (15.6 mN m™), rela-
tive high stiffness, and high thermal stability. It can imprint features with a lateral dimension of 10 nm,
has a Young’s Modulus of ~1.2 GPa and a glass transition temperature in the range of 78°C to 93°C, and
costs €20 per kg to €30 per kg.[97, 102]

Teflon Teflon AF 2400 has a tensile modulus of almost a thousand times higher than PDMS, a low surface
energy (~16 mN'm™), a Young’s Modulus of ~1.6 GPa, has a high gas permeability, is inert to all chem-
icals and solvents except for perfluorinated solvents. So there is no swelling problem. It is sold for
$2750 per 25 g, has a glass transition temperature of 340°C, and may be may be hazardous if it is
inhaled.[97, 103, 104]

PUA PUA is almost impermeable to gasses, inert to chemicals and solvents (no swelling problems). A hard-
ness of 0.15 GPa, surface energy of 23 mNm™!, a glass transition temperature of 52.97°C and an elas-
tic modulus of 2.7 GPa can be obtained. Feature sizes of 350 nm are reported with the use of a PUA
mold.[97, 105]

Ormostamp It has a high UV-transparency even after thermal exposure. Due to its good Young's Modulus
(650 MPa) and hardness, it can pattern nanostructures (reported feature size of 100 nm) without any
cracks and fractures or deformations.[97]

COC COC is a transparent polymer, has high rigidity, excellent heat resistance and a very good dimension
stability. It has a glass transition temperature possible as high as 140°C and it has a high transparency. It
was used to successfully fabricate 200 um long, 75 pm wide and 35 um in height microchannels.[50, 95]

PC PC has a glass transition temperature of 140°C and it has a high transparency. Microchannels of 10 mm
in length, with an average of 89 um width, and an average 44 um in depth were successfully fabricated
within a difference of dimension of maximum 5%.[95, 106]

PEI PEIs a transparent polymer with high rigidity, excellent heat resistance, comparatively great dimensional
stability and has a high glass transition temperature of 210°C. Channels of 308 um to 318 um with a
depth of 40 um to 48 um have successfully been created into amorphous polyethylene terephthalate
(APET).[107]

B.1.1. Selected material for the soft mold

The selected manufacturing method for creating membranes with an integrated porous electro can create
features in the sub-micrometer range. To keep the ability to create that kind of feature size, a material has
to be selected which is able to transfer that. The selected material for the membrane (TOPAS) has a glass
transition temperature of about 70°C,[108] so a material is needed which has a glass transition temperature
above that to be able to use it for imprinting. A lower surface energy will lower the adhesion and the friction
between the polymer and the mold, which makes demolding easier. When a material is selected with a high
Young’s Modulus and a low surface energy, it can have structures with high-aspect-ratios without them being
deformed or being destroyed during imprint. For the worst-case scenario of a membrane with the smallest
pore size (0.4pm) and a with the biggest thickness (50um), an aspect ratio of at least 125:1 is required. For
a membrane with the smallest pore size and the smallest thickness (10 um), an aspects-ratio of at least 25:1
is required. This is still really difficult to accomplish. The surface energy between the different materials do
not range that much, and can always be influenced by adding an anti-stiction layer. The Young’s Modulus
does range a lot. There is aimed for a material with a Young’s Modulus in the Giga Pascal range. Teflon AF
2400 does fits the requirements the best, but it costs a lot and is potentially hazardous. That is why ETFE
is selected. It has a Young’s modulus which is 25% lower but it has a bit lower surface energy and its price
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is also > 3000% lower which makes it a lot more appealing for a commercial application. ETFE is a thermal
curable.[19, 94, 97]

B.2. Soft working mold manufacturing

For the manufacturing of the soft working mold, the pattern of the master mold has to be replicated onto the
soft mold. Therefore, there will be looked into replication techniques which are able to transfer micro and
nano patterns onto a substrate, which is in this case is the soft working mold. Replication techniques which
are used for this kind of applications are: Thermal NIL, UV-NIL, combined NIL and photolithography, roll-
to-roll, step and repeat, reverse NIL, thermoforming, injection moulding, and casting. Roll-to-roll and step
and repeat are techniques which are based on thermal NIL and UV-NIL but used for large scale productions.
Because only a couple of soft molds have to be manufactured during this research, these will not be discussed
in detail.[49, 109]

Thermal NIL This technique is also known as hot embossing. In this process a thermoplast is heated above
its glass transition temperature. When it is above its glass transition temperature, the thermoplast be-
comes similair to liquid with a high viscosity. A master mold is pressed into this liquid and it is cooled
down below the glass transition temperature of the thermoplast. The master mold is removed and the
structure is replicated into the thermoplast.[109]

UV-NIL This technique uses a photosensitive polymer as substrate which is soft when it is uncured. First,
the master mold is placed in the photosensitive material. Subsequently, the photosensitive polymer
is cured with UV-radiation. And at last, the master mold is removed which leaves an imprint into the
cured polymer.[109]

Combined NIL and photolithography This process is mainly used for imprinting large structures in combi-
nation with small structures. Normal lithograpy is used to create the large structures while the small
structures are patterned by NIL.[109]

Reverse NIL The only difference between regular NIL and reverse NIL is that the master mold is coated with
the material before imprinting. And subsequently, it is pressed against a substrate. Therefore, an im-
print can be performed on a prepatterned substrate.[109]

Thermoforming A thermoplastic sheet is pulled over a structure to pattern it before heating.[109]

Injection pressure moulding A hot polymer is injected into a cold mold under high pressure. Subsequently,
it is cooled down in the mold. And when the mold is opened a successfull patterned polymer can
be collected. It can also been down without the high pressure, but a higher process temperature is
required. [109]

Casting A melted polymer is casted on top of the master mold. Subsequently, it is cooled down and removed
from the mold.[49, 109].

B.2.1. Choosen technique for soft mold fabrication

The most simple replication technique is casting. But the melting temperature of the EFTE is above the glass
transition temperature of the master IP photoresist mold. This will cause the master mold to become a liquid
with a high viscosity. Therefore, it will not be able to succesfuly pattern the structures from the master mold
to the soft mold with a casting process. ETFE is not UV curable, so UV-NIL is not a possibility. Combined
NIL and photolithography is way to complicated for what there have to be replicated. Injection moulding is
more expensive than thermal NIL. The system required for thermoforming is cheaper than for hot embossing.
But there is already in-house experience with hot embossing. That is why there thermal NIL is selected as
technique to manufacture the soft working mold.[49]






Experiments performed for establishing
manufacturing protocols

C.1. Introduction

To be able to manufacture a polymeric membrane with integrated porous electrode according to the pre-
sented manufacturing overview (figure 3.1), multiple manufacturing protocols have to be established. In this
appendix, the performed experiments will be described in section C.2. Subsequently, the results of these
experiments are presented and discussed in section C.3. Finally, the conclusions consisting of the final pro-
tocols which are developed to manufacture a polymeric membrane with integrated porous electrode are pre-
sented in section C.4. Per section, there will be subsections regarding the different manufacturing steps.
These have the similair names as the names used for the manufacturing steps in figure 3.1, namely soft
mold manufacturing protocol, imprinting protocol, substrate protocols, and post-treatment. Also, the op-
timal printing parameters for printing the contours of the sensor are determined within this appendix. The
aim is to use such contours to decouple the conductive layer of the membrane. The work performed in this
appendix is reflected on the roadmap to success, which is presented in figure C.1.
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* |dentifying printing parameters for the manufacturing of the master mold

* Spin coating protocol TOPAS onto glass and thickness measurements

* Spin coating protocol PEDOT:PSS onto TOPAS and thickness measurements

* Protocol imprinting IP L-780 photoresist mold into the multilayer substrate

* Verify if the adhesion between the different layers of the substrate is strong enough
for multilayer molding

* Spin coating protocol PAA onto TOPAS and thickness measurements ]
* Solubility of the sacrificial layer ]

[- Milestone 1: Optimal manufacturing parameters identified

« |dentify influence shape pillar for creating through-holes ]

[0 Milestone 2: Optimal design parameters are identified

* Create design membrane with integrated porous electrode ]

* Manufacture membrane with integrated porous electrode ]

* Characterize manufactured membrane with integrated porous electrode ]

[- Deliverable 1: Functional membrane with integrated porous electrode
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Figure C.1: Roadmap to success with symbols indicating which experiments are performed in this appendix.

C.2. Experimental

C.2.1. Soft mold manufacturing protocol

The goal of these experiments is to find the optimal values for the laser power and the scan speed to print pil-
lars with sharp tips, electrodes, and electrodes with sharp edges. A glass coverslip (Menzel Gléser) of 30 mm
in diameter with a thickness of 0.17 mm +/- 0.01 mm from Thermo Scientific, is cleaned with acetone (EM-
SURE®, Sigma-Aldrich) and 2-propanol (Honeywell, Riedel-de Haén). A drop of immersion oil (Immersol™
518F Zeiss) is placed on the bottom of the coverslip and a drop of IPL-780 (Nanoscribe) is placed on top of
it. The coverslip is placed in a holder and placed in the Nanoscribe Photonic Professional GT. Different mod-
els are created with Solidworks (2016 x64 edition) and converted into job-files with Describe 2.2.4. Most of
the times the rendered 3D previews of the different print jobs consists of blocks because there is not enough
memory to build the structure. To prevent the graphics card from crashing, the rendering mode is changed
to bounding box by the software. This is, for example, the case in figure C.3. Adaptive slicing will be used
for all models. With this feature, the software looks at the slope of the object to determine where to slice the
following layer. The steeper the slope, the bigger the slicing distance. There is printed in the conventional
mode with the 63x objective, and the following parameters are fixed: a hatching distance of 2 ym (The lateral
distance between two lines in one layer.), a hatching angle of 45° (The angle between two lines in the two lay-
ers which are on top of eachother.), a maximum slicing distance of 0.5 um (The maximum distances between
two planes in the z-direction.), a minimum slicing distance of 0.2 um (The minimum distances between two
planes in the z-direction.), and a contour count of 1 (The number of contour lines around an object), un-
less it explicitly stated else. After the polymerization, the coverslip with the printed structure on top of it
is developed for 25 min in propylene glycol monomethyl ether acetate, PGMEA, (= 99.5%, ReagentPlus®,
Sigma-Aldrich), followed by 5 min in 2-propanol. The printed structure will be sputter coated (Quorum Tech-
nologies SC7620) with a 6.5nm layer of Au/Pd which is imaged with a scanning electron microscope, SEM,
(Jeol JSM-6010LA). The pillars will be imaged at a 45° angle to be able to inspect the tips of the pillars. The
definition of the tip angle and the base angle of a pillar is explained in figure C.2.
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Figure C.2: Graphical explanation of tip angle and base angle of a pillar.

Pillars with different diameters and tip angles

While there are commercial membranes available with different pore diameters, as presented in table 2.1,
pillars with different diameters have to be manufactured. Pillars with diameter of 0.4 um, 1 um, 3 pm, 5pum
and 8 pm will be manufactured. The angle of the tip will be varied while it is expected that this parameter will
have an influence on the imprinting of the pores, just like the insertion of a microneedle into the skin.[83] The
diameter is varied in the x-direction and the tip angle from 0° to 80° in steps of 10° in the y-direction. This is
illustrated in figure C.3A. Next to this square of pillars, a text is written with information regarding the printing
parameters of that square. Out of this square, a matrix of squares is created. In the x-direction the scan speed
varies from 20000 um s to 2500 um s~ in steps of 2500 ums~! and in the y-direction the laser power varies
from 2.5 mW to 20 mW in steps of 2.5 mW. This graphically represented in figure C.3B. A hatching distance of
0.2 um is used for this particular print job. The laser power and scan speed are varied while these are the most
influencial parameters to print structures successfully.[110] Using a dose which is too high, combination of a
high laser power and a low scan speed, will cause the photoresist to boil. Using a dose which is too low will
not be able to polymerize the photoresist. The scan speed is lowered in the x-direction to have the boiling of

the resist happen in the top right corner of the print job to minimalize the number of pillars effected by it. A
3D preview of the print job is given in figure C.3B.
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Figure C.3: 3D preview of the print job to determine the optimal dose for printing pillars with different diameters, base angles, and tip
angles. A: Close up of one square of pillars in which the diameter is varied in the x-direction and the tip angle is varied in the y-direction.
B: Overview of the complete print job in which the scan speed is varied in the x-direction and the laser power is varied in the y-direction.

Falling over of 0.4 pm pillars by the pillars with a base angle of 0°

Pillars for creating 0.4 um pores have the tendency to fall over. Therefore, these pillars are printed with differ-
ent base angles to determine whether a certain base would prevent the pillars from falling over. Pillars with a
varying tip angle from 0° to 80° in steps of 10° were manufactured in the x-direction, while the base angle is
varied from 0° to 4° in steps of 1° in the y-direction. Next to this square of pillars, a text is written with infor-
mation regarding the printing parameters of that square. This is presented in figure C.4A. Out of this square,
a matrix of squares is created. In the x-direction the scan speed varies from 20000 pms™! to 2500 um s~ in
steps of 2500 um s~! and in the y-direction the laser power varies from 2.5 mW to 25 mW in steps of 2.5 mW. A

hatching distance of 0.2 um is used for this particular print job. A 3D preview is given in figure C.4B.
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Figure C.4: 3D preview of the print job to determine the base angles needed to prevent the 0.4 um from falling over. A: Close up of one
square of pillars in which the tip angle is varied in the x-direction and the base angle is varied in the y-direction. B: Overview of the
complete print job in which the scan speed is varied in the x-direction and the laser power is varied in the y-direction.

Printing pillars with different diameters, tip angles, and base angles

For each pore size, the variation of base angle is introduced to create a larger surface at the glass substrate.
The larger surface will result in a larger adhesion force, which may be needed during the imprinting step to
prevent the pillars from transferring from the mold to the substrate. But will increase the minimal required
center to center spacing of the pillars. For each pore size, the maximum area per pore is calculated for which
itis still possible to create the highest number of pores/cm?, which are commercially available. Subsequently,
the maximum diameter of a circle is calculated which would fit in the area, which can be used to determine
the maximum base angle which can be used to still be able to fit the number of pillars next to each other
to still create the highest number of pores/cm? which are commercially available. There is decided to use 5
pillars with different base angles per pore size. In the case of a pore size of 0.4 um, it is decided to vary the
base angle from 0° to 4° in steps of 1° while the maximum base angle is only 1.14°. The used base angles are
all rounded, and this, including the selected base angles, is summarized in table C.1.

Table C.1: Overview of the values used to determine the maximum base angle per pore size.

Pore size = Max pore density Max area per pore ~ Max diameter Max base angle Base angles used
[um] [pores/cm?] [um] [um] [o] [o]

0.4 1x108 1.0 1.0 1.1 0,1,2,3,4

1.0 2x108 50 7.1 11.4 0,3,6,9,12

3.0 2x108 50 7.1 7.7 0,2,4,6,8

5.0 4%10° 250 15.8 19.8 0,5, 10, 15,20
8.0 1x10% 1000 31.6 38.2 0, 10, 20, 30, 40

For the 0.4 pm pores, the pillars with a base angle of 0° are removed from the print job to investigate if
these pillars cause the other pillars to collapse which has been noticed in figure C.16. The tip angle varies
also for each pore size from 0° to 80° in steps of 10°. The tip angle will influence whether the pillar is able
to create through-holes.[83] Looking at one square of pillars, in the x-direction, the base angle varies and in
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the y-direction, the tip angle varies, shown in figure C.5A. Next to this square of pillars, a text is written with
information regarding the printing parameters of that square. Out of this square, a matrix of squares is cre-
ated. This is shown in figure C.5A. In the x-direction, the scan speed varies from 10000 ums™! to 2500 um s~
in steps of 2500um s~ and, in the y-direction, the laser power varies from 12.5mW to 22.5mW in steps of
2.5mW. Multiple of these matrices are placed behind each other, in the y-direction, varying the diameter of
the pillar for the different pore diameters, as shown in figure C.5B.

X (pm)

Y (um)

g% Z (pm)
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Figure C.5: 3D preview of the print job to determine the optimal dose for printing pillars with different diameters, base angles, and tip
angles. A: Close up of one square of pillars in which the base angle is varied in the x-direction and the tip angle is varied in the y-direction.
B: Overview of the complete print job in which the scan speed is varied in the x-direction and the laser power is varied in the y-direction.
This is done per diameter pillar which is varied in the y-direction.

Influence of slicing distance

Decreasing the slicing distance could result in a better resemblance of the modelled pillars. A minimum
slicing distance of 0.1 pm and a maximum slicing distance of 0.2 um is used in this experiment instead of a
minimum slicing distance of 0.2 ym and a maximum slicing distance of 0.5 pm. Only the pillars of 3um, 5pum
and 8 um are printed in this experiment because those differed a bit more than the pillars with a diameter of
0.4 pym and with a diameter of 1 um.

Again, the base angle is varied in the x-direction as stated in table D.1, and the tip angle from 0° to 80°
in steps of 10° in the y-direction. Next to this square of pillars, text is written with information regarding the
printing parameters of that square. Out of this square a matrix of squares is created. This is presented in
figure C.6A. In the x-direction the scan speed varies from 10 000 pm s~ to 2500 um s~! in steps of 2500 um s~
and in the y-direction the laser power varies from 12.5 mW to 22.5 mW in steps of 2.5 mW. This graphically
represented in figure C.6B.
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Figure C.6: 3D preview of the print job to determine the influence of the slicing distance. A: Close up of one square of pillars in which
the base angle is varied in the x-direction and the tip angle is varied in the y-direction. B: Overview of the complete print job in which
the scan speed is varied in the x-direction and the laser power is varied in the y-direction. This is done per diameter pillar.

Influence of the 25x objective in comparison with the 63x objective

Five STL files are created which could also be used to imprint 1 mm by 1 mm membranes. A 3D preview of
the final job file in Describe is given in figure C.7A. Following the y-axis, the first field of pillars consists of
0.4 um pillars in diameter with a center to center spacing of 7um between them. This is also shown in figure
C.7A. Subsequently, pillars which are 1um in diameter are placed with a spacing of 7.04 um center to center.
The field in the middle consists of pillars which are 3 um in diameter and with a center to center spacing of
7.04 um. The next field has pillars of 5um in diameter which are placed 15.63 um, center to center apart from
each other. The last field consists of pillars which are 8 um in diameter and have a center to center spacing of
31.25um. These STL files are converted to job files and placed in such a manner to create the 5 fields of pillars
placed behind each other of which each field is 1 mm by 1 mm. A 3D preview is presented in figure C.7B. All
the pillars are compiled and printed according to the optimal parameters which are presented in table C.3.
For the 3 um pillars a laser power of 20 mW is selected.
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Figure C.7: 3D preview of the print job for printing 1 mm by 1 mm fields of pillars with different diameters with the 25x objective. A: Close
up of the field of pillars with a diameter of 0.4 um. B: Overview of the print job with the varying laser power in the x-direction and the
different diameters of pillars in the y-direction.

Electrodes 5 pm in height

A contour of the selected sensor design is printed to be used to decouple to conductive layer. A contour is
made of the design of the sensor which is scaled down until the fingers are 1 um in thickness and have a
spacing between the fingers of 1 um. The same contour is also scaled down until the fingers are 0.5pym in
thickness and have a spacing between the finger of 0.5 um.[33] Both sensors are 5um in height. Next to the
contour of one sensor, text is written with information regarding the printing parameters of that contour.
Out of the contour of the sensor of 1 um in finger spacing a matrix is made with varying the scan speed from
20000 umss~! to 5000 um s~! in steps of 5000 um s~! in the x-direction and varying the laser power from 5 mW
to 20mW in steps of 5mW the y-direction. The same is done for the sensor contour with a finger spacing of
0.5um and is placed next to the matrix of the contours of the sensor which have a finger spacing of 1 um. This
is visualized in figure C.8.
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Figure C.8: 3D Preview of the print job for printing electrodes which are 5um in height with the varying scan speed in the x-direction and
varying laser power in the y-direction.

Electrodes 1 pm, 2 pm, 3 pm and 4 pm in height

The same print job as presented in figure C.8 is used. The difference is the laser power which is varied in from
5mW to 30 mW in steps of 5mW in the y-direction. The print job is lowered in height. A close up of the new
print job is given in figure C.9A. The print job is printed four times, varying the height of the contour of the
sensor from 1 um to 4 um in steps of 1 um, shown in figure C.9B.
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Figure C.9: 3D Preview of the print job for printing contours of the sensor of different sizes and of different heights. A: Close up of the
contour of the sensor of 1 pm in height and 1 um in finger spacing. B: Overview of the print job with the varying scan speed in the x-
direction and varying laser power in the y-direction. The different sizes and heights of the contour of the sensor are placed behind each
other in the y-direction.

Electrodes with sharp edges

The same print job as presented in figure C.9 is used, but sharp edges are added with an angle of 80°. The
height of the contours is lowered with 1 um. So, the first set of contours just consists of the added sharp edge,
which is shown in figure C.10A. A 3D preview of the new print job is given in figure C.10B.
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Figure C.10: 3D Preview of the print job for printing contours of the sensor of different sizes and of different heights. A: Close up of the
contour of the sensor of which only contains the sharp edge. B: Overview of the print job with the varying scan speed in the x-direction
and varying laser power in the y-direction. The different sizes and heights of the contour of sensor are placed behind each other in the
y-direction.

C.2.2. Substrate protocols
Experiments are performed to establish protocols for spin coating the different layers. Also, there is looked
into the best way of stacking the different layers on top of each other.

Protocol for spin coating uniform layers of TOPAS
The goal of this experiment is to find a protocol for dissolving TOPAS granules into toluene and to find a spin
coating protocol to create uniform layers of TOPAS for different spin speeds.

A glass bottle is cleaned with ethanol absolute and placed in the fume hood (Vinitex) to let it evaporate
for one hour. Cyclic olefin copolymer granules (TOPAS 8007X-10, TOPAS) and toluene (Honeywell, Riedel-
de Haén) are added to the bottle to create a 20wt% solution. The bottle is placed in an ultrasonic cleaner
(SHESTO SHE-UT8031-EUK) with full sinus waves until, when you tilt the bottle, the solution is viscous and
fluidic. It will be investigated if shaking the solution with an orbital shaker speeds up the process. Glass Petri
dishes (@60, DURAN Group) are cleaned with acetone and 2-propanol, and placed in the oven (Memmert
UN30) at 150 °C for 15min to dehydrate. The glass Petri dishes are placed in the fume hood to cool down to
room temperature. The influence of the amount of solution dispensed, dispense spin coating techniques, the
spin coating speeds, number of spin coating steps, spin coating durations, and spin accelerations is investi-
gated. The layers will be spin coated (Polos 150i) on the outside of the glass Petri dish which will it makes it
easier to peel them off afterwards. The samples are left to dry overnight in the fume hood. The spin coated
TOPAS films will be inspected visually to judge whether they covered the complete Petri dish.

TOPAS film thickness
The goal of this experiment is to find the influence of different spin speeds. This will be examined in this
experiment to determine the preferred spin speed.

From the results regarding spin coating an uniform film of TOPAS, in figure C.43, the following protocol
is formulated to manufacture an uniform film of TOPAS. A glass bottle is cleaned with ethanol absolute and
placed in the fumehood to let it evaporate for 1 h. Cyclic olefin copolymer granules and toluene are added to
the bottle to create a 20wt% solution. The bottle is placed in an ultrasonic cleaner with full sinus waves for
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15 min. Subsequently, the bottle is placed on top of an orbital shaker at 2200 RPM for 10 min. This is repeated
until, when you tilt the bottle, the solution is viscous and fluidic. Glass Petri dishes are cleaned with acetone
and 2-propanol, and placed in the oven at 150 °C for 15 min to dehydrate. The Petri dishes are placed in the
fume hood to cool down to room temperature. The spin coating process consists of two steps. The first step
has a spin time of 50 s, and the spin speed will be varied from 500 RPM to 5000 RPM in steps of 500 RPM. At
the second step, the sample is spin coated for 30s seconds at 100 RPM. The acceleration for both steps is
250 RPM/s. 1 mL of the TOPAS solution is spin coated, on the outside of the Petri dish, with a static dispense
spin coating technique. The samples are left to dry overnight in the fume hood.

The spin coated TOPAS films, which cover the complete surface of the Petri dish, will be cut in half with
a knife, and one half is removed from the Petri dish. With the interferometer (Bruker GT-K1), the difference
in height between the top of the TOPAS film and surface of the Petri dish will be measured at eleven different
locations, 5 mm apart, which are evenly distributed along the cutted edge of the TOPAS layer.

PAA film thickness
The goal of this experiment is to find the influence of different spin speeds on the thickness of the layer. To
find the maximal required spin speed.

A glass Petri dish is treated for 30s with oxygen plasma at 60 W (Diener Femto). A 30 wv% solutions of
poly(acrylic acid), PAA, (average M,, 1800, Sigma-Aldrich) and DI water is prepared by adding the correct
amounts into a Falcon tube, and place it on an orbital shaker at 2200 RPM until the PAA is completely dis-
solved. 1.5mL of the solution, is dynamically dispended on the outside of the Petri dish during the spin
coating process. The spin speed are varied from 500 RPM to 1250 RPM in steps of 250 RPM, the spin time is
45s and the accelaration is 500 RPM/s. The samples are baked at 60 °C for 20 min in the oven.

The thickness of the resulting PAA layers, which cover the complete surface of the Petri dish, will be mea-
sured by making a scratch, from edge to edge of the Petri dish, through the PAA layer in the middle of the Petri
dish. The height difference between the surface of the Petri dish and the PAA layer will be measured with the
interferometer at eleven different locations, 5 mm apart, evenly distributed over the length of the scratch.

Additional spin coating and casting experiments PAA

Additional experiments are performed to investigate whether layers of PAA could be spin coated which are
more in the range of the desired thickness. Four different spin coat setting will be used, spin coating a PAA
film at 500 RPM with a spin coat time of 15s, spin coating a PAA film at 1000 RPM with a spin coat time of
5s, spin coating a PAA film at 1000 RPM with a spin coat time of only 155, and spin coating a PAA film at
1000 RPM with a spin coat time of only 15, but this time, a solution of 70 wv% is used instead of the 30 wv%.
Also, a casting method will be used. A sidewall is made out of adhesive tape in the first experiment, and in
the second experiment, a sidewall is made out of aluminum foil and duct tape. The aluminum foil is added
to prevent the PAA layer to be stuck to the duct tape.

PEDOT:PSS film thickness

The goal of the experiment is to find the influence of different spin speeds on the thickness of the layer and the
corresponding sheet resistance will be examined in this experiment to determine the preferred spin speed.
The used protocol is based on an in-house protocol and it is known that it will result in uniform layers.[19]

A glass Petri dish is treated for 5 min with oxygen plasma at 60 W. 2 mL of poly(3,4-ethylene- dioxythiophene)-
poly(styrenesulfonate), PEDOT:PSS, (1.3 wt% dispersion in H,O, Sigma-Aldrich), is dynamically dispended
on the outside of a glass Petri dish during the spin coating process. The spin speed will be varied from
500 RPM to 1500 RPM in steps of 250 RPM, the spin time is 60 s with an spin accelaration of 1000 RPM/s.
The samples are left to dry overnight in the fumehood.

The thickness of the resulting PEDOT:PSS layers, which cover the complete surface of the Petri dish, will
be measured by making a scratch, from edge to edge of the Petri dish, through the PEDOT:PSS layer in the
middle of the Petri dish. The height difference between the surface of the Petri dish and the PEDOT:PSS layer
will be measured with the interferometer at eleven different locations, 5 mm apart, evenly distributed over
the length of the scratch. The sheet resistance is determined by measuring the corresponding voltage after
applying a current ranging from -1.0mA to 1.0mA in steps of 0.2mA with a 4-point probe (Signatone couple
with a Keithley Sourcemeter 2400 and Nanovoltmeter 2182) at the middle of the sample and at the edge of the
sample.

Multilayer substrate manufacturing protocol
Three different orders of spin coating the different layers on top of each other is examined to find the opti-
mal order. First, spin coating the PAA 30w/v% solution on the TOPAS layer, flipping it, and spin coating the
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PEDOT:PSS layer on the other side. And this is placed on a different TOPAS sheet (Thickness of 300 pm, glass
transition temperature of 70 °C, microfluidic ChipShop). Second, the PEDOT:PSS is spin coated on top of
the TOPAS layer, flipped over, and a layer of PAA is spin coated on the other side. And placed on a different
TOPAS sheet. At last, PEDOT:PSS is spin coated on top of the TOPAS layer and the PAA layer is spin coated on
a different TOPAS sheet which are added together manually.

By placing the layers on top of each other, air bubbles are trapped between the layers. Four ways of
removing air bubbles is looked into. Removing them by pushing them away by hand, pushing the air away
with a tweezer, sliding away the air bubbles with a red stirring stick, and by placing it in a vacuum in the
desiccator (Space-Saver, Bel-Art Products). The results will be visually inspected to select the best method.

C.2.3. Imprinting protocol

The multilayer substrate will be imprinted with a soft mold which is manufactured by a 2-photon polymer-
ization process. This manufacturing process of the soft mold results in a polymeric imprinting tool. Imprint-
ing force, imprinting temperature, and holding time are the most influential parameters.[88] Further, it is
expected that the tip angle will influence the ability to create through-holes, just like the insertion of a mi-
croneedle into the skin.[83] The required base angle of the pillars will be investigated as well. A larger base
angle results in a larger surface at the glass coverslip which results in a bigger adhesion force between the
glass coverslip and the pillar but the minimal center to center spacing of the pillars increases.

The soft mold nano imprint lithography process was performed with a wafer bonder system (EVG 510, EV
Group). The mold and the multilayer substrate were placed between Kapton foil with on top a small graphene
sheet and a big graphene sheet. Within the software of the wafer bonder, a program had to be written to be
able to perform all the steps of the imprinting process. This is already written within the software, and is
presented in table C.2.

Table C.2: Program used for imprinting.

Command Parameter 1 Parameter 2 Parameter 3 Parameter 4
Set Temperature Heat Target: Both Setpoint: 40 °C Gradient: 20 °C/min Allow active cooling: no
Wait Temperature  Heat Target: Both Mode: higher Temperature: 38 °C
Evacuate Mode: low
Timer Timer: 0:00:03.0
hh:mm:ss.s

Wait Pressure

Mode: lower

Pressure: 1.000 mbar

Flags Left Flag: pull out Center Flag: pull out Right Flag: pull out
Timer Timer: 0:00:10.0
hh:mm:ss.s
Evacuate Mode: off
Set Temperature Heat Target: Both Setpoint: 120 °C Gradient: 20 °C/min Allow active cooling: no
Wait Temperature  Heat Target: Both Mode: higher Temperature: 108 °C

Piston Down

Setpoint: 4000 N

Gradient: max N/min

Timer Timer: 0:10:00.0
hh:mm:ss.s
Purge Mode: vent
Wait Pressure Mode: higher Pressure: 800.0 mbar
Purge Mode: Off
Set Temperature Heat Target: Both Setpoint: 30 °C Gradient: 20 °C/min Allow active cooling: no
Wait Temperature ~ Heat Target: Both Mode: lower Temperature: 55 °C
Piston Up
Imprinting force

The goal of this experiment is to determine which imprinting force is optimal. Therefore, a soft mold has to
be printed with the Photonic Professional GT to imprint into the substrate which consists of 4 layers which
is presented in the figure 3.1. A 3D preview of the print job is presented in figure C.11. The print job consists
of some pillars and electrodes which are shown in figure C.11A. And placing two of those next two each other
in each direction results in four times the same pillars and electrodes, which can be seen in figure C.11B.
One of the small squares presents a field of pillars of which in the x-direction the base angles varies and in
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the y-direction, the tip angle varies like the print job in figure C.5. In the x-direction, the different squares of
a certain diameter of pillars are placed next to each other. And in the y-direction, the same diameters, base
angles, and tip angles are used but the center to center spacing is larger. For the pillars of 8 um in diameter, the
center to center spacing between the same rows of pillars is 47.53 um. And the center to center spacing from
the biggest base angle to the smallest base angle is 43.60 pm, 36.48 um, 30.46 um, and 25.00 um. For the pillars
of 5pm in diameter, the center to center spacing between the same rows of pillars is 28.48 ym. And the center
to center spacing from the biggest base angle to the smallest base angle is 28.48 um, 25.66 pm, 22.96 pm, and
20.31 um. For the pillars of 3 um in diameter, the center to center spacing between the same rows of pillars is
20.16 um. And the center to center spacing from the biggest base angle to the smallest base angle is 20.16 um,
19.10 um, 18.05pum, and 17.00um. For the pillars of 1 um in diameter, the center to center spacing between
the same rows of pillars is 18.71 um. And the center to center spacing from the biggest base angle to the
smallest base angle is 18.71 um, 17.64 um, 16.58 um, and 15.53 pum. For the pillars of 0.4 pm in diameter, the
center to center spacing between the same rows of pillars is 14.24 um. And the center to center spacing from
the biggest base angle to the smallest base angle is 14.24 pm, 13.71 ym, and 13.19 um. The 0.4 um pillars with
a base angle of 0° are not modelled. At the top of figure C.11B, contours of the sensor are shown. The first
row are contours of the sensor with a spacing between the fingers of 1 um and in the x-direction the height
varies from 1 pm to 4 pm in steps of 1 pm just like the print job in figure C.9. In the row above electrodes with a
spacing between the fingers of 0.5 um are printed with a height of 1 um and 2 um. An imprinting temperature
of 120 °C is used, which is 50 °C above the glass transition temperature.[108] And a holding time of 10 min is
used. These parameters are found to be optimal.[88] A force of 4000 N and 5000 N is used to see the influence
of the imprinting force.

Figure C.11: 3D Preview of the print job used for imprinting pillars with different diameters, base angles, center to center spacing, and
tip angles. And for imprinting contours of the sensor of different heights and sizes. A: One matrix with the contours of the sensor of
different heights in the x-direction and different sizes in the y-direction on top. The two rows below contain pillars with different center
to center spacings, with the smaller center to center spacing on the bottom. In one row the diameter of the pillars is varied per small
field of pillars in the x-direction. Within such a field of pillars, the base angle is varied in the x-direction and the tip angle is varied in the
y-direction. B: Overview of the print job which contains four times the matrix with all the structures to test all the variables.

Imprinting influence of the tip angle of the pillars with sharp tips
The same kind of print job is used to manufacture the soft mold as presented in figure C.11. But some small
variations in the tip angles are introduced, to be able to test the influence of the tip angle. Three new versions
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of this print job are created. The first one consists of 3 rows of pillars with a tip angle of 60°, 3 rows of pillars
with a tip angle of 70°, and 3 rows of pillars with a tip angle of 80°. The 3D preview of this print job is shown
in figure C.12. This version will give an indication if a relatively sharp tip angle is needed or not. The second
version of the print job consists of pillars which all have a tip angle of 80°, figure C.13. And the third version
has pillars all with a tip angle of 70°, presented in figure C.14. These two versions will verify if one of these tip
angles is necessary for creating through-holes. The first two version will be immersed in ethylene glycol, EG,
(anhydrous, 99.8%, Sigma-Aldrich) for 15 min, and the last version for 2 h after imprinting.

Figure C.12: 3D Preview of the print job used for imprinting pillars with different diameters, base angles, center to center spacing, and
tip angles. And for imprinting contours of the sensor of different heights and sizes. A: One matrix with the contours of the sensor of
different heights in the x-direction and different sizes in the y-direction on top. The two rows below contain pillars with different center
to center spacings, with the smaller center to center spacing on the bottom. In one row the diameter of the pillars is varied per small
field of pillars in the x-direction. Within such a field of pillars, the base angle is varied in the x-direction and the tip angle is varied in the
y-direction. B: Overview of the print job which contains four times the matrix with all the structures to test all the variables.
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Figure C.13: 3D Preview of the print job used for imprinting pillars with different diameters, base angles, center to center spacing, and
tip angles. And for imprinting contours of the sensor of different heights and sizes. A: One matrix with the contours of the sensor of
different heights in the x-direction and different sizes in the y-direction on top. The two rows below contain pillars with different center
to center spacings, with the smaller center to center spacing on the bottom. In one row the diameter of the pillars is varied per small
field of pillars in the x-direction. Within such a field of pillars, the base angle is varied in the x-direction and a constant tip angle of 80° in
the y-direction. B: Overview of the print job which contains four times the matrix with all the structures to test all the variables.
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Figure C.14: 3D Preview of the print job used for imprinting pillars with different diameters, base angles, center to center spacing, and
tip angles. And for imprinting contours of the sensor of different heights and sizes. A: One matrix with the contours of the sensor of
different heights in the x-direction and different sizes in the y-direction on top. The two rows below contain pillars with different center
to center spacings, with the smaller center to center spacing on the bottom. In one row the diameter of the pillars is varied per small
field of pillars in the x-direction. Within such a field of pillars, the base angle is varied in the x-direction and a constant tip angle of 70° in
the y-direction. B: Overview of the print job which contains four times the matrix with all the structures to test all the variables.

Imprinting temperature

The print job shown in figure C.13 is used to find the optimal temperature which can be used. By increasing
the temperature, the polymer chains of the TOPAS increase in mobility which results in smaller replication
errors of the mold.[88] The imprinting temperature will be increased by 10 °C to 130 °C. The other parameters
like holding time (10 min) and imprinting force (4000 N) will remain the same.

Holding time

To find the influence of the holding time, The print job shown in figure C.13 is used. It is expected that longer
holding times results in smaller replication errors.[88] A holding time of 20 min is used to investigate this.
To be able to state the influence of the holding time, an imprinting temperature of 120 °C is used and an
imprinting force of 4000 N is used.

C.2.4. Post treatment

Dissolving the PAA layer

The goal of this experiment is to find a suiting protocol for the post treatment step to dissolve the PAA layer.
From literature, it is known that immersing the PEDOT:PSS layer for 10 min will result in the maximum in-
crease of conductivity. And that it lowers the water solubility of the layer.[19] Three different protocols are
tested. The first one is immersing the multilayer substrate for 15min in EG. The second protocol is to im-
merse it for 2h in EG. The last protocol is to place the substrate in EG in an ultrasonic cleaner for 14 min,
followed letting it rest while immersed in EG for 2 h. The results will be compared to see whether it changes
shape and/or size of the non-conductive PSS parts on the layer and to verify whether it improves the peeling
of of the membrane. The PEDOT:PSS layer, which is on top of the multilayer substrate, will be imaged with a
SEM before and after the EG treatment. After dissolving the PAA layer, the TOPAS layer will be sputter coated
with a 6.5 nm layer of Au/Pd and imaged by the SEM.
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C.3. Results and discussion
This chapter contains the results and discussion of the described experiments.

C.3.1. Soft mold manufacturing protocol

Pillars with a different sharp tips

An overview of the printed pillars is presented in figure C.15. The best set of pillars is shown in figure C.16A.
These are printed with a laser power of 17.5mW and a scan speed of 17 500 um s™'. Unfortunately, the pillars
of 0.4um in diameter fell over. This has to be investigated why it is happening and how to prevent it from
happening. Further, the designed tips of the pillars have some severe shrinkage phenomena, this has to be
investigated as well.

Figure C.15: Overview of the printed pillars with sharp tips and varying diameters.
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Figure C.16: Results of the printing pillars with sharp tips and varying diameters. A: Zoomed in on the set of pillars which looks the most
like the modeled ones, printed with a laser power of 17.5mW and a scan speed of 17 500 um s™1. B: Overview of the printed pillars with
sharp tips and varying diameters.

Falling over of 0.4 pm pillars with sharp tips by the pillars with a base angle of 0°
The printed pillars of 0.4 um in diameter with different base angles printed at different laser powers and scan
speeds are presented in figure C.17.
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Figure C.17: Overview of the printed pillars regarding the influence of the base angle of 0.4 um pillars to prevent them from falling over.

In figure C.18B, the same overview is presented as in figure C.17. But in figure C.18A, a close up of the
printed pillars which looks the most like the modeled ones are presented, printed with a laser power of
22.5mW and a scan speed of 2500pums~'. The pillars with a base angle of 0° all tipped over. The pillars
with a base angle of 4° are all still standing. Some of the pillars with a base angle of 1° to 3° fell over and some
did not. From this, it can be concluded that a bigger base angle indeed prevents the pillars from falling over.
But some more research has to be done to further understand why they are falling over.
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Figure C.18: Results of the printed pillars regarding the influence of the base angle of 0.4 pm pillars to prevent them from falling over. A:
Zoomed in on the set of pillars which looks the most like the modeled ones, printed with a laser power of 22.5 mW and a scan speed of
2500 ums~L. B: Overview of the printed pillars.

Printing pillars with sharp tips

By visualy inspecting the SEM images of the printed pillars with sharp tips, presented in figure C.19, the
optimal printing parameters are determined. These are presented in table C.3. The pins with 3 um diameter
has no clear optimal laser power. For all the pillars a scan speed of 2500 um s~} was found to be optimal. It can
be concluded that a laser power of 22.5 mW is optimal for pillars with a larger diameter than 3 um. And for
pillars with a smaller diameter than 3 um a laser power of 20.0 mW is optimal. Zoomed in SEM images of the
pillars which are printed with the optimal parameters are presented in the figures C.20 to C.25. Comparing
these SEM images with the SEM images of the results in figure C.16A, the designed tips are mostly printed
successfully due to the increase of hatching distance from 0.2 pm to 2 pum. It can be concluded by comparing
figure C.20 and figure C.18 that the 0.4 pm pillars with a 0° base angle did not cause the collapse of the other
0.4 um pillars.
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Figure C.19: Results of the printing pillars with sharp tips of different diameters. A: Overview of the printed pillars with a diameter of
0.4 um. B: Overview of the printed pillars with a diameter of 1 um. C: Overview of the printed pillars with a diameter of 3 um. D: Overview
of the printed pillars with a diameter of 5 pum. E: Overview of the printed pillars with a diameter of 8 pm.
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Figure C.20: Results of the printing pillars with sharp tips regarding the pillars with a diameter of 0.4 pm, printed with a laser power of
20.0mW and a scan speed of 2500 um s™!. A: Zoomed in on the set of pillars which looks the most like the modeled ones. B: Overview of
the printed pillars with a diameter of 0.4 um.
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Figure C.21: Results of the printing pillars with sharp tips regarding the pillars with a diameter of 1 pm. A: Zoomed in on the set of pillars
which looks the most like the modeled ones, printed with a laser power of 20.0 mW and a scan speed of 2500 pm s™L. B: Overview of the

printed pillars with a diameter of 1 pm.
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Figure C.22: Results of the printing pillars with sharp tips regarding the pillars with a diameter of 3 pm. A: Zoomed in on the set of pillars
which looks the most like the modeled ones, printed with a laser power of 20.0 mW and a scan speed of 2500 pm s™L. B: Overview of the
printed pillars with a diameter of 3 pm.
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Figure C.23: Results of the printing pillars with sharp tips regarding the pillars with a diameter of 3 pm. A: Zoomed in on the set of pillars
which looks the most like the modeled ones, printed with a laser power of 22.5 mW and a scan speed of 2500 ym s™L. B: Overview of the
printed pillars with a diameter of 3 pm.
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Figure C.24: Results of the printing pillars with sharp tips regarding the pillars with a diameter of 5pm. A: Zoomed in on the set of pillars
which looks the most like the modeled ones, printed with a laser power of 22.5 mW and a scan speed of 2500 ym s™L. B: Overview of the
printed pillars with a diameter of 5 pm.
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Figure C.25: Results of the printing pillars with sharp tips regarding the pillars with a diameter of 8 pm. A: Zoomed in on the set of pillars
which looks the most like the modeled ones, printed with a laser power of 22.5 mW and a scan speed of 2500 ym s™L. B: Overview of the
printed pillars with a diameter of 8 pum.

Table C.3: Overview optimal parameters for printing pillars of different diameters with the 63x objective.

8um pins 5um pins 3um pins 1um pins 0.4 um pins

Laser power [mW] 22.5 22.5 22.5/20.0 20.0 20.0
Writing speed [um s 2500 2500 2500 2500 2500
Minimum slicing distance [um] 0.2 0.2 0.2 0.2 0.2
Maximum slicing distance [um] 0.5 0.5 0.5 0.5 0.5
Hatching distance [um] 2 2 2 2 2

Contour count 1 1 1 1 1

Hatching angle [°] 45 45 45 45 45

Influence of slicing distance
First, from figure C.26A, it can be seen that the pillars were not printed successfully with a laser power of

22.5mW because the resist started to boil. So, the printing process was stopped. Zoomed in SEM images of
the pillars which are printed with the optimal parameters are presented in the figures C.27, C.28, and C.29.
Comparing figure C.27A with figure C.22A, figure C.28A with figure C.24A, and figure C.29A with figure C.25A,
it can be seen that there was little to no improvement by printing the pillars with a smaller slicing distances.
But it took much more time to print due to the smaller slicing distance. So, there is no advantage in decreasing

the slicing distance.
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Figure C.26: Results of the printed pillars of different diameters regarding the influence of the slicing distance. A: Overview of the printed
pillars with a diameter of 3um. B: Overview of the printed pillars with a diameter of 5um. C: Part one of the printed pillars with a
diameter of 8um. D: Part two of the printed pillars with a diameter of 8 pum.
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Figure C.27: Results of the pillars with a diameter of 3pm. A: Zoomed in on the pillars printed with a laser power of 20 mW and a scan
speed of 2500 um s~1. B: Overview of the printed pillars with a diameter of 3 um.
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Figure C.28: Results of the pillars with a diameter of 5pum. A: Zoomed in on the pillars printedwith a laser power of 22.5 mW and a scan

speed of 2500 um s~1. B: Overview of the printed pillars with a diameter of 5 um.
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Figure C.29: Results of the pillars with a diameter of 8pum. A: Zoomed in on the pillars printed with a laser power of 22.5mW and a scan
speed of 2500 um s~1. B: Overview of the printed pillars with a diameter of 8 um.
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Influence of the 25x objective in comparison with the 63x objective

The printed pillars are presented in figures C.30A to C.30E And a close up of the pillars with different diame-
ters is given in figures C.31A to C.31E.
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Figure C.30: Results of the printed 1 mm by 1 mm fields of pillars with the 25x objective. A: Overview of the printed pillars with a diameter
of 0.4um. B: Overview of the printed pillars with a diameter of 1um. C: Overview of the printed pillars with a diameter of 3 pm. D: Part

one of the printed pillars with a diameter of 5pum. E: Part two of the printed pillars with a diameter of 5um. F: Overview of the printed
pillars with a diameter of 8 pm.
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Figure C.31: Results of the printed 1 mm by 1 mm fields of pillars with the 25x objective. A: Close up of the printed pillars with a diameter
of 0.4um. B: Close up of the printed pillars with a diameter of 1 um. C: Close up of the printed pillars with a diameter of 3 um. D: Close
up of the printed pillars with a diameter of 5 um. E: Close up of the printed pillars with a diameter of 8 um.

The reason why there is only a partial field is printed, which can be seen in figure C.30D, is due to the fact
that the droplet of IP-L 780 was not big enough and, therefore, the Photonic Professional GT tried to print the
pillars in air. So, a new substrate was placed and the print job was modified to only print the fields of pillars
with a diameter of 5um and 8 pm. But due to time constraint, they are not fully printed. In figure C.30E, a
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part of smaller pillars can be observed. This was caused by the fact that the Photonic Professional GT was not
able to find the interface successfully. The same cause led to missing parts of pillars in figure C.30E

But the prints were succesfull enough to compare them with the pillars printed with the 63x objective. So
figure C.31A can be compared with figure C.20A, figure C.31B can be compared with figure C.21A, figure C.31C
can be compared with figure C.22A, figure C.31D can be compared with figure C.24A, and figure C.31E can be
compared with figure C.25A. All the tips are almost the same except for the pillars with 3 pm in diameter. This
could be solved by printing the pillars with a laser power of 22.5 mW instead of 20.0 mW.

Electrodes 5 pm in height

In figure C.32 the overview of the results is presented, but the best version of both of the printed contours are
shown in C.33A (finger spacing of 1 um) and C.33B (finger spacing of 0.5um). It can be seen that the contour
of the interdigit sensors are stuck to each other. Also, in both cases, the big round circle fell inwards, probably
due to the capillary forces during the development process. Therefore, this design of the contours of two
different sensors of 5 um in height are not able to be printed successfully due to their height.

Figure C.32: Overview of the printed contours of the sensor, both with a finger spacing of 0.5pum and 1 pm, 5pm in height, at different
laser powers and scan speeds.
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Figure C.33: Results of the printed contours of the sensor, both with a finger spacing of 0.5 um and 1 pm, 5pm in height, at different laser
powers and scan speeds. A: Close up of the contour of the sensor which is the closest one to the designed contour with a finger spacing
of 1um. B: Close up of the contour of the sensor which is the closest one to the designed contour with a finger spacing of 0.5um. C:
Overview of the printed contours of the sensor.

Electrodes 1 pm, 2 um, 3 pm and 4 pm in height

Figure C.34 contains an overview of the printed contours of the sensor at different heights and finger spacings.
The sensor with the dimension of 1 pm in finger spacing and 4 pm in height is particially succesfull, but it is
good enough to be used for the imprinting for at least the counter electrode and the reference electrode
which is presented in figure C.35A. This one is printed with a laser power of 20.0 mW and a scan speed of
5000ums'. For the dimensions of 1 um in finger spacing and a maximum of 3 um in height the contours
polymarized successfully. For the sensors with a finger spacing of 0.5 um, a maximum height of 2 um was
achieved of which the structure did not collapse. These printing parameters are summed up in table C.4.
Zoomed in SEM images of the pillars which are printed with the optimal parameters are presented in the
figures C.35, C.36, C.37, and C.38.
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Figure C.34: Overview of the printed contours of the sensor, with a finger spacing of 0.5pm and 1pm, different heights, with different
laser powers, and scan speeds. A: Contours of the sensor which is 1 um in height. B: Contours of the sensor which is 2um in height. C:
Contours of the sensor which is 3 um in height. D: Contours of the sensor which is 4 um in height.
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Figure C.35: Results of the printed contours of the sensor, with a finger spacing of 0.5um and 1um, 1um in height, at different laser
powers and scan speeds. A: Close up of the contour of the the sensor which is the closest one to the designed contour with a finger
spacing 1 um, printed with a laser power of 15.0 mW and a scan speed of 15000 um s™L. B: Close up of the contour of the sensor which
is the closest one to the designed contour with a finger spacing 0.5um, printed with a laser power of 15.0mW and a scan speed of
5000pumss~!. C: Overview of the printed contours of the sensor.
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Figure C.36: Results of the printed contours of the sensor, with a finger spacing 0.5 um and 1 um, 2 um in height, at different laser powers
and scan speeds. A: Close up of the contour of the sensor which is the closest one to the designed contour with a finger spacing of 1 um,
printed with a laser power of 15.0mW and a scan speed of 20000ums~!. B: Close up of the contour of the sensor which is the closest
one to the designed contour with a finger spacing of 0.5 um, printed with a laser power of 10.0 mW and a scan speed of 5000 um shc
Overview of the printed contours of the sensor.
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Figure C.37: Results of the printed contours of the sensor, with a finger spacing of 0.5um and 1um, 3um in height, at different laser
powers and scan speeds. A: Close up of the contour of the sensor which is the closest one to the designed contour with a finger spacing
of 1um, printed with a laser power of 15.0mW and a scan speed of 20000ums~!. B: Close up of the contour of the sensor which is
the closest one to the designed contour with a finger spacing of 0.5um, printed with a laser power of 25.0mW and a scan speed of
5000pumss~!. C: Overview of the printed contours of the sensor.
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Figure C.38: Results of the printed contours of the sensor, with a finger spacing of 0.5um and 1um, 4um in height, at different laser
powers and scan speeds. A: Close up of the contour of the sensor which is the closest one to the designed contour with a finger spacing of
1 pum, printed with a laser power of 20.0 mW and a scan speed of 5000 um s~!. B: Close up of the contour of the sensor which is the closest
one to the designed contour with a finger spacing of 0.5 um, printed with a laser power of 25.0 mW and a scan speed of 20 000 pm sTlC
Overview of the printed contours of the sensor.

Table C.4: Overview optimal parameters for printing contours of the sensor.

1x4pm 1x3um 1x2um 1x1pum 0.5x2pum 0.5x1pm

electrodes  electrodes  electrodes electrodes electrodes  electrodes
Laser power [mW] 20.0 15.0 15.0 15.0 10.0 10.0
Writing speed [um s 5000 20000 20000 15000 5000 5000
Minimum slicing distance [um] 0.2 0.2 0.2 0.2 0.2 0.2
Maximum slicing distance [um] 0.4 0.4 0.4 0.4 0.4 0.4
Hatching distance [um] 0.3 0.3 0.3 0.3 0.3 0.3
Contour count 1 1 1 1 1 1

Hatching angle [°] 0 0 0 0 0 0
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Contours of the sensor with a sharp edge
An overview of the contours of the sensor with a sharp edge are presented in figure C.39.

Figure C.39: Overview of the printed contours of the sensor with a sharp edge, with a finger spacing of 0.5um and 1 um, at different laser
powers and scan speeds. A: Contours of the sensor successfully with a sharp edge which are 0 um in height. B: Contours of electrodes
with a sharp edge which are 1 pm in height. C: Contours of the sensor with a sharp edge which are 2um in height. D: Contours of the
sensor with a sharp edge which are 3 um in height. E: Contours of the sensor with a sharp edge which are 3 pum in height.

Only the contours of the sensor with a height of 0 pum and 1 pm were printed successfully with the Photonic
Professional GT. The optimal printing parameters are summarized in table C.5. For the contours of the sensor
with a finger spacing of 0.5 um two good combinations of laser power and scan speed are found. Version 1
is prefered while the higher scan speed will result in a print job which takes less time to execute. Zoomed in
SEM images of the contours of the sensor with a sharp edge which are printed with these optimal printing
parameters are presented in the figures C.40, C.41, and C.42.
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Figure C.40: Results of the printed contours of the sensor with a sharp edge, with a finger spacing of 0.5pm and 1pm, 1 pm in height,
at different laser powers, and scan speeds. A: Close up of the contour of the sensor which is the closest one to the designed contour
with a finger spacing of 1 ym and 1pm in height excluding the sharp edge, printed with a laser power of 30.0 mW and a scan speed of
15000 um s™L. B: Overview of the printed contours of the sensor with a sharp edge.
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Figure C.41: Results of the printed contours of the sensor with a sharp edge, with a finger spacing of 0.5pm and 1pm, 1 pm in height,
at different laser powers, and scan speeds. A: Close up of the contour of the sensor which is the closest one to the designed contour
with a finger spacing of 1 ym and 0pm in height excluding the sharp edge, printed with a laser power of 25.0 mW and a scan speed of
5000 pm s™1. B: Overview of the printed contours of the sensor with a sharp edge.
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Figure C.42: Results of the printed contours of the sensor with a sharp edge, with a finger spacing of 0.5um and 1 um, 1 pm in height, at
different laser powers, and scan speeds. A: Close up of the first contour of the sensor which is close to the designed contour with a finger
spacing of 0.5 um and 0 pm in height excluding the sharp edge, printed with a laser power of 15.0 mW and a scan speed of 15 000 um sk
B: Close up of the second contour of the sensor which is the close to the designed contour of 0.5 um in finger spacing and 0 pm in height
excluding the sharp edge, printed with a laser power of 20.0 mW and a scan speed of 5000 pum s~ 1. C: Overview of the printed contours of
the sensor with a sharp edge.

Table C.5: Overview optimal parameters for the contours of the sensor with a sharp edge.

I1x1lum 1x0um 0.5x0pum 0.5x0um
electrodes with electrodes with electrodes with electrodes with
asharp edge a sharp edge a sharp edge V1 a sharp edge V2

Laser power [mW] 30.0 25.0 20.0 15.0

Writing speed [um s 15000 5000 5000 15000

Minimum slicing distance [um] 0.2 0.2 0.2 0.2

Maximum slicing distance [um] 0.4 0.4 0.4 0.4

Hatching distance [um] 0.3 0.3 0.3 0.3

Contour count 1 1 1 1

Hatching angle [°] 0 0 0 0

C.3.2. Substrate protocols

Uniform layers TOPAS
The steps taken to create a TOPAS:toluene 20wt% solution are summed up below with comments of what was
observed.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Clean a bottle with ethanol and let it evaporate for one hour
. Weigh 10.84 g of TOPAS gradules

. Fill bottle with 50 mL toluene

. Add the TOPAS gradules

. Ultrasonic cleaner with a full sinus wave for 15 min at 20 °C (start: temperature of 30 °C, end: tempera-

ture of 39 °C)

. Wooden stick to stir TOPAS and toluene mixture

. Ultrasonic cleaner with a full sinus wave for 15 min at 20 °C (start: temperature of 38 °C, end: tempera-

ture of 44 °C)

. Ultrasonic cleaner with a full sinus wave for 15 min at 20 °C (start: temperature of 44 °C, end: tempera-

ture of 48 °C)

. Solution rested for 1.25h

Ultrasonic cleaner with a full sinus wave for 15 min at 20 °C

Wooden stick to stir the glue like TOPAS which was stuck on the bottom of the bottle (It got stuck to the
wooden stick)

Ultrasonic cleaner with a full sinus wave for 15 min at 20 °C (end: temperature of 46 °C)
Rotate/spin the bottle by hand

Ultrasonic cleaner with a full sinus wave for 15 min at 20 °C (end: temperature of 47 °C)
Rotate/spin the bottle by hand (still only a bit dissolved)

Solution rested overnight, 18.75 h (still not dissolved)

Shake it a lot by hand (alsmost dissolved)

Ultrasonic cleaner with a full sinus wave for 15 min at 20 °C (end: temperature of 47 °C, still no progess)
Orbital shaker for 5 min at 1500 RPM

Solution rested for 1.5h to 2h

Orbital shaker for 3 min at 2200 RPM

Solution rested for 45 min

Orbital shaker for 5min at 1500 RPM (TOPAS ’glue’ still stuck at the edges of the bottle, but almost
completely dissolved)

Ultrasonic cleaner with a full sinus wave for 15 min at 20 °C (start: temperature of 30 °C, end: tempera-
ture of 38 °C)

Orbital shaker for 7 min at 2200 RPM (TOPAS completely dissolved)

The most important conclusion for dissolving TOPAS granules into toluene is that placing it on an orbital
shaker speeds up the process. While after shaking it, a real difference was observed. Stirring the solution
with a wooden stick did not help, and the TOPAS got stuck to the wooden stick which influences the final
concentration. The results of the spin coated films of TOPAS are shown in figure C.43.
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Dynamic dispense spin coating
of 1.5mL TOPAS:toluene 20wt%

Step 1: 7000 RPM, 80's, 250 RPM/s

Static dispense spin coating
of 1.5mL TOPAS:toluene 20wt%
Step 1: 3000 RPM, 60's, 250 RPM/s
Step 2: 500 RPM, 30's, 250 RPM/s

Static dispense spin coating
of TmL TOPAS:toluene 20wt%
Step 1: 3000 RPM, 60 s, 100 RPM/s
Step 2: 500 RPM, 40's, 100 RPM/s

Static dispense spin coating
of 1mL TOPAS:toluene 20wt%

Step 1: 4000 RPM, 50's, 250 RPM/s
Step 2: 500 RPM, 30's, 250 RPM/s

Static dispense spin coating
of TmL TOPAS:toluene 20wt%

Step 1: 2500 RPM, 50's, 250 RPM/s
Step 2: 100 RPM, 30's, 250 RPM/s

Figure C.43: Results of spin coating TOPAS onto a glass Petri dish to develop a general spin coating protocol to manufacture uniform

Dynamic dispense spin coating
of 1.5mL TOPAS:toluene 20wt%

Step 1: 3000 RPM, 80's, 250 RPM/s

Dynamic dispense spin coating
of 1.5mL TOPAS:toluene 20wt%

Step 1: 3000 RPM, 60's, 250 RPM/s
Step 2: 500 RPM, 30s, 250 RPM/s

Dynamic dispense spin coating
of 1.5mL TOPAS:toluene 20wt%
Step 1: 3000 RPM, 60's, 250 RPM/s
Step 2: 500 RPM, 60's, 250 RPM/s

Static dispense spin coating

of TmL TOPAS:toluene 20wt%
Step 1:3000 RPM, 60's, 250 RPM/s
Step 2: 500 RPM, 30's, 250 RPM/s

Static dispense spin coating
of 1.5mL TOPAS:toluene 20wt%
Step 1: 500 RPM, 30's, 250 RPM/s
Step 2: 3000 RPM, 60's, 250 RPM/s

Dynamic dispense spin coating
of 1.5mL TOPAS:toluene 20wt%
Step 1: 500 RPM, 30's, 250 RPM/s
Step 2: 3000 RPM, 60's, 250 RPM/s

Static dispense spin coating

of ImL TOPAS:toluene 20wt%
Step 1: 3000 RPM, 80's, 250 RPM/s
Step 2: 500 RPM, 30s, 250 RPM/s

Static dispense spin coating
of 1mL TOPAS:toluene 20wt%
Step 1: 3000 RPM, 50, 250 RPM/s
Step 2: 500 RPM, 30's, 250 RPM/s

Static dispense spin coating

of TmL TOPAS:toluene 20wt%
Step 1: 3000 RPM, 60's, 250 RPM/s
Step 2: 1000 RPM, 30's, 250 RPM/s

Static dispense spin coating
of 1mL TOPAS:toluene 20wt%
Step 1: 4000 RPM, 50's, 250 RPM/s
Step 2: 100 RPM, 30's, 250 RPM/s

Static dispense spin coating

of 1mL TOPAS:toluene 20wt%
Step 1: 4000 RPM, 50's, 250 RPM/s
Step 2: 250 RPM, 30's, 100 RPM/s

Static dispense spin coating

of 1mL TOPAS:toluene 20wt%
Step 1: 4000 RPM, 50's, 250 RPM/s
Step 2: 250 RPM, 30's, 250 RPM/s

Static dispense spin coating
of TmL TOPAS:toluene 20wt%

Step 1: 2000 RPM, 50's, 250 RPM/s
Step 2: 100 RPM, 30's, 250 RPM/s

Static dispense spin coating
of TmL TOPAS:toluene 20wt%
Step 1: 1000 RPM, 50's, 250 RPM/s
Step 2: 100 RPM, 30's, 250 RPM/s

layers of TOPAS. The used parameters to spin coat the layers of TOPAS are presented below the corresponding Petri dish.
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For creating uniform layers of TOPAS a spin coat step of 1000 RPM, for 80s, with a spin acceleration of
250RPM/s and 1.5 mL is dynamically dispensed during the spin coating. The resulting film is shown in figure
C.43A. The spin speed was changed to 3000 RPM to see the effect of changing the spin speeds to create films of
different thicknesses. The spin coated film is presented in figure C.43B. Because this spin speed gave a worse
result than the first one, this one will be tweaked to create an uniform layer of which one step is at 3000 RPM.
A spin coat step of was added after the 3000 RPM spin coat step to spread the solution more slowly on the
substrate, which has the same settings as the first one but only the spin speed was changed to 500 RPM. The
resulting TOPAS film is shown in figure C.43C. Subsequently, the duration of the final step was decreased to
reduce the influence of the second step, shown in figure C.43D. While the coverage of the layer is better, a
wave pattern can be observed. The difference between a dynamic dispense spin coat technique and a static
dispense spin coat technique was investigated. The difference can be seen by comparing figure C.43D and
figure C.43E. The two spin coating steps were flipped to see the difference in spreading the solution before
and after the initial step. Also, the difference between a dynamic dispense spin coat technique and a static
dispense spin coat technique was investigated. These films are shown in figure C.43F and figure C.43G. Again,
the wave pattern can be observed for the dynamic dispense spin coat technique. A static dispense spin coat
technique will be used from now on to eliminate the wave pattern. Flipping the steps did not improve the
spin coated layer of TOPAS. So, the first step will be the one which will be used to change the spin speeds
in the following experiments. Using 1 mL of TOPAS:toluene solution instead of 1.5 mL slightly increased the
uniformity of the layer, figure C.43H. In figure C.43I can be observed that increasing the time of the second
spin coat step by 10s ruins the film. Increasing the spin speed of the second step also does not improve the
uniformity. Decreasing the duration of the first results in an uniform film of TOPAS, shown in figure C.43K.
Increasing the duration results in a slightly less uniform layer, figure C.43L. When a different spin speed is
used for the first step, which is the goal of the experiment, it no longer results in an uniform layer, shown in
figure C.43M. As shown in figure C.43N, changing the spin speed of the second step from 500 RPM to 250 RPM
increases the uniformity of the film. But decreasing the acceleration of the last step does not, figure C.430.
Decreasing the spin speed even more results in uniform layers again, which remain uniform for different spin
coat speeds of the first steps. These are presented in figure C.43P, C.43Q, C.43R and C.43S. The final protocol
will, therefore, consists of two steps. The first step has a spin time of 50, of which the spin speed can be
varied. Next, the sample is spin coated for 30s at 100 RPM. The acceleration for both steps is 250 RPM/s.
1 mL of the TOPAS solution is spin coated, on the outside of the Petri dish, with a static dispense spin coating
technique.

TOPAS film thickness
From figure C.44 it can be seen that a minimum spin speed of 1000 RPM is required to cover the Petri dish
completely with an TOPAS layer.

Figure C.44: Results of spin coating the TOPAS layer at different spin speeds of the second step. A: Image of the spin coated layer of
TOPAS at 500 RPM. B: Image of the spin coated layer of TOPAS at 1000 RPM. C: Image of the spin coated layer of TOPAS at 1500 RPM.
D: Image of the spin coated layer of TOPAS at 2000 RPM. E: Image of the spin coated layer of TOPAS at 2500 RPM. F: Image of the spin
coated layer of TOPAS at 3000 RPM. G: Image of the spin coated layer of TOPAS at 3500 RPM. H: Image of the spin coated layer of TOPAS
at 4000 RPM. I: Image of the spin coated layer of TOPAS at 4500 RPM. J: Image of the spin coated layer of TOPAS at 5000 RPM.
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The results regarding the measured thickness and uniformity of the different TOPAS films are shown in
figure C.45. According to literature, the thickness of the layer scales proportional to the inverse of the spin
speed squared.[111] The fitted function (black dashed line) with this relationship has a coefficient of deter-
mination, R?, of 0.91. A thickness of 10 um is required while commercial porous membranes for cell culturing
are available with that thickness as presented in table 2.1. To get a TOPAS layer of the required thickness (red
dashed line), a spin coating speed of 3900 RPM is needed as indicated by the crossing of the two dashed lines.

Thickness of the TOPAS layer 20wt% vs spin coat RPM
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Figure C.45: Boxplot (showing the median, 25th percentile, 75th percentile, and data points outside the inter-quartile range) for the
thickness of each of the different spin speeds of spin coated TOPAS films. A line is fitted with the known relation between spin speed and
layer thickness.

PEDOT:PSS film thickness
The resulting spin coated layers are presented in figure C.46. The results regarding the thickness measure-
ments of the PEDOT:PSS films are shown in figure C.47.
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Figure C.46: Results of spin coating the PEDOT:PSS layer at different spin speeds of the second step. A: Image of the spin coated layer of
PEDOT:PSS at 500 RPM. B: Image of the spin coated layer of PEDOT:PSS at 750 RPM. C: Image of the spin coated layer of PEDOT:PSS at
1000 RPM. D: Image of the spin coated layer of PEDOT:PSS at 1250 RPM. E: Image of the spin coated layer of PEDOT:PSS at 1500 RPM.
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Figure C.47: Boxplot (showing the median, 25th percentile, 75th percentile, and data points outside the inter-quartile range) for the
thickness of each of the different spin speeds of spin coating PEDOT:PSS films. A line is fitted with the known relation between spin
speed and layer thickness.

The results regarding the sheet resistance of the PEDOT:PSS films are shown in figure C.48.
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Figure C.48: Boxplot (showing the median, 25th percentile, 75th percentile, and data points outside the inter-quartile range) for the sheet

resistance of each of the different spin speeds of spin coating PEDOT:PSS films.

From figure C.46 it can be seen that a minimum spin speed of 750 RPM is required to cover the Petri dish
completely. The results regarding the measured thickness and uniformity of the PEDOT:PSS films are shown
in figure C.47. The found thickness of the film spin coated at 1000 RPM is in line with the resulting thickness
found in literature with the same spin coating settings.[19] According to literature, the thickness of the layer
scales proportional to the inverse of the spin speed squared.[111] The fitted function (black dashed line) with

this relationship has a coefficient of determination, R?, of 0.97.

A spin coating speed of 750 RPM is selected while this layer results in an uniform layer with the lowest
sheet resistance. As presented in figure C.49, the measured resistance can be used to determine, roughly, the
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expected thickness of the layers while the bulk resistance of the spin coated PEDOT:PSS solution is known.
The expected thicknesses are in line with the measured thicknesses.
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Figure C.49: Boxplot (showing the median, 25th percentile, 75th percentile, and data points outside the inter-quartile range) for the
expected thickness for each of the different spin speeds of spin coating PEDOT:PSS films.

PAA film thickness
The resulting spin coated layers is presented in figure C.50.

Figure C.50: Results of spin coating the PAA layer at different spin speeds of the second step. A: Image of the spin coated layer of PAA at
250 RPM. B: Image of the spin coated layer of PAA at 500 RPM. C: Image of the spin coated layer of PAA at 750 RPM. D: Image of the spin
coated layer of PAA at 1000 RPM. E: Image of the spin coated layer of PAA at 1250 RPM.

The results regarding the measured thicknesses of the PAA films are shown in figure C.51.
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Figure C.51: Boxplot (showing the median, 25th percentile, 75th percentile, and data points outside the inter-quartile range) for the
thickness of each of the different spin speeds of spin coating PAA films. A line is fitted with the known relation between spin speed and
layer thickness.

From figure C.50 it can be seen that a minimum spin speed of 750 RPM is required to cover the Petri dish
completely. According to literature, the thickness of the layer scales proportional to the inverse of the spin
speed squared.[111] The fitted function (black dashed line) with this relationship has a coefficient of deter-
mination, R?, of 0.78. The measured thicknesses differ significantly from literature, probably due to the dif-
ference in substrate material, variations in the cleaning procedure and spin coat procedures.[61] Additional
experiments were performed to get thicker films, of which the results are presented in figure C.52.
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Additional experiments PAA
The results regarding the measured thicknesses of the spin coated layers are presented in figure C.52.

Thickness of the PAA layer in different experiments

Layer thickness [pm]

30wv% spin coated at 500RPM for 15s
30wv% spin coated at 1000RPM for 5s
30wv% spin coated at 1000RPM for 15s

70wv% spin coated at 1000RPM for 155

Figure C.52: Boxplot (showing the median, 25th percentile, 75th percentile, and data points outside the inter-quartile range) for the
thickness of each of the different spin speeds of spin coating PAA films.

Figure C.53: Results of the casting experiment of PAA onto a glass Petri dish. A-B: Experiment with the side walls made out of tape. C-D:
Experiment with the side walls made out of duct tape and aluminium foil.

Looking at the measured thicknesses of the films in figure C.52, none of them come close to the desired
values. That is why a casting method is tried as well. Looking at the pictures in figure C.53 regarding the
casting experiments, both times the PAA solution started leaking through the side walls which can be seen by
the solution in the Petri dishes. So creating the sidewalls like it is shown in figure C.53 is not a valid possibility
in this case because of the high viscosity of the PAA 70wv% PAA solution. Therefore, it is decided to use a
TOPAS sheet as second sacrificial layer.
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Multilayer substrate manufacturing protocol
Results of stacking the layers in the described different orders is presented in figure C.54.

Figure C.54: Results from the different ways of stacking the layers on top of each other. A: First, a PAA film is spin coated on the spin
coated TOPAS film. Subsequently, a film of PEDOT:PSS is spin coated on the other side of the TOPAS film. B: First, a PEDOT:PSS film is
spin coated on the spin coated TOPAS film. Subsequently, a film of PAA is spin coated on the other side of the TOPAS film. These layers
are placed on top of a sheet of TOPAS. C: First, a PAA film is spin coated on a TOPAS sheet. Subsequently, a film of PEDOT:PSS is spin
coated on the spin coated TOPAS film. Which is placed on top of the TOPAS sheet with the PAA film.

First spin coating the PAA layer followed by the PEDOT:PSS layers results in a non uniform layer of PE-
DOT:PSS, which is seen in figure C.54A. This is caused due to the flipping over of the layer. Because it is
almost impossible to place it back, manually, on a Petri dish without introducing rimples due to the folding
and tendency to roll up of the PAA layer and the TOPAS layer. In figure C.54B, the result is shown were the
PEDOT:PSS layer is spin coated on top of the TOPAS film, flipped, and the PAA film is spin coated on the back
of it. The stacking of the layers was successful. But to ensure a complete coverage by the PAA film, a large
amount has to be spin coated on top of it. This could have as a result that the PAA solution will get between
the glass Petri dish and the PEDOT:PSS layer. Finally, the protocol were the PAA solution was spin coated on
the TOPAS sheet was also successful, shown in figure C.54C. While this method has not the risk of getting PAA
on top of the PEDOT:PSS layer, which will be an additional layer to imprint, it is selected as the best one.

In figure C.55A, the layer are stacked manually on to op of each other. Placing the substrate in the desicca-
tor for 10 min min has little to no effect on the amount of air trapped between the layers, shown by comparing
the figures C.55A and C.55B. Pushing away the air bubbles with the back of a tweezer improved the substrate
locally. The imprinted part of the substrate would have a lot less air bubbles but due to the pushing of the
air bubbles, some relative heigh rimples formed in the top layers of the substrate. This is presented in figure
C.55C. A large number of air bubbles is removed by the last method which can be seen in figure C.55D.

Figure C.55: Results from the experiment to minimalize the number of air bubbles trapped between the layers. A: Pushing the bubbles
away by hand. B: Placing it in vacuum for 10 min in a desiccator. C: Pushing the air bubbles with the backside of a pair of tweezers. D:
Pushing the air bubbles away by sliding a red stirring stick across the layers.

C.3.3. Imprinting protocol

Imprinting force
The results of imprinting at 4000 N is presented in figure C.56 and figure C.57. The results of imprinting at
5000 N is presented in figure C.58.



C.3. Results and discussion 99

Figure C.56: Results of imprinting at 120 °C, 4000 N, with a holding time of 10 min. A: Mold before imprinting. B: Mold after imprinting.
C: Substrate after imprinting and treatment with EG.
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Figure C.57: SEM images of the multilayer substrate after imprinting at 120 °C, 4000 N, with a holding time of 10 min. A: Close up of one
matrix with all the different elements. B: Overview of the non conductive side of the imprinted multilayer substrate.
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Figure C.58: Results of imprinting at 120 °C, 5000 N, with a holding time of 10 min. A: Mold before imprinting. B: Mold after imprinting.
C: Substrate after imprinting and treatment with EG.

Comparing figure C.58A with C.58B, some of the pillars are gone. these got stuck in the substrate shown
in figure C.58C. While comparing figure C.56A with C.56B shows that none of the pillars transferred into the
substrate. Therefore, it can be concluded that a maximum force of 4000 N can be used without destroying
the soft mold. But looking at the backside of the imprinted membrane, figure C.57, no through-holes were
manufactured. It looks like the pillars with a small to no tip angle at all prevented the pillars with sharp
tips of creating through-holes. Because the PEDOT:PSS layer does not become "soft” during the imprinting
process and has to be ripped.[93] Helping to visually imagine this, it could be compared to puncturing a
rubber glove a stick without a sharp tip and to puncture it with a stick with a sharp tip. A sharper tip (bigger
tip angle) requires a lower force to puncture a rubber substrate than a tip with a smaller tip angle.[112] So, the
influence of the tip angle has to be investigated while this influences the force which is needed to penetrate
the PEDOT:PSS layer.

Influence tip angle of the pillars with sharp tips

Results of imprinting with pillar with tip angles of 60°, 70°, and 80° are presented in figure C.59. Results of
imprinting with pillar with tip angles of 80° are presented in figure C.60. Results of imprinting with pillar with
tip angles of 70° are presented in figure C.61. Comparing the figure C.59A with C.59B and figure C.61A with
C.61B, some of the pillars are lost. But this does not influence the experiment to find the required tip angle to
create through-holes. The big number of transferred pillars from the mold to the substrate in figure C.61 can
be explained by the fact that the used glass coverslip was already used before and was cleaned with acetone
and 2-propanol to reuse it. This has apparently influence on the adhesion between the pillars and the glass
coverslip.

Figure C.59: Results of imprinting at 120 °C, 4000 N, with a holding time of 10 min with a mold which contains pillars with tip angles of
60°, 70°, and 80°. A: Mold before imprinting. B: Mold after imprinting. C: Substrate after imprinting and treatment with EG.
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Figure C.60: Results of imprinting at 120 °C, 4000 N, with a holding time of 10 min with a mold which contains pillars with a tip angles
80°. A: Mold before imprinting. B: Mold after imprinting. C: Substrate after imprinting and treatment with EG.

Figure C.61: Results of imprinting at 120 °C, 4000 N, with a holding time of 10 min with a mold which contains pillars with tip angles of
70°. A: Mold before imprinting. B: Mold after imprinting. C: Substrate after imprinting and treatment with EG.

In figure C.62A, two through-holes can be seen, but it is still believed that the pillars with a lower tip angle
kept all the other pillars of puncturing through the PEDOT:PSS layer as discussed earlier. While only two
through-holes are created with the first version, the experiments with only 70° tip angles and 80° tip angles
were performed. From figure C.63, it can be seen that a large number of the pillars created through-holes.
And with pillars with a tip angle of 70° did not puncture through the PEDOT:PSS layer, of which the SEM
images are shown in figure C.64. From these three experiments, it can be concluded that a tip angle of at least
80° is required for creating through-holes.
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Figure C.62: SEM images of the multilayer substrate after imprinting at 120 °C, 4000 N, with a holding time of 10 min with a mold which
contains pillars with tip angles of 60°, 70°, and 80°. A: Close up of one matrix with all the different elements. B: Overview of the non
conductive side of the imprinted multilayer substrate.
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Figure C.63: SEM images of the multilayer substrate after imprinting at 120 °C, 4000 N, with a holding time of 10 min with a mold which
contains pillars with tip angles of 80°. A: Close up of one matrix with all the different elements. B: Overview of the non conductive side
of the imprinted multilayer substrate.
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Figure C.64: SEM images of the multilayer substrate after imprinting at 120 °C, 4000 N, with a holding time of 10 min with a mold which
contains pillars with tip angles of 70°. A: Close up of one matrix with all the different elements. B: Overview of the non conductive side
of the imprinted multilayer substrate.

Imprinting temperature
The results of imprinting with an imprinting temperature of 130 °C is presented in figure C.65.

Figure C.65: Results of imprinting at 130 °C, 4000 N, with a holding time of 10 min. A: Mold before imprinting. B: Mold after imprinting.
C: Substrate after imprinting and treatment with EG.

There is no need to compare the results of figure C.65 with the results presented in figure C.59 while almost
all pillars transferred from the soft mold to the multilayer substrate. From the results, there can be concluded
that a maximum imprinting temperature of 120 °C can be used to imprint the multilayer substrate without
losing the features of the soft mold which can be seen by comparing figure C.65A with figure C.65B.
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Holding time
The results of imprinting with a holding time of 20 min is presented in figure C.66.

Figure C.66: Results of imprinting at 120 °C, 4000 N, with a holding time of 20 min. A: Mold before imprinting. B: Mold after imprinting.
C: Substrate after imprinting and treatment with EG.

All the features transfered from the soft mold, figure C.66A, into the substrate, C.66C. This is confirmed
by the glass cloverslip without any pillars shown in figure C.66B. While the holding time of 20 min resulted in
the loss of all printed features, a maximum holdingtime of 10 min minutes can be used.

C.3.4. Post treatment

Dissolving the PAA layer

The results of the first protocol and the second protocol to see whether there is an improvement in the peeling
of procedure of the membrane are already presented in figure C.63 and C.63. The straight lines which can be
seen in figure C.64 are caused by peeling of the membrane while it was not completely separated from the
sacrificial TOPAS sheet. This was not the case after an immersion of 2h anymore.
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Figure C.67: SEM image of the PEDOT:PSS layer before immersion in EG for 15 min.
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Figure C.68: SEM image of the PEDOT:PSS layer after immersion in EG for 15 min.
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Figure C.69: SEM image of the PEDOT:PSS layer before immersion in EG for 2 h.
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Figure C.70: SEM image of the PEDOT:PSS layer after immersion in EG for 2 h.
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Figure C.71: SEM image of the PEDOT:PSS layer before immersion in EG for 14 min in an ultrasonic cleaner followed by letting it rest for
2himmersed in EG.
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Figure C.72: SEM image of the PEDOT:PSS layer after immersion in EG for 14 min in an ultrasonic cleaner followed by letting it rest for
2himmersed in EG.

Comparing figure C.67 with C.68, figure C.69 with C.71, and figure C.70 with C.72 it can be seen that bigger
non-conductive spots are formed after EG treatment. Less conductive spots were seen when the multilayer
substrate was immersed for 2 hours instead of 15 min, seen by comparing figures C.68, C.70, and C.72. But
placing the substrate in an ultrasonic cleaner for 15min did not decrease the size and the number of non-
conductive spots which can be seen by comparing figure C.70 with figure C.72.

C.4. Conclusions

From the established protocols, a final manufacturing overview for manufacturing a polymeric membrane
with integrated porous electrode can be created. This overview schematically presented in figure C.73.

C.4.1. Manufacturing of the soft mold (figure C.73A)

A glass coverslip of 30 mm in diameter with a thickness of 0.17 mm +/- 0.01 mm is cleaned with acetone and
followed by isopropanol. A drop of immersion oil is placed on the bottom of the coverslip and a drop of
IPL-780 is placed on top of it. The coverslip is placed on a holder and placed in the Photonic Professional
GT. A STL-file is created with Solidworks and converted into job-files with Describe and printed with the
Photonic Professional GT. The optimal parameters for converting the STL files into job files and to the optimal
parameters writing the pillars, the contours of the sensor, and the electrodes with a sharp edge are presented
in table C.3, table C.4, and table C.5. When the print job is finished, the coverslip with the printed structure
on top of it is developed for 25 min in PGMEA, followed by 5 min in 2-propanol.
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C.4.2. Substrate preparation (figure C.73D)

TOPAS
From the results, the following protocol is created to dissolve TOPAS granules into toluene.

1. Clean bottle with ethanol and let it evaporate for an hour
2. Weigh the correct amount of TOPAS granules

3. Fill the bottle with the correct amount of toluene

4. Add the TOPAS granules

5. Put the bottle in the ultrasonic cleaner for 15 min

6. Put the bottle on an orbital shaker at 2200 RPM for 10 min

7. Repeat last two steps until, when you tilt the bottle, the solution is viscous and fluidic

The final protocol for spin coating the TOPAS film with the desired thickness of 10 um, will start with a
cleaning procedure of the glass Petri dish. The Petri dish is cleaned with ethanol, followed by 2-propanol.
Subsequently, the Petri dish is placed in the oven at 150 °C for 15 min to dehydrate. The Petri dish is placed
in the fume hood to cool down. 1 mm of the TOPAS solution is spin coated, on the outside of the Petri dish,
with a static dispense spin coating technique. The first step of the spin coat protocol has a spin time of 50s,
at 3900 RPM. Subsequently, the sample is spin coated for 30 s at 100 RPM. The acceleration for both steps is
250 RPM/s. The sample is left to dry overnight in the fume hood.

PEDOT:PSS

The final protocol for manufacturing the thin film of PEDOT:PSS is concluded to be as following, a glass Petri
dish is treated for 5 min with oxygen plasma at 60 W. Two milliliters of PEDOT:PSS is dynamically dispended
on the TOPAS film during the spin coating process. A spin speed of 750 RPM, a spin coat time is 60's, and an
acceleration of 1000 RPM/s will be used. The sample is left to dry overnight in the fume hood.

PAA

A minimum required thickness of the PAA film without a safety margin is the height of the highest pillar of
the experiment in chapter C.2.1 minus the thickness of the TOPAS layer and the PEDOT:PSS layer, which is
27.5pum. While none of the manufactured layers of this experiment and the experiment in appendix C.3.2
came close to the required thickness, there is decided to add a sheet of TOPAS as an additional sacrificial
layer instead of spin coating multiple layers on top of each other. Because this takes less time and the TOPAS
sheet has a large safety margin in thickness. Because there is a layer of PAA between it, it is still possible to
chemically peel of the manufactured membrane.

So, a 30 wv% solutions of PAA and DI water is prepared by adding the correct amounts into a Falcon tube,
and place it on an orbital shaker at 2200 RPM until the PAA is completely dissolved. 1.5 mL of the solution, is
dynamically dispended on the TOPAS sheet during the spin coating process. The final spin coat protocol for
creating the PAA film is to spin coat a 30w/v% PAA in DI water solution at 500 RPM for 45 s while this results
in a thicker layer which is still uniform. This layer will be baked for 20 min at 60 °C afterwards.

Stacking layers

Alayer of TOPAS is spin coated on the outside of a glass Petri dish. On top is a layer of PEDOT:PSS spin coated.
The PAA layer will be spin coated on top of the TOPAS sheet. The substrate with the PEDOT:PSS and TOPAS
layers will be placed on top of the substrate which consists of a PAA layer and a TOPAS sheet. The air bubbles
will be removed by sliding them away with a red stirring stick across the substrate while this method had the
best results.

C.4.3. Soft mold imprint process (figure C.73B)

The soft mold nano imprint lithography process is performed with an wafer bonder system (EVG 510, EV
Group). The mold and the multilayer substrate were placed between kapton foil with on top two graphene
sheets. The multilayer substrate will be imprinted at an imprinting temperature of 120 °C, with an imprinting
force 4000 N, and a holding time of 10 min.
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C.4.4. Post treatment process (figure C.73C)

The final protocol is to immerse the imprinted multilayer substrate in ethylene glycol for 2h. Because this
improves the dissolving of the PAA layer and placing it in the ultrasonic cleaner did not decrease the number
and the size of the non-conductive spots, which makes it an unnecessary additional step.
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Figure C.73: Schematic overview of the final manufacturing process divided into four steps. A: The soft mold is manufactured with a
two-photon polymerization process. D: The substrate consists of four polymeric layers, a conductive layer (PEDOT:PSS), a substrate
layer (TOPAS), a sacrificial layers (PAA) and a support layer (TOPAS), which are spin coated and placed on top of each other. B: The
multilayer substrate is imprinted (soft NIL) to create the porous electrode and the through-holes. C: A post treatment step is performed
to enhance the conductivity of the conductive layer, to decrease the water solubilty of the conductive layer and to dissolve the sacrificial
layer which helps the demolding of the soft mold.
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D.1. Introduction

A, yet non explainable shift, occurred in the quality of the printed structures by the Photonic Professional GT.
A clear shift in quality was seen in the printed pillars as presented in figure D.1. For images in figure D.1E to
D.1L, the pillars printed at their optimal parameters are the ones on the outside. The pillars with a diameter
of 0.4pm and 1 um do not experience that much of a difference in quality as it can been seen by comparing
figure D.1A with figure D.1B and figure D.1C with figure D.1D. But all the other pillars look more wrinkled
then they were before the shift in quality. Therefore, the previously developed protocols to manufacture a
polymeric membrane with integrated porous electrode does not work anymore. This is illustrated by per-
forming an imprinting experiment which before resulted in successful through-holes before, but now result
in the transferring of all the pillars from the soft mold to the multilayer substrate as shown in figure D.2A.

115
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Figure D.1: Overview of the shift in quality of the printed structures with the Nanoscribe with on the left side before the shift and on the
right side afterwards. From top to bottom are the printed pillars of different diameters at their optimal laser power and a scan speed of
2500 um s (0.4 pm at 20.0 mW, 1um at 20.0 mW, 3um at 20.0 mW, 3 um at 22.5 mW, 5 um at 22.5mW, and 8um at 22.5 mW.
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The shift in the quality of the printed pillars also resulted in bended pillars laying on top of the multilayer
substrate and pillars which got stuck into the substrate during the imprinting process. This is shown in figure
D.2B and figure D.2C.

Figure D.2: A: Example of transfering pillars from the soft mold to the multilayer substrate. B: Example of bended pillars. C: Example of
collapsed pillars.

The quality of the print was changed due to the Photonic Professional GT. That is why there is decided
to first try to get the same results by changing the parameters used to manufacture the soft mold. While
this alone did not solve the problem, the parameters used to imprint the multilayer substrate and to the
manufacture the multilayer substrate had to be adjusted as well. To determine how to solve the current issues
(figure D.2), a mind map was created per observed problem. These mind maps are shown in figure D.3 (the
collapsing of the pillars), figure D.4 (the bending of the pillars), and figure D.5 (the sticking of the pillars). In
the middle of the mind map, the problem is visualized. What could have been the cause of this problem and
potential solutions are written down around the visualization.
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.1. Introduction
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In this appendix, the performed experiments will be described in section D.2. Subsequently, the results of
these experiments are presented and discussed in section D.3. Finally, the conclusions will contain the final
protocols which are developed to manufacture a polymeric membranes with an integrated porous electrode
can be found in section D.4. The work performed in this appendix is reflected on the roadmap to success,
which is presented in figure D.6.

* |dentifying printing parameters for the manufacturing of the master mold

* Spin coating protocol TOPAS onto glass and thickness measurements

* Spin coating protocol PEDOT:PSS onto TOPAS and thickness measurements

* Spin coating protocol PAA onto TOPAS and thickness measurements

* Protocol imprinting IP L-780 photoresist mold into the multilayer substrate

* Verify if the adhesion between the different layers of the substrate is strong enough
for multilayer molding

* Solubility of the sacrificial layer

— J J J J

[- Milestone 1: Optimal manufacturing parameters identified

* |dentify influence shape pillar for creating through-holes ]

[- Milestone 2: Optimal design parameters are identified

* Create design membrane with integrated porous electrode ]

* Manufacture membrane with integrated porous electrode ]

* Characterize manufactured membrane with integrated porous electrode ]

[- Deliverable 1: Functional membrane with integrated porous electrode

€€ £ LLZLZFEE E EEEKEKEK

Figure D.6: Roadmap to success with symbols indicating which experiments are already furfilled and which are performed in this ap-
pendix.

D.2. Experimental

The established protocols from appendix C are used in this appendix unless stated differently.

Printing cones and pillars with sharp tips, 63x objective

The same print job is used as in figure C.5. This experiment is performed to determine the optimal laser
power and scan speed (the combination is called dose) per different diameter of the pillars. For each pore
size, the maximum area per pore is calculated for which it is still possible to create the highest number of
pores/cm?, which are commercially available. Subsequently, the maximum diameter of a circle is calculated
which would fit in the area, which can be used to determine the maximum base angle which can be used to
still be able to fit the number of pillars next to each other to create the highest number of pores/cm? which
are commercially available. There is decided to use 5 pillars with different base angles per pore size. In the
case for a pore size of 0.4 um, it is decided to use 4 pillars with a base angle from 1° to 4° in steps of 1° while the
maximum base angle is only 1.14°. The used base angles are all rounded and this all is summarized in table
D.1.

The tip angle varies also for each pore size from 0° to 80° in steps of 10°. The tip angle will influence
whether the pillar/cone is able to create through-holes of which we already know that a tip angle of 80° is
required. The pillars have a height of 15um excluding the tip. Looking at one square of pillars, in the x-
direction, the base angle varies and in the y-direction, the tip angle varies, shown in figure D.7A. Next to
this square of pillars, a text is written with information regarding the printing parameters used to print that
particular square of pillars. Out of this square, a matrix of squares is created. In the x-direction the scan
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Table D.1: Overview of the values used to determine the maximum base angle per pore size. This is done by looking at the maximum pore
density commercially available per pore diameter. This value is used to determine the maximal area available per pillar. Which leads to
a maximum diameter at the base. Which can be used to calculate the maximum base angle. The base angles used are determined by
round the maximum base angle and dividing it by 5 to have the step size between the different base angles from zero to the maximum
base angle.

Pore size = Max pore density Max area per pore  Max diameter Max base angle Base angles used
(um] [pores/cm?] (um] (um] [o] [o]

0.4 1x108 1.0 1.0 1.1 1,2,3,4

1.0 2x108 50 7.1 11.4 0,3,6,9,12

3.0 2x10° 50 7.1 7.7 0,2,4,6,8

5.0 4x10° 250 15.8 19.8 0,5, 10, 15, 20
8.0 1x10° 1000 31.6 38.2 0, 10, 20, 30, 40

speed varies from 10 000 ums™" to 2500 um s~ in steps of 2500 ums~! and in the y-direction the laser power
varies from 17.5mW to 30.0 mW in steps of 2.5 mW. The scan speed is reduced in the x-direction and the
laser power increased in the y-direction to have the pillars printed with the highest dose at last. Because there
will be a dose which starts to boil the photoresist which can influence the photoresist around it as well. By
printing those at last, the effect of the boiling of the resist on the other pillars is limited. Multiple of these
matrices are placed behind each other, in the y-direction, varying the diameter of the pillar for the different
pore diameters, shown in figure D.7B.

z (pm)

Figure D.7: 3D preview of the print job to determine the optimal dose for printing pillars with different diameters, base angles, and tip
angles. A: Close up of one square of pillars in which the base angle is varied in the x-direction and the tip angle is varied in the y-direction.
B: Overview of the complete print job in which the scan speed is varied in the x-direction and the laser power is varied in the y-direction.
This is done per diameter pillar.

Small fields of pillars, 25x objective

After redefining the optimal values to print pillars with the 63x objective, an experiment is performed to
find the optimal values for the 25x objective as well. The scan field of the 25x objective is larger and, there-
fore, more pillars at the same time can be printed which reduces the total printing time. A scan speed of
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2500 um s~ was, again, found as the optimal scan speed (Table D.2). The laser power did vary in comparison
with the optimal values found before the quality problems with the Photonic Professional GT. Therefore, in
this experiment, the soft mold designed to be used to manufacture the 1 mm by 1 mm membrane are printed
with laser powers +2.5 mW, 0 mW, and -2.5 mW of the found optimal values, varied in the x-direction of the
print job, to find the optimal values for printing the soft mold to manufacture membranes of 1 mm by 1 mm
with the 25x objective. A small range around the optimal laser powers of the 63x objective is selected, while
before the shift in the quality of the printed structures, it was already seen that the optimal values of the 63x
and the 25x objective are really close to each other. A 3D preview of the print job is given in figure D.8. Fol-
lowing the y-axis, the first field of pillars consists of 0.4 um pillars in diameter with a center to center spacing
of 7um between them. This is also shown in figure D.8A. Subsequently, pillars which are 1 pm in diameter are
placed with a spacing of 7.04 um center to center. The field in the middle consists of pillars which are 3 pm in
diameter and with a center to center spacing of 7.04 um. The next field has pillars of 5pm in diameter which
is placed 15.63 um, center to center, apart from each other. The last field consists of pillars which are 8 um in
diameter and have a center to center spacing of 31.25 um. All the pillars have a base angle of 0° and a tip angle
of 80°. The pillars have a height of 15 um excluding the tip.

Figure D.8: 3D preview of the print job to determine the optimal values to print fields of pillars of different diameters with the 25x
objective. A: Close up of the print job regarding small fields of pillars which are in this field 0.4 um in diameter. B: Overview of the
complete print job with varying the laser power in the x-direction and the diameter of the pillars in the y-direction.

Minimum distance required to prevent pillars with a diameter of 0.4 pm from falling over due to the capil-
lary forces

It is expected that the pillars of 0.4 um in diameter to fall over, as observed in figure D.1A, due to the capillary
forces between them during the evaporation of isopropanol/drying of the sample during the development
process. The capillary forces between the pillars depends on the spacing of the pillars and their height.[113]
To find the minimal spacing required per height of the pillars to prevent them from falling over, the following
experiment is carried out. The height of the pillars is varied from 2.5 um to 15um in steps of 2.5um in the
direction of the x-axis. The spacing between the pillars is varied from 1 pm to 14 um in steps of 1 um in the
direction of the y-axis. A base angle ranging from 0° to 4° in steps of 1° are used. All the pillars have a tip angle
of 80°. The resulting matrix of pillars is printed ten times to eliminate any fluctuations during the printing
process which can boil the photoresist locally or any interface finding problems by the software itself. The
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resulting print job is shown in figure D.9B and partially zoomed in in figure D.9A. The pillars with a height of
15 um excluding the tip and a tip angle of 80° are printed with a laser power of 22.5 mW and a scan speed of
2500 um s~! with the 25x objective.

Figure D.9: 3D preview of the print job to investigate the minimum distance required to prevent the 0.4 um pillars from falling over. A:
Close up of one matrix in which the base angle is varied in the y-direction per small block. Within the matrix, the pillars increase in
height in the x-direction and decrease in center to center spacing in the y-direction. B: Overview in which the ten matrices can be seen.

Imprinting 1mm by 1mm membrane with optimal printing parameters, 63x objective

The same experiment with the 1mm by 1mm field of pillars as described in figure C.7 is performed, but this
time with the redefined optimal laser power for the 63x objective as presented in table D.2. Five STL files are
created which could be used to imprint 1 mm by 1 mm membranes with pillars with a base angle of 0°, a tip
angle of 80° and a height of 15um excluding the tip. A 3D preview of the final job file in Describe is given in
figure D.10. Following the y-axis, the first field of pillars consists of 0.4 um pillars in diameter with a center to
center spacing of 7um between them. This is also shown in figure D.10A. Subsequently, pillars which are 1 pm
in diameter are placed with a spacing of 7.04 um center to center. The field in the middle consists of pillars
which are 3um in diameter and with a center to center spacing of 7.04 um. The next field has pillars of 5um
in diameter which is placed 15.63 um, center to center, apart from each other. The last field consists of pillars
which are 8 um in diameter and have a center to center spacing of 31.25um. These STL files are converted to
job files to create the 5 fields of pillars placed behind each other of which each field is 1 mm by 1 mm, which
is presented in figure D.10B. Due to the smaller scan field of the 63x objective, the blocks are a bit smaller than
in figure C.7.
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Z (um)

(um)

Figure D.10: 3D Preview of the print job for printing 1 mm by 1 mm fields of pillars with different diameters. A: Close up of the field of
pillars with a diameter of 4 um. B: Overview of the print job with the varying laser power in the x-direction and the different diameters of
pillars in the y-direction.

Imprinting 1mm by 1mm membrane with optimal printing parameters, 25x objective

The same job-file with the Imm by 1mm field of pillars, as shown in figure D.10, is printed with the 25x
objective. This time the mold is printed with the redefined optimal printing values as summarized in table
D.3. Because of the bigger scan field of the 25x objective, more pillars can be printed at the same time which
reduces the number of blocks each square contains. A 3D preview of the print job is given in figure D.11.
To imprint the multilayer substrate, the earlier determined imprinting protocol is used with an imprinting
temperature of 120°C, an imprinting force of 4000N, and a holding time of 10 min. After demolding the
mold from the substrate, the imprinted substrate is placed in an ultrasonic bath for 10 min to remove any
transferred pillars.
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X (pm)

X (pm)

Figure D.11: 3D Preview of the print job for printing 1 mm by 1 mm fields of pillars with different diameters. A: Close up of the field of
pillars with a diameter of 4 um. B: Overview of the print job with the varying laser power in the x-direction and the different diameters of
pillars in the y-direction.

Imprinting 1mm by 1mm membrane with optimal printing parameters and demolding in US cleaner

The same experiment with the 1mm by 1mm field of pillars, as shown in figure D.11, is printed with the 25x
objective with the optimal printing parameters (table D.3). But this time the mold is demolded from the
multilayer substrate after placing it in an ultrasonic cleaner for 10 min in an attempt to make the demolding
step easier. The goal of this experiment is to verify whether this will reduce the number of transferred pillars
significantly.

Small field of pillars, 25x objective and maximal laser power

After redefining the optimal values to print pillars with the 25x objective, an experiment is performed to find
the maximum laser power values which can be used to print pillars with 25x objective per different diameter
of the pillar. An increased laser power will polymerize more material and, therefore, the pillars will be less
likely to bend. But increasing the laser power too much will boil the photoresist and this will destroy all the
pillars. So, a maximum laser power per diameter of the pillar has to be found. A scan speed of 2500 um s~ is
used as the optimal scan speed. The optimal laser power of each pillar with a different diameter, as presented
in table D.2, was increased by 2.5 mW and 5.0 mW. A 3D preview of the print job is given in figure D.12. The
laser power is varied in the x-direction and the diameter of the pillars in the y-direction per square. The same
parameters regarding the center to center spacing, base angle, and tip angle are used.
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Figure D.12: 3D preview of the print job used to determine the maximal laser power to print pillars with different diameters. A: Close up
of the print job regarding small fields of pillars to find the maximal laser power to print such pillars with the 25x objective. B: Overview
of the complete print job with varying the laser power in the x-direction and the diameter of pillars per square in the y-direction.

Imprinting 1mm by 1mm membrane with maximal laser power settings

The same experiment is performed with the 1mm by 1mm field of pillars, as presented in figure D.11. But this
time the maximum allowable laser power is used to print the soft mold as presented in table D.4. The soft
mold will be demolded by hand after the post treatment in EG of 20 min.

Threshold experiment difference between the old resist and the new resist

When the photoresist gets older, it could lower the effectiveness of the photosensitivity of the resist. It could
be that the lower quality of the printed pillars is caused by this phenomena, while the resist that is used passed
its expiration date. Therefore, a threshold experiment is performed to see the difference in the dose that is
required to polymerize the old photoresist (which passed its expiration date) and the same photoresist from a
new bottle (which did not pass its expiration date). A 3D preview of this print job is given in figure D.13. Look-
ing at a small part of the print job, presented in figure D.13A, it can been seen that lines are printed at different
scan speeds (1000 ums~!, 5000 pm s, 10000 pms~, 30000 ums~!, 80 000 ums~!, and 160 000 um s™!) which
is written down underneath these lines. The laser power is varied from 0 mW to 50.0 mW while the polymer-
ization starts somewhere between those values. This is done by printing the small lines. The threshold test
is printed 25 times, with a pause of 10 min between them, to evaluate at the same time whether the needed
dose to polymerize the resist fluctuates over time. This could be the case when the Photonic Professional GT
starts to warm up for example.
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Figure D.13: 3D preview of the print job used to find the difference between the old resist and the new resist. A: Close up of the print job
regarding the threshold test at different scan speeds and different laser powers. B: Overview of the complete print job in which 5 by 5
individual threshold tests can be seen.

Imprinting 1mm by 1mm membrane with optimal printing parameters, no PEDOT:PSS layer

The design presented in figure D.11 is used as a soft mold during the imprinting process. The mold is printed
with the 25x objective at the optimal laser powers, presented in table D.3. But this time, the multilayer sub-
strate is altered by not spin coating a PEDOT:PSS film on top of it. While PEDOT:PSS is a thermosetting poly-
mer, it will not get "soft” during the imprinting process. Therefore, it normaly cannot be imprinted by such a
process. This could be the cause of the problem of the transferring of all the pillars from the soft mold onto
and into the substrate. The imprinting is performed at as temperature of 120 °C, imprinting force of 4000 N,
and a holding time of 10 min. This is the protocol was established before the shift in the quality of the printed
structures.

Imprinting LP array, no PEDOT:PSS layer

Instead of determining the optimal printing parameters and trying those to imprint the multilayer substrate,
different laser power are all tried at once to imprint a multilayer substrate. This will give information which
diameter at which laser power can be used for imprinting without transferring the pillars from the mold into
the multilayer substrate. The laser power (LP) is varied from 20.0 mW to 27.5mW in steps of 1.25mW. The
scan speed was kept constant at 2500 ums~. A 3D preview of the print job is given in figure D.14, in which
the diameter of the pillars is varied in the x-direction and the laser power in the y-direction. In figure D.14A,
a close up from the print job regarding the one square of pillars is presented. The base angles is varied in
the x-direction according to table D.1 and the tip angle is varied in the y-direction from 0° to 80° in steps of
10°. Next to this square of pillars, text is printed with information regarding the printing parameters used to
print that particular square of pillars. The pillars have a height of 15 pm excluding the tip. Again, a multilayer
substrate without the PEDOT:PSS film is used for this experiment. The imprinting temperature is increased
from 120 °C to 130 °C to further mobilize the polymer.[88] The imprinting force of 4000 N and a holding time
of 10 min are not altered.
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Figure D.14: 3D preview of the print job used to find the laser powers per pillar diameter to imprint a multilayer substrate without
transferring of the pillars. A: Close up from the print job regarding the one square of pillars with varying base angles in the x-direction
and varying tip angles in the y-direction. B: Overview of the complete print job in which the diameter of the pillars is varied in the
x-direction and the laser power in the y-direction.

Improve adhession between pillars and glass coverslip by oxygen plasma treatment

Instead of determining optimal printing parameters and trying those to imprint the multilayer substrate,
different laser power and different scan speeds are all tried simultaneously to imprint a multilayer substrate.
This will give information which diameter pillar printed at which laser power (LP) and which scan speed
(SS) can be used for imprinting successfully. The laser power is varied from 17.5mW to 30.0 mW in steps
of 2.5mW and the scan speed is varied from 10000pums™! to 2500 ums™" in steps of 2500 ums™!, again, to
print the pillars at a dose which will locally boil the photoresist at last. A 3D preview of the print job is given
in figure D.15. Five matrices of pillars are placed behind each other in the y-direction of which the pillar
diameter varies (8 um, 5pm, 3 pum, 1 pm, and 0.4 um). Within such a matrix, the scan speed in varied in the
x-direction and the laser power is varied in the y-direction. A close up of the print job is given in figure D.15A.
The base angle is varied from 0° to 80° in steps of 10° and tip angle is kept constant at 80°. Next to this square
of pillars, text is printed with information regarding the printing parameters used to print that particular
square of pillars. The pillars have a height of 15um excluding the tip. The glass coverslip was cleaned with
oxygen plasma before placing the immersion oil and photoresist on it, in an attempt to increase the adhesion
between the printed pillars and the glass coverslip.[114]
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Figure D.15: 3D preview of the print job used to find the laser powers and scan speed per pillar diameter to imprint a multilayer substrate
without transferring of the pillars. A: Close up from the print job regarding the one square of pillars with varying base angles in the x-
direction. B: Overview of the complete print job in which 5 matrices of pillars with different diameters are placed behind each other in
the y-direction. Within such a matrix, the scan speed in varied in the x-direction and the laser power is varied in the y-direction.

Imprint two LP & SS matrices

The same print job with the LP & SS matrix as in figure D.15 is printed twice. This shown in the 3D preview
of the print job in figure D.16. The LP & SS matrix on the right has a hatching distance of 0.5 um and the LP
& SS matrix on the left has a hatching distance of 2 um. A smaller hatching distance is used while this results
in more material inside the pillars, which increases the strength of the pillars. But it will also increase the
adhesion strength between the pillars and the coverslip while the effective area of the pillars is larger.[114]
Also, the height of the pillars is reduced from 15um to 12.5um excluding the tip. This decreases the friction
force on the pillars during the demolding step. The imprinting temperature is increased from 130 °C to 140 °C
to further mobilize the polymer.[88] The imprinting force of 4000 N and a holding time of 10 min are not
altered. A multilayer substrate without PEDOT:PSS film is used.
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Figure D.16: 3D preview of the print job used to find the laser powers, scan speed, and hatching distance per pillar diameter to imprint
a multilayer substrate without transferring of the pillars. A: Close up from the print job regarding the one square of pillars with varying
base angles in the x-direction. B: Overview of the complete print job of which the LP & SS matrix on the right has a hatching distance
of 0.5 um and the LP & SS matrix on the left has a hatching distance of 2 um. Five matrices of pillars with different diameters are placed
behind each other in the y-direction. Within such a matrix, the scan speed in varied in the x-direction and the laser power is varied in
the y-direction.

Imprint two LP & SS matrices, reduced imprinting force

The same print job with the two LP & SS matrices as shown in figure D.16, is used. The imprinting force is
reduced from 4000 N to 3000 N. The imprinting temperature of 130 °C and a holding time of 10 min are not
altered. A multilayer substrate without PEDOT:PSS film is used.

0.5mm/1mm by 0.5mm/1mm membrane with optimal imprinted values

A new job file was created of which a 3D preview is given in figure D.17. It consists of two fields of pillars
of 1 mm by 1 mm and two fields of pillars which are 0.5 mm by 0.5 mm. The pillars used in this field have a
diameter of 8um, a base angle of 40°, a tip angle of 80°, are 12.5um in height, and have a center to center
spacing of 31.25 um. If the imprinting is successful, it results in four membranes which still can be separated
by hand due to the relative large spacing between them. The results of the 0.5 mm by 0.5 mm imprinted
membranes and the results of the 1 mm by 1 mm imprinted membranes can be compared to see the effect of
the bigger field of pillars on the imprinting. The field of pillars is printed with the 25x objective. A laser power
of 30.0mW and a scan speed of 2500 ums~! are used while these led to promising results in the previous
experiment. A multilayer substrate without PEDOT:PSS film is imprinted with an imprinting temperature of
130°C, an imprinting force of 3000 N, and a holding time of 10 min is used.
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Figure D.17: 3D preview of the print job used to imprint a multilayer substrate to manufacture two membranes of 1 mm by 1 mm and
two membranes 0.5 mm by 0.5 mm. A: Close up from the print job one field of pillars. B: Overview of the complete print job which has
two fields of pillars of 1 mm by 1 mm and two fields of pillars which are 0.5 mm by 0.5 mm.

LP & SS matrices with optimal imprinted values, anti stiction layer

The same print job with the two LP & SS matrices as shown in figure D.16 is used. Again, the height of the
pillars excluding the tip was deceased from 15um to 12.5pm. An anti stiction layer (EVG) was spin coated
on top of the soft mold at 2000 RPM for 60 s, rinsed afterwards with HFE7100 (HG Chemicals), and baked for
10 min at 120 °C. Decreasing the height and adding an anti stiction layer is done to decrease the friction forces
experienced by the pillars during the demolding step to decrease the number of pillars transferring from the
mold to the multilayer substrate. And, preventing the pillars of nailing the membrane to the support layer.
The imprinting temperature of 130 °C, an imprint force of 3000 N, and a holding time of 10 min is used for
imprinting the multilayer substrate which does not contain a PEDOT:PSS layer.

LP & SS matrices with optimal imprinted values, anti stiction layer and PEDOT:PSS layer

The same print job with the two LP & SS matrices presented in figure D.16 is used. But the height of the pillars
excluding the tip was decreased from 15um to 12.5 um. An anti stiction layer is spin coated on top of the soft
mold at 2000 RPM for 60, rinsed afterwards with HFE7100, and baked for 10 min at 120 °C. The imprinting
temperature of 130 °C, an imprint force of 3000 N, and a holding time of 10 min is used for imprinting the
multilayer substrate which, this time, does contain a PEDOT:PSS layer.

LP & SS matrices with optimal imprinted values, anti stiction layer and just PAA and TOPAS sheet

The same print job with the two LP & SS matrices as in figure D.16 is used. The height of the pillars is 12.5um
excluding the tip. An anti stiction layer is spin coated on top of the soft mold at 2000 RPM for 60s, rinsed
afterwards with HFE7100, and baked for 10 min at 120 °C. The imprinting temperature of 140 °C, an imprint
force of 3000 N, and a holding time of 10 min is used for imprinting the multilayer substrate which this time
does only consist out of the sacrificial layer (PAA) and support layer (TOPAS sheet).

Improve adhession between pillars and glass coverslip by acid cleaning the glass coverslip

The same print job with the two LP & SS matrices is used as presented in figure D.16. Again, the height
of the pillars excluding the tip is 12.5um. The glass coverslip is acid cleaned before placing the immersion
oil and photoresist on it, in an attempt to increase the adhesion between the printed pillars and the glass
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coverslip.[114] This was done by boiling the glass coverslip for 10 min in a mixture which contains 70% con-
centrated nitric acid (HNOj3), 95% concentrated sulphuric acid (H2S04), and 38% concentrated hydrochloric
acid (HCI) in a 1:1:1 volume rate.[115]

0.5mm/1mm by 0.5mm/1mm membrane with optimal imprinted values

The same job-file with the 0.5mm/1mm by 0.5mm/1mm membrane, as shown in figure D.17, is printed with
the 25x objective. A laser power of 22.5mW and a scan speed of 10000pums™! are used while these led to
promising results in the previous experiment. A hatching distance of 0.5 pum is used and the height of the
pillars is 12.5 um excluding the tip. An anti stiction layer is spin coated on top of the soft mold at 2000 RPM for
60 s, rinsed afterwards with HFE7100, and baked for 10 min at 120 °C. An imprinting temperature of 130 °C, an
imprinting force of 3000 N, and a holding time of 10 min is used. A multilayer substrate without PEDOT:PSS
film is used.

0.5mm/1mm by 0.5mm/1mm membrane with optimal imprinted values, reinforcement layer

The same job-file with the 0.5mm/1mm by 0.5mm/Imm membrane as shown in figure D.17 is printed with
the 25x objective. A laser power of 22.5 mW and a scan speed of 10 000 um s~! are used. A hatching distance of
0.5um is used and the height of the pillars is reduced from 15 pm to 12.5um excluding the tip. The soft mold
is reinforced by sputter coating a 10 nm layer of Au/Pd on top of it. An anti stiction layer is spin coated on
top of the sputter coated layer at 2000 RPM for 60 s, rinsed afterwards with HFE7100, and baked for 10 min at
120°C. An imprinting temperature of 130 °C, an imprinting force of 3000 N, and a holding time of 10 min is
used. A multilayer substrate without PEDOT:PSS film is used.

Casting PAA experiment

To reduce the amount of contact between the pillars and the material of the multilayer substrate during the
demolding process, rises the need to increase the thickness of the PAA layer. Because this layer can be dis-
solved before the demolding of the mold. Making this layer thick enough will also prevent the pillars from
nailing the membrane to the support layer. Additional experiments are performed to be able to create a thick
layer of PAA by a casting method. First, a wall of aluminum foil was made around a square sheet of TOPAS.
The walls were connected to this sheet of TOPAS with duct tape. To prevent leaking of the 30 wv% of PAA in
DI water, glue was applied in around the edges of the TOPAS sheet, shown in figure D.18.

Figure D.18: A square sheet of TOPAS with walls made out of aluminum foil which is attached with duct tape and glue to the TOPAS
sheet.

The PAA solution was poured onto the TOPAS sheet and placed in the oven at 60 °C for 2 h to ensure that
the PAA layer is cured below the glass transition temperature of TOPAS.[108] The second experiment was by
dispensing around 1 mL of 100 wv% of PAA in DI water directly on top of a square piece of TOPAS sheet.
Subsequently, the PAA was cured by placing it on a hot plate at 60 °C for 15min and is cooled down on the
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hotplate as well. This will allow the substrate to slowly cool down. The last experiment was by dispensing
around 1 mL of 100 wv% of PAA in DI water directly on top of a square piece of TOPAS sheet and let it cure
overnight in the fume hood at room temperature.

0.5mm/1mm by 0.5mm/1mm membrane with optimal imprinted values, EG experiment

The same job-file with the 0.5mm/1mm by 0.5mm/1mm membrane, as shown in figure D.17, is printed with
the 25x objective. A laser power of 22.5 mW and a scan speed of 10 000 um s™! are used. A hatching distance of
0.5 um is used and the height of the pillars is 12.5 um excluding the tip. An anti stiction layer is spin coated on
top of the soft mold at 2000 RPM for 60, rinsed afterwards with HFE7100, and baked for 10 min at 120 °C. An
imprinting temperature of 130 °C, an imprinting force of 3000 N, and a holding time of 10 min is used. A mul-
tilayer substrate with PEDOT:PSS film which is spin coated at 1500 RPM is used to verify whether the created
protocol also works for a multilayer substrate with a conductive layer. A thinner layer of PEDOT:PSS, spin
coated at 1500 RPM instead of 750 RPM, is used to make the puncturing of this layer easier. The multilayer
substrate is placed in the US cleaner for 2.5h in EG to help the demolding process and left overnight in EG to
let in demold chemically.

0.5mm/1mm by 0.5mm/1mm membrane with optimal imprinted values, increased temperature

The same job-file with the 0.5mm/1mm by 0.5mm/Ilmm membrane, as shown in figure D.17, is printed with
the 25x objective. A laser power of 22.5mW and a scan speed of 10000 um s~ are used. A hatching distance
of 0.5 um is used and the height of the pillars is 12.5 pm excluding the tip. An anti stiction layer is spin coated
on top of the soft mold at 2000 RPM for 60 s, rinsed afterwards with HFE7100, and baked for 10 min at 120 °C.
An imprinting temperature of 140 °C, an imprinting force of 3000 N, and a holding time of 10 min is used. A
multilayer substrate with PEDOT:PSS film spin coated at 1500 RPM is used.

Influence of a tip angle of 85°

A print job similar the two LP & SS matrices, as presented in figure D.16, is created. The only difference is
that the pillars on the left have a tip angle of 85° and the hatching distance of those pillars is 0.5 um as well.
This experiment is performed to verify whether a sharper tip results in more through-holes than found by the
pillars on the right with a tip angle of 80° of this experiment. A 3D preview of this print job is presented in
figure D.19.
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Figure D.19: 3D preview of the print job used to find the laser powers, scan speed, and hatching distance per pillar diameter to imprint
a multilayer substrate without transferring of the pillars. A: Close up from the print job regarding the one square of pillars with varying
base angles in the x-direction. B: Overview of the complete print job of which the LP & SS matrix on the right has pillars with a hatching
distance of 0.5 pum and a tip angle of 80°. The LP & SS matrix on the left has a hatching distance of 0.5pum and a tip angle of 85°. Five
matrices of pillars with different diameters are placed behind each other in the y-direction. Within such a matrix, the scan speed in
varied in the x-direction and the laser power is varied in the y-direction.

An anti stiction layer is spin coated on top of the soft mold at 2000 RPM for 60s, rinsed afterwards with
HFE7100, and baked for 10 min at 120 °C. The imprinting temperature of 130 °C, an imprint force of 3000 N,
and a holding time of 10 min is used for imprinting the multilayer substrate. The multilayer substrate con-
tains a PEDOT:PSS layer spin coated at 1500 RPM. The imprinted substrate was immersed in EG overnight.
Afterwards, it was placed for 30 min in EG in the US cleaner to remove sticking pillars.

D.3. Results and discussion

Printing cones and pillars with sharp tips, 63x objective

An overview of the printed pillars per diameter (0.4 um, 1 pm, 3pm, 5pum, and 8 um) is given in the figures
D.20B, D.21B, D.22B, D.23B, and D.24B. By visually inspecting the SEM images, the pillars are selected which
looked the most like the original print job. These selected pillars are shown in the figures D.20A, D.21A, D.22A,
D.23A, and D.24A. The corresponding laser powers and scan speeds of these pillars are summed up in table
D.2. A comparison is made with the previous found optimal printing parameters before the experienced
shift in the quality of the printed structures. The optimal scan speed did not change, but the optimal laser
power increased with 2.5 mW. So, the optimal values to print pillars with a diameter of 5pum or larger are a
laser power of 25.0 mW and a scan speed of 2500 ums~'. And the optimal printing parameters for printing
pillars with a diameter of 3pum or smaller are a laser power of 22.5mW and a scan speed of 2500 pms™".
The transition diameter of the optimal laser power is not 3 um anymore, which had previously an optimal
laser power of 20.0 mW and 22.5 mW. This transitioning diameter is somewhere between 3um and 5um. So
nothing can be concluded about the optimal laser power between those diameters after the quality shift of
the Photonic Professional GT.
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Figure D.20: Results of the printing cones and pillars with sharp tips, 63x objective experiment regarding the pillars with a diameter of
0.4pum. A: Zoomed in on the set of pillars which looks the most like the modeled ones, printed with a laser power of 22.5 mW and a scan
speed of 2500 pm s™1. B: Overview of the printed pillars with a diameter of 0.4 pm.
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Figure D.21: Results of the printing cones and pillars with sharp tips, 63x objective experiment regarding the pillars with a diameter of
1um. A: Zoomed in on the set of pillars which looks the most like the modeled ones, printed with a laser power of 22.5 mW and a scan

speed of 2500 ums™!. B: Overview of the printed pillars with a diameter of 1 um.
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Figure D.22: Results of the printing cones and pillars with sharp tips, 63x objective experiment regarding the pillars with a diameter of
3um. A: Zoomed in on the set of pillars which looks the most like the modeled ones, printed with a laser power of 22.5mW and a scan

speed of 2500 um s~ B: Overview of the printed pillars with a diameter of 3 um.
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Figure D.23: Results of the printing cones and pillars with sharp tips, 63x objective experiment regarding the pillars with a diameter of
5um. A: Zoomed in on the set of pillars which looks the most like the modeled ones, printed with a laser power of 25.0 mW and a scan
speed of 2500 ums™!. B: Overview of the printed pillars with a diameter of 5 um.
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Figure D.24: Results of the printing cones and pillars with sharp tips, 63x objective experiment regarding the pillars with a diameter of
8um. A: Zoomed in on the set of pillars which looks the most like the modeled ones, printed with a laser power of 25.0 mW and a scan
speed of 2500 ums™!. B: Overview of the printed pillars with a diameter of 8 um.

Table D.2: Overview of the optimal parameters, before and after the experienced shift in the quality of the printed structures, for printing
pins with sharp tips with the 63x objective.

0.4pm pins 1um pins 3 um pins 5um pins 8 um pins
Laser power (old) [mW] 20.0 20.0 20.0/22.5 22,5 22.5
Laser power (new) [mW] 22.5 22.5 22.5 25.0 25.0
Writing speed (old) [ums™] 2500 2500 2500 2500 2500
Writing speed (new) [ums™'] 2500 2500 2500 2500 2500

Small fields of pillars, 25x objective

The printed pillars per diameter (0.4 um, 1 um, 3 um, 5pm, and 8 um) are shown in figures D.25, D.26, D.27,
D.28, and D.29. It can be seen that there is little difference between the pillars per diameter. So, the sharpest
lookings ones are selected as the best ones. In the case when there is little to no difference (the pillars with a
diameter of 0.4 um, 1 um, and 8 um) the laser power is selected of the corresponding figure B. Because these
pillars will still be good ones when the Photonic Professional GT fluctuates a bit during the printing process.
The determined optimal printing parameters of the pillars with the 25x objective are summarized in table
D.3. The pillars in figure D.25B and D.25C are bend. This phenomenon happened during the imaging of the
pillars in the SEM.
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Figure D.25: Results of the Small fields of pillars, 25x objective experiment regarding the pillars with a diameter of 0.4 pm. The used laser
power and scan speed are presented below each SEM image.
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Figure D.26: Results of the Small fields of pillars, 25x objective experiment regarding the pillars with a diameter of 1 ym. The used laser

power and scan speed are presented below each SEM image.
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Figure D.27: Results of the Small fields of pillars, 25x objective experiment regarding the pillars with a diameter of 3um. The used laser
power and scan speed are presented below each SEM image.
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Figure D.28: Results of the Small fields of pillars, 25x objective experiment regarding the pillars with a diameter of 5um. The used laser
power and scan speed are presented below each SEM image.
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Figure D.29: Results of the Small fields of pillars, 25x objective experiment regarding the pillars with a diameter of 8 um. The used laser
power and scan speed are presented below each SEM image.

Table D.3: Overview of the optimal parameters for printing pins with sharp tips with the 25x objective.

0.4pm pins 1um pins 3um pins 5um pins 8um pins
Laser power [mW] 22.5 22.5 20.0 25.0 225
Writing speed [um s7l1 2500 2500 2500 2500 2500

Minimum distance required to prevent pillars with a diameter of 0.4 pm from falling over due to the capil-
lary forces

The printed pillars of this experiment are shown in figures D.30B to D.39B. And a close up of the critical center
to center spacing of pillars with a height 15um to 10 um are presented in figures D.30A to D.39A. A close up of
the critical center to center spacing of pillars with a height 7.5 pm to 2.5 um are presented in figures D.30C to
D.39C.
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Figure D.30: Results of the first matrix of the print job used to determine the minimum distance required to prevent the pillars which are
in 0.4 pm diameter from falling over due to the capillary forces. The height of the pillars is varied from 2.5 um to 15um in steps of 2.5 pm
in the direction of the x-axis. The spacing between the pillars is varied from 1 pm to 14 um in steps of 1 pm in the direction of the y-axis.
A: Close up of the critical center to center spacing of pillars with a height 15um to 10 um. B: Overview of the printed pillars. C: Close up
of the critical center to center spacing of pillars with a height 7.5 pm to 2.5 um.
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Figure D.31: Results of the second matrix of the print job used to determine the minimum distance required to prevent the pillars which
are in 0.4 um diameter from falling over due to the capillary forces. The height of the pillars is varied from 2.5pm to 15um in steps of
2.5um in the direction of the x-axis. The spacing between the pillars is varied from 1 um to 14 pm in steps of 1 pm in the direction of the
y-axis. A: Close up of the critical center to center spacing of pillars with a height 15 pm to 10 pm. B: Overview of the printed pillars. C:
Close up of the critical center to center spacing of pillars with a height 7.5 pm to 2.5 pm.
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Figure D.32: Results of the third matrix of the print job used to determine the minimum distance required to prevent the pillars which
are in 0.4 pm diameter from falling over due to the capillary forces. The height of the pillars is varied from 2.5um to 15pum in steps of
2.5um in the direction of the x-axis. The spacing between the pillars is varied from 1um to 14 pm in steps of 1 um in the direction of the
y-axis. A: Close up of the critical center to center spacing of pillars with a height 15 pm to 10 pm. B: Overview of the printed pillars. C:
Close up of the critical center to center spacing of pillars with a height 7.5 um to 2.5 pm.
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Figure D.33: Results of the fourth matrix of the print job used to determine the minimum distance required to prevent the pillars which
are in 0.4 pm diameter from falling over due to the capillary forces. The height of the pillars is varied from 2.5um to 15pm in steps of
2.5pum in the direction of the x-axis. The spacing between the pillars is varied from 1 pm to 14 um in steps of 1 um in the direction of the
y-axis. A: Close up of the critical center to center spacing of pillars with a height 15pum to 10pum. B: Overview of the printed pillars. C:
Close up of the critical center to center spacing of pillars with a height 7.5 um to 2.5 um.
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Figure D.34: Results of the fifth matrix of the print job used to determine the minimum distance required to prevent the pillars which are
in 0.4 um diameter from falling over due to the capillary forces. The height of the pillars is varied from 2.5 um to 15 um in steps of 2.5 pym
in the direction of the x-axis. The spacing between the pillars is varied from 1 um to 14 um in steps of 1 um in the direction of the y-axis.
A: Close up of the critical center to center spacing of pillars with a height 15 pm to 10 um. B: Overview of the printed pillars. C: Close up
of the critical center to center spacing of pillars with a height 7.5 um to 2.5 um.
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Figure D.35: Results of the sixth matrix of the print job used to determine the minimum distance required to prevent the pillars which
are in 0.4 pm diameter from falling over due to the capillary forces. The height of the pillars is varied from 2.5um to 15pum in steps of
2.5um in the direction of the x-axis. The spacing between the pillars is varied from 1um to 14 pm in steps of 1 um in the direction of the
y-axis. A: Close up of the critical center to center spacing of pillars with a height 15 pm to 10 pm. B: Overview of the printed pillars. C:
Close up of the critical center to center spacing of pillars with a height 7.5 um to 2.5 pm.
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Figure D.36: Results of the seventh matrix of the print job used to determine the minimum distance required to prevent the pillars which
are in 0.4 pm diameter from falling over due to the capillary forces. The height of the pillars is varied from 2.5um to 15pm in steps of
2.5pum in the direction of the x-axis. The spacing between the pillars is varied from 1 pm to 14 um in steps of 1 um in the direction of the
y-axis. A: Close up of the critical center to center spacing of pillars with a height 15pum to 10pum. B: Overview of the printed pillars. C:
Close up of the critical center to center spacing of pillars with a height 7.5 um to 2.5 um.
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Figure D.37: Results of the eigthth matrix of the print job used to determine the minimum distance required to prevent the pillars which
are in 0.4 um diameter from falling over due to the capillary forces. The height of the pillars is varied from 2.5pm to 15um in steps of
2.5um in the direction of the x-axis. The spacing between the pillars is varied from 1 um to 14 pm in steps of 1 pm in the direction of the
y-axis. A: Close up of the critical center to center spacing of pillars with a height 15 pm to 10 pm. B: Overview of the printed pillars. C:
Close up of the critical center to center spacing of pillars with a height 7.5 pm to 2.5 pm.
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Figure D.38: Results of the ninth matrix of the print job used to determine the minimum distance required to prevent the pillars which
are in 0.4 pm diameter from falling over due to the capillary forces. The height of the pillars is varied from 2.5um to 15pum in steps of
2.5um in the direction of the x-axis. The spacing between the pillars is varied from 1 um to 14 pm in steps of 1 um in the direction of the
y-axis. A: Close up of the critical center to center spacing of pillars with a height 15 pm to 10 pm. B: Overview of the printed pillars. C:
Close up of the critical center to center spacing of pillars with a height 7.5 um to 2.5 pm.
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Figure D.39: Results of the tenth matrix of the print job used to determine the minimum distance required to prevent the pillars which
are in 0.4 pm diameter from falling over due to the capillary forces. The height of the pillars is varied from 2.5um to 15pum in steps of
2.5pum in the direction of the x-axis. The spacing between the pillars is varied from 1 pm to 14 um in steps of 1 um in the direction of the
y-axis. A: Close up of the critical center to center spacing of pillars with a height 15pum to 10pum. B: Overview of the printed pillars. C:
Close up of the critical center to center spacing of pillars with a height 7.5 um to 2.5 um.

Except from collapsing of the pillars, some other phenomena can be seen in the figures as well. Some
of the photoresist started to boil which ruined the pillars at those locations and there was some problem
with finding the correct interface which resulted in pillars which are lower in height, or no pillars at all. The
minimal center to center spacing required to prevent the pillars per height and per base angle from collapsing
due to the capillary forces are selected by hand per SEM image. The resulting boxplots with the minimal
center to center spacing are presented in figure D.40. Of all the boxplots it can be seen that a bigger base
angle needs a smaller center to center distance to prevent the pillars from collapsing. Also, the shorter pillars
require a smaller center to center spacing than the taller ones, which is in line with literature.[113]
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Figure D.40: Boxplots (showing the median, 25th percentile, 75th percentile, and data points outside the inter-quartile range) for the
minimal distance required to prevent the pillars of 0.4 pm in diameter from collapsing due to the capillary forces. A: Boxplot of the
minimal distance required per base angle of pillars which are 15um in height. B: Boxplot of the minimal distance required per base
angle of pillars which are 12.5um in height. C: Boxplot of the minimal distance required per base angle of pillars which are 10pum in
height. D: Boxplot of the minimal distance required per base angle of pillars which are 7.5um in height. E: Boxplot of the minimal
distance required per base angle of pillars which are 5 pm in height. F: Boxplot of the minimal distance required per base angle of pillars
which are 2.5 pm in height.

Imprinting 1mm by 1mm membrane with optimal printing parameters, 63x objective

The mold before imprinting, mold after imprinting, and the substrate after imprinting are shown in figure
D.41A to D.41C. All the pillars transferred from the mold to the substrate, which can be seen by the empty
coverslip in figure D.41B. Looking at figure D.41C, it can be seen that the pillars are stuck in the substrate. The
0.4 um pillars did collapse, which can been seen in figure D.41A. The center to center spacing of those pillars
was 2 um above the minimum required distance. But the difference is that the 63x objective was used to print
the pillars instead of the 25x objective. This could explain the difference. But that would mean that the pillars
printed with the 25x objective have a better adhesion with the glass coverslip in comparison when they are
printed with the 63x objective. Therefore, the same experiment will be performed but printed with the 25x
objective to see if there is a difference.
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Figure D.41: Results of imprinting at 120 °C, 4000 N, with a holding time of 10 min with a mold which is printed with the optimal printing
parameters with the 63x objective. A: Mold before imprinting. B: Mold after imprinting. C: Substrate after imprinting and treatment with
EG.

Imprinting 1mm by 1mm membrane with optimal printing parameters, 25x objective

The mold before imprinting is shown in figure D.42A. The second field of pillars is incomplete. This happened
during the printing of the mold. The Photonic Professional GT tried to find, probably, the interface at a
location of one the already printed pillars or really close to it. Therefore, the Photonic Professional GT was
most of the time not able to find the correct interface what resulted in missing pillars on the mold. The mold
after imprinting is shown in figure D.42B and the substrate after imprinting is shown in figure D.42C. From
figure D.42B, it can be seen that all the pillars were lost after the imprinting step. But most of the pillars got
removed by cleaning the substrate after imprinting in the US bath, while almost no pillars can be seen in
figure D.42C. While all the pillars got removed from the mold, it is hard to say whether printing the pillars
with the 25x objective results in better adhesion between the pillars and the glass coverslip. But the pillars of
0.4 um in diameter did not collapse, which can been seen in figure D.42A.
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Figure D.42: Results of imprinting at 120 °C, 4000 N, with a holding time of 10 min with a mold which is printed with the optimal printing
parameters with the 25x objective. A: Mold before imprinting. B: Mold after imprinting. C: Substrate after imprinting and post treatment
with EG and removing the pillars in the US cleaner.

Imprinting 1mm by 1mm membrane with optimal printing parameters and demolding in US cleaner

The mold before imprinting is shown in figure D.43A. The third and fourth field of pillars are the same one.
The order from top to bottom in diameter of the pillars are 1 um, 3um, 5um, 8um, and 0.4 um. The order
changed while during the printing process the results from the capillary force experiment were imaged and
processed to make sure that the pillars of this mold would not collapse due to capillary forces. If necessary,
the mean center to center spacing could be changed after already printing the first four fields of pillars. The
mold after imprinting is shown in figure D.43B and the substrate after imprinting is shown in figure D.43C.
As clearly can be seen in these images, the demolding of the mold after a treatment in the US cleaner did not
prevent the pillars from transferring from the mold to the substrate.
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Figure D.43: Results of imprinting at 120 °C, 4000 N, with a holding time of 10 min with a mold which is printed with the optimal printing
parameters with the 25x objective. A: Mold before imprinting. B: Mold after imprinting and demolding it in the US cleaner. C: Substrate
after imprinting and post treatment with EG.

Small field of pillars, 25x objective and maximal laser power

The printed pillars per diameter (0.4 pm, 1 um, 3 pum, 5um, and 8 pm) are shown in figures D.44, D.45, D.46,
D.47, and D.48. As expected, a lot of boiling of the photoresist is seen. This limits the maximal laser power
that can be used. Therefore, the laser powers with little to no boiling of the photoresist are selected as the
maximum allowable ones. This is summarized in table D.4.

Figure D.44: Results of printing pillars with a diameter of 0.4 um at their maximum laser power. A: Overview of the printed pillars with
a laser power of 30.0mW and a scan speed of 2500um ™!, B: Close up of the pillars printed with a laser power of 30.0mW and a scan
speed of 2500 pm s™L. C: Overview of the printed pillars with a laser power of 27.5 mW and a scan speed of 2500 um sL. D: Close up of
the pillars printed with a laser power of 27.5 mW and a scan speed of 2500 um sL
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Figure D.45: Results of printing pillars with a diameter of 1 um at their maximum laser power. A: Overview of the printed pillars with
a laser power of 30.0mW and a scan speed of 2500 um s™1. B: Close up of the pillars printed with a laser power of 30.0mW and a scan
speed of 2500 um s™L. C: Overview of the printed pillars with a laser power of 27.5 mW and a scan speed of 2500 um sL. D: Close up of
the pillars printed with a laser power of 27.5 mW and a scan speed of 2500 um sL

. 7 (A ARG A " I ’

/"\‘\*AA’\A&ﬂ«*“&ﬂrﬂﬂlﬁlﬂﬂ\ INANARARAARRRRAddRRARAA

SEl 15kV x450 S50pum  e— 450 0

Figure D.46: Results of printing pillars with a diameter of 3um at their maximum laser power. A: Overview of the printed pillars with
a laser power of 30.0mW and a scan speed of 2500 um sL. B: Close up of the pillars printed with a laser power of 30.0 mW and a scan
speed of 2500 um s™L. C: Overview of the printed pillars with a laser power of 27.5mW and a scan speed of 2500 pm sL. D: Close up of
the pillars printed with a laser power of 27.5 mW and a scan speed of 2500 um sL
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Figure D.47: Results of printing pillars with a diameter of 5um at their maximum laser power. A: Overview of the printed pillars with
a laser power of 32.5mW and a scan speed of 2500 um s~1. B: Close up of the pillars printed with a laser power of 32.5mW and a scan
speed of 2500 um s™L. C: Overview of the printed pillars with a laser power of 30.0 mW and a scan speed of 2500 um sL. D: Close up of
the pillars printed with a laser power of 30.0 mW and a scan speed of 2500 um sL
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Figure D.48: Results of printing pillars with a diameter of 8 um at their maximum laser power. A: Overview of the printed pillars with
a laser power of 32.5mW and a scan speed of 2500 um sL. B: Close up of the pillars printed with a laser power of 32.5mW and a scan
speed of 2500 um s~L. C: Overview of the printed pillars with a laser power of 30.0 mW and a scan speed of 2500 pm sL. D: Close up of
the pillars printed with a laser power of 30.0 mW and a scan speed of 2500 um sL

Table D.4: Overview of the maximal laser power and scan speed for printing pins with sharp tips with the 25x objective.

0.4pm pins 1um pins 3um pins 5um pins 5um pins
Laser power [mW] 22.5 25.0 25.0 275 275
Writing speed [um s7l1 2500 2500 2500 2500 2500

Imprinting 1mm by 1mm membrane with maximal laser power settings

The mold before imprinting, mold after imprinting, and the substrate after imprinting with pillars printed at
the maximal laser power with the 25x objective are shown in figure D.49A to D.49C. In figure D.49A, the black
dots are spots of boiled photoresist which have ruined those pillars locally. While it looks from figure D.44
that the pillars with a diameter of 0.4 um can be printed at an even higher laser power. Therefore, they are
printed with a laser power of 28.75 mW and a scan speed of 2500 um s™!. But the resist started to boil and was,
therefore, not further printed. So, all the other fields of pillars are printed according to the printing parameters
presented in table D.4. Looking at figure D.49B, the upper small field of pillars survived the demolding step.
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And the resulting imprint can be seen in figure D.49C. But everything, or at least a large number of the pillars,
of the other fields did transfer again.

Figure D.49: Results of imprinting at 120 °C, 4000 N, with a holding time of 10 min with a mold which is printed with the maximal laser
power with the 25x objective. A: Mold before imprinting. B: Mold after imprinting. C: Substrate after imprinting and post treatment with
EG.

The substrate, regarding the small field of pillars which survived, is imaged on the conductive side (top),
D.50A, and the non conductive side (bottom) in figure D.50B. No through-holes can been seen in in figure
D.50B. Not even dents in the substrate can be seen, therefore, it is believed that there was a problem with
finding the interface during the printing process which resulted in much shorter pillars. And due to their
decrease in height, they survived the demolding step.
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Figure D.50: SEM images of the imprinted substrate with a mold which contains pillars of 0.4 um in diameter. A: Conductive side of the
membrane (top). B: Non conductive side of the mebrane (bottom).

Threshold experiment difference between the old resist and the new resist

The results of the threshold test of the old resist are shown in figure D.51 and of the results of the threshold
test with the new resist are shown in figure D.52. Some contamination of the resulting printed structures
can be seen in figure D.51H, D.511, D.51W, D.51Y, D.52A, D.52D, and D.52E And in some cases the dose was
to high which caused some boiling of the resist due to small fluctuations during the printing process which
can been observed in figures D.51T, D.521, D.520, and D.52X. But overall, between all the images in figures
D.51 and D.52 there is little to no difference in polymerization dose over time and between the old and new
resist. Therefore, it can be ruled out that the expiration of the resist caused the quality problems of the printed
structures. And it can be ruled out that there is a fluctation during the printing process.
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Figure D.52: SEM images of the threshold test performed with the new resist. Each subfigure (A to Y) contains one threshold experiment
which was performed every 10 min.

Imprinting 1mm by 1mm membrane with optimal printing parameters, no PEDOT:PSS layer

The PEDOT:PSS layer was removed while this is a thermosetting polymer. This means that it will not become
'soft’ when heated up which is normally one of the requirements to be able to imprint a polymer which such
a technique. This layer will introduce a lot of stress on the pillars during the printing which could cause them
to transfer from the mold to the substrate. The substrate after imprinting with pillars printed at the redefined
optimal laser power and the already defined imprinting protocol is shown in figure D.53. The blue like color
of the image was caused by a filter which was placed in the microscope which was not removed by the user.
It can be seen that the pillars still transferred from the mold into the substrate. So, it can be concluded that
not just the PEDOT:PSS layer caused the transferring of the pillars from the mold to the multilayer substrate.
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Figure D.53: Multilayer substrate without the PEDOT:PSS layer after imprinting at 120 °C, 4000 N, with a holding time of 10 min with a
mold which is printed with the optimal printing parameters with the 25x objective.

Imprinting LP array, no PEDOT:PSS layer

Again, the PEDOT:PSS layer was no part of the imprinted multilayer substrate because it is a thermosetting
polymer. But this time the imprinting temperature was increased while this increases the mobilization of
the polymer chains.[88] By imprinting rows of pillars printed at different laser power, it can be investigated
which laser powers are successful for imprinting. The mold before imprinting, mold after imprinting, and the
substrate after imprinting are shown in figure D.54A to D.54C. Looking at figure D.54B, just some pillars with
a diameter of 8um did not transfer from the mold to the substrate of which most of them are the pillars with
a base angle of 40°. Only at a laser power of 20.0 mW, some of the pillars with a diameter of 8 um, with a base
angle of 30°, and one pillar, with a base angle 20°, survived.

Figure D.54: Results of imprinting at 130 °C, 4000 N, with a holding time of 10 min with a mold which is printed with the 25x objective. A:
Mold before imprinting. B: Mold after imprinting. C: Substrate after imprinting and post treatment with EG.

Improve adhession between pillars and glass coverslip by oxygen plasma treatment

The resulting mold printed after an improved cleaning step by oxygen plasma treatment is presented in figure
D.55. Alot of pillars are missing or lighter in color. They are lighter in color because they are shorter in height.
These fluctuations were caused by the fact that the Photonic Professional GT was not able to find the interface
of the glass coverslip successfully anymore.
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Figure D.55: Resulting mold when printed with the 25x objective onto an oxygen plasma cleaned glass coverslip.

Imprint two LP & SS matrices

Again, the PEDOT:PSS layer was no part of the imprinted multilayer substrate because it is a thermosetting
polymer. And this time, the imprinting temperature was even further increased to 140 °C. The mold before
imprinting, mold after imprinting, and the substrate after imprinting are shown in figure D.56A to D.56C. It
can be seen that still a lot of pillars transferred from the mold into the multilayer substrate. Looking at figure
D.56B, just some pillars with a diameter of 8 um did not transfer from the mold to the substrate. All of them are
the pillars with a base angle of 40°. No real difference can be seen between the pillars printed with a hatching
distance of 2 jum and a hatching distance of 0.5 pm. Comparing the results from figure D.56B with figure D.54B
it can be concluded that an imprinting temperature of 130 °C is preferred while with this temperature pillars

with smaller base angles survived as well.
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Figure D.56: Results of imprinting at 140 °C, 4000 N, with a holding time of 10 min with a mold which is printed with the 25x objective. A:
Mold before imprinting. B: Mold after imprinting. C: Substrate after imprinting and post treatment with EG.

Imprint two LP & SS matrices, reduced imprinting force

This time, the imprinting force was lowered while this previously also resulted in a lower number of transfered
pillars from the mold to the substrate (appendix C). The mold before imprinting, mold after imprinting, and
the substrate after imprinting are shown in figure D.57A to D.57C. Still, almost all of the pillars transferred, but
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a decent number of the pillars with a diameter 8 um did not transfer. Looking at the mold after imprinting in
figure D.57B, 8 um pillars with a base angle as low as 20° survived. These were part of the best set, which was
printed with a hatching distance of 2 um, a laser power of 17.5mW, and a scan speed of 10000 um s~!. This is
not what is expected while an increased laser power, decreased scan speed, and decreased hatching distance
should have better adhesion.[114] But most of the pillars with a diameter of 8 um, hatching distance of 0.5 um,
and a base angle of 40° survived. So, it looks like decreasing the hatching angle did have some positive effect
on the adhesion. Comparing the results from figure D.56B with figure D.57B it can be concluded that an
imprinting force of 3000 N is preferred while with this force more pillars survived the imprinting process. But
this is below the imprinting force which was previously required to puncture the PEDOT:PSS layer, appendix
C. But in this experiment the PEDOT:PSS layer was no part of the imprinted multilayer substrate.

Figure D.57: Results of imprinting at 130 °C, 3000 N, with a holding time of 10 min with a mold which is printed with the 25x objective. A:
Mold before imprinting. B: Mold after imprinting. C: Substrate after imprinting and post treatment with EG.

0.5mm/1mm by 0.5mm/1mm membrane with optimal imprinted values

The optimal imprinting temperature, imprinting force, and combination of laser power and scan speed for
printing the pillars are used to imprint two membranes of 1 mm by 1 mm and two membranes of 0.5 mm by
0.5 mm. Figure D.58 shows the mold before and after imprinting. It can be seen that around half of the pillars
did still transfer.
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Figure D.58: Results of imprinting at 130 °C, 3000 N, with a holding time of 10 min with a mold which is printed with the 25x objective. A:
Mold before imprinting. B: Mold after imprinting.

But dissolving the sacrificial layer did not release the manufactured membranes. They have been peeled
off by hand of which the results can been seen in D.59. Only three membranes are shown twice (D.59A and
D.59D, D.59B and D.59E, D.59C and D.59F) because the fourth one did not imprint the multilayer substrate.
All the manufactured membranes figures D.59A, figures D.59B, and D.59C are stuck the on the support layer
while they are nailed down by the pillars which transferred from the mold to the substrate.
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Figure D.59: Results of imprinting a multilayer substrate without the PEDOT:PSS layer after imprinting at 130 °C, 3000 N, with a holding
time of 10 min. A-C: The support layer after removing the membrane where it can be seen that the imprinted membranes are stuck to the
support layer. D-F: The resulting membrane after removing it from the support layer were it can be seen that the imprinted membranes
are missing.

LP & SS matrices with optimal imprinted values, anti stiction layer

To help the pillars to release from the substrate, an anti stiction layer is added and the height of the pillars is
decreased. The experiment with the two LP & SS matrices is performed to determine which parameters of
the printing process has to be used. The mold before and after imprinting are shown in figure D.60. Still a lot
of pillars transferred from the mold to the substrate which can be seen in figure D.60. Mainly, the pillars of
8 um with a base angle of 40° and a hatching distance of 0.5 um survived the imprinting process.
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Figure D.60: Results of imprinting a multilayer substrate without PEDOT:PSS at 130 °C, 3000 N, with a holding time of 10 min. A: Mold
before imprinting. B: Mold after imprinting.

But it was possible to partly peel off the membrane despite some pillars nailed the membrane to the
support layer. The non conductive side of the membrane regarding the imprinting with pillars which have a
hatching distance of 0.5um was imaged by the SEM, this is presented in figure D.61. The top part regarding
the pillars with a diameter of 0.4 pm, 1 um, and 3 pm did not result in any successful through-holes as shown
in figure D.61A. In figure D.61B, the lower part regarding the pillars of 5pum in diameter and the pillars of 8 um
in diameter are shown. A close up of the part regarding the 5um pillars are shown in figure D.61C. As can
be seen in this figure, it was possible to manufacture through-holes with pillars of 5 um in diameter. And in
figure D.61B it can be seen that pillars of 8 um in diameter were able to create through-holes as well.
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Figure D.61: Results of imprinting a multilayer substrate without the PEDOT:PSS layer after imprinting at 130 °C, 3000 N, with a holding
time of 10 min. A: Top part of the LP & SS matrices with a hatching distance of 0.5um. B: Bottom part of the LP & SS matrices with a
hatching distance of 0.5 um. C: Close-up of the pillars with a diameter of 5 um.
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LP & SS matrices with optimal imprinted values, anti stiction layer and PEDOT:PSS layer

This time the PEDOT:PSS layer is added to see whether it is possible to manufacture successful through-
holes in a bilayer membrane (TOPAS and PEDOT:PSS). The soft mold after imprinting is presented in figure
D.62. The resulting through-holes created by the pillars with a hatching distance of 2 um can be seen in figure
D.63. The pillars with a diameter of 5 pm in diameter were able to create through-holes, as shown in figure
D.63C. The pillars with a hatching distance of 2um were imaged while the part regarding the pillars with a
hatching distance of 0.5 um was destroyed during the peeling off of the membrane. But from the soft mold
after imprinting, the best printing parameters are a laser power of 22.5mW and a scan speed of 10 000 pm ™.
Because the highest number, 7 out of 9, pillars which are 8 um in diameter, have a base angle of 40°, and a tip
angle of 80° survivied the imprinting and demolding process.

Figure D.62: Soft modl after imprinting a multilayer substrate at 130 °C, 3000 N, with a holding time of 10 min.
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Figure D.63: Results of imprinting a multilayer substrate at 130 °C, 3000 N, with a holding time of 10 min. A: Close up of the 8 um pores.
B: Overview of the top matrices (2 um hatch distance). C: Close-up of the 5um pores.

LP & SS matrices with optimal imprinted values, anti stiction layer and just PAA and TOPAS sheet
Imprinting the sacrificial layer (PAA) and the support layer (TOPAS) will help to understand what happens
during the imprinting process and to determine what could cause the problems because the imprinted layer
can be dissolved. The mold before imprinting is presented in figure D.64A, the mold after imprinting in figure
D.64B, and the substrate after imprinting in figure D.64C. A lot of pillars did transfer from the mold (figure
D.64B) to the substrate (figure D.64C). Again, most of the pillars that survived are 8 um in diameter, have a
base angle of 40°, and a hatching distance of 0.5um. It can be concluded that the transferring of the pillars
is not caused by the PEDOT:PSS-TOPAS layer or just the TOPAS layer. Also, the demolding step is rather easy
while the imprinted layer dissolves. Therefore, it is likely that the transferring from the pillars already happens
during the imprinting step and is not only caused by the demolding step of the manufacturing process.
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Figure D.64: Results of imprinting a multilayer substrate containing just the sacrificial layer and the support layer at 130 °C, 3000 N, with
a holding time of 10 min. A: Mold before imprinting. B: Mold after imprinting. C: Substrate after imprinting and post treatment with EG.

Improve adhession between pillars and glass coverslip by acid cleaning the glass coverslip

The resulting printed structures onto the acid cleaned glass coverslip are shown in figure D.65. Almost all
the structures are spread over the coverslip and almost no successful pillars were printed. This was caused
while the Nanowrite software was not able to find the correct interface between the glass coverslip and the
photoresist successfully. That is why (parts of) the pillars are spread across the glass coverslip instead of being
attached to it.

Figure D.65: Resulting mold when printed onto an acid cleaned glass coverslip.

0.5mm/1mm by 0.5mm/1mm membrane with optimal imprinted values

The mold after imprinting is presented in figure D.66A and the substrate after imprint is presented in fig-
ure D.66B. Only two out of the four printed fields of pillars resulted in successful imprints. Roughly half of
the pillars did still transfer from the mold to the substrate. Therefore, it is investigated whether this can be
improved.
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Figure D.66: Results of imprinting a multilayer substrate at 130 °C, 3000 N, with a holding time of 10 min. A: Mold after imprinting. B:
Substrate after imprinting and post treatment with EG.

0.5mm/1mm by 0.5mm/1mm membrane with optimal imprinted values, reinforcement layer

The mold is shown in figure D.67A, the mold after sputter coating a 10 nm layer of Au/Pd and spin coating
an anti-stiction layer is shown in figure D.67B, the mold after imprinting is shown in figure D.67C, and the
multilayer substrate after imprinting is shown in figure D.67D. The mold did not drastically change after ap-
plying the Au/Pd layer and the ASL layer as can be seen by comparing figure D.67A with figure D.67B. But a lot
of pillars did transfer from the mold to substrate during the imprinting process which can be seen in figure
D.67C and figure D.67D. The reinforcement layer probably increased the roughness of the mold which had a
more negative effect on the number of transferred pillars than the reinformed layer had a positive effect by
increasing the strength of the mold on the number of the transferred pillars when compared to the results in
figure D.66B.
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Figure D.67: Results of imprinting a multilayer substrate at 130 °C, 3000 N, with a holding time of 10 min. A: Mold after printing. B: Mold
after sputter coating a 10 nm layer of Au/Pd and spin coating a layer of ASL. C: Mold after imprinting. D: Substrate after imprinting and
post treatment with EG.

Casting PAA experiment

The resulting PAA layers on top of a TOPAS sheet are shown in figure D.68. Because the aluminum foil was
attached so well to the TOPAS sheet it was not possible to remove it without destroying the PAA layer during
the process of it. This explains the low quality of the PAA layer in figure D.68A. The PAA layers in figure D.68B
and D.68C are both looking uniform. In figure D.68B some wrinkles in the layer can be seen which is probably
caused due to the cooling down of the layer.
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Figure D.68: Results of the second experiment to cast PAA onto a TOPAS sheet. A: Curing at 60 °C for 2 h in the oven and let it cool down
atroom temperature. B: Curing at 60 °C for 15 min on the hot plate and let it cool down on top of the hotplate which is also cooling down.
C: Cure it at room temperature.

0.5mm/1mm by 0.5mm/1mm membrane with optimal imprinted values, EG experiment

The mold before imprinting, mold after imprinting, and the substrate after imprinting are presented in figure
D.69A-D.69C. The mold broke during the imprinting process and all the pillars transferred from the mold
to the substrate as can be seen in figure D.69B. But the post treatments of the substrate did remove a large
number of pillars. These are the membranes which are also used for the paper which can be found in chapter
5, where the membranes are further characterized and discussed.
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Figure D.69: Results of imprinting a multilayer substrate at 130 °C, 3000 N, with a holding time of 10 min. A: Mold after printing. B: Mold
after imprinting. C: Substrate after imprinting and post treatment steps with EG.
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0.5mm/1mm by 0.5mm/1mm membrane with optimal imprinted values, increased temperature
The substrate after imprinting and post treatment with EG is presented in figure D.70. There is a low number
of transfered pillars.

Figure D.70: Multilayer substrate after imprinting at 140 °C, 3000 N, with a holding time of 10 min and after post treatment with EG.

But after imaging the non conductive side of the membrane, no through-holes were created. The overview
of the non conductive side of a manufactured 1 mm by 1 mm membrane is presented in figure D.71A and a
close up of the same membrane is presented in figure D.71B. The increased imprinting temperature increased
the mobility of the polymer which could have as effect that the substrate layer is harder puncture while the
substrate layer flows easier around the pillars during the imprinting process.
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Figure D.71: SEM images of the membrane from the TOPAS side. A: Overview of the non conductive side of the membrane. B: Zoomed
in SEM images of the imprinted multilayer substrate with a mold which contains a field of 1 mm by 1 mm pillars of 8 pm in diameter.

Influence of a tip angle of 85°

The mold before imprinting is presented in figure D.72A, the mold after imprinting in figure D.72B, the sub-
strate after imprinting and immersing it overnight in EG in figure D.72C, and the substrate after placing it
in EG in the US cleaner for 30 min in figure D.72D. The soft mold was broken during the imprinting step as
shown in figure D.72B. This could have happened while there may be a height difference underneath the soft
mold during the imprinting process like a small folded part of the Kapton foil. The results in figure D.72C
looks promising, but after trying to peel off the membrane from the support layer it ripped. This happened
because the pillars nailed the membrane to the substrate even after trying to remove those pillars by placing
itin the US cleaner for 30 min. The same parameters are used to manufacture the 1 mm by 1 mm membranes
as presented in figure D.69. The reason why it did work for the manufacturing of the membranes and did not
work this time has to do with the layout of the soft mold. The soft mold used for this experiment contains all
the pillars in the middle. During the imprinting process, before the pillars puncture through the first two lay-
ers, they press a flow of the sacrificial layer outward during the imprinting process. And, therefore, the pillars
reached the support layer when they finally puncture through the first two layers of the multilayer substrate.
In the case of the soft mold of the membranes, they were placed opposite to each other with a space in the
middle. During the imprinting, the sacrificial layer starts to flow and is pressed outward and to the middle.
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And, when the pillars puncture the conductive layer and the substrate layer, the sacrificial layer is still thick
enough thanks to the flow of this layer to the middle.

Figure D.72: Results of imprinting a multilayer substrateat 130 °C, 3000 N, with a holding time of 10 min to identify whether a tip angle
of 85° improves the number of through-holes and/or improve the smallest through-hole diameter. A: Mold before imprinting. B: Mold
after imprinting. C: Substrate after imprinting and immersion in EG overnight. D: Substrate after placing it in EG in the US cleaner for
30 min.

D.4. Conclusions
This appendix started with explaining the shift in the quality of the printed structures by the Photonic Profes-
sional GT which looked like less of the material was polymerized. This is depended of the laser power, scan
speed, and the effectiveness of the photosensitivity of the photoresist. But all of these are ruled out as the
cause of the problem. So, the only option left was to accept the shift in quality and redefine all the proto-
cols to be able to manufacture membranes with an integrated porous electrode again. In the first part of this
appendix, optimal values for printing the pillars of different diameters, base angles, tip angles, and different
objectives are presented in table D.2 and in table D.3. The maximal laser power which can be used to print
pillars, without boiling the resist, with different diameters and base angles is presented in table D.4. It is de-
termined what the minimum required distance is of the pillars with a diameter of 0.4 pm per base angle and
the height of the pillar to prevent them from falling over due to the capillary forces during the development
of the mold. This is presented in figure D.40. Tuning all these printing parameters did not lead to work-
ing protocols. Also, cleaning the glass coverslip with oxygen plasma and chemically was tried as advised by
Nanoscribe.[114] But this led to problems with finding the interface were to print the pillars by the Describe
software. Therefore, this is not used. Subsequently, the imprinting protocol was redefined, summarized in
figure 5.3B. The bending of the pillars and the collapsing of the pillars was solved by increasing the imprint-
ing temperature to 130 °C. Which was also determined to be the optimal imprinting temperature. To lower
the number of transfered pillars, the imprinting force had to be lowered from 4000 N to 3000 N. Still a lot of
pillars got stuck into the substrate which is not caused by the layer conductive layer nor the substrate layer. It
was shown that reducing the height of the pillars from 15 um to 12.5pum and adding an ASL layer to the mold
decreased the number of transferred pillars. A new problem was observed, the nailing down of the mem-
brane with integrated porous electrode to the support layer. This is partly solved by creating a new protocol
to cast a thick layer of PAA on top of the support layer. This prevents the pillars from reaching the support
layer and nailing down the membrane to this layer. But it could happen that too much of the sacrificial layer
spreads outward during the imprinting process before the pillars puncture the conductive layer and the sup-
port layer. When the pillars finally puncture these two layers, the sacrificial layer at that moment is not thick
enough anymore to prevent the pillars from reaching the substrate layer. It is tried to increase the adhesion
between the printed pillars and the glass coverslip by decreasing the hatching distance which did help. And,
itis shown that the US cleaner helps to remove pillars which were transferred from the mold to the multilayer
substrate during the imprinting process. This led to the final protocols which were used to manufacture the
polymeric membranes with integrated porous electrode with an effective surface area of 1 mm by 1 mm.
From the established protocols, a final manufacturing overview for manufacturing a membrane with in-
tegrated porous electrode is created. This overview schematically presented in figure D.73.
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Figure D.73: Schematic overview of the final manufacturing process divided into four steps. A: The soft mold is manufactured with a
two-photon polymerization process. D: The substrate consists of four polymeric layers, a conductive layer (PEDOT:PSS), a substrate
layer (TOPAS), a sacrificial layers (PAA) and a support layer (TOPAS), which are spin coated (conductive layer and substrate layer) or
casted (sacrificial layer) and placed on top of each other. B: The multilayer substrate is imprinted (soft NIL) to create the porous electrode
and the through-holes. C: A post treatment step is performed to enhance the conductivity of the conductive layer, to decrease the water
solubilty of the conductive layer and to dissolve the sacrificial layer which helps the demolding of the soft mold.

D.4.1. Manufacturing of the soft mold. (Figure C.73a)

A glass coverslip of 30 mm in diameter with a thickness of 0.17mm +/- 0.01 mm is cleaned with acetone and
followed by isopropanol. A drop of immersion oil is placed on the bottom of the coverslip and a drop of
IPL-780 is placed on top of it. The coverslip is placed on a holder and placed in the Photonic Professional
GT. A STL-file is created with Solidworks and converted into job-files with Describe and printed with the
Photonic Professional GT. The minimum distance needed to prevent the pillars of 0.4 um in diameter from
falling over is presented in figure D.40. The optimal parameters for converting the STL files into job files and
to the optimal parameters printing the pillars with the 63x objective in table D.2 and writing the pillars with
the 25x objective in table D.3. When the print job is finished, the coverslip with the printed structure on top
of it is developed for 25 min in PGMEA, followed by 5 min in 2-propanol.

D.4.2. Substrate preparation. (Figure C.73d)

Only the protocol for the manufacturing of the sacrificial layer was changed after the shift in the quality of
the printed structures by the Photonic Professional GT. The others one remained the same but are repeated
in this conclusion for completeness of the required protocols to manufacture a polymeric membrane with
integrated porous electrode.

TOPAS
From the results, the following protocol is created to dissolve TOPAS granules into toluene.

1. Clean bottle with ethanol and let it evaporate for an hour
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2. Weigh the correct amount of TOPAS granules

3. Fill the bottle with the correct amount of toluene

4. Add the TOPAS granules

5. Put the bottle in the ultrasonic cleaner for 15min

6. Put the bottle on an orbital shaker at 2200 RPM for 10 min

7. Repeat last two steps until, when you tilt the bottle, the solution is viscous and fluidic

The final protocol for spin coating the TOPAS film with the desired thickness of 10 um, will start with a
cleaning procedure of the glass Petri dish. The Petri dish is cleaned with ethanol, followed by 2-propanol.
The Petri dish is placed in the oven at 150 °C for 15 min to dehydrate. The Petri dish is placed in the fume
hood to cool down. 1 mL of the TOPAS solution is spin coated, on the outside of the Petri dish, with a static
dispense spin coating technique. The first step of the spin coat protocol has a spin time of 50 s, at 3900 RPM.
Subsequently, the sample is spin coated for 30s at 100 RPM. The acceleration for both steps is 250 RPM/s.
The sample is left to dry overnight in the fumehood.

PEDOT:PSS

The final protocol for manufacturing the thin film of PEDOT:PSS is concluded to be as following, a glass Petri
dish is treated for 5 min with oxygen plasma at 60 W. Two milliliters of PEDOT:PSS is dynamically dispended
on the TOPAS film during the spin coating process. A spin speed of 1500 RPM, a spin coat time is 60 s, and an
acceleration of 1000 RPM /s will be used. The sample is left to dry overnight in the fumehood.

PAA

A 100 wv% solution of PAA in DI water prepared by adding the correct amounts into a Falcon tube, and place
it on an orbital shaker at 2200 RPM until the PAA is completely dissolved. Around 1 mL is dispensed on top of
the TOPAS sheet and dried overnight in the fume hood.

Stacking layers

The two bilayers can be stacked, manually, on top of each other. The previously reported problem with air
bubbles getting stuck between the sacrificial layer and the substrate layer is not happening anymore. So, they
can just be placed on top of each other by hand.

D.4.3. Soft mold imprint process. (Figure C.73b)

The soft mold nano imprint lithography process is performed with an wafer bonder system. The mold and
the multilayer substrate were placed between kapton foil with on top two graphene sheets. The multilayer
substrate will be imprinted at 130°C, at 3000 N and a holding time of 10 min. It was found that the opti-
mal printing parameters which were selected by visually inspecting the pillars and selecting the ones which
looked the closest to the designed ones in Solidworks are not necessarily the optimal ones for the imprinting
process. The printing parameters which leads to successful through-holes are a laser power 22.5mW and a
scan speed of 10 000 um s~. The pillars used are 8 um in diameter, have a base angle of 40°, and a tip angle of
80°.

D.4.4. Post treatment process. (Figure C.73c)

The multilayer substrate is immersed in ethylene glycol until the sacrificial layer is completely dissolved
which helps the demolding of the soft mold from the multilayer substrate. This is also done to increase the
conductivity of the PEDOT:PSS layer and to decrease the water solubilty of the PEDOT:PSS layer. The resulting
membrane is dried overnight in the fumehood.



Matlab code used to characterize the 1 mm
by 1 mm membrane

Instead of determing which of the imprinted pores are actual through-holes and measuring all the relevant
dimensions by hand, a Matlab algorithm is written to do this automatically. The algorithm generates a table
which contains all the relevant morphological characteristic of the membrane. The work performed in this
appendix is reflected on the roadmap to success, which is presented in figure E.1.

* Identifying printing parameters for the manufacturing of the master mold

* Spin coating protocol TOPAS onto glass and thickness measurements

* Spin coating protocol PEDOT:PSS onto TOPAS and thickness measurements

* Spin coating protocol PAA onto TOPAS and thickness measurements

* Protocol imprinting IP L-780 photoresist mold into the multilayer substrate

* Verify if the adhesion between the different layers of the substrate is strong enough
for multilayer molding

* Solubility of the sacrificial layer

[- Milestone 1: Optimal manufacturing parameters identified

 Identify influence shape pillar for creating through-holes ] o)

[' Milestone 2: Optimal design parameters are identified

e |
* Create design membrane with integrated porous electrode ] W)

4 —-, \
* Manufacture membrane with integrated porous electrode ] )

* Characterize manufactured membrane with integrated porous electrode ]

[- Deliverable 1: Functional membrane with integrated porous electrode
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Figure E.1: Roadmap to success with symbols indicating which experiments are already furfilled and which are performed in this ap-
pendix.

175



E.1. Process flow of the image processing algorithm 176

E.1. Process flow of the image processing algorithm

A Matlab algorithm is written to characterize the morphology of the 1 mm by 1 mm membrane with integrated
porous electrode. The image processing toolbox is used for this. The SEM image presented in figure 5.4D is
processed by this algorithm. First, the SEM image was cropped to just the scalebar and just the image of the
membrane with Paint version 1703. This is done to reduce the amount of excess information which can only
influence the results in negative way. During the cropping, the SEM image which is a TIF file is converted to
two PNG files. This process is visualized in figure E.2.

SElI 10kV. WD10mm

1x TIF file 2x PNG file

Figure E.2: Overview of the cropping and conversion of one SEM image to an image of just the scalebar and an image of just the noncon-
ductive side of the membrane.

The scalebar was converted into coordinates by a technique called image segmentation. The cropped
image of the scalebar is read by Matlab, figure E.3A. The change in contrast, which is calculated by the gradient
of this picture with the Prewitt method, is used to detect the scalebar within the image. The result of this step
is shown in figure E.3B. Finally, the scalebar is converted into coordinates, figure E.3C, of which the length of
the scalebar can be used to determine the dimensions within the image of the membrane itself.

. Original image E Prewitt, dilated gradient mask

- Scatter plot scale bar

i { [ |

-60
)

50 100 150 200 250 300 350 400

Figure E.3: Process flow of the segmentation of the scalebar. A: Image of the cropped scalebar. B: Image of the dilated gradient mask of
the scalebar. C: The scalebar converted into coordinates.

The next step is to process the image of the membrane itself. The cropped version is shown in figure E.4A.
A small white block is added manually to the top left corner while there is a small rip in the membrane. When
the white block is not added, it causes the algorithm to find multiple incorrect pores within this rip. Looking
closer at this image, the membrane is a grey color and the through-holes are black. To help the algorithm to
locate the pores, the colors of the image are altered to enhance contrast between pores and not pores. So,
there is looked at the RGB values of this image. While it only consists out of black and grey colors, only one
of the three values of RGB has to be considered. A histogram of the image is made in which a big peak, at
a value of 64, represents a large amount of grey color within the image, figure E.5A. Zooming in on the part
which contains the black color, a small peak can be observed as well at a value of 27, figure E.5B. Within
the algorithm, a boundary at 45.5 is selected which is in the middle of the two peaks. Everything above this
value within the image of figure E.4A is converted into a light grey color at a value 200. And everything below
the boundary is converted into a value of 10. This results in the altered image presented in figure E.4B. The
black dots within this image are the pores of the membrane. Looking at the histogram of the altered image
presented in figures E.5C and E.5D, it can be confirmed that the conversion was successful. Matlab is used to
find the location and diameter of each of the black dots by using the imfindcircles function. This algorithm
is based on circular Hough transform.[116] The altered image shown in figure E.4B improved the number
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of correctly found pores drastically. The found circles are presented in figure E.4C. Overlapping circles are
removed from the data while these are two circles in one pore. Subsequently, Delaunay triangulation is used
to find all the closest neighbors of each pore.[117] These are indicated by the blue lines in figure E.4D.

A original image Altered image

Found pores Delaunay Triangulation

Figure E.4: Process flow of locating of the pores. A: Image of the cropped membrane with a small with block to prevent the alggorithm
to find incorrect pores in the rip. B: Converted image to just a light grey color and a black color which indicates the through-holes.
C: Visualization of the found pores by the imfindcircles function. D: Visualization of the created Delaunay triangulation to locate the
neighbours of each pore.
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Figure E.5: Histograms of the RGB color values of the figures E.4A and E.4B. A: Histogram of the RGB color values of figure E.4A. B:
Zoomed in part of the histrogram of figure E.4A. C: Histogram of the RGB color values of figure E.4B. D: Zoomed in part of the histrogram
of figure E.4B.

There was aimed to manufacture a membrane of 1 mm by 1 mm. This surface area is added in the Matlab
code as a constant. Combining this with the information required by analyzing the scalebar, the imfindcircles
function of the membrane, and the Delaunay triangulation of the found circles, the membrane can finally be
characterized. The scalebar provides the information needed to convert all the length related values to the
actual lengths. The imfindcircles function found the number of pores and their diameter. This information is
used to calculate the mean pore diameter, the smallest pore diameter, the largest pore diameter, the standard
deviation of the pore diameter, the pore density, and the porosity. The Delaunay triangulation is used to
measure the mean center to center distance of the pores and the standard deviation of the center to center
distance. This is all done by the Matlab algorithm which produces a table containing all the relevant values,
as shown in figure E.6.
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'SEM im agei
Area [um *2] 1000000
Mean pore diameter [um] 27411
Min pore diameter [um] 2.3529
MMax pore diam eter [um] 56348
Standard deviation of the pore diameter [um] 05499
MNumber of pores 173
Pore density [pores/um *2] 1.7300e-04
Pore density [pores/cm 2] 17300
Porosity [%] 01082
Mean center to center distance [um] 70,8262
Standard deviation of the center to center [um] 51.9844

Figure E.6: Table generated by Matlab with parameters determined the characterization of SEM image of the 1 mm by 1 mm membrane.

E.2. Matlab Code of the image processing algorithm

clear all
close all
clc

9%% Determine the length of the scalebar
% Load image
img_scalebar = imread(’lmm_membrane_scalebar_200um.png’);

% Display image in figure
figure , imshow(img_scalebar), title( Original image’);

% Detect scalebar
[~, threshold] = edge(img_scalebar(:,:,1), 'prewitt’);
BWs = edge(img_scalebar(:,:,1), prewitt’, threshold);

% Dilate image

se90 = strel(’line’, 1, 90);

se0 = strel(’'line’, 1, 0);

BWsdil = imdilate (BWs, [se90 se0]);

figure, imshow(BWsdil), title ('Prewitt, dilated gradient mask’);

% Finding locations of the white dots
k = find (BWsdil==1);
lengthimage = size (img_scalebar(:,:,1));

for i = 1l:length (k)
number = k(i);
location(i,1) = floor (number/lengthimage(1));
while number > lengthimage (1)
number = number —lengthimage (1) ;
end
location (i,2) = (—1)=*number;

end

% Calculating factor to convert the distances in actual lengths
length_factor = (max(location (:,1))—min(location(:,1)))/200;
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% Scatter plot of the scalebar
figure

scatter (location (:,1) ,location (:,2));
daspect([1 1 1])

title ('Scatter plot scale bar’)

9%% Loading and filtering image
% Load image

img = imread (' Imm_membrane_alt.png’);

% Display image in figure

figure, imshow(img), title (’original image’);
% Split into RGB Channels

image = img;

Red = image(:,:,1);

Green = image(:,:,2);

Blue = image(:,:,3);

% Get histValues for each channel
[yRed, x] = imhist(Red);

% Plot the histValues together in one plot
figure
plot(x, yRed, 'Red’);
title ('Histogram colour of the original image’);
% Alter the image from all black and grey colors to one black color and one
% grey color
for i = 1:length(img(:,1,1))
for j = 1:length(img(1,:,1))
if img(i,j,1) <= 45
img_alt(i,j,1) = 10;

else

img_alt(i,j,1) = 200;
end

end
end
img_alt = uint8(img_alt);

% Display altered image in figure
figure, imshow(img_alt), title(’Altered image’);

% Split into RGB Channels
Red = img_alt(:,:,1);

% Get histValues for the red values
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[yRed, x] = imhist(Red);

% Plot of the histValues of the altered image

figure
plot(x, yRed,

'Red’) ;

title ('Histogram colour of the altered image’);

%% Finding the

circles, centers and radii

% Locating circles with the imfindcircles function

[centers, radii, metric] = imfindcircles (img_alt,[2 10], ObjectPolarity’, dark’,

)

Sensitivity’,1, EdgeThreshold’,0.15);

% Remove overlapping circles
[centers, radii]=RemoveOverLap(centers,radii,1,2);

% Display found circles in figure
figure, imshow(img), title ('Found Pores’);
h = viscircles (centers,radii, 'LineWidth’ ,4);

% Performing the Delaunay triangulation
TRI = delaunayTriangulation(centers (:,1),centers(:,2));

% Display found circles in figure
figure, imshow(img), title (’Delaunay Triangulation’);

hold on

triplot (TRI, 'LineWidth ' ,4) ;
h = viscircles (centers,radii, 'LineWidth’ ,4);

% Determine mean center to center distance

figure
hold on

for i = 1l:length(TRI.ConnectivityList(:,1))

TRI. Points (:,1);
TRI. Points (:,2);

= [X(TRI.ConnectivityList(i,1)) X(TRI.ConnectivityList(i,2)) X(TRI.

ConnectivityList(i,3)) X(TRI.ConnectivityList(i,1))];

X =
Y =
TRI_X(i,:)
TRI_Y(i,:)

= [Y(TRI.ConnectivityList(i,1)) Y(TRI.ConnectivityList(i,2)) Y(TRI.

ConnectivityList(i,3)) Y(TRI.ConnectivityList(i,1))];

plot (TRI_X(i,:) ,TRL_Y(i,:), r—")

X

y

TRI_X(i,:);
TRI_Y(i,:);

dist (i) = (sum(sqrt(diff(x).A2+diff(y).~2))/length_factor)/3;

end

9%% Characterizing the membrane

% Radii [um]

radii_um = radii/length_factor;

min_radii_um =
max_radii_um =
median_pore_um
std_radii_um =

min (radii_um=2) ;
max(radii_um=2) ;
= mean(radii_um=2) ;
std (radii_um=2) ;
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% Number of pores
number_pores = length (radii);

% Area of the pores [um/2]
A um = 1000000;

% Porosity [%]
A_pores_um = sum(pi*radii_um.A2);
porosity = (A_pores_um/A um)*100;

% Pore density [pores/um/2]
pore_density_um2 = number_pores/A um;
pore_density_cm2 = pore_density_um2+10/8;

% Center to center spacing [um]
dist_ave=sum(dist)/length (dist);
dist_std = std(dist);

% Generating the table
figure

T = table ([A_.um;median_pore_um; min_radii_um ; max_radii_um;std_radii_um ;number_pores;
pore_density_um2 ; pore_density_cm2; porosity; dist_ave;dist_std], 'RowNames’ ,{ Area [

um/2]’; 'Mean pore diameter [um]’; 'Min pore diameter [um]

; 'Max pore diameter [um]

"; ’Standard deviation of the pore diameter [um]’; Number of pores’; 'Pore density
[pores/um/2]’; ' Pore density [pores/cmA2]’; Porosity [%]’; 'Mean center to center
distance [um]’; Standard deviation of the center to center

uitable ('ColumnWidth’,{64 400}, Data’,T{:,:}, 'ColumnName’, ’SEM image’, 'RowName’ ,T.
Properties .RowNames, 'Units’, 'Normalized’,

"Position’, [0,



Permeability experiment

El. Introduction

A novel permeability experiment is designed and executed to verify the fluidic functionality of the poly-
meric membrane with integrated porous electrode. The work performed in this appendix is reflected on
the roadmap to success, which is presented in figure E1.

 Identifying printing parameters for the manufacturing of the master mold

* Spin coating protocol TOPAS onto glass and thickness measurements

* Spin coating protocol PEDOT:PSS onto TOPAS and thickness measurements

* Spin coating protocol PAA onto TOPAS and thickness measurements

* Protocol imprinting IP L-780 photoresist mold into the multilayer substrate

 Verify if the adhesion between the different layers of the substrate is strong enough

for multilayer molding \

* Solubility of the sacrificial layer

— J J J JJ

[- Milestone 1: Optimal manufacturing parameters identified

 Identify influence shape pillar for creating through-holes ] \:\ ;\
[' Milestone 2: Optimal design parameters are identified
e |
* Create design membrane with integrated porous electrode W)
e |
* Manufacture membrane with integrated porous electrode W)

* Characterize manufactured membrane with integrated porous electrode ]

[° Deliverable 1: Functional membrane with integrated porous electrode
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Figure E1: Roadmap to success with symbols indicating which experiments are already furfilled and which are performed in this ap-
pendix.

E.2. Materials and methods

A manufactured membrane, with integrated porous electrode, with an effective surface area of 1 mm by 1 mm
is attached to a holder which is 24 mm in diameter, as shown in figure F2A. The membrane was attached

183
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between two pieces of double sided tape with a small square cut into it. The microscopic image of the mem-
brane between the double sided tape is presented in figure E2B. The holder was supported above a balance
(Scaltec SBC33) to the outside world which can be seen in figure E2C. 5mL of acetone was placed in the
holder. The total weight of acetone which went through the pores of the membrane and fell onto the scale is
written down every 10s for 100s.

Figure E2: Images of the experimental set up. A: Image of the holder with the membrane attached to it by double sided tape. B: Micro-
scopic image of the membrane between the double sided tape. C: Overview of the set up placed above the scale.

E.3. Results and discussion

The manufactured membrane is presented in figure E3. Normally, the non conductive side of the membrane
would be characterized by the matlab code, which is shown in figure E3D. Looking at a close up of the non-
conductive side of the membrane, figure E3E, small rips can be seen around the pillars which got stuck. This
will cause the developed algorithm to find multiple small pores. Therefore, the conductive side of the mem-
brane is characterized, presented in figure E3B.

A total of 13 through-holes were found by the Matlab code of the 1024 pillars. This results in a pore density
of 1.3 x 10° pores/cm? and a 1.3% success rate to manufacture through-holes of the intended pores. The
resulting mean pore diameter is 4.61 um (standard deviation = 0.93 um, smallest pore diameter = 3.32 um,
largest pore diameter = 6.33um), the porosity is 0.02%, the mean center to center distance of the pores is
328.48 um, and the standard deviation of the center to center distance is 197.24 um.

The theoretical mass flow rate is calculated by determining the Poisseuille flow through one pore and in-
cluding the hydrodynamic interactions between the pores, the distribution of the pores, wall slip, and inertial
effects. All under the assumption of identical circular pores, incompressibility and low Reynolds numbers

Mp 3, _an, B 1 1
== G(L) +3na(1+4Kn)+f(5Re)]-

q @

Of which Ap = the pressure difference [Pal, g = flow rate [k—sg], 1 = shear viscosity of the fluid [Pas], a =
pore radius [m], G = geometric factor dependent on the pattern of the pores, L = center to center spacing of
the pores [m], t = thickness of the membrane [m], x,, = Knudsen number, and R, = Reynolds number.[118]
To determine the mass flow rate through the membrane, the mass flow rate of one pore is multiplied with the
number of open pores.

The pressure difference is caused by the 5mL that is placed on top of the membrane in a holder with a
surface area of 4.52 x 10~ m?. A shear viscosity of 3.01 x 10* Pas and density of 785%2 are used as character-
istics of acetone.[119] The Knudsen number is 0.01 and the gravitational acceleration is 9.81 ;—’2’ A thickness of
10 um is used. The geometrical factor of 2.1 is selected which average of a square grid pattern and hexagonal
pattern.[118] But the effect is in this case negligible while the change in mass flow through the membrane
with and without a correction of the hydrodynamic interactions between the flow through different pores,
results in a difference of < 0.00001%. A mean mass flow rate of 2.6 mgs™! is calculated. The total measured
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mass of the acetone which went through the pores without wetting the pores beforehand over time is pre-
sented in figure E4A. And the total measured mass of the acetone which went through the pores with wetting
the pores beforehand over time is presented in figure E4B. The fact that it is increasing over time shows that
acetone is coming through the pores, verifying that the pores are indeed through-holes. The slope is lower in
the beginning while it takes some time to get to the maximum flow rate through the pores due to the capillary
forces experienced during the wetting of the pores and the bottom of the membrane. This is confirmed by
the measurements which were done performed by wetting the membrane before placing the acetone on top
of it.

Linear lines were fitted through the linear part of the experiments performed without wetting the pores.
This is from 60 s to 100 s. From the experiments with the wetted pores, the same amount mass at the start and
at the end is selected. This is from 30s to 70s. Not the complete range is selected while over a longer period
of time the effect of the evaporation of the acetone can be observed. The fitted lines are plotted with a dotted
line in figure E4. The coefficient of determination, R?, of these lines is 1.00 and 1.00. The slope of those fitted
lines determines the mass flow rate of the experimental data. A mean mass flow rate of 19.3 mgs™! was found
with a standard deviation of 0.0006. The difference between the theoretical model and the measured mass
can be explained while it looks like acetone could flow around the membrane, figures E3A and E3C.

F.4. Conclusion

Pores can be seen on both sides of the membrane which indicates that through-holes are created in the mem-
brane. But because of the big difference in the theoretical mass flow rate and the measured mass flow rate,
it is believed that acetone flowed around the membrane, and therefore the fluidic functionality can not be
garantueed. But the set up it self gave consist results, proving this simple set up can be used to verify the
fluidic functionality of a membrane.
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Figure E3: SEM images of the membrane with integrated porous electrode used for the permeability experiments. A: Overview of the
conductive side of the membrane between the double sided tape. B: Overview of the conductive side of the membrane. C: Overview of
the nonconductive side of the membrane between the double sided tape. D: Overview of the nonconductive side of the membrane. E:
Close up of the nonconductive side of the membrane.
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Figure E4: Plots of the results of the permeability experiment. A: Boxplot (showing the median, 25th percentile, and 75th percentile) for
the measuremed mass without wetting the pores beforehand. The red dashed line is the theoretical model and the blue dotted line is
the fitted line. B: Boxplot (showing the median, 25th percentile, and 75th percentile) for the measuremed mass with wetting the pores
beforehand. The red dashed line is the theoretical model and the blue dotted line is the fitted line.
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