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Abstract

This thesis presents an approach to develop modular microfluidic prototypes including 3-
dimensional (3D) microfluidic elements and combining those with electronical sensors in a
leakless device. Theoretical structuring technologies are laid out and compared to a method
developed in 2015. This method, called ESCARGOT, applies the knowledge of casting
microfluidic devices using an elastomer, to create microfluidic structures in a leakless bulk.
Furthermore, it presents low cost structure generation using the 3D printing technology. A
proof of concept was generated, through the development of basic to more complex elasto-
mer devices that can be used to create Lab-on-a-chip (LOC) applications. In previous
research, it could be shown that the advancement of the 3d printing technology can make
a decisive contribution to the creation of microfluidic structures [SV15] [Weh16] [Her19)].
Inspired by the previous work involving the ESCARGOT method, this thesis takes it a
step further to prove that standard microfluidic components like quake valves can also be
integrated into the elastomer material. Consequently, integrated logical gates as well as,
peristaltic pumps, a droplet generator and a microfluidic mixer were developed. These in
turn can be equipped with electronic sensors, as another component presents a monitoring
device to measure discrete wavelength with an incorporated optical sensor. A PID con-
trolled temperature controller could also be successfully integrated in a compact elastomer
device, establishing short pathways for electrical circuitry and tight temperature control
inside the channel. The functionality of these modular Lab-on-a-chip components includes
two key elements. The actual lab-on-a-chip system, as well as the bulk material which, as
an exoskeleton, encloses the sensors and fluidics. Bulk means that the entire system is
made from a coherent mass, which eliminates leakage. The polymer coating of the compo-
nents defines the external shape and, at the same time, guarantees protection against
environmental influences. The whole process was optimized and adapted to the respective
applications, to enable 3-dimensional arrangement of the included elements. The processes
and components can be modified, multiplied or scaled up as desired using standard design
software and generally affordable standard 3D printers. Once the design of these compo-
nents is completed, mass-produced, single-use products could easily be distributed. The
elastomer and the structure-creating 3D filament are safe, inexpensive and can be used by
everyone. With this method, microfluidics is no longer reserved for large corporations and

can be carried out by anyone.



IT

Table of contents

AADSEIACE. ..o e e e e e e I
3 1Y oY 1Tt Ao USSP PPPPRPRRRT 1
2 Fabrication of microfluidic SEFUCTUIES ..........ccvviiiiiiiiiii i 4
2.1 Materials for microfluidics . .......ooooiiiiiiiiiii 4
2.1.1  PolydimethylSiloXane. ..........ooouiiiiiiiiiiiii e 5

2.2 Microfluidic fabrication techniques ...........ccoooiiiiiiiiiiiee e 6
2.2.1  Embedded scaffold removing open technology...........ccccooooiiiiiiiniiiiiinnnn. 9

2.3 3D PIIIBINEZ oo 12

3 Developing ESCARGOT deVICES ......viiiiiiiiiiiiiiiiiie et 15
4 Developing active microfluidic deviCes ...........cccccooviiiiiiiiiiiiiiiice e 19
4.1 Active microfluidic VAIVES . ..c..oiiiiiiiiiiii e 19
4.2 QUAKE VALVES ..oiiiiiiiiiiiii e 20
4.2.1  Designing a quake Valve ... 21
4.2.2 STINUIAION .. 22

4.3  Additional materials and controlling devices ...........cccoovviiiiiiiiieiniiiieeeiiee e 24
4.4 Pneumatic logiC GateS.......couiiiiiiiiiiiiii e 25
4.5 Peristaltic PUID coooiiiiiiic e 27
4.5.1 Operation principle and measurements...........cccoooouvviiiiieiiiiiiiiieee e 27

4.6 Droplet Generator ............ooiiiiiiiiii e 30
4.6.1 Operation principle and measurements............ccoooouvviiiieiiiiiiiiiiiee e 31

4.7 Microfluidic MIXET ...oeeeiiiiiii e 33
4.7.1 Operation principle and measurements............ccoooouvviiiiieiiniiiiiiiee e 34

5 Developing a microfluidic device for optical detection ................cocociiiiii 36
5.1 SPECtTALl SEINSITIEZ .. v 36
5.2 Spectral sensing PDMS device .......coouviiiiiiiiiiee e 38
5.2.1 MAETIALS ... 38

5.3  Developing a spectral sensing PDMS device.........ccccooviiiiiiiiiiiiiiiiii 41
5.3.1 SOTEWATE ..o 42
5.3.2  Testing the device and conducting measurements...............ccccoeevviiiiieieennn. 43

5.4  Conclusion and outlook ..o 44

6 Developing a temperature controlling microfluidic device..............cccooiiii 46
6.1  How to heat a microfluidic channel................cooocoo 47
6.2  Choosing a suitable wire material ............cccoooiiiiiiii 48
6.3 How to measure the temperature. ...........cccoooiiiiiiiiiiiii e 49

6.4  Choosing a temperature SENSOT ...........uveiiiieiiiiiiiiiie et 50



6.5  How to control the temperature............ccccoiiiiii 51
6.6  Developing a PID controlling PDMS device ........cccccoiiiiiiiiiiiiiiiie 51
6.6.1 MALETIALS ..o 51
6.6.2 STINULATION . e e e e e e e e e 52
6.6.3  How to read out the data...........cccooiiii 54

6.7  Manufacturing the PID PDMS device .......ccoooiviiiiiiiiiiiiiieiieee 55
6.7.1 Operation principle and measurements............ccoooouvviiiiieriiiiiiiieee e 56

0.8  CONCIUSION .oeiiieieee ettt e e e e e e e e e e e e e e e e e e e e e e e e e eaaeasasseeees 59

7 Conclusion and oUtIOOK ..........ooiiiiiiiii 61
8 RETEIENCES. ... e 63
O LISt OF fIGUIES ... 70
10 List of abbreviations..........cccoiiiiiiiiiiiiic e 74

11 LAt O MIENES .o 76



Introduction 1

1 Introduction

In today’s world microfluidics are facing the same challenges and problems as electronics
faced nearly a hundred years ago. The ongoing demands for smaller and more efficient
integrated circuits and micro-electrical components, drove the industry to continuously
double the number of transistors in an integrated circuit every two years. This phenom-
enon known as Moor’s law, also relates to a reduction in size, cost, density and the
increase in speed of electrical components [Moo65]. Although these factors are all ben-
eficial for the economy, there is still a need for prototyping boards which are created for
single purpose applications. These boards are built with a PCB-Layout application.
PCB stands for Printed-circuit-board. The same way these boards fill a need in our
current society, there is also a demand for prototyping circuits in microfluidics. Micro-
fluidic devices became smaller and more efficient over the years. However, the produc-
tion cost and time investment to manufacture such devices is too much to bear for small
businesses. To be able to afford small integrated microfluidic devices for single purpose
applications, there needs to be a similar process as it has been in the electronics envi-
ronment with prototyping PCB-boards. With this approach, small companies, would we
able to develop their own low cost microfluidic prototype devices. An ongoing challenge
presents the incorporation of electrical components within the microfluidic device, as
well as manufacturing functional 3-dimensional structures. Usually microfluidic devices
include a variety of mechanical and detachable components. The goal is to develop
devices, which consist just like a PCB prototype, out of a variety of modular elements
combined into one unified system. Aiming to develop functional valves and integrating
those into more complex microfluidic applications like peristaltic pumps, droplet gener-
ators and fluidic mixers, will be one of the main tasks of this thesis, together with the
spatial 3-dimensional arrangement of the structures to each other and to the integrated
electronic sensor units. Ultimately two examples will be presented in form of an optical
analyzing unit as well as a temperature controlling device. In addition to the alignment
problems, attempts are made to develop functional prototypes that show the benefits

of the presented method.

Before we get to the individual procedures and structuring methods which are suitable
for this project, the importance of microfluidic systems in contrast to conventional la-
boratory technology will be laid out. In microfluidics different physical quantities pre-

dominate than in microfluidics. Volume related effects matter less than surface related
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effects in a micro-sized environment. An exemplary representation is the capillary ac-
tion, where a liquid flows through narrow spaces without the assistance or even in op-
position to gravitational forces. Gravity is proportional to the mass and therefore to the
volume. If the channel is sufficiently small a combination of surface tension and adhesive
forces between the liquid and the surface wall, will overcome gravitational forces and
enable functionalities such as passive movement, mixing and separation. If the volume
of the fluid is significant smaller than the inner walls surface, the capillary motion pre-
vails [Vil20]. For the same reason, laminar flow outweighs turbulent flow. While some
effects like laminar flow can be used for applications like flow focusing, other conditions
must be created in order to blend two fluids together. These are important factors when
designing functional microfluidic devices. Active manipulation of the fluids is possible
by means of micro pumps and valves, for which the dwell times are controllable and
short. The surface-to-volume ratio increases, which significantly improves heat transfer
and the associated temperature control during the process. These properties enable the
implementation of a macroscopic laboratory with its functionalities on a chip size. This
increases efficiency while reducing the amount of samples required. Less sample volume
also reduces the amount of waste being produced. Smaller dimensions also correspond
to less material needed to build a system. That would be advantageous both for possible
mass production and for prototyping as production costs decrease. Conventional exam-
ination methods in laboratories are often time-consuming and expensive. Processing
times can range from a few weeks to a few months, as the samples have to be trans-
ported, pre-treated and then processed. A high density of functionality on a small chip
would contribute to develop portable Lab-on-a-Chip (LOC) devices, which can be taken
directly to the site of investigation (Point-of-Care diagnostic[Venl4]). Real-time meas-
urements could be carried out, which also yields the possibility of wireless transmission.
Another crucial point is the high degree of parallelization. Instead of one large measuring
body, many smaller measuring bodies can each carry out different analyses. Resulting
in a large range of detectable substances with the same size of measuring body. Micro-
fluidics is a vast improving field yielding a high potential in new applications for Lab-
on-a-Chip systems [Neil9]. While most biological, chemical and bio-chemical experi-
ments are still computed in laboratories, transferring these experiments to a new envi-
ronment offers the opportunity to conduct new analysis methods and use the advantages
of the microscale world [Whi06].
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The last 30 years have shown tremendous advances in microfluidics. The technological
evolution and important waypoints of the microfluidic development shown in Figure 1.
Starting at the invention of the first transistor, which structuring methods and materials
are still used for microfluidics to date. Important analyzing methods like the invention
of the polymerase chain reaction (PCR) continuously improved temperature control
inside microfluidic devices, while newly established materials presented new pathways
and structuring methods. Along the way, the invention of 3D printing promised new
advances in microfluidic device generation and opened new technologies for faster and

low-cost prototyping [Neil9)].

Government Funding Quake Valve

New

3D Printing Vi

1st Transistor

1 1 1 L4 1 T
1950 1960 1970 1980 1990 2010
Inkjet
Printing PCR on
a Chip
Miniaturised Gas New Microfluidic 3D Printing for
Chromatography Technologies Microfluidics
PCR
Figure 1: Timeline of the microfluidic development over the past 60

years. Starting with the invention of the first transistor, that marked
the beginning of microfluidic development tools as well. Based on the

graphic of '30 years of microfluidics’ [Neil9].

From the selection of suitable processes to promising materials and the subsequent de-
velopment of microfluidic devices, some of the terms used in this graphic (Figure 1)

contribute and take part in the following chapters and throughout this thesis.
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2 Fabrication of microfluidic structures

The development of microfluidics, its materials and its methods is closely linked to other
technological areas. The success of microelectronics partly contributed to the success of
microfluidics [Hyu09] [Neil9]. In the mid-19* century, integrated circuitry was developed
through the invention of photolithography [Xia98]. Which nowadays is still one of the
main fabrication methods of microfluidic devices. The materials that are used in micro-
electronics were also transferred to microfluidics. Since the proceeding of these materials
like silicon and glass have already been perfected for microelectronics, the procedures
were adapted to manufacture microfluidic structures in the same manner. The following
sections will describe and showcase different materials, as well as commonly used struc-

turing methods to determine their suitability for this thesis.

2.1 Materials for microfluidics

There are several reasons for choosing different materials in microfluidics [Pam14]. Each
material has different properties which usefulness depends on the application and its
requirements. In addition, for most biological and chemical processes it is particularly
important that the surrounding material does not interact with the sample and organic
solvents. For this reason, structures made of glass and silicone were the first materials
used for developing microfluidic structures [Cip12]. During the past decades, new mate-
rials were emerging such as elastomers, thermoplastics, ceramics as well as thick-film
photoresists. These groups can be categorized into two broad groups: inorganic and
polymers. Another important factor is whether the material is transparent. Since many
microfluidic processes use optical analysis methods, it is essential that the material in
between does not interfere with the measurement method and gives visual feedback.
Special system requirements for this thesis are the generation of 3-dimensional struc-
tures and the possibility of integrating active components such as valves, as well as

incorporating electronical components inside the measuring body.

Inorganic materials like glass, silicon and ceramics are used mostly due to their chem-
ical inertness. However, silicon and ceramics are not usable for optical analyzation meth-
ods due to their lack in transparency. Additionally, their rigidness presents a major
drawback if active elements like membranes are desired [Emm16]. Nevertheless, there is
a workaround for glass and silicon that involves a bonding process with flexible polymer
materials. One disadvantage is the fabrication process of these materials, creating only

2-dimensional structures. In order to generate 3-dimensional devices, layer stacking is a
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conventional method that resolves this issue. On the other hand, layer stacking as well
as adding flexible membrane, involves the need for a plasma oven in order to bond these
layers together. Additionally, the process of layer stacking often generates alignment
errors and thus low reproducibility. In this regard inorganic materials are not the most
suitable choice as an exclusive material and could only be used in a conjunction with a

polymer, especially if the incorporation of electronic devices is desired.

Polymer-based materials combine a wide range of mechanical, chemical, optical and
electrical properties. Surface properties such as adhesion, coating, surface friction and
biocompatibility play an important role in the selection of a suitable polymer in micro-
fluidic applications [Bel00]. They themselves can be divided into elastomers and ther-
moplastics. Contrary to inorganic material fabrication techniques, processing polymer
bodies is relatively simple and involves no hazardous etching reagents. These processing
techniques can include a variety of structuring methods like molding, embossing, 3D
printing or casting the polymer onto a master structure [McD99]. Thermoplastics like
poly(methyl methacrylate) (PMMA) and poly(ethylene terephthalate) (PET) are some
of the materials commonly used to fabricate microfluidic parts. However, these materials
are rarely used for developing active elements like valves due to their lack in elasticity
[Emm16]. Even if the presented materials aren’t fulfilling the requirements for this the-
sis, thermoplastics will take on a different role in the later course of the thesis. Silicone
elastomers are part of the polymer family and often used in biological applications due
to their low cost and the variety of processing options. One of these silicone elastomers
is Polydimethylsiloxane (PDMS), which is often used in research. Due to its chemical
integrity, its transparency and flexibility, PDMS is a diverse material for fabricating
microfluidic structures. Especially when it comes to developing prototypes. Additionally,
it is possible to bond PDMS irreversibly with another PDMS layer or a glass surface.
Due to its elastic characteristics and the ability to enclose other materials PDMS proves
to be a particularly suitable material for the described requirements and thus will be

examined in more detail in the following chapter.
2.1.1 Polydimethylsiloxane

Polydimethylsiloxane (PDMS) was initially used to enclose electronic components, to
protect them from environmental influences [Neil9]. A general advantage is the trans-
parency of PDMS, especially in microfluidic applications the running processes can be
observed and controlled. As mentioned above, the chemical inertness of PDMS makes
it a suitable lab-on-a-chip candidate in the field of bio-chemical processes as well. Com-

pared to microchannels within very stiff materials such as PMMA, PDMS has a different
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modulus of elasticity (resistance to deformation) which is influenced by the curing tem-
perature. This allows to establish deformation-driven structures such as quake valves
inside the PDMS structure. Post-separation is one of the problems with PDMS. It is
possible to irreversibly connect glass and PDMS or PDMS and PDMS to one another
after surface treatment inside an oxygen plasma. The direct deposition of another ma-
terial like electronic conductor tracks is not possible. An alternative would be to deposit
the electrically conductive layer on a glass substrate, to subsequently connect the sub-
strate to the PDMS through the bonding process. However, it is possible to enclose
electrical wires and electrical components directly through the process of casting. Cast-
ing means pouring PDMS over the electrical elements while it’s still in a liquid state.
More on the advantages of casting and further development of this technique will be

given in the next chapter.

PDMS became, and remains the most common material for device fabrication due to
its ease of manufacture and relative low cost. However, the cost of PDMS is often offset
by the requirement of a master mold, produced through advanced manufacture methods.
Considering PDMS is utilized for fast prototyping production, developing expensive
time consuming master structures is a major weakness. There has been a variety of new
strategies to structure PDMS and to use it for rapid prototyping, which erase the pre-
vious mentioned disadvantages and make it applicable for the presented goals. Especially
the option of enclosing electrical modules like sensors and using the elasticity for active

components make a suitable material for this thesis.

2.2 Microfluidic fabrication techniques

Depending on the material and application, different fabrication techniques can be cho-
sen to develop microfluidic channels or bodies. If the desired structures involve active
working membranes or if on-chip sensor elements must be included, decides the types
of materials and thus the structuring technologies being used. An increased amount of
functionality and complexity also demands more complex fabrication and combination
methods. The oldest technology transferred from the manufacturing process of conven-
tional 2-dimensional integrated circuits (IC) is that of photolithography. While photoli-
thography is suitable for producing small structures with high aspect ratios, there are
disadvantages due to the inability to produce complex 3-dimensional structures. It also

requires expensive equipment to carry out the photolithographic process [Jinll1].
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For rapid fabrication of modular, highly integrated, complex microfluidic structures,
processes with an expensive master structure or master mold are not qualified. A master
structure is usually needed for high throughput and mass production processes. How-
ever, due to high costs for creating master structures these methods are not eligible for
prototyping. Technologies involving the need for master structures are embossing, where
the master mold is usually pressed onto the device-defining material [Bec00] and injec-
tion molding, where molten material is injected onto the master structure [Att09]. One
of the main materials used in microfluidic fabrication and previously discussed material
is PDMS. PDMS is one of the most suitable materials for the design of modular proto-
types, due to its adaptability and low costs. The technology of casting is the preferred
method when choosing PDMS as a main material. Figure 2 shows how a PDMS device
is commonly made [Gui20]. PDMS is poured over a master mold, which presents the
fluidic channel structure. After the PDMS has hardened, the master mold can be re-
moved. In addition, in- and outlets are provided at the channel ends by punching or
drilling. What remains is the open negative imprint of the structure with its in- and
outlets. This can either be enclosed with a layer of cured PDMS or a glass substrate.
For this purpose, the surfaces to be connected are treated in an oxygen plasma, increas-

ing the reactivity of the surfaces to subsequently fuse them.

PDMS pouring Release of

Mastermold & reticulation  PDMS replica

Plasma Put in contact

Inlet drillin .
Sta & treatment for bonding

Figure 2: Process of fabricating a basic PDMS
device [Gui20].
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Nevertheless, this technology is in need of a master structure like embossing and injec-
tion molding. This would once more lead to the developing process of a master structure
through the already excluded photolithographic process. Next to photolithography, mi-
cro milling has the ability to structure master molds as well and is able to fabricate
micro channels directly at low costs. However, micro milling has compared to other
methods like embossing and injection molding a poor surface quality and is additionally
like most methods unable to create complex structures. A possibility to develop complex
structures through the process of casting requires multiple PDMS layers that need to
be aligned to one another, which results in low reproducibility [Jac05]. A different ap-
proach takes the technology of stereolithography, which is able to manufacture complex
designs through light curing a liquid photopolymer resin inside a chamber. Apart from
the increased complexity, the generated structures are more rigid than those of PDMS.
Therefore, it becomes more difficult to establish integrated functional membranes and
active elements. None of the methods mentioned above fully meet the requirements. To
develop complex 3-dimensional structures, a combination of procedures must be used to

achieve the required goals.

However, this is not the only solution to build a device from PDMS. There are two new
techniques which have been developed in the past decade. The first technique uses the
technology of embedded 3D printing (EMB3D). Here the channels are printed directly
into the structure of the PDMS using a fugitive ink [Abil9]. Despite fulfilling the re-
quirement of creating 3-dimensional structures, only a special custom-designed, multi-
material 3D printer can be used with the EMB3D method. The second technique has
found new possibilities to optimize the casting process to avoid the required master
structures as well as layer stacking and at the same time couple 3-dimensional structures
with electronic sensors. Such a procedure was developed in 2015 under the name
ESCARGOT (embedded scaffold removing open technology) at the Laboratory of Bi-
oNanoTechnology [SV15]. It includes the encapsulation process of 3D printed structures,
which can be removed by a solvent after the polymer has cured. Since this thesis was
written and processed based on this procedure, the properties and procedures will be

discussed in more detail in the next chapter.
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2.2.1 Embedded scaffold removing open technology

One of the fastest possible ways to develop cheap microfluidic devices is by using the
Embedded SCAffold RemovinG Open Technology (ESCARGOT) method. Only three
materials are required for a simple fluidic device. A polymer with an initial fluidic state,
as the main fluidic bulk material. A malleable, soluble material that forms the channel
structure. And a solvent to dissolve the channel structure, without attacking/affecting
the polymer. For a method to encapsulate and dissolve microfluidic structures, only
materials that can be released after being encapsulated in the polymer body are suitable.
In addition, the polymer should have the property of allowing the solvent to penetrate

through its structure so that the scaffold can be dissolved from all sides.

The dissolving process is independent of the structure of the material to be dissolved.
It can be both simple channel structures or a combination of 3-dimensional layers ar-
ranged in various places. If the whole component is lying in the dissolvent bath, every-
thing inside the device will be affected. Consequently, the structure can be as complex
as possible as long as fluidic in- and outlets are arranged so that the dissolved material
can escape the polymer body. A key point is the smoothness of the surface texture of
the enclosed material. This surface is completely transferred into the hardened surface
of the PDMS. Evidently the rougher a material is from the outside, the rougher the
structure will be within the polymer. Chapter 2.1 described various materials which are
used to fabricate microfluidic structures. PDMS shows special properties like its gas
permeability which can be advantageous for oxygen and carbon dioxide transport for
cellular studies [Eve20]. Furthermore, PDMS is a liquid elastomer before it becomes a
firm, elastic body through the consolidation process. For this reason, PDMS was often
used for the casting process by pouring PDMS over a master structure. It is precisely
this approach that the ESCARGOT method makes use of, by pouring PDMS over com-
plex structures and dissolving them subsequently with a solvent. Which solvent is used,
depends on the 3D structure to be generated. The material of the 3D structure partly
determines the structuring technology. As with the overall construction of the microflu-
idic devices from Chapter 2.2, processes such as micro milling, injection molding or
embossing can be used to develop the scaffold structure. In order to develop ever more
complex structures that are spatially arranged in three dimensions at low cost, the 3D
printing process is particularly suitable. Current developments show that increasingly
complex and smaller structures can be printed with better resolution [Gri20]. Applying
the casting process to these structures establishes a complex structure enclosed in
PDMS. Since the solvent should be able to diffuse through the structure of the cured
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PDMS,; the scaffold structure should be dissolved after an exposure time, to eventually
be rinsed out. Choosing a scaffold material depends on the available 3D printing fila-
ments, as well as on a suitable solvent. Solvable 3D printed structures are commonly
used to create support structures for reinforcing overhanging bodies. For 3D printers
with two extruders PVA!is the most frequently used filament, because of its water
solubility. Since water cannot penetrate through the PDMS structure, it is unsuitable
as a solvent for the ESCARGOT procedure [Wat96]. Common filaments are PLA (Pol-
ylactic Acid), ABS (Acrylonitrile butadiene styrene) and PET (Polyethylene tereph-
thalate). However, PLA and PET are resistant to commonly used organic solvents. ABS,
on the other hand, can be dissolved with commercially available acetone. Acetone also
offers the property of penetrating the filament through the PDMS structure. Therefore,
it can be concluded that a combination of ABS with Acetone as a solvent is the best
option for the removal scaffold technology. This defines all three components of the
ESCARGOT process.

The encapsulation process begins with the preparation of PDMS. After PDMS has been
mixed with the cross-linker and degassed, it can be poured over the printed structure.
In contrast to the normal casting process, the entire structure is enclosed on all sides.
Time dependent curing temperatures can be varied to determine the desired flexibility
of PDMS. After the curing process the entire component is placed in an acetone bath
for approximately 24 hours. During this time, the acetone diffuses through the structure
of the PDMS bulk and attacks the internal ABS structure. 24 hours later, the slightly
viscous, dissolved ABS can be rinsed out of the structure with acetone by means of an
active pumping process. Due to the elasticity of the PDMS body, the liquid ABS can
be pressed out of the entire structure at the same time. Finally, the canal structures are
cleaned with fresh acetone and then with isopropanol. In addition to the printed scaffold
structures, any other components like electronic sensors or electronic active elements
such as electrodes or LEDs, can also be enclosed in PDMS. It is important that the
selected solvent does not attack these structures. However, due to the ability of cleaning
electrical circuits, which involve acetone as a solvent, most electrical circuits won’t be

affected. A schematic representation of this process can be observed in Figure 3.

! Polyvinyl acetate (PVA) is a water-soluble synthetic polymer.
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| ||
ABS Scaffold
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Figure 3: Schematic representation of the ESCARGOT pro-
cess. Including the design and printing of the ABS scaffold, en-
closing it in PDMS and removing/dissolving it in acetone after-
wards [SV15]

To develop structures for the ESCARGOT process, commercial printers in the price
range from 300 € -5000 € can be utilized. Since the aim of this thesis is to develop cost-
effective and quickly creatable modular PDMS devices, the ESCARGOT process will
be used. One advantage of the commercial printers is the community and a large range
of experience reports and solutions to different approaches, as well as a large base of
open source files and data sets for perfect parameterization. This makes the development

of microstructures easier and can also be learned very quickly by non-professionals.
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2.3 3D printing

Since 3D printing is one of the main aspects of this thesis, a detailed look will be given
on the functionality and behavior. In addition, optimization processes are presented in

order to produce the smallest possible structures.
3D printers for material extrusion

3D printing was invented in the mid 80’s by Charles Hull by using stereolithography
[Neil9]. Stereolithography describes the process of stacking two-dimensional laminae to
create a three-dimensional body. The object can first be developed on a computer using
3D modelling programs. When the file is exported and converted, the generated body
is broken up into individual 2-dimensional layers and can be processed further. The
principle is similar to that of a milling cutter, with the difference that it is an additive
instead of a subtractive process. For stereolithography the body is being manufactured
in an UV-curable resign, that will be hardened layer after layer. Nowadays there are
more effective 3D printers and materials on the market that are simplified through the
use of open source programs and low acquisition costs. The most widespread printers
on the market which are commercially available for a small budget, work on the principle
of material extrusion (also referred to as Fused Deposition Modelling (FDM)) seen in

Figure 4.

Figure 4: Simple schematic of a FDM 3D printing pro-
cess. Layers will be added with support structures at over-
hanging parts [A1120]

Here a solid thermoplastic filament is pushed into the print head. Inside the print head,
the material is heated until it melts and is pressed through the nozzle onto the build
platform. The deposited filament cools down in seconds and becomes a solid body. The

print head moves along the programmed path like a milling machine, adding layer after
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layer. To achieve increasingly complex structures, support structures can be printed
under the overhanging parts. Usable filaments range from materials like PLA, ABS,
PET, PETG, nylon to exotic wooden filaments [Al120].

Challenges and optimizations involving 3D printing

When it comes to printing structures as small as 500pm or less, different parameteriza-
tion sets are required than for macro structures. Common complications and errors that
occur in the production of 3-dimensional structures are wrapping, oozing/stringing,
over-extrusion, overheating, inconsistent extrusion/under-extrusion and layer separa-
tion. While the influence of some of the errors decreases as the structures shrink, others

increase. Figure 5 shows the most common errors when printing small structures.

Over-Extrusion Stringing or Oozing

Warping Grinding Filament
Figure 5: Common errors when printing small structures
[Sim20]

Oozing or stringing has a greater impact on small structures. This is caused if the
melting temperature for the filament is being set too high and due to the minimal
distances between the settling points of the print head. If there are small gaps between
the structures, part of the residual material is pulled to the other side of the structure.
This creates an unwanted thread of material that is mostly repeated with every shift.
For 3D printers, there is a special setting that allows the filament to be withdrawn after
the print has stopped. The retraction distance and retraction speed settings are used to
pull the filament back into the print head at a certain speed for a certain distance. The

faster this process takes place, the faster and cleaner the printing thread leaves the
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printed surface. However, a retraction distance, which is too far, can cause the filament
to be "grinded". This means that the feed teeth of the filament motor gradually eat their
way into the filament and can no longer grip it. Subsequently, not enough material is
extruded, which causes under-extrusion. Printing small-scale structures is prone to small
changes in the printing temperature. Temperatures that are too high can cause the
surface of the printed area to deform shortly after printing before it solidifies. To coun-
teract this effect, print head cooling can be switched on. Cooling the emerging filament
solidifies the melted material faster to stay in the desired shape and form. It is particu-
larly important to reduce the speed while printing small structures. This prevents the
molten material from being drawn from the print bed too early and prevents small
structures from sticking to the print head due to excessive movements [Sim20]. A negli-
gible error is that of layer separation. This occurs when the layer height is chosen too
large (mostly for printing big structures in a small amount of time) and the individual
layers do not have sufficient adhesion. Wrapping in turn can lift the structure off the
print bed, when adhesion is insufficient. This can mostly be compensated in using ma-
terials like blue tape or a mixture of acetone solvent on the print bed. A precise under-
standing of the printer is necessary to print smaller and smaller structures, since fixing
one error can lead to another error. It can be assumed that in the future these errors
will be revolved and an ever-higher resolution will be achieved, as 3D-printers auto-

levelling features improve and smaller nozzles are being produced.
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3 Developing ESCARGOT devices

The introduction of the ESCARGOT method displayed in the scientific work from the
BioNanoTechnology laboratories [SV15] already displayed a variety of example PDMS
devices. However, they have mostly dealt with the combination of electronic components
with PDMS. Developing functional simple basic microfluidic devices like active valves
or peristaltic pumps and comparing those with conventional fabricated devices is still
missing. In this section the differences and adaptations required to meet the objectives
of this thesis will be laid out. In order to generate the necessary precision to develop
these structures, the process must be optimized. A key component will be the fixture

that aligns the individual components with one another.

The developing process of a PDMS device with the ESCARGOT method presented in

this thesis includes 6 main steps.

Designing the fluidic structure and the fixture in a CAD application
3D printing the ABS components

Preparing PDMS

Encapsulation process

Dissolving ABS in Acetone

SIS T

Cleaning the device

Each section presents its own difficulties, which will be explained and analyzed in this
chapter. The previous chapter described the optimization of the 3D printing process in
detail. It can be assumed that 3D printed structures will achieve an ever-higher resolu-
tion in the coming years, as these structures define the internal shape of the fluidic
channels and bodies [Frel7]. Today it is already possible to manufacture channels with
a diameter of less than 100 pm in commercial environments. However, printing smaller
bodies corresponds to less stability, meaning that the components deform under their
own weight. Due to this reason the resolution is limited, depending on the entire size

and the distance between the holding structures.

Especially in 3-dimensional arrangements, where the distance between fluidic structures
defines the properties of active elements, it is crucial to generate reproducible alignments
and minimize errors. The most obvious solution is to print a specialized fixture for every
new device, which holds all components in place. A major advantage of the ESCARGOT
process is that it creates leak-free devices through the possibility of casting in silicon

hoses. Therefore, a possible solution had to be found to firmly integrate the fluidic
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connections into the PDMS body. One possibility is to design conically formed ends at
the in- and outlets of the printed fluidic structures. The silicone hoses could thus be
connected to the structures and the fixture through pressing the hoses on the conically
formed connections. However, the hoses are quite flexible and cannot be used to align
the structures to one another. In order to connect the fixture to the internal structure,
a solid body is needed that fits through the silicone hoses and has standardized dimen-
sions. Another possible solution is using syringe heads. These are commonly used as
connection adapters for silicone hoses in other projects and are standardized and defined
in the ISO 7864 norm [ISO16]. Connecting them to the Fixture and the internal channel
structures presents a design issue that can be resolved before the 3D printing process.
This will be achieved through designing a press fit, which will be placed on the fixture
side to accommodate and hold the syringe head. The connection between the syringe

head and the fixture is shown in Figure 6.

Figure 6: The orange ABS fixture is connected with the syringe nee-
dle. This is an upside-down view. For the enclosure process with PDMS

the fixture will be turned around with the needle tips facing downwards.

Another press fit is generated on the opposite site of the syringe which can be seen in
Figure 7. After the curing process these ensure that the fixture can be easily detached
from syringes. Most of the fixtures surface represents the body size. To be able to pour
PDMS onto the fabricated structure most fixtures were designed with a gab in the
middle, without loss of stability. This also reduces the printing time as well as the
amount of filament needed. After the curing process the needle can easily be detached
from the device, while the hose is still in place and establishes a solid connection to the
fluidic channel. Another characteristic of the channel design are the supporting struc-
tures surrounding the ABS channel on the lower side of Figure 7. These structures hold

the printed syringe-holder towers in place because the higher these structures are the
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more leverage they have. Since each tower is printed simultaneously the cooling material
gets dragged each time the print head switches its position. These supporting structures

have to be removed manually before proceeding further.

d— o

Figure 7: The press fit of the needle ends inside the orange
ABS scaffold representing the fluidic channels.

The next step will be the preparation of PDMS, before pouring it over the ABS struc-
ture. The appropriate parameters for preparing PDMS, can be derived from the silicone
manufacturers technical data sheet (SYLGARD 184 Silicone Elastomer [DOW20]) and
from the experience of the Laboratory of BioNanoTechnology [SV15]. Consisting of two
components, a mixing ratio of 10:1 (PDMS to cross-linker ratio) must be adhered to.
Changes in this mixing ratio have an impact on the behavior of the cured PDMS. In
addition to the mixing ratio, various cure times are given, which indicate the curing
temperatures for the respective curing time. After mixing PDMS with the cross-linker
for about 5 minutes (depending on the amount of PDMS; usually for less than

50 grams), the mixture needs to be degassed in a vacuum chamber for about 30 minutes.

For the encapsulation process, the ABS structure must be fixed, freely hanging in a
container. Glass carriers, which are connected to one another with hot-melt adhesive,
are particularly suitable as vessels. This allows the component size to be determined,
and at the same time makes it easier to remove the component later on, as the hot glue
can be dissolved in acetone. If the structures are placed inside the glass carrier vessel,
the degassed PDMS can be poured over the structure. The following step of curing
(whether at room temperature or in the oven) affects the mechanical properties of the
PDMS structure. The higher the curing temperature, the greater the modulus of elas-
ticity (Young's modulus). This means that the resistance that the material offers against

elastic deformation increases and the material is therefore less flexible. The curing times
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to the corresponding temperatures and young modulus can be viewed in the attachment

section of this thesis.

For functional membranes and other active elements, it is recommended to cure PDMS
for 48 hours at room temperature, to keep it as elastic as possible. Therefore, membranes
are more robust and less energy is needed to actuate them. After curation, the PDMS
body can be released from the vessel structure. The final mechanical properties are
achieved after approximately 7 days [DOW20]. For this reason, every measurement and
test has to be conducted after this waiting period. Depending on the complexity of the

structures, the enclosed air bubbles need more time to reach the surface.

Next, the hardened PDMS -with the still enclosed ABS structures- is placed in acetone.
Depending on the location of the structures and the arrangement of the in- and outlets,
the release process takes about 24 hours - 48 hours. After this period, the ABS is par-
tially released and the flushing process can begin. For this purpose, the individual chan-
nels are repeatedly pumped through with a syringe filled with acetone. This process
continues until the last remaining ABS has disappeared from the PDMS structure. Af-

terwards, the channels can be cleaned with isopropanol and dried with compressed air.



Developing active microfluidic devices 19

4 Developing active microfluidic devices

Lab-on-a-chip devices can be used for almost every biological and chemical application.
Before developing any device, considerations must be made which microfluidic compo-
nents a Lab-on-a-chip system would need to successfully execute its task. In addition to
various channel shapes, channel crossings and connection channels, the device needs to
fulfil a purpose. This purpose could be the analyzation of a reagent or mixing of fluids.
In order to integrate the entire device as far as possible, all the necessary control and
analysis systems must be integrated into one chip. Ensuring not only more portability,
it would also increase the security against leaks as well as create a low-cost prototyping
device. The ESCARGOT method already proved that it can be used to integrate sensors
and other electrical components [DOW20]. It has yet to be proven that the same shapes
and functional microfluidic structures can be generated with this method, as it is pos-
sible with conventional processes. Valves are one of the fundamental microfluidic ma-
nipulation methods to control and operate fluids. Next to passive valves that control
the fluid through micro-sized effects like the capillary motion, active controlled valves
are of great interests when microfluidic systems require complex fluid maneuvers
[Adi20]. Integrating these valves and combining them into more complex functional ap-
plication will be the goal of this chapter. Before the design will be laid out the type of

active valve has to be decided.

4.1 Active microfluidic valves

Active microfluidic valves can be divided into mechanical, non-mechanical and external
valves. Since most valve types can be used to perform similar tasks, it is more a matter
of preference which type to use. These preferences can be depended on which actuation
energy source is available or meets the desired properties. Traditionally, mechanical ac-
tive micro valves are accomplished using the MEMS-based bulk or surface micromachin-
ing technologies, where mechanically movable membranes are coupled to magnetic, elec-
tric, piezo-electric or thermal actuation methods [Imr07]. Unconventionally, non-me-
chanical active micro valves can be operated by the use of smart or intelligent materials.
These non-mechanical active micro valves may hold movable membranes which are,
however, actuated due to their functionalized smart materials such as phase change or
rheological materials [Imr07]. Since the aim is to develop a valve mechanism using the
surrounding bulk of PDMS and integrating them further for more complex actuation
methods, mechanical and non-mechanical methods are avoided. A suitable actuation

method is represented by external active micro valves. These are actuated by the aid of
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external systems such as built-in modular or pneumatic means. Using external systems
is one of the most practical approaches in designing micro valves. This actuation is
advantageous with no leakage flows at high input pressures, due to the separation of
the control and fluid channel. However, miniaturization may be difficult due to the
requirement of additional external system. Additionally, pressurized valves show mini-
mal hysteresis characteristics as has been shown in [Mar00] and are therefore particu-

larly suitable.

4.2 Quake valves

One of the most common micro valve types in microfluidic applications is the quake
valve. A quake valve uses the pressure-driven deformation of a soft membrane lying on

top of a fluidic channel and blocking or opening it when actuated.

Flow Channel

Control Channel

Figure 8: Basic quake valve. Usually the control channel is

controled by air pressure. [Ver20]

Differences are mostly visible in the design of these valves. While PDMS is the material
of choice to manufacture the flexible membranes [Bro20], there is a divergence in apply-
ing these membranes to the surrounding structure. While some groups of scientists use
a combination of structured glass and PDMS solely as a membrane material to form
microfluidic valves, others are fabricated by using a standard multilayer soft-lithographic
technique for structuring PDMS directly [Xia98]. A simple valve would consist of a
multilayer completely out of PDMS. The first and third layers are two intersecting
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channels, which are separated from each other by a middle layer (the switching mem-
brane; commonly < 100pm thick) [Mar00]. Pressurization of the control layer/channel
deflects the membrane into the flow channel and thus closes the valve (Normally Open
Valves). In another scientific work, it was shown that pneumatically controlled micro-
fluidic microprocessors could be generated by integrating such control elements [Min09].
The integration reduces the complexity of additional connections and devices outside
the system. Figure 8 shows a simple multilayer quake valve. The first and last membrane

could either be channels etched in glass or molded in PDMS as mentioned before.

Another way to control these valves is the usage of a vacuum (pressure below the local
atmospheric pressure). Instead of a membrane that is bulging out, the membrane is
sucked in. In consequence, the flow channel is opening (Normally Closed Valves). Pa-
rameters that describe the pressure which is needed to deform the membrane are the

stiffness, the diameter or length of the membrane as well as the thickness.
4.2.1 Designing a quake valve

While the main difference is the default state in actuation, it has certain benefits to use
a normally open valve (NOV). The structure of NOVs is simpler and easier to fabricate.
If we keep in mind that the design is dependent on the scaffold removing technology
(ESCARGOT), it is difficult to manufacture a normally closed valve (NCV) without
using multiple PDMS layers and the associated bond process.

Another point when designing a suitable quake valve is the type of actuation. Since
pressure-driven deformation is sought, the fluid channel must be entirely closed when
the pressure is active. A purely rectangular channel would still leave gaps at the edges
through which the liquid can move. With a semi-circular design as shown in Figure
9 (b), the membrane can be completely inserted into the fluid channel and close it. The
second possibility would be to form a thin channel. With enough pressure, the entire
canal would pull together, when the membrane presses on the semicircle from above
(shown in Figure 9 (a)). These designs are known as push-up and push-down valves
[Vin04]. The design always depends on the application. A rectangular channel could be

utilized as a sieve filter as has been shown by [Chu05].



Developing active microfluidic devices 22

b)

Actuation channel | Fluidic channel

Actuation channel

luidic channel

Glass slide Glass slide

Figure 9:  Based on the design of [Vin04]. (a) Design of a
push-down valve. The actuation channel/chamber deforms
downwards closing the fluidic channel when pressure is ap-
plied. A large aspect ratio is required for the fluidic channel.
(b) Design of a push-up valve. Applying pressure in the actu-
ation channel deflects the membrane upwards inside the flu-

idic channel and thus closing it.

4.2.2 Simulation

In order to determine the optimal pressure that is necessary to generate a pressure
driven membrane, a valve is designed in Autodesk Fusion 360. The simulation-modules
designed in Fusion 360 can afterwards be transferred directly to the 3D printer. The

simulated structure is presented in Figure 10.

Figure 10: The design of the test quake valve. To

test the functionality of the design a simulation will

be computed to calculate the optimal valve pressure.
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The design of the channel was constructed to correlate with usual quake valve sizes. The
size ratio was adjusted, due to deviations caused by the adjustments, as well as due to
the minimal printable structure sizes. A transient structural simulation was conducted
applying pressures up to 3 bar. The simulation has shown that a valve with 3D printable
dimensions could be actuated with a pressure of =2 bar to deflect the membrane and
close the channel properly. In Figure 11 the pressure deformation can be seen, as well
as the displacement value of 479 pm in the center of the membrane. While Figure 11
(a) shows an amplified deflection, (b) shows the actual deflection. On the right side the
displacement magnitude bar is given, which displays the distance of deflection from the
origin. In Figure 12 the pressurized actuation channel is shown, while the fluidic chan-
nels coloring is hidden. The largest deformation takes place directly below the semi-
circular channel, due to the least resistance. The simulation was conducted in ANSYS
AIM 19.2v. Parameters from the Sylgard 184 datasheet were used to describe the me-
chanical behavior of cured PDMS [DOW20).

0,00047851 m

‘

0,00047851 m

Figure 11:  Simulation of the constructed quake valve. (a) shows the deformation
of the membrane under the fluid duct. The deflection is shown with a gain factor
for illustration. (b) shows the actual deflection of the pressurized membrane inside

the fluidic channel. On the left side, the displacement magnitude is shown.
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Figure 12:  Shows the deformation of the entire pressurized channel.
The Membrane is directly above the read area, which displays the

maximal deformation point of the valve.

The simulated behavior has been confirmed in practice through the design showed in
Figure 10. The pressure was applied through the inlet marked with "pressure valve'.
Consequently, the membrane deformed through the pressure of 2 bar and dropped into
the semicircle of the fluid channel. This closes the channel and liquid flow is being

blocked from in- to outlet.

4.3 Additional materials and controlling devices

The off-chip valves are controlled by an Arduino mega 2560. Syringe heads serve as
connecting pieces to the off-chip channels with the on-chip channels. These have a

thicker needle diameter to generate a leak-free connection.
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4.4 Pneumatic logic gates

Now that we are able to manufacture fully functional quake valves in a bulk of PDMS,
further integration can be performed in the form of basic logical gates. Logic gates are
well known in the world of electronic devices, as they are one of the main components
[Jae10]. Computers work in a binary system, that means information as well was oper-
ations are usually a combination of ones (Bit 1) and zeros (Bit 0). This way they can
communicate, solve equations or create oscillators. A gate has one or more inputs. Each
input can represent a high level (1) or a low level (0), which themselves represent a high
or low voltage level. Transferring this to quake valves, a high pressure sets an input to
1 and a valve with atmospheric pressure to 0. Depending on the functionality of the

gate, it can output a high or low level signal itself.

An integrated logic AND gate and OR gate consists of a total of 3 quake valves, an inlet
of atmospheric pressure (atm) and the actuation pressure (P). Two of these valves rep-
resent the inputs and one of these valves represents the output. Depending on the status
of the valves, 1 (high = switched) or 0 (low = unswitched), the output reacts accord-
ingly. Observing Figure 13 and Figure 14 reveals the schematic design of the AND and
the OR gate with their respective actuation tables (logic table).

-

Fluid channel

Figure 13: Schematic design of the logic
AND gate (left). Actuation table (right).

IN1 IN2

Fluid channel

Figure 14: Schematic design of the logic
OR gate (left). Actuation table (left).
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For an AND gate the output is only actuated if both inputs are switched. If both chan-
nels are actuated they close the pneumatic channel. Therefore, the constant pressure
coming from the P-inlet can’t escape through the atm-inlet. This means that the pres-
sure is applied to the output membrane and therefore closes the fluid channel. This is
showcased in Figure 15 (c). The red circle shows the OUT-value representing the pres-
surized output. If only one of these inputs is being actuated, the pressure still escapes
through the open pressure-channel connected to the atm-inlet and the OUT-value is 0
(Figure 15 (a) and (b)).

Figure 15:  (a) Inlet IN2 is pressurized. OUT is open (b) Inlet IN1 is pressurized.
OUT is open (c) Both inlets IN1 and IN2 are pressurized, thus the output OUT

is pressurized as well and closes the fluidic channel

The OR gate has a different arrangement of the input valves. Both valves are connected
in series. This means when one or the other valve or both are switched, the output valve

is supplied with pressure from the act-inlet and the fluidic channel closes (Figure 16).

?:g;r s
UHHH

Figure 16:  (a) Inlet IN1 and IN2 are unpressurized. OUT is open (b) Inlet IN2
is pressurized. OUT is closed, since pressure can’t escape through the atm-inlet
(c) Both inlets IN1 and IN2 are pressurized, which has the same effect as (b).
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4.5 Peristaltic pump

The designed quake valves can be used for several other applications, such as peristaltic
pumps. A peristaltic pumping mechanism is created, if at least three of these valves are
controlled serially. In Figure 17 (a) you can see a schematic example of a commonly

used peristaltic pump for microfluidic applications.

Figure 17: (a) design of peristaltic pumps in most microfluidic applications
through the implementation of quake valves [Mar00]. (b) design of a common

peristaltic pump for off-chip fluidic applications [Jor(8]

The peristaltic method is as simple as it is effective. The Fluid is supplanted by a sinus
like wave motion of the actuator. Off-chip peristaltic pumps usually use a rotary motion
to convey the liquid through a hose. Two or more cams move on a circular path. At the
end of each cam the hose is squeezed, which displaces the liquid in the direction of
rotation shown in Figure 17 (b) [Jor08] [Lip93]. While this pump executes a linear
rotary movement to convey the liquid, the linearity of the diaphragm pump is dependent
on the frequency. The faster the membranes are activated and deactivated, the more
linear the flow rate. Since the inertia of the liquid is not sufficient to flow back when
one of the membranes opens. That means that the liquid is pushed forwards continu-

ously.
4.5.1 Operation principle and measurements

In various scientific works, different switching sequences are used, which are stimulated
at different frequencies [Mar00] [Jac05]. To validate the functionality of the developed

peristaltic pump, measurements of the flow rate in relation to the switching frequency
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are recorded. These measurements will then be compared with other researched meas-
urements to determine whether similar or even higher pump rates can be generated and
how reproducible these flow rates are. For the measurements, the peristaltic is actuated
with a minimal step size in frequencies of 0 Hz to 200 Hz. 2 bar is the minimum pres-
sure to fully actuate a quake valve, derived from the simulation in chapter 4.2. To
investigate different pumping rates at higher pressures another measurement will be

conducted using 2.5 bar. Pressures above 2.5 bar are prone to damaging the membrane.

Figure 18 shows the measurement setup. In front of and behind the peristaltic there are
buffer reservoirs which simplify filling. the fluidic sample is countered with a syringe to
the starting point of the measuring section. With each measurement, the time is stopped

until the measuring section is completely filled with the fluid.

Figure 18: Peristaltic measurement body. Showing the meas-

urement distance (measurement volume) on the left.

The switching times can be seen in Figure 19. The specified frequency is the minimum
time step within the programmed code for controlling the valves. This means that the
time between valve 1 and valve 2 correspond to the specified frequency. The recurring
sequence is repeated every frequnecy times 5, since the frequency represents only one

step.

Figure 20 shows that the flow rates initially rise relatively linearly up to a frequency of
40 Hz. After that, the flow rate drops slightly on both conducted measurements. Both
at 2 bar and 2.5 bar, resonance frequencies in the range of 60 Hz are found. It can be
assumed that the external magnetic valves encounter a resonance frequency. A resonance
of the PDMS membranes is rather unlikely at frequencies of this magnitude. This is also
supported by the scientific studies compared, in which no resonances from the quake
valves were observed [Yual8] [Mar00]. Then the flow rate increases again up to a max-

imum of approx. 75 Hz. From then on the curve flattens out further and further.
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Valve 1

time [ms]
Valve 2

time [ms]
Valve 3

time [ms]

Start seq. Recurring seq.

Figure 19: Switching sequence of every valve. The start-
ing sequence is run once at the beginning. The following
sequence recurs every period as long as the pumping mech-

anism is active.

At high frequencies, a pressurization value of 2 bar causes the flow rate to decrease
more rapidly than with a pressurization of 2.5 bar. It can be assumed that the reason
lies in the reduction of the expansion of the quake valves and thus the reduction in the
displaced fluid. This finite-time response of the actuation circuit (the external magnetic
valves) is at its limit at ever higher frequencies. That means the membranes are under

constant pressure and the flow rate goes to zero.

Flow rates of DI-water with the 3-quake-valve peristaltic
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Figure 20:  Graph of the flow rates in [pl/s] over the frequency in [Hz]
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The pressure valves that supply the quake valves with pressure reach their limit fre-
quency from a slack time of 100 Hz. Apart from the measurement of resonance frequen-
cies, the same results have also been reported in other scientific work [Mar00] [Jac05].
It can be concluded that the highest possible pumping rate of 4.79 pnl/s could be at-
tained at a frequency of 72 Hz for 2.5 bar and a pumping rate of 1.87 ul/s at a fre-
quency of 76 Hz for 2 bar.

4.6 Droplet generator

As can be seen, each chapter combines elements from previous chapters, which shows
how easily individual elements can be combined in this process to create subsequent
elements. The droplet generator combines the peristaltic Pump with a crossroad fluidic
section and a reservoir/chamber to gather the droplets. There is a wide variety in ap-
plications for droplet generators, such as an ultrahigh-throughput microfluidic screening

platform as shown in Figure 21 [Jer10].
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Figure 21:  Ultrahigh-throughput microfluidic screening platform. Example ap-
plication of a droplet generator. (A) Image of the entire channel structure. (B)
Magnify the intersections to create the yeast cells encapsulated by two liquids.
(C) shows an enlargement of the reservoir. this is where the yeast cells are located.
(D) after an incubation period, the filled cells show fluorescence (E) Here the
individual drops are separated by oil and all empty cells are sorted out by the
electrodes. To do this, a lens is pointed at the cells. The medium filled with the
fluorescent substance shine brighter than the empty cells and are sorted out by

dielectrophoresis [Jer10].
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4.6.1 Operation principle and measurements

Both media, i.e. the surrounding medium (oil) with a higher viscosity, as well as the
sample liquid (dissolved colorant), are pumped to the intersection at a continuous pump-

ing rate (Figure 22).

Oil
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Figure 22: Schematic example of the droplet

forming process at the crossroad

The oil cuts off the sample liquid from both sides so that the same sample volumes are
generated for each repeated process. The generated drops are then kept in a reservoir.
Varying the droplet size and the number of droplets in the reservoir can be changed,
when using different flow rates for both fluids. A higher flow rate of the sample would
expand the size of the droplets, whereas a higher oil flow rate would have the opposite
result. Creating sequential higher and lower flow rates, can increase or decrease the
number of droplets. If the reservoir would be as narrow as a flow channel, the droplets
could be positioned behind each other. The Distance between these droplets can then
be varied through flow rate as well as by stopping the pumping motion of the sample
fluid occasionally. An image of the droplet generator can be seen in Figure 23. On the
right side the peristaltic pump pushes the liquid to the cross-section, where it meets the

barely visible oil channels and gathers the droplets in a chamber.

In the previous section, it was shown which possibilities this process has and how the
generated droplets can be used further. In this work, only the generation of these drop-
lets is being demonstrated with an integrated peristaltic pump. The supply of the oil
could also be fully integrated by another peristaltic pump. The cell sorting methods
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shown in the scientific work in Figure 21 [Jer10], can also be included in the future by

pouring in the sorting electrodes in the PDMS structure as well.

Figure 23:  Droplet generator: A fluid is pumped from
right to left by a peristaltic quake valve. From the
other side of the device Oil is infused by a syringe
pump and split up in two channels. At the crossroad,
the two oil channels form the fluid in a droplet shaped

volume and push it into a collecting chamber.

For the proof of concept, the peristaltic was controlled with a frequency of 50 Hz with
a quake valve pressure of 2 bar. The syringe pump that directs the oil to the intersec-

tion is operated with a flow rate of 20 pl/s.
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4.7 Microfluidic mixer

A mixing device is usually referring to a bowl or a blender filled with liquids that almost
mix instantaneously when they are poured into a bowl. In microfluidics two fluids which
are infused in the same channel won’t mix instantaneously like expected. Due to very
laminar flow, there is only little diffusion mixing at the interlayer connection. However,
there are different ways to merge two or more fluids with one another in a microfluidic
device. A distinction can be made between passive and active mixers. Passive microflu-
idic mixers involve static structures that enhance the mixing process like a Y shaped
inlet or structuring a channel to create different flow speeds and cross-sections. While
these methods take more time due to diffusion than active methods, they can be en-
hanced through varying the flow rate. In general, these methods would be suitable if
active elements are to be dispensed with entirely. That could be the case if the com-
plexity of the component is to be reduced or to eliminate the energy that is necessary
to stimulate the active mixture. Active mixing processes include methods like the use of
ultrasonic waves, thermal actuation, magnetic fields and mixing through pressure actu-
ation [Eve20]. While these methods have their certain benefits and complications, this
thesis will solely focus on pressure driven actuation. To show that the derived quake
valves as well as the peristaltic motion can be cooperated to fabricate an increased

complex and integrated device as shown in the design of Figure 24.

PDMS

o

Fluid Inlet 1

Peristaltic o
o N Fluid Outlet 1

Shut-off valve

Fluid Inlet 2 o
(o

Figure 24: Design of a microfluidic mixer. There are two
fluid inlets and one fluid outlet for the mixed sample. The
shut-off valve prevents the two fluids from entering the other

channel. This creates a mixing ratio of 1:1.
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4.7.1 Operation principle and measurements

The PDMS designed microfluidic mixer is a combination of quake valves to create the
peristaltic motion as well as basic shut-off valves to close the different pathways (Figure
24). Two defined volumes of fluids are combined in a 1:1 mixing ratio. The left side of
Figure 25 shows two inlets for each fluid. Each channel has its own valve to close the

connection to the fluid supply. To establish a barrier at the connection point between

the two liquid channels, another valve was placed in between.

Figure 25:  Microfluidic mixing device. Two fluids (blue and yellow) can be in-
serted on the left side. After closing the in- and outlets, the peristaltic movement

is mixing both fluids.

The three stimulating peristaltic valves are located within the mixer loop. To start the
mixing process (Figure 26), only the shut-off valve that separates the liquids is actuated.
Both liquids are pumped into their half of the reaction loop by a syringe pump until
they meet on the other side. The outlet and the two inlet channels are then closed.
Before the pump mechanism and thus the mixer is started, the shut-off valve must be
opened again so that the two liquids can mix in a rotary movement. At the beginning,
it could be assumed that the liquids will never mix, since laminar flow prevails in very
small channels and the liquids are only pumped in a circle. However, if you look at the
velocity profile within a channel, liquids move at a different rate close to the wall, which
will be enhanced if the channel is circular. Also, the peristaltic movement stirs the two

fluids when the membranes are actuated. For those reasons, mixing is possible with this
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method. The pumping time until both samples are fused together is about 10 seconds

at a pumping frequency of 50 Hz.

Figure 26:  Course of the mixing process from (a) to (d). (c¢) shows the start

of the rotation caused by the peristaltic pumping mechanism
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5 Developing a microfluidic device for optical detection

Optical measurements for microfluidic applications are an essential tool for obtaining
information from biological and chemical samples. Most of the optical processes associ-
ated with microfluidics are limited to laboratory use (off-chip detection), using conven-
tional expensive microscopes. However, if these sensors can be incorporated directly into
the microfluidic structure, on-site measurements can be carried out, which can deliver
results in real time. Next to the advantage of portability, integrating these sensors would
be beneficial for sensitivity as well. Techniques to measure optical behavior are absorb-
ance, fluorescence and interferometer based techniques. Additional components for these
measurements are light sources and micro lenses to improve detection. Detectors to
measure the incoming light signal (electromagnetic waves) can be divided into photo-
multiplier tubes (PMT), charge-couple device sensors (CCD), Photodiodes and Com-
plementary metal-oxide-semiconductor sensors (CMOS) [Bam07]. The rapid improve-
ment in technology for developing electro-optical components and optical sensors ena-
bled more powerful tools to be produced for lower costs. For this reason, expensive
electro-optic components and evaluation systems are no longer reserved for large com-
panies only [Tejl9]. There are multiple fascinating techniques for optical detection,
which won’t be included in this thesis and can be reviewed elsewhere [Fral8]. Instead
the focus lies on spectroscopy as one of the most important and influential analyzation
methods and will be described in the following chapter. The goal is to show that a
completely independent, integrated analysis system can be developed using the
ESCARGOT method.

5.1 Spectral sensing

The Purpose of spectral sensing

In physics light is referred to as electromagnetic waves. Every object above 0 Kelvin is
radiating electromagnetic waves, which can vary in wave length, amplitude, as well as
intensity. The human eye can track wavelength in the range of 400 nm to 700 nm,
known as the visible light spectrum. Besides the visible spectrum, the complete spec-
trum of light ranges far above and far below these wavelengths. In the field of spectros-
copy, objects can be broken down into their elementary ingredients, by splitting them
up into proportions of wavelength, energy and mass. Part of the field of spectroscopy is
absorption spectroscopy, where the type and concentration of the emitted or absorbed
radiation can be determined. Every material and every atom or molecule has character-

istic, discrete energy levels. The electrons sit at these energy levels and can be raised to
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a higher energy level when light is absorbed in the form of a photon. If a Material is
placed between a spectrometer and a light source with a continuous spectrum, it absorbs
photons of those energies that are given by the energy states of the material. The line
spectrum then only reflects the unabsorbed light waves, as shown in Figure 27 below

the continuous spectrum [Tip15] [Mes06]

Figure 27:  Above: A continuous spectrum in the visi-

ble range; below (from top to bottom) the line spectra
of hydrogen, helium, barium and mercury. (© Eastman

Kodak and Wabash Instrument Corporation.

Spectral sensing in Microfluidics

Optical measurements within the microfluidic scale can contain detections of elements,
molecules, or other biochemical reactions and particles. Exemplary, absorption spectros-
copy is commonly used to employ liquid chromatography, as proteins and nucleic acids
strongly absorb UV light [Fral8]. However, there is a major setback on the microfluidic
scale as sample volume decreases, sensitivity decreases as well, due to the short length
of the optical path (Beer-Lambert law [Popl9]). In other words, this means a small
signal to noise ratio for long optical paths and vice versa for small optical paths. This
phenomenon can only be compensated if the optical elements are introduced into the
microfluidic structure and as close as possible to the fluid channel and thus the sample
[Rod16].
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5.2 Spectral sensing PDMS device

When developing a spectral sensor prototype, different approaches can be chosen. In
general, a sensor element is required that can measure the largest possible bandwidth
of wavelengths, with the best possible resolution. For this purpose, the stimulating spec-
trum, i.e. the external light source, must reflect the entire wave spectrum as homogene-
ously as possible. To measure the absorption spectrum of a material, a reference spec-
trum must also be carried out under the same conditions. By combining the two meas-
urements, the absorption spectrum of the material can be determined, as the spectrum
of the sample is influenced solely by the experimental circumstances. This includes the
material between the sensor and the sample, as well as reflections and light scattering
from the light source. These must be compensated when evaluating the measured data.
The sample-carrying channel should be as close as possible in front of the sensor lens to
measure only the light emitted by the sample (fluorescence) and the light that is trans-
mitted through the sample. The following chapters will present the development of a
low cost, rapidly-made spectral sensing prototype in PDMS.

5.2.1 Materials

18-channel triad spectral sensor

Figure 28: Left: AS72651 (UV), AST72652
(VIS), and AS72653 (NIR). Right: The Triad
contains a 5700 k white LED, a 405 nm UV
LED and a 875 nm IR LED [Spa20].
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Figure 28 shows the spectral triad breakout board. The three sensors are highlighted on
the left side of the picture. Each sensor can measure six wavelengths (Shown in Figure
29). On the right side three of the stimulation radiation sources are marked with WHT
for a withe-light LED (5700k), IR for an infra-red LED (875 nm) and UV for an ultra
violet LED (405 nm). The manufacturer chose these LEDs to illuminate the target with
the largest swath of visible and invisible light. However, the stimulating spectrum com-
ing from these light sources isn’t homogeneous across the whole bandwidth, which is
discussed in more detail in chapter 5.3.2. The LEDs can be individually enabled or
disabled with software configurable drive current. [Spa20]
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Figure 29: Normalized responsivity of all three spectral
sensor units from the manufacturing datasheet. Each
color reflects each measurable wavelength of each sensor
[Spa20).

The communication between the sensor and the evaluation unit takes place via an I°C
bus. The first sensor element AS72651 (the master) collects the data from the two other
sensors AS72652 and AS72653 (the slaves) and forwards the combined data package to
the evaluation unit. For this purpose, SparkFun Electronics® prepared a library to read
out the data [Spa20]. Observing the spectral response graph (Figure 29), the normalized
responsivity is plotted over the measured wavelength. Unlike a mass spectrometer, in

which a continuous spectrum is measured, this sensor board has 18 discrete wavelengths

2 SparkFun Electronics is an electronics manufacturer
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with a resolution of + 10nm. Each colour reflects each measurable wavelength of each
sensor. The individual wavelength values are arranged on the right. The corresponding

letters (A,B,C... etc.) are used for identification within the programming code.

The device family integrates Gaussian filters® into standard CMOS silicon via nano optic
deposited interference filter technology in LGA* packages (Figure 30), that provide
built-in apertures to control the light entering to the sensor array. Six of these filters are
on each one of the sensors, whose spectral response is defined to its respective wave-
length. The filters use an interference topology design which enables temperature sta-
bility with minimal drift over time or temperature. The triggering of the measurement
is strongly dependent on the direction of light entry. As can be seen in Figure 30. The
diffuse light can penetrate the sensor cover up to an angle of 20.5° (from midpoint) and

is focused by the internal micro-lens onto the sensor chip.

Diffused Light

i A=0.75mm
b
8 =20.5°

H=2.5mm

LGA Package Substrate

Figure 30:  Schematic view of one of the sensor mod-
ules. Diffused light can be detected in an angle of $=20.5°.
A lens is focusing the light on the sensor chip [Spa20]

3 Gaussian filters are used for noise-removing in electronical image pre-processing through pattern recog-
nition [Hasl4]
1 LGA are land grid arrays with a high density of contacts [PCIHQO]
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5.3 Developing a spectral sensing PDMS device

The PDMS device includes the triad 18-channel sensor and a microcontroller (Arduino
Nano) as the processing unit. For illustration purposes, a colour display has been added
to show the different wavelengths in form of a colored block diagram. Each block should
represent a different wavelength, which is defined by its colour in respect to the contin-

uous spectrum.

A schematic of the wiring of the components can be seen in Figure 31. Both the display
as well as the sensor are communicating after one another over the I?°C bus. The driving
voltage of the sensor board is 3.3V, while the display needs a supply voltage of 5V.
Underneath the triad sensor board, a meander designed channel is placed for the spectral
analyzation of the fluidic samples. Before PDMS is poured over the raw skeleton of

electrical components, a fixture needs to be designed to hold everything in place.

o
o
o
o
o
o

VUVO00000VLOLOO

Figure 31: ~ Wiring of the spectral sensor, the Arduino Nano and the colour display

A plain circuit board in the middle is connecting the Arduino Nano, the triad sensor
and the display. Besides the display, all the other components and the connections be-
tween these components are soldiered to the circuit board, to ensure that there aren’t
any lose or moving parts as well as solid connections. The display will be plugged onto
the board without soldering it, so that it can be removed before dissolving the ABS
structure in Acetone. Acetone would attack the case of the display as well as the anti-
reflective coating. Now that all the electronical components are soldered, they can be
connected to the fixture with spacers. Above the triad sensor, the ABS channel will be
placed and connected to the fixture with syringe needles. The completely assembled

part is displayed in Figure 32 and is ready for the encapsulation process.
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The ABS channel design (see orange structure on top of the sensor in Figure 32) was
chosen so that it can be easily purged, as well as cover a big surface to absorb light
coming from different angles if transmission is the desired method. If the on-board LEDs
will be used the meander surface is also supposed to be reflecting as much light as

possible.

Figure 32:  All components are ready to be poured with
PDMS. To control the distance to one another, all compo-

nents are connected to the same fixture.
5.3.1 Software

Sparkfun [Spa20] provides a variety of examples next to the downloadable library for
controlling the sensor. Proving the concept of the sensor for detecting the spectral re-
sponse data of fluids an example was chosen, which outputs the intensity of all 18-
spectral wavelength. Next to the sensor code, the TFT display needs to be implemented.
For this purpose, the Adafruit GFX library (Core graphics library) and the Adafruit
ST7735 library for the displays driver IC need to be included in the code files. Every
sensor data, so every intensity from 1 to 18 (representing the wavelength), is being
mapped to a different color in the bar graph representing the spectrum of measurable
light (Figure 29).
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5.3.2 Testing the device and conducting measurements

To start the sensor module, it must be supplied with voltage via the USB connection as
can be seen in Figure 33. This can be done either via a socket or a portable power bank.
Changes to the functionality can only be made by rewriting the software code. The
optical output takes place on the TFT display on the front of the component (Figure
34). The hose connections are directly below the display. To carry out a measurement,
the sample can be introduced through one of the hose connections with a syringe. The
sample must cover the entire sensor in order to carry out an accurate measurement. For
the development of the prototype, the channel is visible on the bottom side within the
PDMS, but should be shielded during an accurate measurement to avoid other light

influences. The sample volume is =2667l.
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Figure 33: Backside view of the PDMS device

Figure 34: Front side view of the device.

In- and outlet are at the lower side.

It is important to place the body on a black background to avoid other reflections. The

stimulating light sources are on the sensor side and react with the sensors when the
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emitted light is reflected on the sample, as well as by transmission through the sample

when the emitted light is reflected on the surface below the component.

A proof of concept has been conducted using Rhodamine B solved in DI-water. Rhoda-
mine B is a fluorescent dye with an emission-range of about 627 nm, when it is stimu-
lated with a wavelength of 553 nm [Mer20]. A laser with a discrete wavelength of
532 nm was used to stimulate the sample. Figure 35 shows the normalized response
graph. Intensity of all 18 wavelengths were measured with and without Rhodamine B.
Normalization was achieved by calculating the percentage of gain. Values above 1 are
reflecting enhanced light intensities when Rhodamine B is inside the channel. The nor-
malized data drops at the point of the absorbed wavelength of about 535 nm, whereas

a peak is reached at the wavelength of 610 nm representing the fluorescent emission.

Normalized responsitivity of Rhodamine B

N~
"

=
= 6] N

Normalized Respositivity
o
(9]

0 L e e o e e L o o oo o o e e e e e e e o e e e e L e e e e e e e e e LI B e
400 450 500 550 600 650 700 750 800 850 900 950

Wavelength [nm] | —e—RhodamineB |

Figure 35: The graph represents the normalized responsivity of the meas-

ured emission of stimulated Rhodamine B

5.4 Conclusion and outlook

It could be successfully shown that it is possible to build a low cost, completely inte-
grated PDMS device for measuring absorption spectra. The used sensor is not as pow-
erful as a mass spectrometer, but it can give general indications which fluids are inside
the fluidic chamber, as well as measure the intensity. Especially if the samples are tested
and calibrated with the sensor beforehand. Measurements of Rhodamine B (the fluores-
cent dye) emissions could successfully be conducted, whereby the sample was stimulated

through the discrete absorption wavelength.
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Another method would be to use it as a pH-Indicator. For pH-Indicator measurement
the sample, for example a cell culture, would need to contain pH indicator, such as
phenol red [Atwl14]. A changing color could therefore be measured in different wave-
length that are emitted from the sample. Optical measurements and devices are still
developed further and as more low cost and generally available devices and sensors arise,
the easier it is to implement those in compact portable devices. The presented device is

a first step to manufacture more specialized and portable solutions.
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6 Developing a temperature controlling microfluidic device

In addition to the microfluidic modular components presented in the previous chapters,
the heating of samples is of great importance in many chemical and biological processes,
such as DNA amplification, cell culture and chemical reactions. How a temperature
controlling PDMS device manufactured through the ESCARGOT method can yield
many benefits and conduct different approaches compared to conventional methods will
be shown through the following developing process. Many processes require a small
deviation in temperature and stable temperature generation over time. A well-known
example would be, the Polymerase Chain Reaction (PCR [Houl5]). A PCR is used in
particular to detect viruses, such as the Coronavirus (COVID 19), which was influential
worldwide in 2019 and 2020 [RKI20]. Figure 36 illustrates the sequences of a PCR
analysis. Each step has a defined temperature range. As for the denaturation, a tem-
perature around 94 °C to 96 °C is needed to split the double-stranded DNA templates.
Followed by lowering the temperature at around 68°C for the annealing step to bind the
DNA primer to the single DNA strings and subsequently increasing the temperature
again (depends on the DNA polymerase used) for the elongation process. Each cycle
doubles the DNA target sequence, leading to exponential growth [Zha07]. Transferring
that to the temperature controller, means the more rapidly the heater reacts and regu-
lates the target temperature, the faster the cycles can be carried out and thus less time

is required for DNA amplification.
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Figure 36: A PCR is a special case of application where precise and fast

temperature control is important [Enz20].
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A heated chamber can be developed using external heaters, integrated heaters or elec-
tromagnetic heating systems. Most heating systems on a microfluidic scale generate
either a uniform temperature through the entire fluid or a temperature gradient. Which
of these methods is suitable for a PDMS based device, is explained in the following
section. In addition to selecting a suitable heater for the encapsulation process with
PDMS, a suitable temperature sensor is also required to make the heating process con-
trollable.

Before developing a temperature controller, there are a few challenges to keep in mind

when designing such a device:

- How to heat the channel?

- Which material to choose as a heating element?

- How to measure the current temperature?

- How the surrounding material (PDMS) is affecting heat flow?

- How to implement the controller and evaluate the data?

6.1 How to heat a microfluidic channel.

External Heating includes the use of components such as Peltier elements to supply
a previously heated liquid and inject it into the microsystem. The heated liquid doesn’t
represent the sample itself. It is used to transfer the heat into an opposite channel,
where the target liquid resides [Mirl3]. There needs to be a constant flow provided by
a pump to compensate for the temperature loss. This is making the whole system less
integrated and therefore less portable. Also, if no more liquid can be supplied trough
the pumping system or in any other form, the device can’t be heated anymore. For this
reason, external heating is not suitable for a high integrated device, which in the best

case should be portable.

Electromagnetic Heating is basically a different form of external heating, with the
distinction that no heat transfer from one body or fluid to another fluid is necessary.
The heat is generated within the fluid itself through exposure to long-wave microwaves
[Mir13]. Depending on the materials used for the fluidic structures and substrate sur-
faces, only the fluidic channels are influenced by the prevailing electromagnetic field,
which makes this method very selective. For this reason, the method offers not only the

advantage of faster heating but also faster cooling [Wen20].

Integrated Heating can include a variety of methods. An example similar to the

external heater would be to add heating channels as before next to the channel which
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need to be heated. This time the heat is not supplied from the outside, but coming from
the reaction of two different reagents that can either heat or cool the channel next to
them [Mirl3]. A simpler method would be to use a resistance wire. A resistance wire is
usually used to limit the amount of current in a circuit. As a usually unwanted side
effect, the wire warms up as a result of the current flow. The higher the resistance of
the wire, the more voltage it drops. More voltage drop means a higher loss of power and
therefore a higher temperature output. For this reason, the wire should be very stable
in high temperatures so that it does not burn through like a fuse. With the encapsulation
process for manufacturing PDMS devices (ESCARGOT) the resistance wire could be
placed directly next to the channel or wrapped around like a coil. Leaving a small gab
between the wire and the channel will prevent the wire from getting in contact with the
fluid sample. The gab should be small enough to have virtually no temperature gradient

and therefore less loss of heat to the surrounding area.

6.2 Choosing a suitable wire material

The process to heat a resistive wire is called Joule heating [Mirl3]. Here, the flow of
electrical current through a wire generates thermal energy. Choosing a wire material has
an impact on the amount of electrical power to be applied as well as on the size or
length of the wire to be implemented. Another factor is the resistance itself, as resistor
materials tend to change their resistance when an electrical current is applied. For a
positive temperature coefficient of electric resistivity, the resistances value would there-
fore increase, which would result in a higher current consumption. A low temperature
coefficient would be advisable to minimize this effect. The mechanical properties of such
a heating wire is another key attribute. The better it can be deformed, the better it can
be adapted to the shape of the channel or the heating chamber. If it’s too soft, it could
be more difficult to stabilize and to keep it in the required shape, as it is deforming on

its own weight.

With little research the main material, for almost every heating application involving
resistive heating, are nickel-chrome alloys (nichromes) [Thell]. Nichrome wires fulfil all
the desired characteristics and properties from above. The resistance of a nichrome wire
changes very little with temperature. Its resistance only increases by 7 % when changing
from 20 °C to 400 °C; and only increases another 1 % from 400 °C to 1000 °C. The
temperature coefficient of resistance of nichrome is much lower than that of most com-

mon metals. They can also withstand temperatures of up to 1200 °C, which is more
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than enough for most microfluidic applications [Res20]. The relationship between re-
sistance and temperature coefficient for calculating the temperature change, can be

calculated using the following formula.

Relationship between resistance & temperature:
R = Ryer[1+ a(T — Trep)] 6.1

(R - Rref)

T =T,
ref (Rref * a)

6.2

R = Conductor resistance at temperature "T"

R, ef = Conductor resistance at reference temperature T,..¢, usually RT
a = Tmperature coefficient of resistance for conducor material

T = Conductor temperature in degrees Celcius

Trer = Reference temperature that a is specified at for the conductor material
anicr = 0.0004 /5 [Res20]

The temperature coefficient for nichrome is really small, which indicated a low deviation

of resistance for creating higher temperatures.

6.3 How to measure the temperature.

There are two options to measure the temperature. It can either be measured through
a sensing unit or calculated by the temperature gradient from the generated heat by the
nichrome wire [Yanl14]. The sensor unit can be further divided into invasive, semi-inva-
sive and non-invasive techniques. Thermocouples, resistive thermometers and thermis-
tors can measure the temperature through direct contact (invasive) as well as non-
invasive (calculating the actual channel temp through temperature gradient). Methods
like infrared thermography are completely non-invasive, while thermochromic liquid
crystals (TLCs) or temperature sensitive fluorescent dyes such as rhodamine B are semi-
invasive and measure the temperature indirect [Yanl4]. Direct invasive measurements
can only take measurements at certain placement points and add their thermal mass to
the measurement system, whereas non-invasive and semi-invasive optical measurements

observe the entire channel.
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6.4 Choosing a temperature sensor

Before choosing between the listed technologies for temperature measurements inside a
microfluidic channel, optical thermography can be excluded in advance. These methods
are not suitable for an automated controlling device, due to their low accuracy [Fanl§].
Integrating them into the temperature control device would create significant challenges,
since optical measurements would need specifically made evaluation units that could
produce a measurement output for the controller to compute. Next to the fact that
infrared thermography instruments are one of the more expensive measurement tech-
nologies. TLCs have a narrow temperature range and limited spatial resolution as well
as TLCs and temperature-sensitive fluorescent dyes would change the composition of
the sample by the potential for unintended reactivity with the processing reagents. For
this reason, they cannot be used for all temperature applications. Leaving the list of
direct measurements to choose from. Thermocouples are one of the most common tem-
perature measurement types and employ the Seebeck effect® of thermoelectric materials.
Because it’s really cheap compared to other methods and also its reliability, thermocou-
ples have already been used in a variety of temperature sensing applications. Compared
to resistive temperature detectors, commercially available thermocouples have a lower
temperature resolution [Ome20]. Additionally, RTDSs are easier to miniaturize and im-
plement into the microstructures. Another temperature sensor is a thermistor. Thermis-
tors are closely related to RTDs with the difference that the sensing element of thermis-
tors are ceramic or polymer resistors instead of metal. Unlike thermistors, resistive tem-
perature detectors have an extremely linear output, producing very accurate measure-
ments of temperature. Making thermistors unstable over long periods of time. All these
factors contribute to the decision of choosing a resistive temperature detector inside the

fluidic channel.

® The Seebeck effect is a thermoelectric effect, where electric potential can be measured
between two different wires which are made from two different materials. When the end
of these wires are connected which each other (like iron and copper) and a temperature
can be measured at the connection point. The other end of the wires must be maintained
in a constant reference temperature environment. The potential difference is propor-
tional to the temperature difference. [Bul08]

6 Resistance temperature detector (RTD) are usually thin film resistance structures out
of platinum used for temperature measurements [Jik01].
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6.5 How to control the temperature.

A fast-operating temperature controller will respond rapidly to changes, whether due to
internal or external influences. In addition, to reduce the time to reach the desired target
temperature, many processes are dependent on small temperature deviations as well as
avoiding excessive surges. These prerequisites would be decisive for processes like a PCR.
To fulfil the mentioned requirements, a PID controller is particularly suitable, which
not only reacts quickly to changes due to the D part but is also fairly accurate due to
the I part.

PID Control

A PID controller is a three-term controller with a proportional (P), integral (I) and
differential (D) quantity. The controller is part of a feedback control loop. The desired
signal value is the incoming setpoint at the loop entrance. Compared to the current
signal value, the controller calculates the offset between these two and sets a correction

factor/ error to regulate the actuator accordingly to reach the setpoint value. [Rak20]

In a PID controller the controller output is calculated in three different algorithms. Each
of these algorithms has its own tuning parameter Kp, Ki & Kd which can be adjusted
manually to reach the desired performance. Combining P and I controller is enough to
establish an accurate control loop for most applications. Though, adding a derivative
algorithm to the equation can allow for bigger P and I gain, while still keeping the loop

stable. In other words, this will result in a faster response and better performance.

6.6 Developing a PID controlling PDMS device

Every process that demands a stable regulated temperature, controllers are needed.
Temperature can be varied via actively heating or cooling the system to attain the
specified setpoint (target temperature). The last chapter described the functionality of
a PID-controller, which will be used in the following prototype device. Next, the chosen

heating wire, as well as the temperature sensor will be presented.
6.6.1 Materials

In the previous chapters, various options for heating microfluidic channels and for meas-
uring the temperature inside those were explained and discussed. Appropriate methods
could therefore be selected. Finally, the task is to look for suitable components from the

knowledge gained.
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Nichrome Wire

Nichrome (NiCr) is a metal alloy consisting of primarily nickel and chromium. Varieties
of NiCr are available with different proportions of nickel and chromium as well as small
amounts of other elements. The more common varieties are nichrome-80 (most common)
and nichrome-60 which are approximately 80% and 60% nickel, respectively. Both vari-
eties have maximum operating temperatures of about 1100°C — 1200°C and melting
temperatures above 1400°C [Hea20]. The chromium will form an oxide layer on the
wire’s surface which protects the wire from corrosion. The corrosion resistance, the high
melting temperature, and a higher resistivity than many other metals make NiCr a good
material for electrical heating elements. A wire with a diameter of 100 pm was chosen,

due to its ease in adaptability. The chosen wire has a resistance of 153,8 Ohms/m.
6.6.2 Simulation

Needed parameter for thermal analysis:
Sylgard 182 Dow Site':

- Thermal Conductivity 0.16 W/K*m
- Density 965 kg/m?

Nichrome wire®:

- Thermal Conductivity 11.3 W/m*°C
- Density 8400 kg/m?

The simulation was conducted to investigate the temperature behavior inside the fluidic
channel where the sample resides. To heat the channel to the desired temperature, the
heating coil needs to be as close as possible to reduce the temperature gradient. A
greater distance, the higher the temperature loss between coil and fluid. That results in
a higher temperature of the heating coil itself. The higher the temperature of the heating
coil the more easily the surrounding PDMS could be effected and damaged. To exani-
mate the temperature gradient the behavior of water inside the fluid channel was sim-
ulated applying a value of 100 °C to the nichrome coil, as can be seen in Figure 37. Due

to temperature loss at the cross-section of the PDMS layer between the fluid and the

" Values for PDMS crosslinked and cured at room temperature for 48h
8 NichromeWire d=0.095 AWG38 Ni80 Cr20
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heating coil, the fluid temperature results in 95.85 °C. This temperature loss is consid-
erably low since PDMS is operational up to temperatures of 200 °C [DOW20]. Implying

that the channel can be heated to temperature close to 200 °C.

95,851 C

43,799 C

Figure 37:  The Simulation was conducted in Ansys Aim 19.2v. (a) shows the
channel to be heated. The surrounding black coil represents the nichrome wire
with a temperature of 100 °C. (b) Cross-sectional profile of the simulated body.
The Outside of the PDMS device has a temperature of approximately 43.8 °C.
(c) The design of the simulated device. The channel is surrounded with the ni-

chrome wire in the middle. In and outlets, can be seen on the top of the model.
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PT1000

The chosen PT is a simple resistance temperature detector (RTD) using a platinum
resistor in thin film technology as a sensing element. The characteristic curve of this
Platinum RTD complies with DIN EN 60751 [Tec20]. Another reason choosing it for
temperature measurement inside a microfluidic channel, is its small outline dimensions.
The ceramics substrate on which the platinum film is structured on as well as the glass
coating make the sensing element chemically inert and therefore protect the fluid sam-

ples.
The calculation formulas of Pt-RTDs are defined in DIN EN 60751 as following [Tec20]:
Rqoy =Ryl +a*T+b*T?)
With the coefficients given:
a=3.9083 %1073

b= -5775%10""
Resulting in an almost linear behavior due to a very small b value.

6.6.3 How to read out the data.

If the PT1000 would be connected to an Arduino directly, the readings of the tempera-
ture measurement would be limited by the resolution of the 10-bit analog to digital
converter. 10-Bit means 21° = 1024 units. While RTDs like the PT1000 are highly ac-
curate, they have very poor thermal sensitivity (around 1 ©/°C), that means a change
in temperature produces a very small output change. There are specially made solutions
to amplify the signal of a PT1000 like the MAX31865 IC? (Figure 38).

While the picture shows the complete breakout board for the MAX31865 from Adafruit,
the 15-Bit ADC is on the main chip in the middle of the board. The resolution in
temperature is given with 0.03125 °C in the manufacturing datasheet [Max20]. That is
more than enough considering the PT-Sensor itself yields a resolution of £0.1 °C. Every

component should be chosen carefully, as they define the final size and form of the
PDMS device.

9 IC = integrated circuit. ICs can combine a variety of electrical functions in one com-
ponent.
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Figure 38: The MAX31865 is a signal ampli-
fier IC. mounted on the Adafruit breakout
board.

6.7 Manufacturing the PID PDMS device

Before encapsulating the components in PDMS, the functionality of the system has been
tested surrounded by air. Bringing the NiCr wire close to the PT sensor is enough to
measure and control the temperature to its desired value. After proving the functionality
of the system, the PT1000 with its signal amplifier, the ABS channel and the heating
coil were enclosed in PDMS. To be able to interface the device wires, connectors, as well

as hose connectors for the fluid, are on the outside of the prototype.

Important is the resistivity of the wire coating against Acetone. Common wire enclosures

dissolve in the ABS removal process and need to be changed to silicon coated wires.

Figure 39 shows the basic prototype. The fluidic channel is barely visible and can be
detected by the NiCr wire strapped around its surface. While the wire isn’t touching
the fluid due to the surrounding PDMS, no temperature gradient needs to be calculated
since the temperature measurement is happening inside the channel. The yellow wires
connect the MOS-Module with the heating element and are soldered to the NiCr wire.
At the other end of the device are the interfacing pins. The MAX31865 breakout board
needs to be powered with a voltage between 3 — 5 VDC. All other Pins are for the SPI-

communication with the Arduino.
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Figure 39: Left side shows the top view of the PID prototype. Right side
shows a top side view. On both pictures the channel is barely visible only by

followine the Ni(lr wire wranned aronnd the strictiire The main Part of the

Software

The Arduino code for this device consists mainly from the Adafruit. MAX31865 library
to measure the current temperature and the PID vl library from Brett Beauregard

[Bre20] for the temperature control.
6.7.1 Operation principle and measurements

Figure 40 displays the wiring of the PDMS device with the MOS-module as well as the
Arduino. The Arduino receives the current temperature value through the amplifier
data port SDO. This incoming value is being processed by the software PID control,
which outputs a PWM" Signal [Gerl11]. With each step defined by the sample time, a
new output and therefor a PWM signal is being calculated and send to the MOS mod-

ule.

1 PWM is a signal modulated by its pulse width
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Considering that the Arduino can only output 40 mA, the outgoing signal would be too
weak to generate temperatures above 50 °C powering the NiCr-wire. The mentioned
MOS-module solves this problem. The incoming PWM-Signal switches a much heavier
power supply. As a result, the MOS module is emitting the same PWM Signal with a
higher amplitude and therefore generating the desired heat. A heavier power supply
could be a 9 V battery as shown in Figure 40.

SDO  3v3
= M31865

Arduino MEGA

e ANALOG
N camnmzunasr er3

o TRVRAY 4 W | @

Figure 40:  Wiring of the components. Top left shows the
PDMS device consisting of the PT-Sensor, the fluid channel, the
NiCr-wire and the MAX31865 amplifier. Below the PDMS device
is the MOS-module as an PWM interface between the Arduino
and the PDMS device.
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PID measurements:

Test recordings of the controller were taken and plotted to demonstrate the functional-
ity. For that standard gain values for Kp, Ki, and Kd were chosen. Distilled water was
used as an example material. To optimize the controller behavior different gain values
could be chosen, creating a faster and more accurate response. Measurements have
shown a successful attempt to control a temperature of 60 °C +0.25°C shown in the
first graph Figure 41. Although the used parameters produced a relatively long wait
time of about 2 minutes, for the channel temperature to reach the desired temperature
(Setpoint).

PID-control from RT to 60°C

65

60

55
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45

40

Temperaturein °C
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1 35 70 104 138
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Figure 41: Temperature measurement inside the channel. The Setpoint is set to

60°C which will be reached at approximately 2 minutes.

A different behavior with different gain factors could be shown for the regulation at
80 °C. If the proportional gain factor (Kp) is too high, the value of the channel tem-
perature will always oscillate around the setpoint. This means that if the proportional
gain is too high, the temperature value briefly exceeds the setpoint. Consequently, tem-
peratures in the channel can exceed 80 °C. At temperatures of 90 °C to 100 °C, water
vapor bubbles can be generated within the channel. When these steam bubbles move
over the sensor due to the movement of heat, there is a direct temperature loss at the
sensor. The PID controller wants to counteract this loss and regulates it more strongly
than before, which again causes a sharp rise in temperature. If the sensor is wetted again
due to the constant movement of water, the measured temperature rises rapidly and the

controller regulates back significantly. This constant back and forth created by the water
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vapor bubbles. This phenomenon is shown in graph in Figure 42. As soon as the tem-
perature rises from 60 °C to 80 °C, the system begins to oscillate. If we then set the
setpoint back to 60 °C, the oscillation stops

PID-control 60°C to 80°C to 60°C
100

90
80
70
60

o

40

Temperaturein °C
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20 LU LN L NL UL LN L LI L L L L N L L L N O O O O |

0 80 160 240 320 400 480 560 640

Time in sec

Temp.

Figure 42: Temperature measurement inside the channel. The Setpoint changes
after every 300 seconds from 60°C to 80°C and back to 60°C.

6.8 Conclusion

Conclusively, a PID controlling PDMS device could be successfully developed. The em-
bedded scaffold method has the capability to directly embed the temperature sensor
inside the flow channel. That way the measurement doesn’t need to be calculated/
calibrated if the sensor would be near the channel. Another benefit is the short wire
distance if the attached component, such as the measurement signal amplifier as well as

a micro-computer are embedded in PDMS as well.

There remain open solutions to optimize the application, for example by finding suitable
Kp, Ki, and Kd values, as well as optimizing the control at values at which the liquid
begins to evaporate. Local evaporations must be prevented in order to generate a tem-
perature close to the evaporation temperature. Other optimizations include the compo-

sition and structure of the entire device to adapt it to its respective applications.
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Future measurements and tests can also involve the execution of a PCR, which would
also benefit from a combination of the temperature controller with optical sensors to

directly measure fluorescence behavior of the sample.
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7 Conclusion and outlook

The thesis investigated the possibility to develop integrable modular microfluidic struc-
tures and combining those with electrical components. The presented ESCARGOT
method [SV15] was successfully used to develop multilayer structures enclosed in PDMS,
to directly interconnect electrical sensors and heating elements within the fluidic struc-
ture, as well as establish active microfluidic components. These active fluidic elements
like quake valves could be incorporated into a PDMS bulk using prototype alignment
techniques, to subsequently generate fluidic logic gates. By arranging these active fluidic
valves in series, a peristaltic pumping mechanism could be developed. Through further
integration, this pumping mechanism was used to develop a fluid mixer and a droplet
generator as well. The functionality of these components was tested and compared with
existing scientific work, showing similar results in functionality. However, the method
presented in comparison to other developing technologies shows low fabrication costs
and short production times, due to the 3D printing technology and the scaffold removal
process. Developing the alignment between the components further can increase the
reproducibility of the components, as well as increase the general complexity. Next to
the developed quake valves, different valve mechanisms should be conducted in the fu-
ture, which have a low energy consumption and could be incorporated inside the device.
That could contribute in developing portable devices, without the reliance on external
controlling units. Investigating functional portable microfluidic devices is an important

subject for the future.

To show how complex prototypes can be developed from modular fluidic and electronic
components, an 18-channel spectral detection device and a temperature-controlling PID
device were constructed. The spectral sensing device, is a fully functional spectral sensor
combined with a processing unit and a fluidic channel below the sensor and can output
the measured data immediately on the attached display. Basic fluorescents measure-
ments with Rhodamine B were successfully conducted and presented. Further tests can
investigate the behavior under different conditions with different fluids. Generally, it is
good for prototyping to see the incorporated materials and sensors, as well as having
visual feedback of the fluid. However, for spectral or optical analysis it would be advised
to manufacture a cover, so that no other light sources affect the measurement. Addi-
tionally, to developing the fluidic structure, PCBs could be developed as well to directly
fit the sensors and other electrical components in a suitable layout, before enclosing
them inside the PDMS body.
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The PID temperature controlling device could regulate the temperature to the target
temperature through the use of a 9V block battery. Making the whole system portable
and ready for on-site measurements. However, the temperature control has to be opti-
mized in order to generate a small control deviation even at temperatures around the
boiling point. Afterwards first attempts at PCR analysis could be carried out in the
near future. Developing additional prototypes, which combine optical sensors directly

with temperature control could detect the success if the PCR directly within the proto-
type.

Next to the presented method of 3D printing, different technologies for structuring the
ABS scaffold should be tested in the near future. Nevertheless, it can be assumed that
the upcoming 3D printers will be able to print in ever higher resolutions. In addition,
more and more exotic filaments are being developed which could offer new possibilities
for the development of microfluidic structures and components. Much can be expected
from the 3D printing technology in the future, as production costs decrease for custom
device manufacturing as well as scaling-up or scaling-down for 3d designs is a straight-

forward process.
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Abbreviation Explanation

3D Three-dimensional

ABS Acrylonitrile butadiene styrene

ADC Analog-to-digital converter

atm atmospheric pressure

CAD Computer-aided design

CCD Charge couple device

CMOS Complementary metal-oxide—semiconductor
DIN EN Deutsches Institut fiir Normung; Européaische Norm
DNA Deoxyribonucleic acid

EMB3D Embedded 3D

ESCARGOT Embedded SCAffold Removal Open Technology
FDM Fused deposition modeling

GFX Graphics

IC Integrated Circuit

IR Infrared

ISO International Organization for Standardization
LED Light-emitting diode

LOC Lab on a Chip

LGA Land grid arrays

MEMS Microelectromechanical systems

NCV Normally closed valve
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NOV

PCB

PCR

PDMS

PET

PETG

PID

PLA

PMMA

PMT

PT1000

PVA

PWM

RTD

SPI

TFT

TLC

USB

uv

Normally open valve

Printed circuit board

Polymerase chain reaction
Polydimethylsiloxane

Polyethylene terephthalate
Polyethylene Terephthalate Glycol
proportional-integral-derivative (for controllers)
polylactic acid

Poly(methyl methacrylate)

photo multiplier tubes

Platinum resistance 1000 Qat 0 °C
Polyvinyl Alcohol

Pulse width modulation

resistance temperature detectors
Serial Peripheral Interface
Thin-film transistor
Thermochromic liquid crystal
Universal Serial Bus

Ultraviolet
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11 Attatchments

Additional information about PDMS:

Note that the surface of PDMS devices or cured PDMS in general is very susceptible to
dirt and particles. To clean the component from the outside, it is advisable to use high-

quality precision cloths and to dry it with compressed air.

There are a few drawbacks when using PDMS in a combination with certain plastics or
rubbers. PDMS does not achieve the optimum properties when it is cross-linked next to
these materials. Crosslinking-inhibiting materials are organotin compounds, silicone
rubber with organotin catalysts, sulfur, polysulfides, polysulfones, and other sulfur-con-
taining materials, amines, urethanes, amides and azides. When the curing process of
PDMS is applied, the crosslink-inhibited areas are still dominated by a state of viscos
fluidic PDMS. This behavior can only be compensated if these materials are left out

completely.

PDMS Properties:

Density 965 kg/m*

Boiling point 200 °C

Glass transition -120 °C

Dielectric strength 19-22 kV/mm
Permittivity €. 3,1

Tensile strength 63 Kg/cm?, 6,2 MPa
Refractive index 1,4225 at 589 nm
Refractive index 1,4118 at 632,8 nm
Refractive index 1,4028 at 1321 nm
Refractive index 1,3997 at 1554 nm

Surface energy 19,9 mJ/m?
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Curing can take place at room temperature or can be accelerated by using higher tem-
peratures:

e (Curing time at 25 °C: 48 h.

e Curing time at 100 °C: 35 min

e Curing time at 125 °C: 20 min

e Curing time at 150 °C: 10 min

Curing time depending on the temperature
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Attachment Figure 1: Curing time dependence on the curing temperature.
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Influence of the curing temperature on the mechanical properties
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Attachment Figure 2: Youngs modulus dependence on the temperature.
The curing method (whether at room temperature or in the oven) influences the me-
chanical properties of the PDMS structure.

The higher the curing temperature, the greater the modulus of elasticity (Young's mod-
ulus). This means that the resistance that the material offers against elastic deformation

increases and the material is therefore more rigid.
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Influence of the mixing ratio on the mechanical properties
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Attachment Figure 3: The modulus of elasticity of PDMS increases with a higher

proportion of cross linker and is 3.6 MPa at a ratio of 5:
1. It is reduced to 0.5 MPa at a ratio of 33: 1. The rela-

tionship between the ratio of base and hardener to the
If various filler materials, such as highly disperse silicon dioxide, carbon black or metal
oxides, are added before vulcanization, the mechanical properties of the polydime-

thylsiloxane networks can be improved.

Source: https://opus.bibliothek.uni-wuerzburg.de/opusd-wuerzburg/front-
door/deliver/index/docld /244 /file/weh.pdf
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6-channel spectral sensing prototype

Developed semi-portable prototype, which was fabricated before the 18-channel proto-
type. This includes a two-way cross-section with incorporated quake valves. One of the

valves is still filled with the ABS-scaffold for demonstration purposes.
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Attachment Figure 4: 6-channel spectral sensing prototype
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Peristaltic Pump measurements

Table 1: Conducted pumping rates of the developed peristaltic pump

Frequency 2 bar 2.5bar

5 0,39 0,56
10 0,52 1,04
20 0,91 2,19
30 1,26 2,64
40 1,51 3,45
44 1,27 3,47
48 1,11 3,60
52 1,01 3,35
56 1,09 3,56
60 0,98 2,95
64 1,33 3,98
68 1,44 4,58
72 1,87 4,79
76 1,91 4,19
80 1,63 3,87
100 0,65 3,56
150 2,70
200 0,22

The measurements shown above are calculated through the time it took to fill the meas-
urement body. Each pumping rate reflects the average value of 22 measurements for
each frequency. Each single measurement is shown on the next page in a unified graph

for each pressure.
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Peristaltic pump: Single measurement series combined in
one graph for 2 Bar
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Additional information

All additional changes in Arduino code and design files from Autodesk Fusion 360 will
be uploaded on the WHS Server. Questions can be directed to the department of mi-

crosystem technology.



