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Summary

The iMicrofluidics research collaboration, involving TU Delft, Erasmus Medical Cen-
ter, and Bronkhorst High Tech B.V., endeavors to create an integrated, portable, and
incubator-free Organ-on-Chip (OoC) platform. Building on previous achievements,
such as the development of a portable microfluidic platform by Zhu et al. (2020)[54]
and an Arduino-controlled heating mechanism by El Hassan et al. (2023)[20], the
initiative focuses on addressing the critical parameter of dissolved oxygen regulation.
This thesis project explores using femtosecond (Fs) laser fabrication to produce a mi-
crofluidic gas exchanger, crucial for oxygen regulation and advancing the incubator-
free OoC platform.

The project begins with the design of a sandwich-structured gas exchanger using
SolidWorks, followed by simulations using COMSOL Multiphysics to assess flow dy-
namics, diffusion, and membrane deformation. Minimizing membrane deformation
to prevent channel blockages or leakages is emphasized. An alignment tool is then
designed and 3D printed to aid in accurately aligning the layers of the sandwich
structure.

Next, systematic optimization of Fs laser fabrication settings is conducted for through
holes and channel engravings. Characterization using a Keyence digital microscope,
including 3D imaging and surface roughness analysis, confirms the optimal settings’
ability to replicate the desired design from simulations accurately. These settings are
then applied to fabricate the gas exchanger device and integrate the optical oxygen
Sensor.

The assembly process involves a specific protocol, including plasma bonding, heat
treatment, and glue bonding of connection ports. Testing reveals leak-free gas and
liquid flow, albeit with limitations in gas flow rates, restricting the system to air or
pure nitrogen input gases. Furthermore, the gas exchanger exhibits slower response
times and reaches equilibrium at unexpected oxygen concentrations, indicating less
efficiency than anticipated. Operator-induced errors, such as loose connectors, sig-
nificantly impact oxygen regulation, highlighting the need for further research on
gas-tight connections.

In conclusion, while Fs fabrication shows promise, challenges like glass debris clog-
ging and dimensional losses during fabrication persist. Sensor integration is success-
ful, but the gas exchanger requires additional testing and validation for more robust
conclusions, particularly regarding its reliability in real cell applications at 37°C. Fu-
ture work includes biomedical validation and addressing issues like bubble formation
to enhance system functionality.
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1. Background

This chapter delves into existing research and essential background theories neces-
sary to provide context before delving into the main thesis article.

1.1. iMicrofluidics research

A joint effort between TU Delft, Erasmus Medical Center, and Bronkhorst High Tech
B.V. explores the feasibility of creating a portable, integrated, incubator-free Organ-
on-Chip (OOC) platform. Within this collaboration, Zhu et al. (2020) devised a
prototype portable microfluidic platform, subsequently dubbed “"Haoyu’s platform,”
representing an initial stride towards a compact, modular, integrated system capable
of emulating various organs. This platform enables automatic control and switching
between liquid and gas flow [54], as illustrated in Figure 1.

Figure 1.: Haoyu'’s platform, adjusted from [54]

Subsequently, an Arduino-controlled heating mechanism incorporating Peltier ele-
ments is developed to precisely regulate the temperature of the microfluidic chip.
This heating mechanism, depicted in Figure 2, was devised by El Hassan et al. (2023)
within the framework of the iMicrofluidics project. Proportional-integral-derivative



Figure 2.: Chip heating element [20]

(PID) control is employed to mitigate temperature fluctuations and fine-tune the in-
put voltage and heating rate. A Resistance Detector Sensor (RTD) is used to measure
the real-time temperature outside the chip but within the core of the microfluidic
chip. A printed circuit board (PCB) facilitates voltage amplification for other system
components. El Hassan et al. (2023) provide detailed argumentation regarding the se-
lection of Peltier elements, PID control, and other design choices in their thesis report
[20]. This contribution brings us one step closer to an incubator-free OoC system.

1.2. Biological background

1.2.1. Liver physiology and functions

This chapter will discuss essential background information regarding liver physiol-
ogy and functions to enhance comprehension of this intricate organ. Given that liver
cells will be the focus of research in the iMicrofluidics project, it is imperative to
understand how to accurately replicate the liver microenvironment.

1.2.2. Liver functions and cell types

The liver is one of the largest, most important organs of the human body [1][16][33].
The liver is located in the upper-right abdomen, underneath the rib cage. A human
liver has around 500 vital functions, among which [50][9][16][1][33]:



* Metabolism: The liver helps to metabolize fats, carbohydrates, and proteins. It
also plays a role in the metabolism of medications and other substances.

¢ Detoxification: The liver helps to detoxify the body by removing harmful sub-
stances, such as alcohol and drugs, from the bloodstream.

* Production of bile: The liver produces bile, which is necessary for digesting fats
and the absorption of fat-soluble vitamins.

* Storage: The liver stores several important substances, including glycogen (a
source of energy), vitamins, and minerals.

* Blood sugar regulation: The liver helps to regulate blood sugar levels by releas-
ing glucose into the bloodstream when needed and storing excess glucose as

glycogen.

* Blood clotting: The liver plays a role in the production of clotting factors, which
are necessary to form blood clots.

For optimal performance of these tasks, a constant blood supply is necessary [45].
The liver has a double blood supply, with oxygen-rich blood from the heart entering
the liver from hepatic arteries and oxygen-poor blood from the gastrointestinal tract,
spleen, pancreas, and gallbladder entering the liver from the liver portal vein as
shown in figure 3 [12][1]. Filtered blood leaves the liver deoxygenated by hepatic
veins back to the heart.

The liver has 4 primary lobes or sections, which are separated from each other by
connective tissue, which contains cells that produce extracellular matrix (ECM)[35].
Thousands of hexagonally-shaped lobules make up these liver lobes. These lobules
are small liver segments of blood vessels, bile ducts, sinusoids, and liver cells [9]. An
overview of a lobule is shown in figure 3. As the blood flows through the liver, it
comes into contact with the hepatocytes and other cells within the liver.
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Figure 3.: Liver composition [15]

Hepatocytes are the most abundant type of liver cell and are responsible for the
majority of the liver’s functions [25]. They filter the blood and remove toxins, waste
products, and other substances that are harmful to the body [26]. They also produce
bile, which is a yellowish-green fluid that helps to digest fats and absorb fat-soluble
vitamins. Bile is secreted into small bile ducts within the liver and is then carried to
the gallbladder for storage.

Hepatocytes are in contact with blood via sinusoids, which are small, thin-walled
blood vessels that are found within the liver. They are lined with fenestrated en-
dothelial cells, which have small openings or pores on their surface. These openings
allow small molecules, such as oxygen and nutrients, to pass through the endothelial
cells and into the liver tissue, while larger molecules, such as cells and proteins, are
retained within the bloodstream [11][52]. Figure 4 shows the sinusoid overview with
a variety of different liver cell types.
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Figure 4.: Liver sinusoid [18]

1.2.3. Key physiological parameters of the liver

A few key parameters influence the physiology and functioning of the liver as shown
in figure 5. These will be elaborated on in the following subsections.

Figure 5.: Key parameters in the liver micro-environment [14]

Oxygen

Like all cells in the human body, liver cells use oxygen in cellular respiration to
produce energy. During cellular respiration, glucose, and oxygen are converted into
energy in the form of adenosine triphosphate (ATP), as well as carbon dioxide and
water as waste products [39]. This process occurs in the mitochondria of the liver cell
and is known as oxidative phosphorylation. The energy produced is used by the liver
cell to carry out various functions such as metabolism, synthesis, and detoxification.
The total process of cellular respiration is shown in figure 6.
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Figure 6.: Cellular respiration [39]

Within the hepatic sinusoid, there exists a gradient in the partial pressure of dissolved
oxygen. Specifically, at the point of entry where blood flows in from the hepatic
artery and portal vein, the partial pressure of oxygen measures approximately 60-65
mmHg (millimeters of Mercury), whereas, at the point of exit where blood flows out
through the hepatic vein, the partial pressure of oxygen is reduced to 30-35 mmHg
[27]. The concentration of dissolved oxygen in a liquid, such as blood or water, is
typically measured in milligrams per liter (mg/L) or parts per million (ppm). The
conversion between dissolved oxygen level and concentration depends on various
factors, including temperature, pressure, and salinity, among others. In the case
of a dissolved oxygen level in mmHg, this is equivalent to the partial pressure of
oxygen in the liquid, which can be converted to a concentration of dissolved oxygen
using the Henry’s Law equation. At standard body temperature and pressure, a
dissolved oxygen level of 65 mmHg translates to a dissolved oxygen concentration of
approximately 8.7 mg/L, whereas a dissolved oxygen level of 30 mmHg corresponds
to a concentration of roughly 4.0 mg/L [53].



Figure 7.: Oxygen gradient throughout the liver lobule [27]

Too little or too much oxygen supply can have significant effects on liver cell physiol-
ogy. When the liver cells have too little oxygen, also known as hypoxia, they activate a
series of responses to adapt to the low-oxygen environment. These responses include
the activation of signaling pathways that regulate the expression of genes involved in
the cellular adaptation to hypoxia, such as the hypoxia-inducible factor (HIF) tran-
scription factor. However, chronic hypoxia can lead to cellular damage and impaired
liver function, ultimately leading to severe liver diseases [27][23].

On the other hand, liver cells supplied with too high concentrations of dissolved
oxygen, also known as hyperoxia, can lead to the production of reactive oxygen
species (ROS), which can damage cellular components such as proteins, lipids, and
deoxyribonucleic acid (DNA). This damage can cause inflammation, leading to the
development of liver diseases such as non-alcoholic fatty liver disease (NAFLD) and
non-alcoholic steatohepatitis (NASH) [23].

In summary;, it is essential to maintain an appropriate balance of oxygen supply to
the liver cells to ensure optimal liver function and prevent the development of liver
diseases.

Flow

The flow of blood through the liver sinusoids is unique because of its low velocity
and intermittent nature [28]. The slow flow of blood through the liver allows for
more prolonged contact between the blood and the hepatocytes, enabling the liver to
carry out its many functions efficiently [52].

The liver’s unique flow type also plays a critical role in the regulation of blood pres-
sure and blood volume in the body. The liver can store and release blood as needed,
and the slow flow of blood through the liver allows for precise regulation of blood
pressure and blood volume [19].

Temperature
The optimal temperature in the human liver is around 37 °C. The liver is a highly



metabolic organ that performs many essential functions, including the synthesis of
proteins, detoxification of harmful substances, and the regulation of glucose levels
in the blood. These functions require a specific temperature range to operate opti-
mally.

If the temperature in the liver becomes too high (hyperthermia) or too low (hypother-
mia), it can have significant effects on liver function. High temperatures can cause
cellular damage and impair liver function, while low temperatures can slow down
metabolic processes and reduce the liver’s ability to carry out its many functions
[49][46].

Therefore, maintaining a consistent and optimal temperature is crucial for optimal
liver function.

Carbon dioxide

Carbon dioxide (CO;) is an important component of the bicarbonate (HCO3™) buffer
system, which is responsible for maintaining the pH value in the liver microenvi-
ronment. The buffer system helps to prevent rapid changes in the pH that could be
harmful to cells and bodily functions. It consists of a weak acid, carbonic acid H,CO3,
and its conjugate base, bicarbonate ion HCO3 ™, which are present in the blood and
other bodily fluids [37]. The enzyme carbonic anhydrase (CA), found in among oth-
ers red blood cells [13], facilitates the conversion of CO, and water (H,O) into H,COs3,
and is involved in the reverse reaction where HyCOj is converted back into CO, and
HO. The total bicarbonate buffer system working inside the liver microenvironment
is shown in figure 8 and the total bicarbonate buffer system equation is shown in
equation 1.1.

(a) CO, carried in RBC

(b) HCO, dissolved in
plasma as carbonic
acid

o
2l G

Figure 8.: Bicarbonate buffer system inside the liver microenvironment [4]

(c) CO, dissolved in
plasma

CO,; + H)O 2 HyCO3 = HCO?)_ +H" (1.1)



Proper regulation of dissolved CO, levels is critical for maintaining acid-base bal-
ance and preventing the development of acidosis or alkalosis, which can have severe
consequences for overall health [7].

1.3. Dissolved gases control unit

In an LoC, oxygen can be absorbed from the medium that perfuses the cells by diffu-
sion [24][8][23]. To ensure liver functioning, there should always be sufficient oxygen
available for uptake. This uptake rate depends on a lot of factors like contact area,
the number of cells, flow rate, and oxygen availability [8]. Since liver cells require a
specific oxygen partial pressure as stated in Section 1.2.3, oxygen must be controlled
precisely. Oxygen can be supplied by either an incubator or an external oxygen
supply for instance a canister or from ambient air. One alternative approach is to
commence with a DO concentration that is completely saturated and subsequently
decrease the concentration until the desired level is achieved. To reduce the con-
centration of dissolved oxygen, gas sparging adds for instance nitrogen gas into the
solution through bubbling. Van Reeuwijk et al. (2021) developed a gas exchanger that
utilizes gas-permeable silicon tubing and adjustable levels of nitrogen gas to decrease
the DO concentration [51]. Figure 9 shows the gas exchanger box. Another solution
is the use of oxygen scavenging, which involves adding a chemical agent that reacts
with oxygen and removes it from the solution [34]. Unfortunately, residual oxygen
scavengers may remain in the culture medium, which could impact the experiment
results. The amount of oxygen that can dissolve in water or other aquatic liquids is in-
versely proportional to the temperature [41][5]. This relationship can be observed in
tigure 10. It is crucial to consider this relationship when setting the dissolved oxygen
concentration, as an over-saturation of dissolved oxygen can lead to bubble forma-
tion, which must be avoided at all costs [32]. The concentration of DO in the culture
medium cannot be compared directly to that in human blood supplied to liver cells
since the mechanisms for oxygen uptake and delivery differ. In the human body, oxy-
gen is carried by the circulatory system and binds to hemoglobin in red blood cells,
as stated in Section 1.2.3. In contrast, in the culture medium, oxygen is dissolved and
diffuses across cell membranes to reach the cells. Therefore, the concentration of DO
needed in the culture medium is not identical to the liver physiological value stated
in Section 1.2.3. In microfluidic experiments with liver cells, the concentration of DO
for good results is often stated in mmHg, with normal organs ranging between 30-60
mmHg or 4% to 7.5% oxygen in the total gas composition. although it depends on
cell type, culture conditions, and other factors[36].
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Figure 10.: Oxygen solubility in water [5]

15 mm

Figure 9.: Gas exchanger box by Van Reeuwijk et al. (2021) [51]

There are several options available to accurately measure the concentration of DO,
including DO probes or readout components. These options differ primarily in their
principles of operation, such as optical, polarographic, and electrochemical methods,
as well as their price, accuracy, ease of calibration, and invasiveness [2][30][43][42].

¢ Optical DO probes measure DO by detecting changes in the fluorescence of an
oxygen-sensitive luminophore in response to changes in oxygen concentration.

10



These types of probes are non-invasive and do not require calibration, making
them relatively easy to use.

Polarographic DO probes, on the other hand, use a membrane-covered electrode
to measure oxygen concentration. These types of probes are more invasive and
require regular calibration, but they offer high accuracy and stability.

Electrochemical DO probes use a thin, gas-permeable membrane to separate
the sensor from the sample and measure oxygen concentration by measuring
the current generated by a redox reaction. These types of probes are also rela-
tively invasive and require calibration, but they are often more affordable than
polarographic probes.

Invasive dipping probes are probably the most common type of DO probe and
are typically used in benchtop applications. They work by physically dipping a
sensor into the sample to measure oxygen concentration. These types of probes
are relatively inexpensive and accurate, but require frequent calibration and can
be prone to contamination.

Flow-through sensors are similar to dipping probes but are designed to be inte-
grated into a flow system. They work by passing the sample over a sensor that
measures oxygen concentration and are often used in industrial applications.
These types of probes are highly accurate but can be expensive and require
careful calibration. Figure 12 illustrates a flow-through setup.

Non-invasive sensor spots are a non-invasive method for measuring DO in a
culture medium. These sensors work by using a fluorescent dye that is sensitive
to oxygen levels. There are two main types of sensor spots: those that measure
by dynamic luminescence quenching and those that measure by the difference
in fluorescence. The sensor spot is placed on the outside of a transparent vessel,
such as a culture flask. The sensor spot measures changes in luminescence or
fluorescence(depending on the used technique) in response to changes in oxy-
gen concentration and is non-invasive and easy to use. However, these types of
sensors may not be as accurate as invasive probes and require careful calibra-
tion. Figure 11 shows a sensor spot readout system.

To be able to perform research regarding oxygen consumption, a chip material with
low permeability to oxygen should be chosen. This way, only oxygen molecules
that entered the chip through the perfusion medium can be consumed, resulting in
useful results. The choice of microfluidic chip will be the Micronit resealable flow cell
because it consists of borosilicate glass slides with a very low oxygen permeability

Maintaining proper CO, levels is crucial for the bicarbonate buffer system present in
the culture medium, which helps to maintain a pH similar to that in the liver. CO; is
needed to keep this buffer system working properly. Hence, a CO,-supplying incu-
bator or an external CO; supply into the culture medium can be used to regulate CO,
levels. Since one of the goals of this project is to design an incubator-free platform,

11
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Figure 11.: Sensor spot setup [17]
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Figure 12.: Flow-through sensor setup [3]

an external CO, supply will be chosen. A pH probe can be used to ensure optimal
pH and therefore functioning of the buffer system inside the culture medium. Addi-
tionally, a visual inspection of the color of the culture medium can be done, if a pH
indicator dye is included in the medium. as it will change color when the pH is too
low or too high. Phenol red is a commonly used pH indicator dye that is added to
many types of cell culture media, including Williams E medium. It turns yellow at
acidic pH levels (below 6.8) and pink at alkaline pH levels (above 8.2), making it easy
to visually monitor the pH of the medium. This can help ensure that the medium
remains at the optimal pH range for cell growth and functioning [31].

The culture medium used in the experiment is not completely air-tight when stored,
and therefore, small concentrations of dissolved gases from the ambient air may be
present. It is important to take this into account as these concentrations may vary
between bottles and different volumes of the medium. Figure 13 displays a bottle
containing culture medium and showcases the issue of varying air volumes above the
medium and bottle materials, resulting in possible differences in the concentrations
of dissolved gases between different bottles.

12



Figure 13.: A bottle containing Williams E medium [6]

The culture medium will be perfused from the reservoir to the microfluidic chip
through the tubing. To prevent changes in the set concentration of DO, the tubing
should have an extremely low gas permeability. The tubing should also be highly
inert to be able to be used for biological experiments. Temperatures between 0-40
degrees Celcius should not be a problem for the tubing as well. Common tubing in
microfluidic instrumentation setups include polyether ether ketone (PEEK), polyte-
trafluoroethylene (PFTE) Teflon, Tygon, fluorinated ethylene propylene (FEP), ethy-
lene tetrafluoroethylene (EFTE), and polypropylene (PP) tubing [47]. They mostly
differ in chemical and pressure resistance and should be chosen based on the specific
needs of this project.

1.4. Flow control unit

Accurately meeting the physiological flow requirement of liver cells is crucial, and
the flow control unit plays a key role in achieving this.

1.4.1. Flow system

For this project, the end user will use liver cells. The same Micronit chip as in research
by El Hassan et al. (2023) will be used. The resealable Organ-on-Chip by Micronit
consists of only a glass slide containing holes for perfusion and an elastomer gasket.
Cells can be easily seeded on a regular glass slide and afterward, the two parts can
be clamped together. Because the chip is made of glass, Micronit also developed a
clamping mechanism for their Organ-on-Chip, to ensure proper clamping and pre-
vent leakage of perfusion media or entering of air. The chip holder including the
chip, before closing, is shown in figure 14.
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Figure 14.: Micronit chip holder

1.4.2. Flow rate

Flow is necessary to mimic liver physiology on a microfluidic platform, but it also
introduces shear stresses that can harm cells if they exceed a safe limit. For liver
cells, the threshold is typically set below 0.5 Pa to prevent cell detachment or death
[18]. Shear stresses on the cells can be reduced by using microwells, microfabricated
groves, or specially designed niches [40][10][29]. An alternative approach is to utilize
an oxygen carrier such as emulsified fluorocarbon, which can supply sufficient oxy-
gen with a lower flow rate and consequently reduce the exposure to maximum shear
stress [18].

The microfluidic chip used, will determine the dimensions of the flow channels and
pressure drop and therefore play an important role in the flow rate through the chan-
nels. The chip dimensions of the chosen Micronit chip are shown in Appendix ??.

In the context of this project, maintaining laminar flow is critical to ensure that cells
are supplied with a uniform distribution of dissolved oxygen and nutrients. This re-
quires careful consideration of the chip dimensions and flow rate to keep the flow in
the laminar regime, as turbulence can disrupt the uniform distribution. By keeping
the flow laminar, below 2100 [44], cells can be cultured in a controlled environment,
allowing for accurate measurement and analysis of their behavior under various ex-
perimental conditions. Some values like the flow rate of 35 yL/min. are chosen
according to earlier research by Van Reeuwijk et al. (2021) [51], who used the same
Micronit chip.

From equation 1.2 the Reynolds number can be calculated.

The formula for the Reynolds number is:
pu;g
H

In the equation, p is the density (kg/m?), U is the flow velocity (m/s), { is the char-
acteristic length (m), and u the dynamic viscosity (Pa-s)

Re = (1.2)
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1.5. Diffusion theory

For oxygen mass transfer, it is assumed that the solute oxygen is sufficiently dilute
such that it does not affect the motion of the solvent, for instance, the cell medium.
The mass transfer of dissolved oxygen, through the cell medium or oxygen-permeable
membrane, is the transport of a dilute species described by the convection-diffusion
equation in equation 1.3.

%+u-vc:Dv2c+R (1.3)

In the equation, c is the concentration (mol/ m3), t is time (s), u is the velocity field
(m/s), D is the diffusion constant (m?/s), and R is the sink term (mol/m>/s). The
term u - V¢ relates to convection, the term DV?c relates to diffusion, and the term R
relates to a reaction, for instance, cellular oxygen consumption.

For transient diffusion over time (excluding convection), Fick’s second law of dif-
fusion for the concentration c in one dimension x is stated in Equation 1.4. Fick’s
second law can be solved with the complementary error function in Equation 1.5. In
this equation, c; is the saturation concentration (mol/ m?), ¢g is the initial concentra-
tion (mol/m?), x is the diffusion length (m), D is the diffusion constant (m?/s), and ¢
is the time (s).

dc 0%c

5 = DW (1.4)
X

c(x,t) = co+ (cs — ¢p) - erfc (2\/31%) (1.5)

1.6. Fs laser fabrication

In this project, a microfluidic gas exchanger will be designed and fabricated to enable
the regulation of dissolved oxygen into a culture medium. Glass could be a potential
material choice. Several manufacturing possibilities are possible for making channels
on a glass substrate. Glass is a relatively brittle material that cracks or burrs easily
when exerting too much power due to its thermal properties. Therefore, precise and
steady machining is needed. For this purpose, the Lasea Femtosecond Fs laser system
has been chosen for laser ablation.
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1.6.1. Introduction to Fs laser ablation

Laser ablation is a technique that utilizes a highly focused laser beam to remove
material from a solid surface. In the case of glass, this technique offers advantages
over traditional machining methods because it minimizes thermal damage to the
material. The Lasea fs laser emits ultrashort pulses with a duration in the domain
of 1071 seconds. These pulses are extremely brief, allowing for precise material
removal without excessively heating the glass, which could otherwise cause it to
break or crack.

1.6.2. Fs laser ablation theory

A Fs laser emits a pulse by opening and closing its shutter. The energy per unit area
incident to the substrate is called the fluence, F. In this equation, E is the laser energy
and A is the area of the laser spot. The laser spot size is 0.025 mm.

E
F=t (1.6)

Figure 15 shows the difference between a long and short pulse laser. It is visible that
a longer laser pulse will result in a loss of quality of the laser result. Femtosecond
laser ablation is therefore more promising for good quality demands.
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Figure 15.: Difference between long and short pulse laser ablation
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1.6.3. Laser system components

The Lasea Fs laser system is comprised of several important components, each play-
ing a crucial role in the laser ablation process. These components include:

Aerotech stage: Provides precise movement control of the stage bed, ensuring
accurate positioning for laser ablation.

Lens: Focuses the laser beam to a small spot size on the surface of the glass,
enhancing precision and efficiency.

Mirrors: Direct and reflect the laser beam, guiding it along the desired path on
the glass substrate.

Laser source: Generates the ultrashort pulses of laser light used for ablation.

Camera: Monitors the ablation process, allowing for real-time feedback and
adjustment as needed.

Beam Expander: Adjusts the diameter of the laser beam to suit the application,
optimizing processing parameters.

Beam Splitter: Divides the laser beam into multiple paths for simultaneous
processing or monitoring.

Beam Shutter: Controls the timing and duration of laser exposure to the work-
piece, ensuring precise material removal.

Beam Profiler: Measures the spatial intensity distribution of the laser beam,
ensuring uniformity and consistency of processing.

Cooling System: Maintains stable operating temperatures for the laser source
and other components, preventing overheating and ensuring long-term reliabil-

ity.

1.6.4. Important laser parameters

A range of parameters must be tuned to the specific material and goal in laser ablation
processes. Initially, a systematical set of parameters was attempted, followed by an
analysis of the results. Among these parameters, the most critical ones include:

Power % of maximum output power (15 Watts): This parameter determines the
intensity of the laser beam.

Speed (in mm/s): Denotes the moving speed of the stage, influencing the energy
delivered to a certain location on the material.

Repetitions: Quantifies the number of times the laser repeats the same pattern.
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* Hatching pitch (in mm): Describes the distance between two adjacent hatching
lines in mm. Hatching involves removing a surface by employing a specific
pattern of multiple lines.

* QOutlines and outline pitch (in mm): Denotes the number of outlines, lines
added to the initial shape, and the distance between two of these lines. In some
specific shapes, this can give the same effect as hatching.

¢ Layers and layer pitch (in mm): Describes the number of layers with a certain
offset denoted by the layer pitch.
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Fabrication of a glass microfluidic gas exchanger using a femtosecond laser

Jelle Smit?
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Abstract

Organ-on-chip (OoC) technology has transformed biomedical research by providing a platform to simulate physiological conditions
for drug development and disease modeling. Incubator-free OoC systems offer notable advantages over traditional approaches, in-
cluding enhanced adaptability and impermeability to gases. Nevertheless, achieving precise oxygen regulation remains a challenge
in such systems. This thesis investigates the application of femtosecond (Fs) laser ablation to fabricate a glass microfluidic gas
exchange system for accurate oxygen regulation in incubator-free OoCs. Through successful engraving of fluidic channels and in-
tegration of an off-the-shelf optical oxygen sensor, this study highlights the efficacy of Fs laser technology in the rapid prototyping
of intricate glass microfluidic devices. Despite encountering challenges such as dimensional losses and debris clogging, the study
presents a functional gas exchanger prototype. Future research directions include optimization efforts, addressing issues like gas

permeation through connectors, and testing under physiological conditions to further advance OoC technology.

Keywords: Microfluidics, Gas exchanger, Miniaturization, Optical oxygen sensing, Fs laser fabrication, Sensor integration,

Organ-on-Chip

1. Introduction

In the past two decades, Organ-on-Chip (OoC) technology
has significantly advanced biomedical research, particularly in
drug development and disease modeling (Driver et al. (2023)),
by providing a controlled environment to mimic physiolog-
ical conditions without the need for human or animal test-
ing Lin, K-C et al. (2022). However, precise oxygen reg-
ulation remains an essential yet challenging aspect (Place et
al. (2017)). While adept at maintaining temperature and gas
composition, traditional incubator-based systems often lack or
face challenges in essential fluid flow and real-time imaging
Zhang, Yu Shrike et al. (2017). Furthermore, refreshing cul-
ture medium within incubators often results in abrupt shifts in
temperature, gas concentrations, and cessation of nutrient sup-
ply, potentially disrupting cellular environments (Fujiwara et
al.  (2007)). Incubator-free OoCs hold promise due to their
easy adaptability to specific cellular needs and when utilizing
glass, impermeability to gases. Yet, achieving precise oxygen
regulation in incubator-free OoCs presents a significant chal-
lenge. Therefore, the need for an oxygen regulation system, or
a gas exchanger as depicted in Figure 1, arises to address this
issue. Diffusion is the physical process involved, where a gra-
dient in oxygen concentration between the gas and liquid layers
determines the direction of oxygen transport (indicated by the
green arrows, which can point toward either direction, but only
one direction at a time).To fabricate a miniaturized, glass gas
exchanger, femtosecond (Fs) laser engraving offers a novel ap-
proach to creating glass microfluidic devices with precision and
versatility, eliminating the need for masks and chemical devel-
opers, unlike other methods such as photolithography and wet
etching Hamed, Hazem et al. (2023).

This thesis leverages Fs laser technology to rapidly prototype
a microfluidic gas exchange system, integrated with an off-the-
shelf optical oxygen sensor for real-time monitoring. The goal
is to demonstrate the efficacy of Fs laser engraving in fabri-
cating gas exchange systems capable of addressing the criti-
cal challenge of oxygen regulation in incubator-free OoC plat-
forms.

The central research question driving this study is: How can
Fs laser technology be utilized to rapidly prototype a microflu-
idic gas exchanger system for accurate oxygen regulation in
incubator-free OoCs?

By elucidating the fabrication process and highlighting the
advantages of Fs laser engraving, this thesis aims to contribute
to OoC technology, fostering physiologically relevant in vitro
models for biomedical research toward the ultimate goal of
Human-on-Chip.

2. Materials and Methods

2.1. Materials

Several materials are used for this project. A detailed list
including brands and serial numbers can be found in Appendix
C

2.2. Methods

Figure 2 provides an overview of the entire system. A mi-
crofluidic gas exchanger comprises a liquid channel responsible
for transporting the culture medium, which contains vital nutri-
ents for specific organ cells. To manipulate the oxygen con-
centration within this flow, another pathway is dedicated to gas
flow. These two streams are separated by a membrane, which
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Figure 1: Schematic representation of a gas exchanger with oxygen diffusion,
the direction of the green arrows depends on the oxygen concentration gradient
between the gas and liquid channels

selectively allows gases to diffuse through. A gas concentration
gradient across this membrane is the driving force for regulating
and controlling the concentration levels. The liquid is initially
perfused from the syringe pump through the gas exchanger to-
wards the Micronit chip, where the cells can be housed. At
the same time, the gas flow begins from the Bronkhorst OEM
(Original Equipment Manufacturer) gas supply system, moves
through the gas flow reducer into the gas exchanger, and then
into the surrounding ambient air. Optical measurements within
the microfluidic device enable monitoring of oxygen concentra-
tion inside the cell chamber.

2.2.1. Gas Exchanger Subsystem

Central to the overall system is the microfluidic gas ex-
changer subsystem, representing a pivotal and innovative com-
ponent. This subsystem is designed to accommodate ports for
both liquid and gas inflow and outflow, facilitating the efficient
regulation of oxygen concentration within the liquid flow.

Gas Exchanger Design

The design of the microfluidic gas exchanger is grounded in
a compact and intricate glass-polydimethylsiloxane (PDMS)-
glass sandwich structure, as shown in Figure 3 and Figure 4.
This configuration plays a critical role in orchestrating the con-
trolled exchange of gases within the system while preventing
undesired gas permeation, given the inherent gas impermeabil-
ity of glass. Positioned between two glass layers, the PDMS
layer functions as a selectively permeable membrane, facilitat-
ing the diffusion of gases into the liquid stream while imped-
ing the passage of larger molecules, solids, nutrients, or culture
medium. The PDMS membrane layer is sourced from a readily
available PDMS sheet.

A standard borosilicate glass microscope slide is selected for
its convenience and widespread availability. To mitigate the
risk of trapping air or inducing turbulent flow, both the liquid
and gas channels feature a filleted perimeter. The gas chan-
nel fully overlaps with the liquid channel to optimize diffusion,
with slight extensions to ensure unobstructed port access. This
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Figure 2: System overview

top-connect gas exchanger sandwich structure is designed for
easy placement on a benchtop, potentially atop a heating plate.
Additionally, blind holes are incorporated into the design to
aid in accurate alignment of the fluidic ports above the chan-
nel apertures.

A custom alignment tool was created through 3D printing
to enhance the alignment of the layers in the sandwich struc-
ture. This tool was designed to maximize the contact surface
area, promoting optimal bonding between layers. Addition-
ally, precise alignment facilitated unobstructed fluid pathways
from the ports into the sandwich structure. The alignment tool
was printed using PETG (polyethylene terephthalate glycol) fil-
ament on the Prusa i3 MK3S+ 3D printer using generic PETG
and 15% infill settings. PETG is chosen for its ease of printing,
robust mechanical properties, and chemical resistance, which
is essential for sterilization before device assembly. The align-
ment tool comprises a base with four pins spaced at the same
intervals as the through holes in the device layers, as shown in
Figure 6. These through holes are positioned near the edges
of the device layers, allowing for gradual layer placement sim-
ilar to a hinge, thereby minimizing bubble entrapment during
bonding.

Gas exchanger modeling
Detailed SolidWorks models were crafted to enhance the com-
prehension of the gas exchanger’s intricate geometry. Appendix
F contains technical drawings with all critical dimensions for
each gas exchanger layer and the 3D alignment tool. The liquid
channel, with a depth of 300 um, exhibits an almost oval shape,
measuring 4 mm in width at its widest point, and spanning a
length of 10 mm. Conversely, the gas channel, slightly more
elongated, maintains a depth of 500u m, also spanning 4 mm in
width at its broadest part, and extending to a length of 25.3 mm.
Figure 3 offers a visual depiction of the gas exchanger, with the
PDMS membrane layer depicted in white for clarity. Figure 4



presents an exploded view, highlighting the distinct layers of the
structure. Additionally, a sectional view in Figure 5 showcases
the complete diffusional contact, with both channels separated
by the PDMS membrane layer.

Figure 3: SolidWorks isometric image of the gas exchanger. The liquid body
within the liquid channel is represented in green, while the gas body within the
gas channel is illustrated in purple.

L |
1cm

Figure 4: SolidWorks exploded view of the gas exchanger. The liquid body
within the liquid channel is represented in green, while the gas body within the
gas channel is illustrated in purple.

Diffusion modeling
A comprehensive dimensional analysis using COMSOL Multi-
physics software was conducted to evaluate the gas exchanger
model’s performance, determined by the ability to reach all
needed oxygen concentrations specific for each organ.

The model, constructed in three dimensions, uses a simpli-
fied rectangular representation of the gas exchanger’s geometry
and predicts the concentration profile within it. This simplified
geometry is shown in Figure 7. In this figure, the top layer is
the gas channel, the bottom layer is the liquid channel, and the
membrane layer in between. Laminar flow physics is applied
to the culture medium and gas domains, while transport of di-
luted species (TDS) physics is implemented across all domains.
The liquid flow will be perfused through the entire system at
a predetermined flow rate of 35 ul/min, as specified by van
Reeuwijk, Matthijs (2021).

In the analysis, a limit case scenario is considered: the lig-
uid and membrane start fully oxygen-saturated, and nitrogen

Figure 5: SolidWorks zoomed-in section view of the gas exchanger, with the
section made through the center along the long side of the gas exchanger. The
liquid body within the liquid channel is represented in green, while the gas body
within the gas channel is illustrated in purple.

Figure 6: 3D printed alignment tool

is used to withdraw oxygen from the liquid through the mem-
brane into the gas stream. Notably, the time required to tran-
sition from co=0 mol/m> to cpax of 0.20 mol/m?® of oxygen
molecules in the liquid is equivalent to the reverse step of reach-
ing co=0 mol/m? starting with ¢, in the liquid according to the
convection-diffusion equation provided in the background sec-
tion 1.5.

Key parameters investigated include gas and liquid flow
rates, membrane thickness, channel dimensions, length of the
gas exchanger, and temperature which can be found in Ap-
pendix G.

Insightful results from the COMSOL model reveal the transi-
tion of oxygen concentration at the culture medium outlet from
an initial fully oxygen-saturated state to a lower limit value over
time. Specifically, the oxygen concentration at the liquid out-
let, with this geometry, has the lowest oxygen concentration
of 12 x 10 mol/m® of oxygen molecules, which is equiva-
lent to 0.047 mmHg. For practical purposes, this value will
be considered as 0 mmHg. This concentration is significantly
lower than the desired concentration required for different or-
gan needs, which ranges from 0.0079 to 0.014 mol/m® (31 to
56 mmHg) McKeown, SR. (2014). Thus, it can be concluded
that there is sufficient capacity to meet the oxygen demands of
all organs.

Please note that this COMSOL model assumes rectangularly



Figure 7: COMSOL gas exchanger geometry, top layer: gas channel, middle
layer: membrane layer, bottom layer: liquid channel

shaped channels instead of the filleted, more ovally-shaped gas
exchanger channels. The concentration setting time is approxi-
mately 80 seconds to reach within a 10% deviation from the set
concentration (c=0.02), and 140 seconds to reach within a 1%
deviation from the set value (c=0.002).

The concentration profile is shown in Figure 8. The x-axis
represents time in seconds, while the y-axis represents concen-
tration in mol/m3. The concentration in this plot is the average
value of the concentration at the liquid channel’s exit, chosen to
provide a fair result, as the concentration might vary throughout
the liquid outlet.

Additionally, the velocity profile throughout the gas ex-
changer is depicted in Figure 9. The top section represents the
gas channel, while the bottom rectangle represents the liquid
channel. The different colors in the heat map denote the fluid
velocity throughout the channels. The gas flows at a signifi-
cantly higher velocity through the channel compared to the lig-
uid. The highest flow velocity is observed at the center of the
channel.

Deformation of PDMS membrane

This section provides a comprehensive overview of the mod-
eling process for PDMS membrane deformation, a pivotal as-
pect in the design of this microfluidic gas exchanger since too
large pressure differences across the membrane can result in
blockages, tears in the PDMS layer and even leaks and cross-
contamination.

Various factors influence membrane deformation, including
material properties such as Young’s Modulus (E) and geometric
considerations like membrane width and thickness. Addition-
ally, factors such as pressure differentials across the membrane
play significant roles.

Simulation is carried out using COMSOL Multiphysics soft-
ware, utilizing Solid Mechanics with plane strain physics.
The model geometry adopts a straightforward beam deflection
model, wherein the width signifies the actual liquid and gas
channel width (4 mm), and thickness (170 um) reflects the
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Figure 8: Concentration profile showing the average concentration at the liquid
channel’s exit over time.
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Figure 9: Velocity profile throughout the gas exchanger. The top section rep-
resents the gas channel, and the bottom rectangle represents the liquid channel.
The heat map colors indicate fluid velocity.

membrane thickness. A 2D model is selected for computational
simplicity, given that deflection in the z-direction remains inde-
pendent of length due to fixed supports along the borders where
no gas or liquid flows. PDMS is added to the simulation having
Young’s modulus (2.2 MPa) and Poisson ratio (0.499) (Gang-
war, Sudhanshu et al. (2024)) (Dogru et al. (2018)). Bound-
ary conditions are applied, with fixed supports to prevent defor-
mation on vertical boundaries. In contrast, the top horizontal
boundary receives a distributed load by pressure (AP) to reflect
uniform absolute pressure in that direction.

It’s important to note that the bonding between the PDMS
membrane and substrate is assumed to be perfectly tight and
strong, eliminating any potential influences on membrane de-
formation.

From the calculations detailed in Appendix D, it is deter-
mined that the expected pressure difference across the mem-
brane is AP = 229 Pa. This calculation relies on the Hagen-



Poiseuille equation, as shown in Equation 1, where AP repre-
sents the pressure drop (in Pa),  denotes the dynamic viscos-
ity (in Pa-s), L represents the characteristic length (in meters),
QO signifies the fluid flow rate (in m3/s), r denotes the channel
radius (in meters), w the channel width (in meters), and ¢ the
channel height (in meters).

8nL
APy = 77 4Q for circular channel

172TrLQ M
APpet = th3 for rectangular channel

The displacement plot, shown in Figure 10a, reveals that with
a pressure difference of 229 Pa, the membrane model exhibits
the most deformation towards the gas channel side. This is fur-
ther illustrated by the displacement versus pressure difference
graph of the center point with the most overhang, depicted in
Figure 10b. Therefore, with a maximum membrane deforma-
tion of 6 = 100 um, significantly below the gas channel height
of 500 um, it is disregarded.
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Figure 10: Membrane deformation analysis

2.2.2. Liquid flow system

The gas exchanger is part of the liquid flow system as shown
in Figure 2. The other components are the syringe pump, gas-
tight syringe, tubings, and connectors as well as the Micronit
chip. Poly ether ether ketone (PEEK) connectors and tubing are
chosen to minimize unwanted oxygen permeation through the
connector material since PEEK has a relatively low diffusion
coefficient of D = 0.473 x 10~'2 m?/s (Monson, Loxie, Sung In
Moon, and CW Extrand. (2013)). The inside part of a needle
gauge number 32 (Nordson Precision Tips) is used to connect
the tubing to the gas exchanger liquid ports, which are made by
another piece of PEEK tubing. The procedure for separating
the needle gauge inside from its cap is explained in Appendix
H.1.

2.2.3. Gas flow system

As visible in Figure 2, the gas system starts with the
Bronkhorst OEM gas supply system at Erasmus Medical Cen-
ter, to provide a free-to-choose gas composition. The sys-
tem consists of 4 independent GUI (Graphical User Interface)-
controlled Mass Flow Controllers (MFCs), all connected to a
gas supply tank of nitrogen, air, oxygen, and carbon dioxide.
The Bronkhorst system is only operational at a minimum of 40
ml/min. for each gas flow. Appendix L provides the com-
positions of each gas required to achieve specific concentra-
tions of oxygen and carbon dioxide as well as a picture of the
Bronkhorst OEM gas supply system. For some gas mixtures,
a total gas flow rate of 200 mL/min. satisfies, but for lower
oxygen concentrations, the total gas flow should scale up two-
fold to 400 mL/min. The gas flow rate exceeds the capacity
of our compact gas exchanger, prompting the design of a sim-
ple gas flow reduction system. This setup diverts a significant
portion of the gas mixture from the gas exchanger. The setup
consists of a gas tube connected to a T-connector. Two out-
let tubes extend—one to ambient air and the other to a manual
control valve. Adjusting the valve reduces the gas flow rate to
a level sustainable by the gas exchanger.

2.2.4. Oxygen sensing subsystem

In this project, small oxygen-sensitive sensor spots play a
crucial role in measuring dissolved oxygen levels. Specifically,
one sensor spot is strategically positioned before the intended
location for cell placement, ensuring accurate measurement of
the oxygen concentration at this pivotal point. While the focus
of this project is on utilizing the first sensor spot, it’s worth
noting that other users have the option to integrate a second
sensor spot behind the cells to monitor cellular oxygen uptake.

These sensor spots are seamlessly integrated into a commer-
cial Micronit glass microfluidic chip in a zero dead-volume con-
figuration. This integration process involves placing the sensor
spots within blind holes fabricated into the glass slide. Sub-
sequently, the sensor spots are securely fitted into the cavities
using a force fit method. Once the sensor spots are firmly in
place, the Micronit chip can be closed and operated following
the manufacturer’s instructions.

Figure 11 demonstrates the arrangement of the sensor spots
on the Micronit glass slide, depicted by the pink circles. These
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Figure 11: Micronit chip schematic, in yellow the cell placement area, pink the
sensor spots, and in red the imaging window

spots are strategically positioned to enable probing from the top
through the imaging window of the Micronit clamp, indicated
by the red rectangle. The yellow area denotes the space avail-
able for cell placement. The Micronit chip located inside the
Micronit Pro Holder clamping device is shown in Appendix B

2.2.5. Fabrication

In this section, we will discuss the fabrication steps for the
gas exchanger and sensor spot integration hole. The fabrication
process involves multiple parameters that influence the result of
the Fs laser job, necessitating optimization to determine opti-
mal settings. Figure 12 illustrates a schematic representation of
common etching settings. The Fs laser utilized in this process
is the Lasea LS-Lab (50 fs, 515 nm, 15 Watts). For detailed
instructions on laser fabrication, please refer to Appendix B.1.
Additionally, Appendix I presents a cause-effect (Ishikawa)
diagram outlining the determinants that influence the quality of
the laser result.
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Figure 12: Representation of common etching settings
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Figure 13: Optimized laser fabrication parameters chart

Optimizing laser fabrication parameters

Parametric sweeps are performed to optimize the combina-
tion of important parameters in laser ablation processes. In
these sweeps, a parameter of choice is varied systematically,
while keeping all other settings the same. For example, pa-
rameters such as stage moving speed can be varied to explore
their effects on the ablation process. First to get a general idea
and later for through hole cutting or engraving channels specif-
ically. The varied parameters for each goal are visible in Figure
13. For further insights into the theory and meanings of the
parameters, refer to the background section 1.6 of this report.

The speed at which the stage moves, and consequently, the
energy applied to the surface, is anticipated to have a signifi-
cant impact on quality. A high moving speed is likely to ex-
pedite certain portions of the trajectory, potentially resulting in
shortcuts.

The outline pitch will determine the overlap between layers
and therefore highly influence the etching depth, which needs
to be of an extremely high aspect ratio to cut entirely through
the glass slide.

The number of repetitions can be an interesting parameter to
analyze how effective an increased amount of repetitions will
be on the etch depth and quality.

For through holes, two approaches are compared. One uses
hatching to remove the entire surface where the through hole
should be and the other makes a cut around the perimeter so it
can be pressed out of the substrate.

Using different hatching pitches and hatching patterns will
also be investigated, to inspect their influence on quality.

To streamline the process and save time, various settings
will be initially tested on a smaller sample before being im-
plemented in the actual channel fabrication for engravings.

Characterization of quality and roughness
To assess the quality of the result, built-in LS-VIEW camera of
the laser cutter provided an initial assessment of the quality of
the results. However, this camera can not adjust the magnifica-
tion, so a different microscope will be used as well.

The Keyence digital microscope provides high-quality imag-
ing with a variety of magnification options, ranging from 20X



to 2000X. Additionally, it can generate 3D images for inspect-
ing surfaces in 3D and assessing surface roughness. However,
special attention and adjustments are essential to achieve opti-
mal results when working with transparent glass. This involves
using a marker to highlight the top of the glass slide for better
contrast and conducting multiple trials to obtain accurate results
without any unwanted spurious peaks.

2.2.6. Assembly plan

After laser fabrication of the gas exchanger layers, all lay-
ers were assembled according to the fabrication and assembly
protocol detailed in Appendix B.2. The assembly process be-
gan with cleaning, which involved using an ultrasonic bath for
three minutes on a full cycle, washing with dishwasher soap and
warm water, cleaning with isopropanol alcohol (IPA), and dry-
ing on lint-free laboratory paper. Surface activation was then
performed using a plasma gun (Piezo brush PZ3 from Relyon
Plasma GmbH) for 30 seconds on each surface, repeated twice
at standard 100%. The layers were aligned using the 3D printed
alignment tool, and subsequently placed in an oven (Memmert)
at 65°C for five hours, under compression by a nearly 2 kg piece
of scrap steel. After these steps, the device layers were neatly
bonded, and the ports were glued in the correct locations using
super glue (Loctite, Super Glue-3). Safety precautions, such
as careful handling of glue to prevent eye or skin contact and
wearing appropriate personal protective equipment (PPE), are
thoroughly discussed in Appendix B.3.

2.2.7. Experimental plan
Liquid Flow Testing
Liquid flow needs to be tested through each component to
check for leakages. Milli-Q water was used in all liquid flow
experiments for cost savings compared to a culture medium.
First, the liquid will be perfused from the syringe to the Mi-
cronit chip without the gas exchanger in between.

During the next experiment, the liquid will be perfused from
the syringe through the gas exchanger without the Micronit
chip, at flow rates ranging from 35 uL/min to 245 pl/min. This
variation in flow rates aims to assess whether different rates still
avoid overpressurizing the device and causing leakages. This
step allows for the detection of leakages from the sides of the
sandwich structure or contamination into the gas channel. Signs
of such issues include observing liquid exiting through the gas
ports and noting a change in transparency within the gas chan-
nel, indicating potential liquid contamination. Laboratory pa-
per towels, commonly used in labs to clean and dry surfaces,
are placed around and under the device. By observing these
towels and noting any brownish or wet spots, one can quickly
identify if the chip is leaking.

Gas Flow Testing

Next, the gas flow without contamination or leakages into the
liquid channel or from the sides of the sandwich structure will
be tested by submerging the gas exchanger and N, gas flow-
ing at 40 mL/min., without the gas flow reduction system con-
nected, for easier bubble-seeing if they are present. hoping to
see only bubbles at the gas outlet.

Next, the gas flow reduction system with the manual control
valve and T-junction is tested by putting both gas tubes into a
separate beaker glass at the same depth with the same amount
of water. By turning the manual control valve, we should be
able to adjust the bubbling rate and therefore the gas-splitting
ratio in both beaker glasses. To lower the gas flow rate from 40
mL/min. to around 5 mL/min. the gas-splitting ratio should be
1:8. The pitch of the control valve that shows a bubbling ratio of
1:8 in the beaker glasses will be chosen for the next experiment
where 5 mL/min. is desired.

Next, the reduced gas flow rate of + 5 mL/min. needs to be
tested into the gas exchanger. The manual control valve is kept
at the same closing amount corresponding to a 1:8 gas-splitting
ratio. A drop of water can be placed with a small syringe on
the rim of the gas exchanger gas outlet to determine if gas flow
exits through the gas exit, by checking bubbling behavior. Ad-
ditionally, the liquid ports can be closed to ensure no gas leaks
occur through those ways.

Oxygen Tightness Testing Without Gas Exchanger
The next experiments will be conducted to assess the oxygen
tightness of the system. The aim is to investigate the limit case
of oxygen-free water in an air-saturated ambient environment,
as this scenario presents the largest gradient of oxygen con-
centration and is therefore most critical for evaluating potential
oxygen leaks.

To achieve deoxygenated water in a beaker glass, the cali-
bration procedure and materials utilized for achieving 0% of
oxygen will be replicated, with the calibration steps and results
presented in Appendix J. Milli-Q water will be placed inside a
beaker glass, and pure nitrogen gas will purge the Milli-Q wa-
ter free of oxygen. The gas-tight syringe will be charged with
nitrogen gas at a flow rate of 2 L/min to ensure complete dis-
placement of oxygen. Subsequently, the syringe will be emp-
tied into the beaker glass, and water will be slowly drawn into
the syringe until filled, ensuring a bulk of near oxygen-free wa-
ter with minimal impact on liquid oxygen concentration.

For these experiments, the filled syringe will be connected
to the syringe pump and tubing leading to the Micronit chip,
bypassing the gas exchanger. Oxygen saturation will be contin-
uously measured by the sensor spot while perfusion is initiated
using the syringe pump.

Both experiments will adjust the liquid flow rate in incre-
ments of 35 uL/min. and will assess the steady state of each
flow rate and will also stop perfusion and close the ports of the
system to check for unwanted gas permeation through leaks.
A laboratory stand with a clamp and hub head will be used to
locate the optical fiber tip above the sensor spot for automatic
data receiving during these experiments. This setup is shown
in Appendix B.

Oxygen Saturation Regulation Testing Using Gas Exchanger

In this section, the testing procedure for the oxygen satura-
tion regulation experiment examining the success of the gas ex-
changer will be outlined.

The initial steps mirror those used in the previous experi-
ments. N, gas is drawn into the syringe, and Milli-Q water is
deoxygenated using the established procedure. Subsequently,



the deoxygenated Milli-Q water is loaded into the syringe pump
and perfused through the entire system at a rate of 35 uL/min.
After registering a plateau in air saturation by the Presens
sensor, a gas flow of 40 mL/min. of N, gas is introduced
through the gas exchanger to observe its impact on the result.
Once a new steady state of air saturation is achieved, the gas
flow is adjusted to 40 mL/min. of airflow. Following stabiliza-
tion at this setting, N, gas is again introduced at a flow rate
of 40 mL/min. in an attempt to reach the same steady state
air saturation value as observed previously. This step aims to
demonstrate the absence of hysteresis in the results.

3. Result

3.1. Optimized Fs Laser Fabrication Settings

This section shows a selection of the results of the parametric
sweeps and concludes on the optimal settings for each job type.
Appendix E shows all additional samples and all used settings.

3.1.1. General Sweeps Results

The images presented below illustrate the outcomes of four
circle fabrication tasks conducted at different speeds. As de-
picted in Figure 14, the initial parametric sweep explored vari-
ous speed configurations, revealing that speeds surpassing 1350
mm/s lead to a reduction in job precision, causing the circle to
become more oval-shaped. At even higher speeds, job accuracy
is completely compromised. On the contrary, excessively low
speeds, such as 50 mmy/s, result in reduced quality due to in-
creased cracking in the glass substrate, as excessive energy is
applied to the surface. The specific settings utilized are detailed
in Appendix E.1.

(a) Speed: 50 mm/s (b) Speed: 650 mm/s

(c) Speed: 1350 mm/s

(d) Speed: 1650 mm/s

Figure 14: Circle fabrication results at different speeds

Moving forward, stage moving speeds are chosen to remain
below 1350 mm/s to maintain dimensional accuracy. When us-
ing this specific set of parameters, speeds over 50 mm/s are
employed to ensure optimal result quality.

3.1.2. Through Hole Optimization

Next, specific parametric sweeps are conducted for through
holes. Initially, through holes are tested using perimeter cutting.
Circles with varying outline pitches are examined to investigate
substrate penetration during cutting, aiming to reduce process-
ing time while achieving deep penetration. In Figure 15, the
top-left of each subfigure presents a 3D heat map illustrating
the sample’s height distribution. However, this data can be in-
fluenced by spurious peaks due to the transparency of the glass,
which should be disregarded. The top-right figure indicates
the location where a section line is positioned over the groove.
The lower subfigure of each panel exhibits the surface profile
along the section line from both sides of the groove. Compar-
ing this highlights that smaller outline pitches facilitate effective
and deep cutting, except for the sample smaller than 0.025 mm
(the laser spot size), whereas larger pitches lead to reduced effi-
ciency due to insufficient overlap between outlines. The sample
demonstrating the optimal rectangular channel shape, charac-
terized by superior penetration of approximately 100 wm, sur-
passing that of the other samples by at least twofold, and mini-
mal dimensional loss, is the second sample, featuring the deep-
est and narrowest groove. This establishes an optimal outline
pitch of 0.025 mm. All utilized settings are detailed in Ap-
pendix E.2.

Using the determined optimal outline pitch, we investigate
the impact of additional repetitions on the quality and depth
of the resulting groove, with detailed settings provided in Ap-
pendix E.3. Analysis of the surface profile depicted in the lower
portion of each subfigure in Figure 16 reveals that initially, a
higher number of repetitions enhances the etching depth. For
instance, all samples with 400 or more repetitions exhibit an
etch depth exceeding 100 um, whereas those with fewer rep-
etitions typically range from 70 to 90 um in depth. However,
employing more than 400 repetitions does not notably augment
the depth, as most samples maintain a depth close to 100 um,
albeit with slight variations across the groove, evident from the
3D height difference heat maps in the top left of each subfigure.
To optimize job efficiency, repetitions are capped at 400 times,
as further increases offer minimal improvement in etch depth
while prolonging job duration.

Next, through holes were created using two distinct meth-
ods: perimeter cutting and area hatching, chosen based on re-
sult quality and time constraints. Perimeter cutting employed
the previously established optimal outline pitch and number
of repetitions. Since the results from the repetition sweep at-
tempts did not achieve full penetration of the 1 mm glass sub-
strate thickness, incremental layering was implemented. This
involved the Aerotech stage moving up in defined step incre-
ments following specific prompts during the laser job. By ad-
justing the stage position in increments of 0.1 mm, which cor-
responded to the observed groove depth from the earlier ex-
periments, the laser maintained focus on the material being re-
moved, thus enhancing cutting efficiency. This stage movement
strategy was applied to both cutting methods.

During perimeter cutting, the laser encountered difficulty
fully penetrating the substrate due to glass debris accumulating



(c) Outline Pitch: 0.0625 mm (d) Outline Pitch: 0.075 mm

Figure 15: Effect of different outline pitches on etch depth and groove quality



(a) Repetitions: 100

(b) Repetitions: 400

(c) Repetitions: 900

Figure 16: Effect of different number of repetitions on etch depth and groove
quality
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inside the groove. Despite attempts to remove material layer by
layer, the groove became too deep and narrow for effective fume
extraction, leading to obstruction by glass debris. Subsequently,
the substrate was flipped upside down, and the process was re-
peated from the backside to achieve complete cutting through.
The loose centerpiece could then be removed, typically with
tweezers.

The results of both methods are visually presented in Figure
17. Orange and green markers define the analyzed line’s begin-
ning and end in the upper left section of both subfigures, with
the line viewed from a different angle in the upper right cor-
ner. The height profile of each point along this line is displayed
below, providing insight into the through hole’s dimensional
accuracy.

Analysis of these profiles reveals a gradual decrease in height
after the hole’s edge for both methods, contrary to the an-
ticipated sharper decline. Notably, the through hole created
via area hatching displays a spurious peak in the height pro-
file, likely due to imperfections on the microscope bed, which
should be disregarded in the assessment.

Further calculations on the slope of the hole wall, detailed
in Appendix K, show perimeter cutting with a slope absolute
value of 9.36 m/m and area hatching with a slope absolute value
of 3.5 m/m. Despite both holes being intended to be 1.8 mm
in diameter, they are smaller, with the perimeter cutting hole
around 1470 um and the area hatching hole nearly 1250 um, as
estimated in Appendix K as well.

Comparing the methods, perimeter cutting demonstrates
higher quality, dimensional accuracy, and slope value along the
hole’s wall. It exhibits fewer debris remnants on the side walls
and a more pronounced decrease in height after the hole’s edge,
ensuring a more consistent hole diameter.

Both methods required approximately 30 minutes for 1.8 mm
diameter holes, although part of the time for perimeter cutting
was allocated to manually flipping and realigning the sample.
As hole size increases, preference is given to perimeter cutting
to reduce processing time, considering the slight increase in
perimeter compared to the quadratic increase in surface area
with diameter. However, for smaller holes (j0.5 mm), area
hatching may be preferred to avoid challenges in center part
removal without appropriate tools. All utilized settings are doc-
umented in Appendix E.4.

3.1.3. Channel Engraving Optimization

Initially, a comprehensive array of rectangles with different
settings is generated. The used settings are in Appendix E.6.
Notably, the hatch pattern significantly impacts the outcome.
As depicted in Figure 18, three distinct hatch patterns, namely
horizontal, erode, and 135-degree diagonal, were employed.
The erode pattern was deemed unsuitable for this task primarily
due to its lack of uniform flatness, whereas the 135-degree di-
agonal and horizontal hatch patterns demonstrated similar, im-
proved results. Notably, these two patterns exhibited fewer ir-
regularities and a flatter surface profile compared to the erode
pattern, which is crucial for a flow channel. Moreover, the hori-
zontal hatch pattern yielded an even flatter surface than the 135-
degree diagonal hatch pattern. Additionally, it’s worth men-



(a) Perimeter cutting result

]
(b) Area hatching result

Figure 17: Results of through hole methods used, comparing area hatching and
perimeter cutting
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tioning that the depth of the channel varied among the samples,
with the horizontal and erode hatch patterns reaching a maxi-
mum depth of approximately 200 um, while the diagonal hatch
pattern reached a maximum depth of around 150 pum. From this
point forward, the horizontal hatch pattern will be employed.

Within the remaining set of rectangles, configurations fea-
turing low power settings exhibited notably smoother channel
prospects. As depicted in Figure 19, two rectangles sharing
identical settings except for power are compared. It is observed
that a decrease in power results in a rapid reduction in channel
etch depth. Specifically, the sample with power=0.15 Watts,
the minimal value possible, achieves a depth of only around
100 um, whereas the job with power=0.45 Watts yields a depth
of approximately 250 um. Nevertheless, the fabrication of these
channels took several hours due to the slow stage moving speed,
small hatch pitch, and large number of repetitions, rendering
them impractical for real gas and liquid channels.

To find a more time-efficient combination of settings suit-
able, with again a relation between etch depth and laser settings,
circles were fabricated. The used settings for these circles are
in Appendix E.9. The outcomes of these experiments are de-
picted in Figure 20, showcasing channels of different depths
tailored for specific applications. Specifically, Figure 20a ex-
hibits a channel with a depth of nearly 300 um, well-suited for
the liquid channel. Conversely, Figure 20b portrays a channel
with a depth of approximately 500 um, having the desired depth
for the gas channel.

To explore the impact of hatching pitch variations and the use
of fume extraction on channel quality, three miniature versions
of the liquid channel design are fabricated, each with distinct
configurations.

Firstly, sample K1 is created using previously optimized en-
graving settings but with fume extraction from only one direc-
tion. Subsequently, sample K2 incorporates fume extraction
from two different directions, albeit with a different parameter
set while maintaining the same total energy, as per Equation
2. In this equation, Energy (E) represents the amount of energy,
power (P) denotes the rate of energy transfer, the number of rep-
etitions (N) refers to the count, speed (V) signifies the velocity
and hatch pitch (Hp) represents the distance between succes-
sive passes. Lastly, sample K3 is fabricated using the optimal
settings with fume extraction from two directions. For sample
K3, the optimal settings are applied alongside fume extraction
from two directions.

For the samples where the fume extraction is changed, the
sample itself is turned 180 degrees, since the fume extraction
hose is not long enough to move into a much different angle.
Since the Aerotech stage cannot rotate, the samples were man-
ually turned, and using the same orientation point on the glass
slide, the starting point of the job could be retrieved. Figure
21 shows the setup with the fume extraction on, and a sample
being processed in the middle.

Figure 22 showcases the resulting 3D images and channel
profiles. Sample K1 exhibits an inclined channel bottom instead
of the desired flat bottom. Conversely, sample K2 displays a
uniform flat-bottomed channel. Sample K3, however, exhibits
significant roughness, resulting in a non-uniform channel shape



(a) 0.15 Watts on sample Square 9

(b) 0.45 Watts on sample Square 10

Figure 19: Two low power hatching channels

(c) 135-degree diagonal hatching pattern on sample Square 8

Figure 18: Different hatching patterns
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|
(a) Channel sample J

(b) Channel sample F

Figure 20: Overview and surface profile of circular channel samples

lacking a flat bottom.

The surface roughness analysis of samples K2 and K3 is eval-
uated for their potential as fluidic channels with a flat-bottomed
shape. S, and S, values are determined by equations 3 and 4,
respectively, focusing on surface roughness at the center of the
channel. In this roughness analysis,

S, is the arithmetic average roughness, A is the area of the
surface being measured, z(x, y) is the height of the surface pro-
file at position (x,y), and S, represents the maximum peak-to-
valley height, where S , is the maximum peak height within the
evaluation area, and S, is the minimum valley depth within the
evaluation area. Both S, and S, are wished to be as low as
possible for our application as a smooth microfluidic channel.

From the surface roughness determination in Appendix B,
sample K2 demonstrates lower roughness values (S ,= 12.2 um,
S,= 117.5um) compared to sample K3 (S,= 60.2 um, S, =
334.5um), indicating superior flat-bottomed uniform channel
quality.

In conclusion, altering the fume extraction direction and em-
ploying a lower hatch pitch result in enhanced microfluidic
channel quality.
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BOFA fume
| extraction

Figure 21: Fume extraction in action during laser fabrication. The orange noz-
zle emits compressed air, while the adjacent fume extraction system on the right
draws in the air
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3.1.4. Gas Exchanger Fabrication and Assembly

With the optimal parameters identified, we can now proceed
with the actual device fabrication. Figure 23 shows all subse-
quent fabrication and assembly steps. Colored boxes denote
which sandwich structure layer is involved in that particular
step. The assembled chip is shown in figure 25. The used set-
tings for the real device are shown in Figure 24a and Figure
24b. Appendix A shows images of the assembly process.

3.1.5. Sensor Hole Fabrication and Sensor Integration

Before sensor hole fabrication, the sensor spot is measured.
Appendix L shows the sensor spot top view, including the ra-
dius measurement. The radius is estimated to be 985 um. The
height of the sensor spot is measured to be 220.9 um, also vis-
ible in Appendix L. The sensor hole fabrication settings are
shown in Figure 24c. A circle with a diameter of 2.14 mm is
used as shape input. This wider and deeper sensor hole job is
used to compensate for dimensional losses and debris clogging
the sensor hole side walls and bottom during Fs laser fabrica-
tion. A 3D surface representation from two angles and the hole
surface profile is visible in figure 26. The sensor hole has de-
bris influence on the bottom of the hole. The hole is nearly
1800 um wide, and the top part of the hole without debris is
still around 400 pm deep. Due to the slightly smaller diameter
of the hole compared to the sensor spot, the sensor spot can be
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Figure 23: Fabrication and assembly steps
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(a) Gas exchanger through hole settings

Layer Hatch

Sample  Power(%) Speed(mmis) Repetitions(N) | Layers(N) ¥ R

Hatch pattern

L] 10 100 4 4 0075 0.0015 horizontal
channel
= 10 100 4 6 0.075 0.0015 horizontal
channel
(b) Gas exchanger channel settings
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Sensor 15 150 5 0.0015 horizontal 10 005
ole
100.00 20000 30000 40000 S00.00 w“ 00 80000 500.00 1000.00 110000 1200.00 1300.
(c) Sensor integration hole settings
Figure 24: Gas exchanger and sensor integration settings
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(c) A rough channel shape with larger irregularities, sample K3

Figure 22: Miniaturized liquid channel samples employing different hatch Flgure. 25: The asse.ml?led gas exchanger, the blue ports for gas flow, and the
. : o . . brownish ports for liquid flow
pitches, with some utilizing fume extraction while others do not
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tightly inserted into the hole without the need for glue, by ap-
plying a slight amount of pressure. The sensor integrated into
the Micronit chip is visible in figure 27.

3.2. Experimental results

This section briefly describes and shows the key results from
the experiments.

Liquid flow happened without leaks from the syringe pump
through the Micronit chip without the gas exchanger firstly with
35 uL/min, which is the actual liquid flow rate in the oxygen
regulation experiment.

In the initial stages of the second liquid flow experiment, uti-
lizing liquid flow at a rate of Q=35 yL/min. without concurrent
gas flow from the syringe pump through the gas exchanger to
the Micronit chip, liquid leakage occurred through the tube-port
connection of the gas exchanger, because of some clearance in
the connection. To address this issue, the connection was care-
fully adjusted by gluing the needle gauge into the tubing with
super glue. A microscope image of this procedure is shown in
Appendix H.2. Following this adjustment, the experiment was
repeated, and it demonstrated successful liquid flow through the
gas exchanger’s liquid channel at all used liquid flow rates rang-
ing from 35 ul/min to 245 ul/min, without any leakage or con-
tamination into the gas segment. Additionally, there were no
observed leakages on the sides of the sandwich structure or the
laboratory paper towel. This successful perfusion through the
system confirms its operational integrity.

Next, in the first gas flow experiment as described in sec-
tion 2.2.7, the gas exchanger is submerged and N, gas with the
minimal gas flow rate of 40 mL/min. is pushed into the gas
exchanger inlet, without any bubbles coming out of the liquid
inlet or outlet or the sides of the sandwich structure, but only
from the gas outlet. This shows the successful gas flow from
the inlet to the outlet.

The second gas experiment where the gas-splitting is tested
showed the ability to successfully change the bubbling rate and
therefore the gas flow rate ratio between both streams. A video
of this experiment is visible on YouTube, the link can be found
in Appendix P. The control valve pitch corresponding to a
nearly 1:8 ratio is set accordingly.

In the third gas flow experiment, a N, gas flow of nearly 5
mL/min. is tried to be perfused into the gas exchanger’s gas
channel. However, when placing a small water drop on the gas
exchanger’s gas exit, no signs of gas flow/bubbling are visible.
The drop stays in place on the rim of the gas outlet. The place-
ment of the water drop is shown in Appendix B. Just to be sure
the liquid ports are not the reason for the leaking gas, the liquid
ports are blocked. When placing a water drop on the gas tube
on the other part of the T-junction bubbling is visible. From
this, we can conclude that the gas flow reduction system is not
operating properly because the gas exchanger introduces a large
hydraulic resistance, making all the gas leave the system in the
way of least resistance. Since we can not generate smaller flow
rates than 40 mL/min. per gas type with the Bronkhorst system,
we continue with this flow rate instead of 5 mL/min. Therefore,
we can only use the gases available without mixing them since
we do not want to increase the total gas flow rate even more.
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The sensor data from the oxygen tightness experiments is
plotted in Figure 28 and Figure 29. The x-axis represents the
measurement time step in minutes, while the y-axis displays
the percentage of air saturation. Different colors denote vary-
ing flow rates supplied by the syringe pump. The colors for
each flow rate and the graph’s x and y limits are identical.

A comparison of the results reveals that the second experi-
ment resulted in better deoxygenation within the Micronit chip
since this experiment reached a lower air saturation value (1%
at 175 uL/min. in Experiment 2) versus (8.5% at 175 uL/min.
in Experiment 1). Halting the flow while blocking the liquid
outlet tube of the Micronit chip demonstrated significant diffu-
sion back into the chip in both experiments, indicating a lack
of oxygen tightness in the system. Additionally, the highest
flow rate of 175 ul/min. appeared to reach near equilibrium
(0.0099 %/min. in Experiment 1 and 0.0173%/min. in Experi-
ment 2) with the undesired oxygen permeation into the Micronit
chip in both experiments. This near-equilibrium determination
is shown in Appendix M.

Next, the last experiment with the gas exchanger introduced
into the system is performed. The experimental setup is visi-
ble in Figure 30. Different gases are introduced to determine
the response and validate the successful working of the gas ex-
changer for oxygen regulation inside the Micronit chip. Ini-
tially, the liquid is perfused at a flow rate of 35 yl/min. for
the entire experiment. The resulting plot is visible in Figure
31. Again, the x-axis and y-axis feature the same quantities as
the preceding plots. Different colors distinguish different in-
put gases into the gas exchanger system. In this experiment,
only the limit cases of air and pure N, gas are introduced, be-
cause a combination of both gases would further increase the
total input gas flow rate, due to the minimal gas flow rate of 40
ml/min. of each MFC. A few data points show inaccurate re-
sults, mainly around t=120min. where the user unintentionally
bumped the probe, causing the probe to be misaligned with the
sensor spot resulting in some inaccuracies. The gas exchanger
works partially since introducing different gases leads to differ-
ent air saturations in the Micronit as expected. Appendix D.3
shows the MATLAB files for visualization of the oxygen sensor
data, used to create Figures 28,29,31.

4. Discussion

The forthcoming discussion section explores the outcomes of
the microfluidic gas exchanger fabricated in glass using an Fs
laser.

4.1. Interpretation of Findings

From the fabrication, through holes seem to be very difficult
to make using a perimeter cut without flipping the device over
and cutting from the bottom side as well, because debris hin-
ders the etch depth with such a high aspect ratio. For smaller
holes, hatching seems a good option, but compromises a bit on
the result. Channels with relatively low surface roughnesses of
+(S,=12.2 um and S ,= 117.5um), can be fabricated success-
fully with reasonable dimensional accuracy. However, com-
pared to smooth surfaces like standard borosilicate glass slides,



Figure 26: Sensor spot hole characterization

Figure 27: Sensor spot integrated into the Micronit chip
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Figure 28: Air saturation over measurement time graph for the first experiment
conducted without the gas exchanger integrated into the system. This graph
illustrates the variation in air saturation levels throughout the measurement pe-
riod, providing insight into the dynamics of air saturation in the absence of the
gas exchanger.
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160 ¢ Oxygen measurement with water flow experiment 2
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Figure 29: Air saturation over measurement time graph for the second exper-
iment conducted without the gas exchanger integrated into the system. This
graph illustrates the variation in air saturation levels throughout the measure-
ment period, providing insight into the dynamics of air saturation in the absence
of the gas exchanger.
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Figure 30: The experimental setup for the oxygen regulation experiment



Oxygen Measurement with Gas Exchanger
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Figure 31: Experiment 3: Oxygen regulation with gas exchanger. This graph
displays the fluctuations in air saturation levels throughout the measurement
period with the gas exchanger integrated into the system.

which often exhibit surface roughnesses of less than several
nanometers (Preedy, Emily et al. (2014)), the surface rough-
ness of the fabricated channels remains relatively high. On a
positive note, sensor integration appears to be successful.

From the experiments, the system is sensitive to unwanted
gas permeation. The gas exchanger system seems to be work-
ing and responds quickly to a change in input gas through the
gas channel. Liquid and gas flow are both feasible through the
entire system, albeit the gas flow at a higher flow rate, since the
gas reduction system did not work. The sensor spot integration
seems successful and does not hinder the liquid flow in the Mi-
cronit chip, but brings back the signal amplitude in the current
fiber holder system causing a small loss of accuracy of the air
saturation values.

4.2. Comparison with Expectations

After analyzing the results, the results are compared to the
expectations.

Channel engraving and through hole fabrication:
Initially, using Fs laser ablation for micromachining delicate
structures in a glass substrate was anticipated to yield high di-
mensional accuracy and efficient removal of precise parts of the
glass substrate. However, despite the integration of a fume ex-
traction system by the technical staff, debris clogging emerged
as a significant issue, undermining these expectations. The fea-
sibility of through-hole fabrication through perimeter cutting
from the top side alone was also anticipated, but it proved un-
feasible due to debris clogging. Moreover, dimensional accu-
racy was compromised, with all samples exhibiting smaller di-
mensions than desired.

A slower response compared to the COMSOL model:
In the oxygen regulation experiment, the concentration adjust-
ment takes a lot longer compared to the COMSOL model.
Where in the COMSOL model t=360 seconds to reach a steady
state, in the real system around 30 minutes or t=1800 seconds
is needed to change a concentration and reach a steady state.
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This can be partially explained by the distance the liquid needs
to travel from the gas exchanger to the Micronit chip, where the
concentration is measured. This introduces a delay in the re-
sponse, which is not taken into account in the COMSOL model.
But this is calculated to be a little less than 1.5 minutes accord-
ing to calculations in Appendix D. Besides that, the COMSOL
model uses smooth surfaces and perfect laminar flow, whereas
the real channel has a certain roughness and potential turbu-
lence due to the not ultra-smooth shape of the channels. This
could hinder optimal mass transfer rates. Besides, both the lig-
uid flow rate and the gas flow rate are not quantitatively mon-
itored, so this could potentially be faulty since back pressure
on the gas supply and the syringe could result in a lower actual
flow rate into the system. A lowered gas flow rate is modeled
in Appendix G but does not show sensitivity at least at 8-fold
smaller gas flows.

The gas exchanger system was unable to achieve full saturation
range:

This can not be explained by the not gas-tight behavior of the
system, because when adding air through the gas exchanger
into the system the leakages would only further improve oxy-
gen introduction into the liquid as long as there is a gradient.
Since the curve reaches a steady state at around 66% of oxy-
gen saturation, the gas exchanging through the membrane into
the liquid flow and the oxygen leakages are in balance with the
initially oxygen-free liquid from the syringe. This concludes
that the diffusion is not happening efficiently enough in the gas
exchanger, which contradicts the COMSOL model. One differ-
ence between the COMSOL model and the real system is the
gas flow rate, which is increased 8-fold to 40 mL/min. in the
oxygen regulation experiment as discussed in Chapter 3.2, but
this would only introduce more oxygen into the gas exchanger.
The increased gas flow in combination with the relatively rough
surface could introduce turbulence in the gas channel, caus-
ing a larger pressure drop in this channel. This could cause
a larger pressure difference over the membrane, stretching the
PDMS layer more than expected which narrows the liquid chan-
nel. This could increase the liquid flow velocity through the
gas exchanger, limiting the time for oxygen diffusion. Sensi-
tivity showed the gas exchanger is not sensitive to flow veloc-
ity changes in this domain. On the other hand, this blocking
decreases the diffusion distance, which could contribute to bet-
ter diffusion. However, sensitivity analysis using a deformed
model does not show the system to be influenced within these
ranges. These sensitivity analyses are detailed in Appendix G.
Difference between both the same experiments without gas ex-
changer:

From Chapter 3.2 both experiments without the gas exchanger
show oxygen leakage after liquid flow stopping, but both have a
different slope of the curve after stopping the flow. This slope is
estimated and shown in green in both figures. A different slope
is expected since the air saturation when stopping the flow has a
lower value in the second experiment and thus a larger diffusion
gradient with the ambient air. To compare the slopes reason-
ably, the same time difference between the estimation slope line
begin and endpoints is used to check for differences in slope.
This estimation slope shows a lower slope value for Experiment



2, But based on the diffusion theory, the slope of this experiment
should be larger than Experiment 1. This suggests some unex-
pected variational influence between experiments, most likely
in the operator’s contribution to connecting the tubing to each
part of the system. This could be in only a few places namely,
the syringe and the tubing, the tubing inside the ferrule, and
the Micronit chip at both the inlet and outlet. To conclude,
in Experiment 1 more leaks are present, and therefore steady
state is reached at a relatively high air saturation compared to
Experiment 2. When stopping the flow, these leaks cause Ex-
periment 1 to oxygenate quicker, even though having a lower
oxygen gradient than Experiment 2. The impact of these leaks
is unmistakable and has the potential to disrupt the entire sys-
tem effortlessly.

4.3. Implications and Insights

This project underscores the feasibility of fabricating a mi-
crofluidic gas exchanger using an Fs laser, enabling the seam-
less flow of both gas and liquid through channels without expe-
riencing leakages or cross-contamination. It demonstrates the
potential for producing intricate structures for similar microflu-
idic applications, presenting advantages over other methods
involving hazardous fabrication steps like Hydrofluoric Acid
(HF) wet etching. However, challenges encountered, such as
debris clogging leading to imperfect channel shapes and dif-
ficulty achieving total penetration, highlight the limitations of
this fabrication method, particularly in contexts requiring high
accuracy and dimensional correctness. These insights point to
areas for improvement and suggest potential research avenues,
such as investigating enhanced fume extraction methods to ef-
fectively remove glass debris and address challenges in future
fabrication processes.

The use of glass slides for microfluidics is an interesting di-
rection since glass slides are cost-effective and widely available.
However, glass slide used in the fabrication process possesses
dimensional tolerances that can significantly impact the accu-
racy and alignment of the fabricated microstructures. Identi-
fying the corner or reference point on the glass slide before
commencing fabrication is imperative to mitigate potential mis-
alignments and ensure the precise positioning of microfluidic
channels or other structures. This precaution becomes partic-
ularly crucial when aligning fluidic ports, where even minor
misalignments can compromise device functionality or perfor-
mance. By addressing these dimensional tolerances and im-
plementing strategies to locate the starting point for fabrication
accurately, researchers can enhance the reproducibility and reli-
ability of microfluidic devices produced via Fs laser fabrication
methods.

The Fs laser fabricated structures take very long fabrication
times, for instance, the gas channel took over 5 hours of fabri-
cation and for better results, the channel was manually brushed
to remove glass debris each time the stage was moved to a dif-
ferent height. This increased operation time and was not very
efficient for the operator. An Fs laser is not a perfect fabrica-
tion method for larger structures needing similar quality. The
same goes for mass production using an Fs laser, the focus
area is relatively small, and moving the stage takes additional
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time. Besides dimensional tolerances, it is challenging to fab-
ricate multiple devices simultaneously with good similarity, es-
pecially since they can differ in the amount of fume extraction
since the airflow is fixed and the stage has no full moving free-
dom. Smaller and only three alignment holes should guarantee
the same optimal alignment and still constrain the position and
orientation of the layers, but lower fabrication time, note that
one of the current through holes took over half an hour.

This project’s accomplishment of zero dead-volume integra-
tion of sensors into glass substrates represents a significant
breakthrough, offering a promising avenue for a wide range of
research endeavors where sensor integration into glass is imper-
ative.

This project gives insights into the prototype working of the
miniaturized microfluidic oxygen regulation system, but gas
permeation leakages need to be addressed better and mitigated
a lot more in future research. One potential avenue for improve-
ment is to merge components to reduce separate elements and
integrate them into a single device. This could help minimize
the number of connectors, thereby enhancing oxygen tightness
and reducing the risk of leaks. Additionally, streamlining the
design in this manner could simplify assembly and operation,
ultimately leading to a more reliable and efficient system.

Another notable improvement could involve creating more
distance between the liquid and gas ports to facilitate connect-
ing the gas exchanger’s liquid port to the peripheral tubing.
Currently, a design flaw limits the space available, making it
challenging to fit a microfluidic union between the liquid port
and additional tubing due to the wide hexagonal shape of the
gas port. To address this issue, using a larger piece of tubing
for the liquid channel could provide the necessary space for the
microfluidic union installation without hindrance from the gas
port. This adjustment would eliminate the reliance on a fragile
needle gauge glued between the tubing and the liquid port for
the tube-port connection.

In this project, nitrogen sparging was employed for oxygen
removal through bubbling. However, it’s worth noting that this
method may pose practical challenges when dealing with a cul-
ture medium. Agitation during nitrogen sparging could induce
foaming and denaturation within the medium, potentially af-
fecting experimental outcomes. It’s important to acknowledge
that while a desiccator would have been a preferable alterna-
tive for oxygen removal from the culture medium, its absence
in our lab hindered its implementation. Therefore, for future re-
search endeavors, exploring alternative approaches or acquiring
necessary equipment like a desiccator could be beneficial.

The use of glue to connect the fluidic ports brought up a lot
of chances of failure by accidental glue entering and blocking
the fluidic channels. As well as difficult assembly with very
small parts and impractical handling especially with the liq-
uid port, a small 0.5 cm piece of PEEK tubing. This is very
unstable and easily placed incorrectly on the glue, especially
by manual placement and straight holding. Therefore, a bet-
ter tube-chip connection should be thought of like the Micronit
clamping system, where tubing can be pushed into the glass
chip by deforming a ferrule to seal the connection effectively.
This also allows for disconnecting the tubing easily from the



microfluidic device. This can be more practical when moving
the system and for the use of different tubing lengths. This Mi-
cronit chip resealable system also allows for replacing for in-
stance the membrane layer once it is clogged with for instance
proteins present in the culture medium.

Since the system was not able to be tested at different gas
compositions, a different gas mixing system with MFCs with a
lower minimal gas flow rate should be introduced.

Additionally, it would have been preferable to utilize a COM-
SOL model that integrates membrane deformation directly into
the diffusion model, rather than handling it as a separate aspect.
Integrating membrane deformation into the model would allow
for a more straightforward consideration of its effects on flow
velocities in the channels, diffusion, and the outcomes of flow
rate adjustments. This approach could also reduce computa-
tional time for large sensitivity analyses, as the current diffusion
model alone requires nearly 2 hours to compute.

4.4. Validity and Reliability

The system has valid research and was able to measure air
saturation in the liquid, but it did not happen on a reliable, con-
sistent base. Because of too much variability in oxygen leaks
as visible in results from Experiment 1 and Experiment 2.

The integration of the sensor spot into the gas exchanger
lacks separate calibration, relying instead on the calibration of
a 5 mm sensor spot from the same company with identical cal-
ibration parameters. While this approach may compromise the
reliability of the sensor data, the primary focus of this prototype
is on understanding the general kinetics of the gas exchanger
response rather than achieving pinpoint accuracy. Moreover,
the decision to use a 2 mm sensor spot presents challenges in
obtaining adequate signal amplitudes, as the smaller size in-
creases the likelihood of misalignment or displacement of the
optical fiber, which also has a 2 mm tip. In contrast, the 5 mm
sensor spot consistently yields higher signal amplitudes during
calibration and deoxygenation in the beaker glass, meeting the
threshold for reliable results set by Presens Precision Sensing
GmbH. This highlights the importance of signal amplitude and
underscores the need for careful consideration when selecting
sensor spot sizes to ensure reliable and accurate data collection.

Besides that, the temperature is not measured in the system,
while the sensor data is linked to a specific set temperature
which is chosen by the operator based on an average of the
temperature from the temperature probe just before filling the
syringe and the temperature value on a thermometer in the lab,
which shows fluctuating values over time. Besides, the gas flow
from the gas tank could influence the temperature as well in the
gas exchanger. This temperature incorrectness is likely to cause
some errors in the data.

The syringe is flangeless, meaning it is challenging to fit the
syringe tightly in the syringe pump, therefore the flange on the
end of the plunger is used to somewhat clamp it to the syringe
pump’s moving part. Therefore the constant movement of the
stepper motor might not be as constant as the movement of the
plunger, because the plunger could slip loose, potentially caus-
ing fluctuations or variations in the flow rate. Luckily, the liquid
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exiting the system can be monitored and continuously checked
if no flow is happening. It would be beneficial to use a flanged
syringe and add a flow meter after the Micronit chip to guaran-
tee flow stability in the system. A flow meter measuring the gas
flow rate would also be beneficial since the hydraulic resistance
of the gas exchanger may have caused back pressure on the gas
supply and influenced gas flow stability.

Besides that, the gas exchanger oxygen regulation experi-
ment is only performed once due to time constraints. This gives
a lack of reliability of the results and the gas exchanger work-
ing. The other results are also only performed once or twice
maximal. This is not enough to draw strong conclusions, nor to
compare it quantitatively to the COMSOL simulation.

The fabrication process is susceptible to human error and op-
erational inconsistencies, particularly when utilizing the laser
system. Additionally, the effectiveness of the BOFA fume ex-
traction system significantly impacts the fabrication outcomes.
Despite efforts to optimize the Keyence microscope for 3D
surface characterization, challenges persist due to the inher-
ent reflectivity and transparency of the glass substrate. Despite
fine-tuning and attempts to enhance contrast through marking,
achieving satisfactory results remains elusive. Moreover, irreg-
ularities in the Keyence microscope bed, such as scratches, con-
tribute to the generation of spurious peaks and interfere with the
accuracy of the results. Addressing these issues by employing
an ultra-smooth, flat, and opaque stage bed could improve out-
comes and enhance the reliability of the characterization pro-
cess. Additionally, applying a thin layer of gold sputtering to
the top side of the glass substrate could enhance contrast, fur-
ther improving the characterization process. Additionally, it is
essential to analyze the surface profile and surface roughness
of the samples at multiple locations to draw robust conclusions
and avoid basing assessments solely on a small, localized area
of the channel.

5. Conclusions

In this project, a glass microfluidic chip fabrication method is
established using Fs laser ablation. With this fabrication tech-
nique, this study explored three key avenues: sensor integration,
gas exchanger fabrication, and testing. Our investigation into Fs
laser ablation for micromachining a microfluidic gas exchanger
unveiled promising prospects. Following parameter optimiza-
tion, valuable insights are gained, paving the way for further
research on Fs laser fabrication. This method demonstrated
the feasibility of creating intricate structures and channels with
+(S,=12.2 ym and S ;=117.5um, along with through holes suit-
able for fluidic ports, with perimeter cutting being the preferred
method. Furthermore, our successful sensor integration further
underscores the potential of this fabrication technique.

However, it is essential to note that dimensions need to be in-
creased by 10-20% to account for dimensional losses incurred
during Fs laser fabrication. Despite the promising aspects, our
endeavors have also encountered challenges, including time-
consuming fabrication processes and obstacles caused by debris

clogging.



Overall, while Fs laser ablation holds significant promise for
microfluidic applications, our findings highlight the need for
further optimization and refinement to overcome existing chal-
lenges and fully leverage its potential in this field.

Conclusively, our fabrication and assembly approach suc-
cessfully yielded a functional gas exchanger prototype capable
of facilitating gas and liquid flow without leakages or cross-
contamination. However, the issue of unwanted gas permeation
through connectors significantly impacted the reliability of our
results, highlighting the need for tighter fittings.

Moreover, our study achieved successful sensor integration
in a minimally invasive manner using Fs laser technology, un-
derscoring its potential for broader research applications.

Looking forward, there is a clear need for further investiga-
tion into the application of Fs laser fabrication in microfluidics,
tackling issues surrounding undesired gas permeation through
connectors, and advancing the progress of microfluidic gas ex-
changer systems for OoC applications. Additional experiments
are imperative to bolster the validity of our findings and ensure
the reliability of the results.

Future research endeavors should include testing the system
under conditions mimicking physiological settings, such as at
37°C without bubbles, and with the integration of cells into a
genuine OoC system. These experiments offer an opportunity
to refine connector designs to minimize gas permeation, un-
dertake comparative analyses with alternative fabrication tech-
niques, and explore innovative approaches for gas exchanger
design and integration.
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2. Self-reflection

Throughout this project, I have undergone significant growth and learning. Improv-
ing my communication skills, particularly in navigating the different goals of TUD,
EMC, and Bronkhorst High Tech B.V., was a key aspect. While it took some time to
understand everyone’s needs, weekly meetings with my supervisors were invaluable
in this process. Exploring various labs and using advanced equipment like the Lasea
Laser system was also a highlight, providing hands-on learning experiences that were
both challenging and rewarding.

The Fs laser fabrication part of the project took over half a year and it was challenging
to get to know to ins and outs of this machine, especially since there were no recipes
or earlier contributions from others that I could rely on. Discovering unforeseen
factors such as the impact of fume extraction and fan blowing angles on the substrate,
along with certain user interface issues highly susceptible to errors, such as the stage
bed moving gradually with a slightly prolonged left-click rather than a single strong
click to move it by a user-set increment. These hurdles often resulted in incomplete or
inconclusive samples, necessitating additional time and effort to rectify and refine.

The laser was also very busily booked by others, and unfortunately only operational
during office hours and not overnight, unlike a 3D printer. Maintenance periods in
the building often restricted access to the laser lab. Additionally, while the laser typi-
cally operated at a 550 nm wavelength, some users required an 1100 nm wavelength,
necessitating a change in laser optics for a few days before reverting to the regular
setup. These factors significantly impeded progress, especially since the laser jobs
could take several hours, even up to 6 hours, for high-quality centimeter-scale jobs.

These obstacles left me feeling frustrated and stressed. Handling this stress proved
challenging, and at times, it overshadowed progress on my thesis. Stress took over my
thesis on a lot of occasions. To cope better, I recognized the importance of sticking to a
plan, prioritizing tasks, focusing on one thing at a time, and celebrating intermediate
achievements. However, as patience isn’t my strongest suit, I acknowledged the need
to grow it.

Establishing and achieving tangible milestones distributed throughout the project
timeline would help immensely. Unfortunately, progress often felt elusive, especially
when the final month became a make-or-break scenario, and it took over a year to
know if the gas exchanger worked or not. This hindered my motivation, but this has
been a great proof of my perseverance and tested my patience a lot.
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Moreover, numerous potential failures, such as device breakage, cracking during as-
sembly, glue seepage, and operator errors, heightened my stress levels. The prospect
of starting over if a failure occurred weighed heavily on me, contributing to a constant
state of stress.

Reflecting on the project, I recognize the need for a balance between quality and
efficiency to facilitate multiple iterations of the device. This would require adjust-
ments in approach and a willingness to accept trade-offs to achieve greater overall
progress.

Looking back, I realize I may have been overly ambitious in my approach. When
I decided to develop a microfluidic system focusing mainly on the gas exchanger
for oxygen regulation, I also aimed to conduct a real cell experiment at EMC. While
conducting research into the biological background was beneficial, I should have
prioritized starting with the gas exchanger and then assessed whether integrating
the cell experiment aligned with my project timeline (which it ultimately did not).

I conducted extensive research and literature reviews, and my plans were too expan-
sive, making them unfeasible, especially given the lengthy process of Fs laser fabrica-
tion. This lofty ambition compromised the thoroughness of testing and the ability to
draw meaningful conclusions. In hindsight, I would have preferred to delve deeper
into a smaller topic and conduct more thorough research. Additionally, I should have
sought more assistance on this throughout the project’s duration.

Looking back, I realize I have been a bit sloppy in my work. I could have been
more organized and kept better records instead of just scribbling things down in my
notebook. One example of this was when I was trying to optimize the settings for
the Fs laser. I also forgot to check the real device under the Keyence microscope,
which was a mistake because it meant I couldn’t include accurate measurements and
surface details in my report. This sloppiness also made writing my thesis harder
because everything was scattered and hard to find in my notes and documents. In
the future, I will make sure to be more organized from the start to avoid these kinds
of mistakes. Early on, I only used a regular microscope and the LS-VIEW camera
to check my results. I tried using SEM and WLI for better analysis, but they were
not very practical. For example, the SEM was time-consuming and the sample had
to be sacrificed, while WLI had trouble with characterizing narrow, deep cuts in the
sample. Luckily, I found the Keyence digital microscope, which was much easier to
use. But there were still challenges, like getting accurate results. Looking back, I
should have taken more time to choose the best method and talked it over with my
supervisors. Next time, I'll be sure to think more carefully about which methods to
use and get advice from my supervisors.

In addition to the project, I initially served on the Taylor Board, the board of our study
association. This commitment demanded approximately three days a week, posing
challenges in balancing with my thesis. However, it proved to be a valuable lesson
in time management. Furthermore, personal circumstances occasionally diverted my
attention, as I was unexpectedly diagnosed with Obstructive Sleep Apnea Syndrome

20



(OSAS), which was emotionally unsettling. I have had trouble with sleep problems
for my whole life, like sleepwalking, which made this diagnosis even harder on my
mental health. Managing OSAS required treatment, including surgery and numerous
hospital appointments, but fortunately, the condition has since been resolved. Such
experiences occasionally hindered my ability to concentrate on my thesis.

I hope my contribution to the field helps, even though a small step, in the develop-
ment of incubator-free OOCs and I sincerely hope the end goal of Human-on-chip
will be reached.

I would like to express my sincere gratitude to my supervisors for their guidance and
support throughout the project. I also appreciate the technical team for training me
on equipment usage and providing assistance when needed.
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A. Assembly images

This appendix provides images of the fabrication process.

Figure 16.: All chip layers in the ultrasonic bath
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(a) Cleaning all chip layers with dishwasher
soap and water (b) Cleaning all chip layers with IPA

Figure 17.: Cleaning steps

Figure 18.: Drying of all chip layers after cleaning
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Figure 19.: Plasma treating of the microfluidic chip
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Figure 20.: Heat treatment during compression
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B. Additional images

This section shows some additional images for understanding some of the experi-
mental arrangements.

Sensor spot

Figure 21.: Micronit Pro Holder clamp with Micronit chip and sesnor spot
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Figure 22.: Water drop placement for gas flow checking
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Figure 23.: N filling of the gas-tight syringe by taping the syringe to the gas input
tubing

(a) Surface roughness of sample K2 (b) Surface roughness of sample K3

Figure 25.: Surface roughness comparison
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Figure 24.: Laboratory clamping system designed for aligning optical fibers to sensors
during automated probing
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C.

Fabrication protocol

C.1. Standard laser fabrication steps

This appendix will demonstrate a step-by-step protocol for the operation of the laser

system.
1. Clean the glass slide with IPA and dry it with paper.
2. Tape the glass slide onto the alumina plate.
3. Put the prepared slide into the laser system box.
4. Turn the suction on to keep the alumina plate in place.
5. Align the glass slide.
6. Find the top left corner for the origin setting by moving the x and y axes.
7. Focus on small carves/dust particles on the alumina plate.
8. Move the z-direction up with z =height of the glass slide (Imm), so the focal
point lies on the top of the glass slide.
9. Move to the location of interest on the glass slide (preferably the center of your
drawing) and set this as the focus position for the laser system.
10. Add a manual drawing using the Kyla software or upload a DXF(Drawing Ex-
change Format) file into the software.
11. Set settings like power, repetitions, speed, hatching pattern, and hatch pitch
accordingly.
12. Start the job.
13. After completion, brush off excess glass dust.
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C.2. Assembly Steps

After all parts are fabricated accordingly, the assembly is the next part. This project
made a sandwich stack assembly and glued connectors afterward, before connecting
the right tubing to the right connection port

1.
2.
3.
4

10.
11.

12.

13.
14.

Clean all parts with dishwasher soap and warm water
Clean all parts in the ultrasonic bath (full-cycle, 3 minutes)

Clean all parts with IPA and dry them with paper

. Put bottom glass slide on plasma gun stage, move stage height to ca. 0.5 cm

distance between the glass slide and plasma gun tip, and turn on the plasma
gun for 2x30sec. Move the stage so that the entire top surface of the glass slide
gets exposed evenly

. Move the bottom glass slide into the 3D-printed alignment tool

Repeat the plasma activation step for the PDMS sheet and carefully place this
on top of the just activated bottom glass slide(NOTE: use tweezers to gradually
drape the membrane starting from one side and placing it handy to remove all
possible bubbles trapped between the layers, ensure bubble-free!!)

Put the 3D printed alignment tool with 2/3 layers stacked together under the
plasma gun and repeat the plasma activation step for the other side of the PDMS
membrane and the top glass slide and put the top glass slide on top of the other
layers using the alignment tool.

. Place the 3D alignment tool including the complete stack between two scrap

metal blocks, but place something soft in between to prevent excessive pressure
and scratches on the glass device

. Place the system in the oven at 65 degrees Celcius for 5 hours

Use oven mitts to carefully take out the system and let it cool off

Place a connector in the right alignment hole and carefully but generously glue
around the connector, making sure not to block any channels with glue

Keep holding the connector until the glue has cured enough to stand on its own,
do not touch it for 2 hours to let it fully cure

repeat for the other connectors

Glue the needle gauge’s interior into the microfluidic tubing and connect the
right tubing to the right connection port
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C.3. Safety Precautions

When conducting the fabrication process for microfluidic devices, it is essential to
prioritize safety at all times. The following safety precautions should be observed:

Wear appropriate personal protective equipment (PPE), including safety gog-
gles, gloves, and laboratory coats, at all times to protect against potential haz-
ards.

Use gloves and goggles when handling superglue to prevent skin contact and
eye irritation.

Use isopropanol alcohol (IPA) in a well-ventilated area or under a fume hood
to minimize inhalation exposure and avoid direct skin contact.

When operating the plasma gun, ensure proper ventilation by using a fume
hood to extract hazardous fumes, such as ozone, away from the work area.

Avoid plasma exposure close to electrically conductive materials, like screws in
the stage bed, since this can lead to electric discharge

Familiarize yourself with the safety guidelines and operating procedures for all
equipment and materials used in the fabrication process.

Exercise caution when handling sharp objects or working with high-temperature
equipment, such as plasma guns or ovens.

Avoid direct exposure to laser beams and follow all safety protocols provided
by the laser system manufacturer.

In case of emergencies, such as chemical spills or equipment malfunction, know
the location of emergency exits, eyewash stations, and fire extinguishers, and
follow established emergency procedures.

Regularly inspect equipment for any signs of damage or wear and report any
concerns to the appropriate personnel.

Educate yourself and others involved in the fabrication process on potential
hazards and safe practices to minimize the risk of accidents or injuries.

C.4. Cleaning protocol before quality inspection

Before the quality inspection, the same cleaning steps are used as the first three steps
in the assembly protocol.

1.
2.

Clean all parts with dishwasher soap and warm water

Clean all parts in the ultrasonic bath (full-cycle, 3 minutes)
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3. Clean all parts with IPA and dry them with paper
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D.

List of Materials

List of functional components in the system

Syringe pump, World Precision Instruments AL-1000

Glass gas-tight syringe, Socorex, 10mL

Microscope slides with ground edges Pack of 50x, VWR, HECH42401010
PEEK microfluidic tubing 0.25 mm ID and 1/16 ” OD, Micronit B.V.
Aluminium reducing nipple, FESTO

Pneumatic manual control valve, FESTO

General Purpose Dispense Tips Yellow 32G, Nordson Precision Tips

Sensor spot 5 mm and 2 mm, PreSens Precision Sensing GmbH, PSP-PSt3-NAU-
D5-YOP and PSP-PSt3-NAU-D2-YOP respectively.

Fibox 3, PreSens Precision Sensing GmbH

Polymer optical fiber with SMA connector, PreSens Precision Sensing GmbH
Temperature sensor Pt100, PreSens Precision Sensing GmbH

Resealable flow cell straight shape - topconnect (pack of 6), Micronit B.V.

Chip holder fluidic connect pro — topconnect (subtype: resealable), Micronit
B.V.

PDMS sheet 170 ym thickness, unknown source, provided by supervisor
Syringe to tube connection kit, Micronit B.V.

Fluidic Connect Pro PEEK connection kit, Micronit B.V.

Silicone glue, Wacker Elastosil E43

Keyence digital microscope VHX-6000

Lasea LS-Lab

Piezo brush PZ3, Relyon Plasma GmbH

Super Glue 3, Loctite
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E. MATLAB

E.1. Flow and membrane deformation calculations

The Hagen-Poiseuille equation is utilized for determining pressure drop over a lam-
inar flow channel. Given that the entire flow system operates under laminar con-
ditions, this equation is deemed applicable. It facilitates the calculation of absolute
pressure at any point in the system.

By applying this equation to both the gas and liquid channels of the gas exchanger,
located on either side of the membrane, the absolute pressure difference across the
membrane is computed.

The liquid system, starting from the gas exchanger liquid channel onward, comprises
the liquid channel, needle gauge, tubing, Micronit channel, and additional tubing. By
summing their pressure drops, along with atmospheric pressure from the open outlet,
the pressure drop over the gas exchanger liquid channel is calculated. Accounting for
minor losses from sudden contractions and expansions in the flow path, particularly
at the gas exchanger-to-tubing connection made by a needle gauge with a smaller
inner diameter, ensures a comprehensive assessment.

Similarly, the gas system includes the gas exchanger gas channel, gas tubing, and
atmospheric pressure from the open end. For the membrane deformation, three sce-
narios are compared: both gas and liquid flow into the gas exchanger, only liquid
flow, and only gas flow. The Hagen-Poussuielle equation is:

L
APeirc = % for circular channel
(E.1)
12y7L
APrect = zZ—t3Q for rectangular channel

Where AP represents the pressure drop (in Pa), 77 denotes the dynamic viscosity (in
Pa-s), L represents the characteristic length (in meters), Q signifies the fluid flow rate
(in m3/s), r denotes the channel radius (in meters), w the channel width (in meters),
and t the channel height (in meters).

Minor losses using K-values are used for the sudden expansion and the sudden con-
traction between the tubing and the needle gauge’s interior metal tubing. K-values
were retrieved from [21].
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Atmospheric pressure of 10° Pa is used as exit pressure at both the gas and the liquid
exit. The largest pressure drop over the membrane = 229 Pa during gas and liquid
flow and only liquid flow.

The calculations can be found in the following MATLAB script.

Yo

%Pressure difference across membrane

%Parameters

eta_1=1.002e-3; % Dynamic viscosity liquid at 20degC [Pa=*s]

eta_g=18.37e-6 ;% Dynamic viscosity gas at 20degC [Paxs]

Q_g=5e-6/60; % Gas flow rate [m"3/s]

Q_1=35e-9/(60); %Liquid flow rate provided by syringe pump [m"3/s]

rho_1=1091; % Density of medium/water at 20degC [kg/m"3]

rho_g=1.314; % Density of (nitrogen/oxygen) gas at 20 degC [kg/m"3]

D_02=2.0e-9 ; % Diffusion coefficient oxygen in water at 20 degC [m
“2/s1

%Dimensions

x-1=300e-6;% liquid channel height [m]

b_1=4e-3;% liquid channel width [m]

b_g=4e-3;% Gas channel width [m]

x_g=500e-6;% Gas channel height [m]

L_1=1e-2; %Length liquid channel [m]

L_g=2.53e-2; %Length gas channel [m]

L.m=40e-3; % Micronit chip length [m]

xm=0.3e-3;% Micronit chip height [m]

bm=3.4e-3; %Micronit chip width [m]

L_t=0.2 ; %tubing length from GE to Micronit chip + from Micronit
chip to waste [m]

L_gt=0.1; %tubing from gas exchanger to ambient air

L_needlegauge=1e-2; %Needle gauge length [m]

D_t=0.25e-3;% liquid tubing inner diameter [m]

D_s=0.1e-3; % needle gauge inner diameter [m]

D_gt=3e-3;% %gas tubing inner diameter [m]

D.1=(2+*x_1*b_1/(x_1+b_1)); %hydraulic diameter liquid channel [m]

D_g=(2+x_gx*b_g/(x_-g+b_g)); %hydraulic diameter gas channel [m]

%Others :

v_1=Q_1/(b_1*xx_1); % flow wvelocity in gas exchanger liquid channel [
m/s ]

v_g=Q. g/(b_g*x_g); % flow velocity in gas exchanger gas channel [m/
s]

V_needlegauge=Q_1/(0.25+pi*D_s"2); % flow velocity in needle gauge [
m/s ]

V_t=Q_1/(0.25xpi+*D_t"2); % flow velocity in liquid tubing [m/s]

V_gt=Q_g/(0.25+pixD_gt"2); % flow wvelocity in gas tubing [m/s]

%Dimensionless numbers in gas exchanger channels

Pe_1=v_1*x_.1/D_02 ; %Peclet number liquid in gas exchanger
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Re_l=(v_l*rho_1+D_l) /(eta_1); %Reynolds number in liquid channel
Re_g=(v_g+rho_g+D_g) /(eta_g); %Reynolds number in gas channel

%Hydraulic resistances :

Rh_1=(12+eta_1*L_1)/(x-1"3*b_1)/(1-0.63%(x_-1/b_1)); %gas exchanger
liquid channel hydraulic resistance

Rh_g=(12+eta_gx*L_g) /(x-g"3*b_g) /(1-0.63%(x_g/b_g)); % gas exchanger
gas channel hydraulic resistanceDf

%Minor losses K-values

K_exp=1-(D_s"2/D_t"2) ;% Sudden expansion K-value minor losses

K_.con=0.42+(1-(D-s"2/D_t"2)); % Sudden contraction K-value according
to https://engineerexcel .com/loss—coefficient —for —sudden—
contraction/

% Pressure drops

DeltaPligchannel=12+Q_l+eta_1*L_1/(x_1"3+b_l1); %liq channel deltaP

DeltaPgaschannel=12+Q_g+eta_gx*L_g/(x_g"3*b_g); %gas channel deltaP

DeltaPmicronit=12+eta_1+*Q_1*(L.m) /(x-m"3*b.m); %Pressure drop over
liguid channel Micronitchip [Pa]

DeltaPneedlegauge=8+eta_1+Q_l1+(L_needlegauge) /(pi*D_s"4); %Pressure
drop over mneedle gauge [Pal

DeltaPneedlegaugeedgel=rho_l +(K_con)+V_needlegauge”2/2; %Pressure
drop over mneedle gauge contraction with K-value according to
https ://engineerexcel .com/loss —coefficient —for —sudden—contraction
/

DeltaPneedlegaugeedge2=rho_1+(K_exp)*V_t"2/2; %Pressure drop over
needle gauge expansion with K-value according to https://
engineerexcel .com/loss —coefficient —for —sudden—contraction/

DeltaPtubingafterGE=8xeta_1+Q_1+(L_t) /(pi*D_t"4); %Pressure drop
over liquid tubing [Pa]

DeltaPgastubingafterGE=8+eta_1+Q_g+(L_gt) /(pixD_gt"4) ;%Pressure drop
over gas tubing [Pa]

DeltaPliqtot=DeltaPtubingafterGE+DeltaPmicronit+DeltaPneedlegauge+
DeltaPneedlegaugeedgel+DeltaPneedlegaugeedge2+1e5+
DeltaPliqchannel; %Total liquid pressure drop from gas exchanger
inlet to waste [Pa]

DeltaPgastot=1e5+DeltaPgaschannel+DeltaPgastubingafterGE; %Total gas
pressure drop from gas inlet to ambient air [Pa]

DeltaPmembrane=DeltaPliqtot —DeltaPgastot;%Pressure difference across
membrane [Pa]

DeltaPmembranewithoutgasflow=DeltaPliqtot -1e5;

DeltaPmembranewithoutliqflow=DeltaPgastot-1e5;
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E.2. Delay time for gas flow change influence from gas
exchanger to Micronit chip

Using the dimensions of each flow component between the gas exchanger inlet and
the sensor spot located in the Micronit chip, we can determine the additional time
after the new gas concentration is added to when it is detected by the sensor spot.
The gas flow starts in a wider tubing and then is reduced to a smaller diameter
tubing. The liquid path is from the gas exchanger to the location of the sensor spot
in the Micronit chip. The calculated delay before noticing a change in the oxygen
concentration using the sensor spot after changing the gas supply is 77 seconds.

Listing E.1: Experiment 1 optical sensor data visualization

Q_1=35e-9/(60); JLiquid flow rate provided by syringe pump
— [m~3/s]
Q_g=40e-6/60;/ Gas flow rate provided by Bronkhorst UOEM gas
— supply [m~3/s]
ADimensions
x_1=300e-6;7 liquid channel height [m]
b_l1=4e-3; /% liquid channel width [m]
L_1=1e-2; JLength liquid channel [m]
L_m=0.5e-2; J Micronit chip length from inlet to sensor spot [m]
x_m=0.3e-3;/ Micronit chip height [m]
m=3.4e-3; JMicronit chip width [m]
t=0.2 ; Jtubing length from syringe to gas exzchanger to
< Micronit chip [m]
D_gsource=0.635e-2; /% gas source tubing ID [m]
L_needlegauge=1e-2; J/Needle gauge length [m]
D_t=0.25e-3; 7% liquid tubing inner diameter [m]
D_s=0.1e-3; 7 needle gauge inner diameter [m]
D_gt=3e-3;/% Jgas tubing inner diameter [m]
L_gsource=0.3; /gas source tubing length [m]
L_gt=0.1 ; Jgas tubing length [m]
A0thers:
V_gt=Q_g/(pix*x0.5%D_gt"2); Jgas tubing wvelocity [m/s]
V_gsource=Q_g/(pi*D_gsource "2*0.5); Jgas source tubing wvelocity
— [m/s]
v_1=Q_1/(b_1*x_1); % flow welocity in gas exzchanger liquid
> channel [m/s]
V_needlegauge=Q_1/(0.25*xpi*xD_s72); Jliquid flow welocity 1in
< needle gauge [m/s]
V_t=Q_1/(0.25*%pi*D_t"2); % flow welocity in liquid tubing [m/s]
V_m=Q_1/(x_m*xb_m); % liquid flow welocity Micronit chip [m/s]
t_tubing=L_t/V_t; % liquid tubing flow time [s]
t_g=L_gt/V_gt +L_gsource/V_gsource;/ time needed for gas flow [s]
t_needlegauge=L_needlegauge/V_needlegauge ; / needle gauge flow
— time [s]

b_
L_
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t_gasexchanger=L_1/v_1;7 gas exzchanger liquid flow time [s]
t_micronit= L_m/V_m; Jliquid flow time Micronit chip section
— from inlet to sensor spot [s]
t_tot=t_tubing+t_needlegauge*2+t_gasexchanger+t_micronit+t_g;%total
~— time needed

E.3. Oxygen sensing data processing

These scripts demonstrate the processing of oxygen sensor data through graphical
representation. The raw data from the oxygen sensor is not included in this doc-
ument due to its extensive and detailed nature. However, it is available upon re-
quest. Interested readers can obtain the data by contacting the author via email at
jelle. hs@gmail.com. Consistency is maintained across all experiments by setting the
same axis bounds, enhancing the clarity of their behavior and kinetics. Initially, the
raw data from the Presens sensor text file is imported into the MATLAB environ-
ment. Distinct flow rate segments are differentiated by applying specific color codes
to corresponding time intervals. These color-coded segments are clearly labeled in
the legend for easy interpretation. The axes are labeled with time in minutes and air
saturation in percentage to provide a clear understanding of the data. In Experiments
1 and 2, where the gas exchanger is absent, the slope is estimated through linear re-
gression. The same time interval between the data points along the line’s x-axis is
utilized for both experiments to ensure equal estimation accuracy.

Listing E.2: Experiment 1 optical sensor data visualization

4 Step 1: Load the data from the texzt file

filename = ’C:\Users\koenz\OneDrive\Documenten\Thesis,
— Jelle\Presens\waterflow22aprilwithoutbs.txt’;

fid = fopen(filename, ’r’);

data = textscan(fid, ’Y*xsyh*s bt bt hxf hxf hxf %*xs?,
<% 'Delimiter’, ’;7);

fclose(fid) ;

4 Step 2: Extract the desired columns
time = data{1}; / Eztract time walues
air_saturation = data{2}; / Eztract air saturation values

% Step 3: Define time intervals corresponding to different flow
— frates

flow_rate_35_1 = time >= 1 & time <= 22; J Time tinterval for
— flow rate 35 ul/min (adjusted start time to t=1 min)
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flow_rate_0 =

flow_rate_35_2 =

flow_rate_70 =

flow_rate_105 =

flow_rate_140 =

flow_rate_175 =

<~ rate 0 ul/min

— flow rate 35 ul/min

<~ rate 70 ul/min

— rate 105 ul/min

— rate 140 ul/min

— flow rate 175 ul/min

time > 22 & time <=

time > 42 & time

time > 66 & time <=

time > 77 & time <=

time > 86 & time <=

time > 95 & time <=

42; J Time interval for flow
<= 66; 4 Time interval for
77; 7% Time interval for flow

86; 7/ Time interval for flow
95; 7 Time interval for flow
100.849; 7 Time tinterval for

4 Step 4: Plot the data with different colors for each flow rate
— section

, air_saturation(flow_rate_35_1),
flow rate 35 ul/min <in blue

air_saturation(flow_rate_0),

flow rate 0 ul/min in red
, air_saturation(flow_rate_35_2),
flow rate 35 ul/min in blue (same

air_saturation(flow_rate_70),
flow rate 70 ul/min in magenta
air_saturation(flow_rate_105),
flow rate 105 ul/min in cyan
air_saturation(flow_rate_140),
flow rate 140 ul/min in yellow

figure;
hold on; 7 Overlay multiple plots
pl = plot(time(flow_rate_35_1)
— ’b.-’); J Plot data for
p2 = plot(time(flow_rate_0),
— ’r.-’); J Plot data for
p3 = plot(time(flow_rate_35_2)
— ’b.-’); J Plot data for
— color as first section)
p4 = plot(time(flow_rate_70),
~ ’m.-’); % Plot data for
p5 = plot(time(flow_rate_105),
— ’c.=-’); %4 Plot data for
p6 = plot(time(flow_rate_140),
— ’y.=’); J Plot data for
p7 = plot(time(flow_rate_175),

—

k.-

air_saturation(flow_rate_175),

%4 Plot data for flow rate 175 ul/min in black
xlabel (’Measurement Time,,(min)’);

ylabel (’AirSaturation (%) ’);

title(’0xygen measurement with_ water flow,experiment 1°);

x1im ([0, 180]); / Set z-axzis limit to 180 minutes
ylim ([0, 160]); 4 Set y-azis limit to 160 minutes
grid on;

4 Step 6: Add the slope line and calculate its slope

x1 = 22.674;
yl = 11.855;
X2 35.02;

y2 = 46.258;

4 Draw the slope line passing through the points
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Linel = line([x1, x2], [yl, y2], ’Color’, ’green’, ’LineStyle’,
«— ?-=7_ ’LineWidth’, 1.5);

4 Calculate slope
slope = (y2 - y1) / (x2 - x1);
fprintf (’Estimatedslope: %.2f\n’, slope);

/% Convert slope to string
slope_str = num2str(slope);

4 Add legend

legend ([pl p2 p3 p4 p5 p6 p7 Linell,
>Flow_ Rate 35 ,ul/min  (t=1,tot=22) ",
>Flow,Rate_ Oyul/min, (t=22,tot=42) ",
>Flow_Rate;35,ul/min  (t=42,to,t=66) ’,
>FlowyRate 70 ,ul/min, (t=66,t0,t=77) ",
>Flow_ Rate 105,ul/min  (t=77,to ,t=86) ",
’Flow,Rate 140,ul/min, (t=86_,t0,t=95) 7,
>Flow,Rate;175,ul/min (t=95_,t0,t=100.849) ’,
[’Slope Estimation,=,’, slope_str, ’,%/min.’]);
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Listing E.3: Experiment 2 optical sensor data visualization

% Step 1: Load the data from the texzt file

filename = ’C:\Users\koenz\OneDrive\Documenten\Thesis
— Jelle\Presens\waterflow22apriltest2withoutbs.txt’;

fid = fopen(filename, ’r’);

data = textscan(fid, ’Yxsyhxsyhfuhfulh*xfolh*xEul*xEL%*s,
< ’Delimiter’, ’;°’);

fclose (fid);

4 Step 2: Eztract the desired columns

time = data{l}; / Eztract time wvalues
air_saturation = data{2}; / Eztract air saturation values

4 Step 3: Define time intervals corresponding to different flow
— frates

flow_rate_35_1 = time >= 9 & time <= 42; J Time interwval for
<~ flow rate 35 ul/min

flow_rate_70 = time > 42 & time <= 53; /7 Time interval for flow
— rate 70 ul/min

flow_rate_105 = time > 53 & time <= 60; J Time interval for flow
— rate 105 ul/min

flow_rate_140 = time > 60 & time <= 72; J Time interval for flow
— rate 140 ul/min

flow_rate_175 = time > 72 & time <= 78; J Time interval for flow
— rate 175 ul/min

flow_rate_0 = time > 78 & time <= 92; 7 Time interval for flow
— rate 0 ul/min

flow_rate_35_2 = time > 92 & time <= 115.354; ) Time interwval
— for flow rate 35 ul/min

% Step 4: Plot the data with consistent colors for each flow
— rate section

figure;

hold on; /% Overlay multiple plots

pl = plot(time(flow_rate_35_1), air_saturation(flow_rate_35_1),
— ’b.=-’); J Plot data for flow rate 35 ul/min in blue

p2 = plot(time(flow_rate_70), air_saturation(flow_rate_70),
~ ’m.-’); % Plot data for flow rate 70 ul/min in red

p3 = plot(time(flow_rate_105), air_saturation(flow_rate_105),
— ’c.=’); % Plot data for flow rate 105 ul/min in green

p4 = plot(time(flow_rate_140), air_saturation(flow_rate_140),
— ’y.=-’); % Plot data for flow rate 140 ul/min in magenta

p5 = plot(time(flow_rate_175), air_saturation(flow_rate_175),
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— ’k.=’); J Plot data for flow rate 175 ul/min in cyan

p6 = plot(time(flow_rate_0), air_saturation(flow_rate_0),
— ’r.-’); % Plot data for flow rate 0 ul/min in yellow

p7 = plot(time(flow_rate_35_2), air_saturation(flow_rate_35_2),
<~ ’b.-’); 4 Plot data for flow rate 35 uwl/min in blue (same
— color as first section)

xlabel (’Measurement Time,(min)’);

ylabel (’Air,Saturation, (%) ’);

title(’0xygen measurement with_ water, flow ,experiment 2’°);
x1im ([0, 1801); /% Set z-azis limit to 180 minutes

ylim ([0, 160]); % Set y-azis limit to 160 minutes

grid on;

/% Add the slope line and calculate its slope

x1l = 79.346;
yl = 1.373;
x2 = 91.849;
y2 = 17.805;

# Draw the slope line passing through the points
Linel = line([x1, x2], [yl, y2], ’Color’, ’green’, ’LineStyle’,
«—» ’--7, ’LineWidth’, 1.5);

4 Calculate slope
slope = (y2 - y1) / (x2 - x1);
fprintf (’Estimatedslope: %.2f\n’, slope);

/% Convert slope to string
slope_str = num2str(slope);

4 Add legend

legend ([pl p2 p3 p4 p5 p6 p7 Linel],
>Flow_ Rate 35 ,ul/min  (t=9,tot=42) ’,
>Flow,Rate 70 ,ul/min, (t=42,t0,t=53) ",
>Flow_ Rate 105,ul/min  (t=53_,to t=60) ",
>Flow,Rate 140 ,ul/min, (£t=60,t0,t=72) ",
>Flow_ Rate 175,ul/min  (t=72,to ,t=78) 7,
’Flow,Rate 0 ul/min, (t=78,to,t=92) ",
>Flow,Rate ;35 ,ul/min (t=92,to,t=115.354) ’,

[’Slope Estimation,=,’, slope_str, ’y%/min.’]); % Updated
— legend
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Listing E.4: Experiment 3 with gas exchanger optical sensor data visualization

4 Step 1: Load the data from the texzt file
filename = ’C:\Users\koenz\OneDrive\Documenten\Thesis
< Jelle\Presens\waterflowwithGE22apriltest3withoutbs.txt’;
fid = fopen(filename, ’r’);
data = textscan(fid, ’U*xsyh*subfouhfuhxf hxf h*xf %*xs’,
<% ’Delimiter’, ’;7’);
fclose(fid) ;

4 Step 2: Eztract the desired columns
time = data{l}; /% Exztract time walues
air_saturation = data{2}; / Eztract air saturation values

% Step 3: Definme time intervals corresponding to different gas
— flow rTates

gas_0 = time >= 11 & time <= 43; J Time interval for gas flow
— rate = 0 ml/min (adjusted start time to t=11 min)

gas_40_N2 = time > 43 & time <= 66; / Time <interval for gas flow
— rate = 40 ml/min N2 gas

gas_40_air time > 66 & time <= 120; 7 Time interval for gas
— flow rate = 40 ml/min air

gas_40_N2_2 = time > 120 & time <= 168.508; /% Time interval for
— gas flow rate = 40 ml/min N2 gas

% Step 4: Plot the data with different colors for each gas flow
— rate section

figure;

hold on; 7 Overlay multiple plots

plot(time(gas_0), air_saturation(gas_0), ’r.-’); % Plot data for
— gas flow rate = 0 ml/min in red

plot(time(gas_40_N2), air_saturation(gas_40_N2), ’b.-’); % Plot
— data for gas flow rate = 40 ml/min N2 gas in blue

plot (time(gas_40_air), air_saturation(gas_40_air), ’g.-’); %
— Plot data for gas flow rate = 40 ml/min air in green

plot(time (gas_40_N2_2), air_saturation(gas_40_N2_2), ’b.-’); 7
<~ Plot data for gas flow rate = 40 ml/min N2 gas (same color
~ as previous N2 gas section)

xlabel (’Measurement Time,(min)’);

ylabel (’Air,Saturationy (%) ’);

title(’0Oxygen Measurement_ with_ Gas_ Exchanger’) ;

x1im ([0, 180]); /% Set z-axzis limit to 180 minutes

ylim ([0, 160]1);

grid on;

4 Step 5: Add legend
legend (’Gas Flow,Rate,=,0,ml/min,,(t=11,to,t=43)"’, ’GasyFlow_ Rate,
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— =,40 ml/min_ N2,,(t=43_,to t=66) 7,
>Gas Flow Rate =,40 ml/min Air ,(t=66_,to,t=120) ", ’Gas_ Flow,
— Ratey=,40,ml/min_ N2,(t=120_,t0o,t=168.508)’); / Legend
— for different gas flow rates
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F. Fabrication parameter optimization

This appendix will present all additional fabricated samples and their corresponding
characterizations, along with the parameter settings utilized in the study.

F.1. General speed sweep

Settings used for the speed sweep are visible in Figure 26. Speed is swept from 50 to
1650 mm/s. The results are also visible in this section.
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Sample Power(%)

o1
02
03
04
05
06
07
08
09
010
011
012
013
014
015
P1
P2
P3
P4
P5
P6
P7

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

Speed(mm/s)

50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
750
900

1050
1200
1350
1500
1650

Repetitions(N)
100

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

Figure 26.: General speed sweep settings
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Magnification: X200.0

Lens: Z520:X200

Magnification: X200.0

Lens: Z520:X200

Figure 28.: Speed sample O2

Magnification: X200.0

Lens: Z520:X200AL1]

Magnification: X200.0

Lens: Z520:X200

Figure 29.: Speed sample O3 Figure 30.: Speed sample O4

Magnification: X200.0 1 Magnification: X200.0

Lens: ZS20:X200]AL.1 Lens: ZS20:X200]AL.1

Figure 31.: Speed sample O5 Figure 32.: Speed sample O6
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Magnification: X200.0 1 Magnification: X200.0

Lens: Z520:X200 Lens: Z520:X200

Figure 33.: Speed sample O7 Figure 34.: Speed sample O8

Magnification: X200.0 1 Magnification: X200.0

Lens: Z520:X200]ALL Lens: Z520:X200]ALL

Figure 35.: Speed sample O9 Figure 36.: Speed sample O10

Magnification: X200.0 1 Magnification: X200.0

Lens: ZS20:X200]AL.1 Lens: ZS20:X200]A1.1

Figure 37.: Speed sample O11 Figure 38.: Speed sample O12
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Magnification: X200.0 1 Magnification: X200.0

Lens: Z520:X200 Lens: Z520:X200

Figure 39.: Speed sample O13 Figure 40.: Speed sample O14

Magnification: X200.0 1 Magnification: X200.0

Lens: ZS20:X200[AL.1 Lens: ZS20:X200)

Figure 41.: Speed sample O15 Figure 42.: Speed sample P1

Magnification: X200.0 1 Magnification: X200.0

Lens: ZS20:X200]AL.1 Lens: ZS20:X200]AL.1

Figure 43.: Speed sample P2 Figure 44.: Speed sample P3
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Magnification: X200.0

Lens: Z520:X200 Lens: Z520:X200

Figure 45.: Speed sample P4 Figure 46.: Speed sample P5

Magnification: X200.0

Lens: 2520:X200AL1] Lens: Z520:X200]ALL

Figure 47.: Speed sample P6 Figure 48.: Speed sample P7

F.2. Through hole outline pitch sweep

Settings used for the through hole outline pitch sweep are visible in Figure 49. The
outline pitch is swept from 0.0125 to 0.125 mm. The results are also visible in this
section.
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Power(%) Speed(mmls{ Repetitions(N)

Sample
Al 20 1 100
A2 20 < 100
A3 20 100
A4 20 100
A5 20 100
A6 20 100
( A7 20 100
f A8 20 | 100
( A9 20 \ 100
> Al10 20 < 100

Figure 49.: Outline pitch sweep settings

>

1000

Outlines

1000

1000

1000

1000

1000

1000

1000

1000

1000

52




3D Heat Map Sample Al Surface Profile Sample Al

3D Heat Map Sample A2 Surface Profile Sample A2

a2 - - v . o
S 0b0 30bo oDy 000 6000 7000 8000 5000 10000 11000 12000 13000 14300 S000 1s000 17000 18000 19000 20000 21000 22536

3D Heat Map Sample A3 Surface Profile Sample A3
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3D Heat Map Sample A4 Surface Profile Sample A5

3D Heat Map Sample A6 Surface Profile Sample A6

43 . o
000 1000 2000 3000 4000 5000 6000 7003 000 5000 10000 11000 12000 13900 14000 15000 16000 17000 300 20 90 22000 23000 200002535

3D Heat Map Sample A7 Surface Profile Sample A7
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3D Heat Map Sample A8 Surface Profile Sample A8

3D Heat Map Sample A9 Surface Profile Sample A9

3D Heat Map Sample A10 Surface Profile Sample A10
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F.3. Through hole repetitions sweep

Settings used for the through hole repetitions sweep are visible in Figure 50. The
number of repetitions is swept from 100 to 1000 times. The results are also visible in
this section.

Sample Power(%) Speed(mmls* Repetitions(N) Outlines
B1 20 100 100 3
B2 20 100 200 3
B3 20 100 300 8 |
B4 20 100 400 3
B5 20 100 500 3
B6 20 100 600 3
B7 20 100 700 3
B8 20 100 800 3
B9 20 100 900 3
B10 20 100 1000 8 |

Figure 50.: Repetitions sweep settings
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Magnification: X200.0|

Lens: ZS20:X200] AL

Overview Picture Sample B2
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Surface Profile Sample B2
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Magnification: X200.0|

Lens: ZS20:X200] AL
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Surface Profile Sample B4
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Overview Picture Sample B8 3D Heat Map Sample B8
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Magnification: X200.0|

Lens: ZS20:X200|

Overview Picture Sample B9 3D Heat Map Sample B9
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Surface Profile Sample B9

65



Surface Profile Sample B10

F.4. Through hole perimeter cutting vs. area hatching
settings

Settings used for both methods for through holes are visible in Figure 61.
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Layer Hatch

Sample Power(%) Speed(mm/s) i) R G)

Through

ol 40 100 01 N/A
perimeter
cutting
Through
hole area 15 150 0.1 0.0015

hatching

Figure 61.: Settings used for both methods for through holes

F.5. Gas exchanger through hole settings used

Settings used for the different gas exchanger through holes are visible in Figure 62.

- Layer Hatch

Sample Power(%) Speed(mm/s) Repetitions(N) pitch(mm) pitch(mm)
Through

holes 40 100 300 0.1 N/A
alignment

Gas

through 40 100 300 0.1 N/A

hole

Liquid

through 15 150 10 0.1 0.0015

hole

Figure 62.: Settings used for the gas exchanger through holes

F.6. Channel engraving square sweep

Settings used for the square channel different parameter sweep are visible in Figure
63. The results are also visible in this section.
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Sample Power(%) Speed(mmls)' Repetitions(N) pitﬂzt((l:'rl:m)
Square 1 (5! 150 100 0.0015
Square 2 5 150 30 0.0075
Square 3 5 150 50 0.0075
Square 4 3 150 50 0.0075
Square 5 3 150 100 0.0075
Square 6 5 150 150 0.0075
Square 7 3 150 | 150 0.0075
Square 8 3 150 | 150 0.0075
Square 9 3 150 100 0.0015
Square 10 1 150 | 100 0.0015

Figure 63.: Parameter settings square channel samples
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Magnification: X200.0| ‘ |
Lens: Z520:X200) |

Overview Picture square 1 Surface Profile square 1
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B PP S

Magnification: X200.0|

Lens: Z520:X200)

Overview Picture square 2 3D Heat Map square 2

Surface Profile square 2
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Magnification: X200.0|

Lens: Z520:X200)

Overview Picture square 3 3D Heat Map square 3

Surface Profile square 3
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Surface Profile square 4
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Magnification: X200.0|

Lens: Z520:X200)

Surface Profile square 5
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Magnification: X200.0|

Lens: Z520:X200)

Surface Profile square 6
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Magnification: X200.0|

Lens: Z520:X200)

Surface Profile square 7
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Surface Profile square 8

76



Magnification: X200.0|

Lens: Z520:X200)

Surface Profile square 9
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Magnification: X200.0|

Lens: Z520:X200)

Overview Picture square 10 3D Heat Map square 10

1000 1500 2000 2500 3000

Surface Profile square 10

F.7. Channel circle samples

Settings used for this circular channels are visible in Figure 64.
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Layer Hatch

Sample Power(%) Speed(mmi/s) Repetitions(N) pitch(mm) pitch(mm)

Sample J 10 100 4 0.075 0.0015

Sample F 10 100 4 0.075 0.0015

Figure 64.: Settings used for circular channel samples

F.8. Channel engraving sweep settings of samples K

Settings used for this channel sweep are visible in Figure 65.

Layer Hatch
pitch(mm) pitch(mm)

Al

Sample Power(%) Sp Is) Repetitions(N)

K1 10 100 4 0.075 0.0015
K2 10 100 4 0.075 0.0015
K3 10 10 4 0.075 0.015

Figure 65.: Settings channel samples K

F.9. Gas exchanger channel settings used

Settings used for the gas exchanger channels are visible in Figure 66.

Layer Hatch

Sample Power(%) Speed(mmi/s) Repetitions(N) pitch(mm) pitch(mm)

Liquid

10 100 4 0.075 0.0015
channel
o 10 100 4 0.075 0.0015
channel

Figure 66.: Gas exchanger channels settings
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Lens: ZS20:X20@Magnification: X20.0
Figure 68.: Micronit chip with blue stained sensor spot hole
F.10. Micronit sensor hole

Settings used for the sensor spot hole are visible in Figure 67. Figure 68 shows the
sensor hole on the Micronit chip.

e Hatch Layer
Sample Power(%) Speed(mm/s) Repetitions(N) pitch(mm) Hatch pattern Layers(N) pitch(mm) -
sensor 15 150 5 0.0015 horizontal 10 0.05

hole

Figure 67.: Sensor hole settings
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G. Drawings

G.1. Gas exchanger

The gas exchanger consists of three layers; top glass slide, PDMS membrane layer,
bottom glass slide. This section shows their SolidWorks technical drawings with
dimensions.

G.1.1. Top layer

Figure 69 shows the dimensions of the top slide.

G.1.2. PDMS membrane layer

Figure 70 shows the dimensions of the PDMS membrane layer.

G.1.3. Bottom layer

Figure 71 shows the dimensions of the bottom layer.

G.2. Alignment tool

Figure 72 shows the dimensions of the 3D printed alignment tool.
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Common Issues and Mitigation Strategies in Fs Laser Fabrication

Throughout the laser machining process, several common issues were encountered,
each requiring specific mitigation strategies:

* Cracking of glass: Cracking of the glass substrate predominantly occurs due
to a combination of excessively low speed and overly high power settings. Al-
though increasing speed and lowering power may seem like a solution, it in-
troduces a trade-off. High speed can compromise quality due to imprecise lens
movement, resulting in shortcuts in certain parts of the trajectory. Conversely,
low power reduces penetration depth, leading to extended ablation times, some-
times spanning several hours for a small area.

* Debris clogging: The presence of small glass residues in the microstructure
can negatively impact surface smoothness by rebonding to the substrate during
ablation. To counteract this, a fume extraction system, such as BOFA Oracle,
is utilized to create airflow over the workpiece, as depicted in Figure ??. This
issue plays a larger role at smaller and deeper hatches since the debris build-up
is higher and is harder to be blown away than at shallow and wide hatches.
Additionally, a pressure pump aids in blowing away debris.

* Accuracy loss when out of focus: The LS-Lab micromachining setup experi-
ences accuracy loss when the laser is emitted too far from the focus point(40x40mm).
To mitigate this issue, cut files can be divided into separate sections using event
prompts. This ensures the stage moves to the correct position before cutting
sections that were otherwise out-of-focus, enhancing accuracy.
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H. COMSOL settings and sensitivity
analyses

Having 5 mL/min of gas flow, the initially planned gas flow rate, is also modeled
with COMSOL. The gas exchanger shows no negative sensitivity or influence to the
change in gas flow rate to 40 mL/min. This can be concluded from Figure 73, showing
an identical graph to the graph in the article with a gas flow rate of 40 mL/min.

o

0.2}
0.18} |
0.16} “
0.14} \
0.12}

0.1} \
0.08
0.06}
0.04}

Concentration (moI/m3)

0.02f -

-0.02
-0.04

0 50 100 150 200
Time (s)

Figure 73.: Average surface concentration profile of the gas exchanger liquid outlet
using a gas flow rate of 5 mL/min.

If the membrane gets deformed more than expected, blocking the gas channel, the
following COMSOL model examined the effects on the performance of the oxygen
concentration regulation. To simplify the model of a very deformed membrane state,
the gas channel is set to a uniform height of only 100 ym and the membrane layer
kept the original thickness and the liquid channel to 700 pum, since this side would
be bloated if the gas side would be made smaller. The result shows a difference
compared to the other models. It takes more time to reach within 10% and 1% of
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the set value compared to the other models. It takes approximately 262 seconds to
reach within 10% of the target value, and 530 seconds to reach within 1% of the target
value. The used geometry is visible in Figure 74 and the concentration profile of this
model is visible in Figure 75.

Figure 74.: The geometry for the deformed gas exchanger simulation consists of three
layers: the top layer is the liquid channel, the middle layer is the PDMS membrane
sheet, and the bottom layer is the gas channel.
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Figure 75.: Average surface concentration profile of the deformed gas exchanger’s
liquid outlet

H.1. COMSOL simulation parameters
The following COMSOL simulation parameter values are used in the models.

COMSOL parameters used in the gas exchanger simulation in the article:

w_medchannel 4[mm] "Width medium channel"

w_gaschannel 4[mm] "Width gas channel"

v_med Q_med/A_medchannel "Medium Flow velocity"

v_gas Q_gas/A_gaschannel "Gas channel flow velocity"

Q_med "(35e-9/60) [m~3/s]" "Medium flow rate"

Q_gas "(40e-6/60) [m~3/s]" "Gas flow rate"

mu_med "0.958 [mPax*s]" "dynamic viscosity cell medium"
h_pdms 170[um] "Height PDMS membrane"

h_medchannel 300[um] "Height medium channel"

h_gaschannel 500[um] "Height gas channel"

D_o2pdms 3.25E-9[m~2/s] "Diffusion coefficient PDMS"
D_o2n2 "3.472e-5 [m~2/s]" "Diffusion coefficient nitrogen"
D_o2med "2.69e-9 [m~"2 /s]" "Diffusion coefficient medium"
c_N2ini "0 [mol/m~3]" "initial 02 conc N2"

c_medsat "0.2 [mol/m~3]" "saturated oxygen concentration, 20 degrees"
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A_medchannel w_medchannel*h_medchannel "Medium channel area"
A_gaschannel h_gaschannel*w_gaschannel "Gas channel area"

COMSOL parameters used in the initial COMSOL simulation
using a gas flow rate of 5 mL/min:

w_medchannel 4[mm] "Width medium channel"

w_gaschannel 4[mm] "Width gas channel"

v_med Q_med/A_medchannel "Medium Flow velocity"

v_gas Q_gas/A_gaschannel "Gas channel flow velocity"

Q_med "(35e-9/60) [m~3/s]" "Medium flow rate"

Q_gas "(5e-6/60) [m~3/s]" "Gas flow rate"

mu_med "0.958 [mPax*s]" "dynamic viscosity cell medium"
h_pdms 170[um] "Height PDMS membrane"

h_medchannel 300[um] "Height medium channel"

h_gaschannel 500[um] "Height gas channel"

D_o2pdms 3.25E-9[m~2/s] "Diffusion coefficient PDMS"

D_o2n2 "3.472e-5 [m~2/s]" "Diffusion coefficient nitrogen"
D_o2med "2.69e-9 [m~2 /s]" "Diffusion coefficient medium"
c_N2ini "0 [mol/m~3]" "initial o2 conc N2"

c_medsat "0.2 [mol/m~3]" "saturated oxygen concentration, 20 degrees"
A_medchannel w_medchannel*h_medchannel "Medium channel area'
A_gaschannel h_gaschannel*w_gaschannel "Gas channel area"

COMSOL parameters used in the deformed COMSOL simulation with
different gas and liquid channel heights:

w_medchannel 4[mm] "Width medium channel"

w_gaschannel 4[mm] "Width gas channel"

v_med Q_med/A_medchannel "Medium Flow velocity"

v_gas Q_gas/A_gaschannel "Gas channel flow velocity"
Q_med "(35e-9/60) [m~3/s]" "Medium flow rate"

Q_gas "(40e-6/60) [m~3/s]" "Gas flow rate"

mu_med "0.958 [mPax*s]" "dynamic viscosity cell medium"
h_pdms 170[um] "Height PDMS membrane"

h_medchannel 700[um] "Height medium channel"
h_gaschannel 100[um] "Height gas channel"

D_o2pdms 3.25E-9[m~2/s] "Diffusion coefficient PDMS"
D_o2n2 "3.472e-5 [m~"2/s]" "Diffusion coefficient nitrogen"
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D_o2med "2.69e-9 [m~"2 /s]" "Diffusion coefficient medium"

c_N2ini "0 [mol/m~3]" "initial o2 conc N2"

c_medsat "0.2 [mol/m~3]" "saturated oxygen concentration, 20 degrees"
A_medchannel w_medchannel*h_medchannel "Medium channel area'
A_gaschannel h_gaschannel*w_gaschannel "Gas channel area"

The raw data from the COMSOL simulations is not included in this document due
to its extensive and detailed nature. However, it is available upon request. Interested
readers can obtain the data by contacting the author via email at jelle. hs@gmail.com.
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. Needle gauge separation and gluing
connection

I.1. Needle gauge separation

To establish a connection between the liquid port of the gas exchanger and a PEEK
tubing, an off-the-shelf metal elbow tubing could have been a viable option. However,
due to the constraints of small dimensions, suitable metal elbow pieces are not readily
available. As an alternative, the interior of a needle gauge, a small hollow tube
designed for liquid flow, can serve this purpose by linking the gas exchanger’s liquid
port (which is also a PEEK tubing) to the other PEEK tubing. Both tubes have an inner
diameter of 0.25 mm. A 32G yellow needle gauge is suitable for this application
because its outer diameter closely matches the inner diameter of the PEEK tubing.
Testing was also conducted with a lavender 30G needle, but it did not fit, even under
pressure. The needle gauge dimensions are illustrated in Figure 76.

To remove the housing of the needle gauge, a minor operation is required. Separating
the needle gauge’s inner metal tubing from the plastic housing can be achieved by
applying pressure to the glue connection between the tubing and the housing, using
pliers. Carefully cutting the glue connection at an angle without exerting pressure
on the metal tubing is crucial to prevent blockage or damage to the tubing. When
performed correctly, this process yields a plastic housing and a thin metal tubing.
The plier and resulting separation are visible in Figure 77.

1.2. Gluing connection

Excessive clearance between the needle gauge’s interior metal tubing and the PEEK
tubing resulted in leakage during perfusion. To solve this issue, Super Glue (specif-
ically, Loctite Super Glue 3 Precision) was employed to seal the leaks. Figure 78
depicts a microscope image captured after the application of the glue. Following this
adjustment, no further leakages occurred during perfusion.
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Precision Dispense Tips

PRECISION STAINLESS STEEL TIPS

ID 0D
Gauge Color mm inch mm inch
14 - Olive 1.54 0.060 1.83 0.072
15 - Amber 1.36 0.053 1.65 0.065
18 L Green 0.84 0.033 1.27 0.050
20 D Pink 0.61 0.024 0.91 0.036
21 D Purple 0.51 0.020 0.82 0.032
22 L Blue 0.41 0.016 0.72 0.028
23 D Orange 0.33 0.013 0.65 0.025
25 L Red 0.25 0.010 0.52 0.020
27 (D) Clear 0.20 0.008 0.42 0.016
30 Do Lavender 0.15 0.006 0.31 0.012
32 Yellow 0.10 0.004 0.24 0.009

Figure 76.: Needle gauge dimensions, adjusted from [38]

Precision TipS  Nordson
Engineered Fluid Dispensing EFD
PN: 7018424 coo.us

TIP 30GA .006X.25 LAVNDR S0PC
Lot/SN: 4003397994

Norsdy = (AN A

4 fN = ?—0 W‘IZ[( www.nordsonefd.com info@nordsonefd.com +1-401-

2064 0.006x 25"
- LAVNDR Neelles

431-7000

Figure 77.: Needle gauge separation, received by M. K. Ghatkesar (2024) [22]
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J. Factors Influencing Laser Result
Quality

The following figure demonstrates a cause-effect (Ishikawa) diagram of the determi-
nants that influence the laser result quality.

Cause-effect (Ishikawa) diagram
of laser quality determinants

Beam Laser
guidance source

; Wavelength
Mechanical
——)
progerties Substrate Len Pulse duration
thickness S
Thermal —— (——
progerties ) Power
Divergence Mirror —— Beam quality
Optical
: Substrate
roperties .
p—b production type Beam Beam diameter :
expander Beam profile
Producer — ———
— Gas assist .
) Cooling
————
(B(_)FA) Work_piefce Alignment Hatch pitch -
ventilation positioning
)
Support
bpe% Maintenance
[E——)
Ambient Sufficient
temperature training
——) =)
Humidity Condition
monitoring

Human
factor

Figure 79.: Cause-effect (Ishikawa) diagram of laser quality determinants
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K. Calibration of Presens Sensor Spot

This chapter details the calibration procedures and outcomes.

To begin the calibration, a 100 mL glass bottle is employed, with a 5 mm sensor spot
from Presens Precision Sensing GmbH affixed to the inner wall using 2 (£0.5) uL
of silicone glue (Wacker Elastosil E43). The process begins after allowing a day for
drying. Subsequently, 80 mL of Milli-Q water is added to the bottle, ensuring the
sensor is fully submerged and in close contact with the water. To enhance diffusion
time and ensure precise measurements, a temperature probe(Pt100, PreSens Precision
Sensing GmbH) and a gas tube with a diffuser stone are utilized, generating small
bubbles with increased contact area. Refer to Figure 80 for a visual representation of
the setup. It’s noteworthy that a magnetic stirring plate should be avoided to prevent
temperature fluctuations, as temperature plays a crucial role in oxygen saturation
measurement.

A two-point calibration is conducted, aiming for both 0% oxygen (cal0) and 100% air
saturation (cal100). A gas flow rate of 500 mL/min or higher is employed for cali-
bration, using nitrogen gas flow for 0% oxygen and airflow for 100% air saturation.
Throughout the calibration process, a weather station is utilized to monitor atmo-
spheric pressure, as this parameter influences the maximum solubility of oxygen in
water and, consequently, air saturation levels. Figure 81 illustrates the resulting cali-
bration values, all falling within the calibration limits specified by Presens Precision
Sensing GmbH. The measured atmospheric pressure is recorded as 986 mbar. Finally,
the temperature, atmospheric pressure, amplitude, and phase data are entered into
the Presens software.

The 2 mm sensor spots have the same values for the amplitude and phase bounds
according to their Presens manual. Due to time restrictions, the 2 mm sensor spots
are expected to have the same sensitivity and are not calibrated.
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Figure 80.: Calibration setup
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Calibration calo Cal100 Calibration

limits
Temperature 18.7C 20.1C 18.0C-22.0C
Amplitude 142827 41028
Phase 60.90 28.29
Calibration | 5g 00.62.00 25.00-29.00
limits

Figure 81.: Calibration values, within the bounds for reliable sensor values

98



L. Gas mixing compositions from
Bronkhorst OEM gas supply
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Figure 82.: Gas mixing ratios for the Bronkhorst OEM gas supply system
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Figure 83.: The Bronkhorst OEM gas supply system
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M. Slope and Width Estimation
Through Holes

Both through hole fabrication methods exhibit a noticeable slope from the top edge to
the bottom, influenced by factors such as glass debris and variations in result quality.
To quantify this slope, a triangular region is defined on both edges of each hole to
determine the x and y coordinates of the top and bottom points. The slope values of
both edges are then averaged to derive an average slope value, known as the height-
to-width ratio. Both figures with the triangles are depicted in Figure 84 and Figure
85.

The slope from the top edge to the bottom of both edges that was estimated using
perimeter cutting resulted in an average slope of:

1075-25 | 4 | 25-1000
15.27-80 1550—1940 (16.22 +2.5)
Average Slope = =

perimeter 2 > = 936m/m (Ml)

In comparison, the area hatching method yielded a slope of:

15.64—350 1600—1839

‘ 990—10 ‘+‘ 10—1000
area hatching — 2

Average Slope ) =(29+41) =35m/m. (M.2)

The significantly higher slope obtained from the perimeter cutting method suggests
that the fabricated hole exhibits higher quality and experiences a less gradual de-
crease in slope along its length compared to the area hatching method.

By considering the x-coordinates of the red triangles, we can estimate the width of
the hole. The perimeter cutting method yields a width of 1470 um (1550 - 80), while
the area hatching method provides a width of 1250 um (1600 - 350).
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Figure 84.: Slope estimation of a through hole using perimeter cutting, with in red
the estimation triangles
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Figure 85.: Slope estimation of a through hole using area hatching, with in red the
estimation triangles
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N. Sensor spot height and diameter
characterization

This chapter shows the result of the sensor spot height and radius measurement using
the Keyence digital microscope. This characterization is essential for determining the
dimensions needed for the sensor spot hole, being fabricated into the Micronit glass
slide.

Figure 86 shows the sensor spot top view, including the radius measurement. The
radius is estimated to be 985 ym. The height of the sensor spot is measured to be
220.9 pm, as visible in figure 87.

Magnification: X100.0
Lens: ZS20:X100JA1.1

Figure 86.: Sensor spot radius measurement
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Figure 87.: Sensor spot surface profile, showing a height measurement
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O. Equilibrium determination

Both Experiment 1 and Experiment 2 are checked if a steady state in the air saturation
is reached, recognizable by a slope %/ min of 0. The slope is calculated for both
Experiments in the section where Q = 175uL/ min is used since this showed the most
constant horizontal line behavior. Slope = (dy/dx) for Experiment 1 is calculated
as:

(8.488 — 8.546)

Slope = = 0.0099% / min.
°P€ = 195,016 — 100.849) /min
and for Experiment 2:
Slope = (1.169 - 1068) _ —0.0017%/ min.

(72.022 — 77.855)

The used data points and the graph section having Q = 175uL/ min is shown in
Figures 88 and 89.
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Air Saturation (%)

Oxygen measurement with water flow experiment 1

Flow Rate 35 ulmin (=1 to t=22)

Flow Rate 0 ulimin (t=22 to t=42)

Flow Rate 35 ulmin (=42 to t=66)

Flow Rate 70 ulmin (t=66 to t=77)

Flow Rate 105 ul/min (t=77 to t=86)

Flow Rate 140 ul/min (t=86 to t=95)
——— Flow Rate 175 ul/min (t=95 to t=100.849)
- - - Slope Estimation = 2.7866 %/min.

X95.016
Y 8.488

X 100.849
Y 8.546

L L L L L L L

45—

N
2
T

Air Saturation (%)
~N
I

15—

0.5 —

95 9% 97 98 99 100 101
Measurement Time (min)

Figure 88.: Steady state determination in Experiment 1

Oxygen measurement with water flow experiment 2

Flow Rate 35 ul/min (t=9 to t=42)

Flow Rate 70 ul/min (t=42 to t=53)
Flow Rate 105 ul/min (t=53 to t=60)
Flow Rate 140 ul/min (t=60 to t=72)
Flow Rate 175 ulimin (t=72 to t=78)
Flow Rate 0 ul/min (t=78 to t=92)

Flow Rate 35 ulmin (t=92 to t=115.354)
~ = = -Slope Estil = 1.3142 %/min.

X 72.022
Y 1.169 X 77.855

Y 1.068
MW/ 1

72 73 74 75 76 7 78
Measurement Time (min)

Figure 89.: Steady state air saturation determination in Experiment 2
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P. Video of gas flow reduction system

To watch the gas flow reduction video, please click on the following link:
https:/ /youtu.be/tiVsdumcTCw.
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https://youtu.be/tiVsdumcTCw
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