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Abstract
Nephrolithiasis is a disease of the urinary tract system, caused by accumulating waste products which
form small stones. It is known to affect people all over the world, with a prevalence in populations as
high as 16.7 % in North East Thailand and 18.5 % in uranium workers in Eastern Tennessee, USA.
The most found stones are Calcium (𝐶𝑎 ) Oxalate (𝑂𝑥 ) based crystals, which form when their
concentrations are supersaturated in the kidney, thus exceeding their solubility limit. The most common
forms of CaOx crystals in urine are the stable CalciumOxalate Monohydrate (COM) and the metastable
Calcium Oxalate Dihydrate (COD). If they grow too large and get stuck, medical surgery is necessary
to prevent kidney failure. It is therefore necessary to understand this form of biomineralization within
the human body to ensure proper treatment and prevention. This study focuses on mimicking the
situation in the collecting duct of the kidney. This is done in a 295𝑥45 𝜇𝑚 T-shaped microchannel,
wherin a 𝐶𝑎 solution enters through one inlet and an 𝑂𝑥 solution through a second, such that the
combined fluid flowing through the main channel is supersaturated. 𝐶𝑎 and 𝑂𝑥 are dissolved in
either water or artificial urine based on the works of Streit et al. In this manner, the following effects are
studied: the effect of varying average velocity, the effect of adding an amount of the natural inhibitor
Osteopontin in the 𝑂𝑥 -inlet, and the effect of changing the 𝐶𝑎 to 𝑂𝑥 ratio in urine conditions.
Besides the microfluidic experiments, three models are applied to understand the ongoing phenomena:
the Surface ReactionModel (SRM) as an analytical model of the transport-reaction kinetics at the crystal
surface, the Analytical Microchannel Model (AMM) as an analytical model of the momentum and mass
transport through the microchannel, and the COMSOLmodel as a numerical model of the microchannel
made in the Matlab program COMSOL. With the latter momentum and mass transport through the
channel are calculated and the mass transport results are combined with Jess Urine Expert to calculate
supersaturation profiles at the channel bottom, where the crystals grow. The number for the transport-
reaction kinetics of the crystal surface points out that the surface reaction limits the growth, not the
mass transport. Low Damköhler numbers for the transport-reaction kinetics in the entire microchannel
also point this out. When varying average velocity through the channel between 0.015 − 0.075 / , a
laminar bulk fluid flows (low Reynolds), while the main contributor of species transport is convection
(Peclet 𝒪(10 )). Fluid velocity profile in the channel is parabolic in its height and behaves as a plug
flow in its width. Supersaturation profiles and maxima are not affected when varying average velocity
in this order of magnitude. The supersaturation maxima are shifted into the 𝑂𝑥 -rich side of the
channel when the concentration of 𝐶𝑎 is a factor 30 greater than the concentration of 𝑂𝑥 and only
slightly when it is 7.5x greater, which is observed in both the model and the microfluidic experiments.
The experimental results point out that in ultrapure water conditions in this average velocity range,
at a 𝐶𝑎 ∶ 𝑂𝑥 ratio of 30, the majority of crystals found were COM crystals growing at a rate of
0.50 − 0.51 ± 0.08 ⋅ 10 / . Growth was not affected by varying average velocity in this order of
magnitude. In artificial urine conditions at a 𝐶𝑎 ∶ 𝑂𝑥 ratio of 7.5 solely COD crystals were found,
growing at a rate of 0.92 − 0.95 ± 0.19 ⋅ 10 / , which was not affected by varying average velocity.
In both situations, when Osteopontin was added, it inhibited the CaOx crystallization by decreasing
growth rates and decreasing the density of crystals attached to the channel surface. In artificial urine
conditions, high ratios (7.5-10) of 𝐶𝑎 ∶ 𝑂𝑥 produced solely COD crystals. Low ratios (5-6) of
𝐶𝑎 ∶ 𝑂𝑥 produced COD and simultaneously slow growing oval crystals, which are speculated to
be COM. The main conclusion is that urine conditions ensured a stabilized COD phase, while greatly
reducing COM crystallization, which was the predominant crystal when the components in artificial
urine were not present in the ultrapure water experiments.

R.C.N. Smeets
Delft, June 2021
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1
Introduction

Nephrolithiasis is a well-known medical condition where waste products in the kidney accumulate and
solidify to stones. In 1500 BC the Egyptians already reported them, in 600 BC an Indian surgeon wrote
a book about them, and even the famed Hippocrates discussed them in his Medicine books [4]. Nowa-
days, these crystals still form a health threat, where in some populations the percentage of people
reporting them goes as high as 16.9%, as is the case in Northeast Thailand, and 18.5% for uranium
workers in Eastern Tennessee, USA [5]. Most kidney stones are excreted through urinating, but when
too large they get stuck and block vital parts of the kidney, such that surgical means are necessary for
their removal to prevent kidney failure and in some cases death.

The majority of these stones (> 70 %) found in patients are based on Calcium ions (𝐶𝑎 ) and Oxalate
ions (𝐶 𝑂 or 𝑂𝑥 ), of which the monohydrate (𝐶𝑎𝑂𝑥 ⋅ 𝐻 𝑂 or COM, Figure 1.1D) and dihydrate
(𝐶𝑎𝑂𝑥 ⋅ 2𝐻 𝑂 or COD, Figure 1.1C) are most common. Other common crystals depicted in Figure 1.1
are Cystine (A), Struvite (B), and Uric Acid (E and F) [6]. The formation characteristics of these crystals
are influenced by components present in urine, as well as macromolecules like Osteopontin (OPN),
which will be elaborated further on in Section 2.3.1 [7].

Figure 1.1: Various types of commonly seen kidney stones. (A) Cystine, (B) Struvite, (C) CalciumOxalate Dihydrate, (D), Calcium
Oxalate Monohydrate, (E) Rectangular Uric Acid, (F) Rhomboidic Uric Acid. Taken from Han et al. [6].

Nephrolithiasis is a form of crystallization instigated when solute concentrations in urine exceed their
thermodynamic limit [8]. It is a medical condition studied by medical professionals, while crystallization
is a common concept in chemistry. Studying this form of biomineralization from a chemical context, can
lead to an improved understanding of and improved treatments for kidney stone formation. Most stud-
ies on CaOx crystallization in microfluidic devices are performed in water, while only few components
are added, leaving the effect of a complete urine composition on this solidification unstudied [9, 10].
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2 1. Introduction

The crystallization surroundings in this study are cured Polydimethylsiloxane (PDMS), which is used in
microfilters for artificial kidneys, such that findings could help in their development [11].

In this study, the situation for CaOx crystallization in the kidney was mimicked by a microfluidic device
with a 295𝑥45𝜇𝑚 T-shaped channel with two inlets towards this main channel. One inlet contained
an 𝑂𝑥 solution and the other a 𝐶𝑎 solution. A pressure difference created a flow in the chan-
nel towards its outlet, causing convective and diffusive transport of 𝐶𝑎 and 𝑂𝑥 into the channel.
When mixed, their combined concentration exceeded its solubility threshold and they solidified to 𝐶𝑎𝑂𝑥
crystals. Through a microscope, crystals attached on the microchannel surface were documented and
analyzed. Afterwards they were identified based on their appearance and via Raman spectroscopy,
which were compared with literature results. Besides this, the experiment was matched with an analyt-
ical model of the surface reaction of a single crystal, as well as an analytical and computational model
of the microchannel.

The first model is the Surface Reaction Model about the transport-reaction kinetics at the crystal sur-
face, where a Damköhler number to predict the limiting step in the kinetics is derived. This is followed by
the Analytical Microchannel Model to predict the behaviour of its convective and diffusive mass trans-
port in the microchannel, as well as the ongoing transport-reaction dynamics in the entire channel. The
COMSOL model simulates the dynamics in the microchannel, resulting in its flow velocity profile as
well as the spread of 𝐶𝑎 and 𝑂𝑥 ions throughout the channel. Its concentration profile results are
plugged in Jess Urine Expert to calculate supersaturation profiles at the channel bottom.

Microfluidic experiments by MSc. Jiali Wang were performed in ultrapure water conditions (UW) with
𝐶𝑎 inlet concentration 𝑐 , = 12 / and𝑂𝑥 inlet concentration 𝑐 , = 0.4 / , where average
velocity 𝑈 is set at 𝑈 = 0.015/0.035/0.075 / . Also experiments at 𝑈 = 0.015 / were performed with
OPN concentrations of 𝑐 = 2.4/6/8.4⋅10 / . The analysis and evaluation of her data were per-
formed in this study. Furthermore, these experiments were repeated in AU with a composition based
on Streit et al., where 90 / Sodium Chloride, 2 / Tri-sodium Citrate, 13 / Sodium Sul-
phate, 16 / Sodium Phosphate Monobasic, 2 / Magnesium Sulphate Heptahydrate, 42 /
Potassium Chloride, 20 / Ammonium Chloride, 7 / Creatinine, and 300 / Urea were dis-
solved in ultrapure water [3]. Inlet concentrations were 𝑐 , = 12 / and 𝑐 , = 1.6 / . In this
manner, the effect of AU on CaOx crystallization was studied with UW as a reference. Besides this,
the influence of varying 𝑈 or adding OPN was studied. It is reported that varying 𝑐 ∶ 𝑐 ratios has
an effect on crystallization, so AU conditions were kept similar, while 𝑐 , = 12 / was fixed and
𝑐 , = 1.2/2.0/2.4 / was varied at 𝑈 = 0.035 / [12]. In this manner, the process of kidney stone
crystallization was closer to the situation in the human body. All experiments were performed at room
temperature.

1.1. Thesis Objective
This thesis aims to describe Calcium Oxalate crystallization under the influence of artificial urine (AU).
This is done by modelling and laboratory experiments. The main question of this thesis is: What is the
effect of urine on Calcium Oxalate crystallization in a microfluidic system resembling the situation in
the kidney?

To answer this question other objectives are set as subquestions:

1. What is the effect on CaOx morphology and growth rate when varying average velocity in the
microfluidic device?

2. What is the effect of Osteopontin on CaOx morphology and growth rate?

3. What is the effect of varying 𝑐 ∶ 𝑐 ratios on CaOx morphology and growth?

The questions asked during the modelling, are:

1. What is the limiting step in transport-reaction kinetics in crystal growth reaction?
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2. How do velocity and species mass transport behave in the microchannel?

3. What are the supersaturation patterns in the microchannel?

4. Is there an effect of average velocity on the supersaturation patterns in the microchannel?

1.2. Report Outline
This introductory chapter is followed by five more chapters. Chapter 2 presents three theoretical do-
mains as background knowledge. Firstly, it handles the kidney. Secondly, it handles a description
of crystal forms, the condition of supersaturation, the creation of new crystals called nucleation, and
crystal growth. Thirdly, it handles CaOx crystals and components in urine affecting CaOx formation.
Chapter 3 handles the analytical and numerical microchannel models together with the single crystal
surface reaction model. Chapter 4 treats the experimental part with its method, its results and a dis-
cussion on these. The findings of chapter 3 and 4 are concluded in Chapter 5. Chapter 6 is dedicated
to recommendations on the experiment in this thesis as well as future research into the subject.





2
Theory

2.1. The Kidney
The kidneys are two bean-shaped organs found near the spine. Metabolic waste products accumulate
in the human body and, as part of the urinary tract system, the kidney prepares these for excretion
from the body. The kidney filters these toxins to maintain blood quality; it returns vital substances like
vitamins, amino acids, etc. to the bloodstream; it regulates blood pH and composition by getting rid
of excess fluid and salt; and it secretes hormones responsible for maintaining blood pressure and red
blood cell production[13]. The functioning units of the kidney are tube-like units called nephrons, which
reabsorb water from waste streams. Adult humans have around 150 L of waste solution to process per
day and the kidney reabsorbs around 99% of the water through diffusion and active transport, leaving
1.5 L of urine to be excreted per day, as sketched in Figure 2.1 [14, 15]. Multiple nephrons are connected
to a single collecting duct, which is 20-22 𝑚𝑚 long and 20-50 𝜇𝑚 wide. By itself, the collecting duct is
connected to other collecting ducts as the last step before waste fluid flows through the ureter to the
bladder [16]. Throughout the kidney, CaOx crystals form when 𝐶𝑎 and 𝑂𝑥 exceed their combined
thermodynamic limit, and these can bind on the renal cell tissue in the presence of 𝐶𝑎 in the ambient
kidney fluid [17]. In healthy people 𝐶𝑎 and 𝑂𝑥 concentrations are around 𝑐 = 3.0 / and
𝑐 = 0.3 / (ratio 10:1). When this is exceeded, either is spoken of hypercalciuria (𝑐 excess) or
hyperoxaluria (𝑐 excess) [18].

Figure 2.1: Sketch to portray the workings of the nephron and how the H2O mass balance works in the kidney. See the nephron
as a tube with semi-permeable walls, where waste product flows in and water is reabsorbed. On average a human kidney has
∼ , , nephrons, where 150 L / day flows into, out of which 148.5 L (99 %) of water is reabsorbed per day [14, 15].

2.2. Crystals
The mineralization of excess solute in the kidney is a form of crystallization. Crystals are the most
organized type of solid in terms of arrangement of molecules. Their basic unit fits in a lattice structure
and forms a repeating unit throughout the complete crystal lattice. Its expression is the form of the
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crystal, or its morphology, which directly affects physical characteristics [8]. The smallest repeating
unit in the crystal is the unit cell, defined by its constant cell parameters as constant lengths with
constant angles in-between. In crystallography, these parameters are often described in a 3D box
by a Miller Plane. Figure 2.2a shows this basic cube with 𝑎 as constant length of each side. In Figure
2.2b examples are given for variations of Miller planes. The indices (111), (210), and (210) display
where the lattice vectors intersect (𝑎 ≠ 0) or not (𝑎 = 0), as well as the size of each vector, where 𝑎 = 1
and thus 2 = 2𝑎. Numbers with a bar on top have a negative intersection coordinate. In this manner,
crystal form and its orientation are deductable [19, 20]. Factors like supersaturation, nucleation, and
growth affect morphology. These factors are explained in the following sections.

(a) (b)

Figure 2.2: (a) Building block for the basic unit cell, where each side has equal length a. (b) Examples for various unit cells.
Values other than 0 indicate where the lattice vector intersects, while the value indicates the relative length size compared to
others, and a bar indicates negative intersection coordinates. Both (a) and (b) are taken from Kopeliovich [20].

2.2.1. Supersaturation
Crystals do not suddenly spawn in every solution, only when specific conditions are met, they can
emerge. When compounds are dissolved in a liquid, there is a thermodynamic limit for the maximum
quantity of dissolved solute per unit volume. When the concentration (𝑐 ) is equal to or lower than this
limit, the solution is considered stable. If 𝑐 exceeds this threshold, the solution is supersaturated. By
adding more solvent, or changing the temperature adequately, external factors are able to stabilize
the solution. If these are not present, a thermodynamic driving force minimizes the free energy of
the system. This induces a spontaneous phase-change where excess solute is cast out the liquid to
solidify as crystals until the solution is stable, also known as crystallization [8]. In Figure 2.3, the 𝑐
versus temperature graph contains the solubility curve with beneath it the stable undersaturated zone,
while above the supersaturated metastable zone. Higher supersaturation leads to a greater bias for
stabilization, thus quicker crystallization [21].

Figure 2.3: Solubility curves and regions in c vs T graph. Taken from Thermopedia [1].
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Thermodynamically, supersaturation is an energy potential due to an excess of species. For a system
with constant temperature 𝑇 and constant pressure 𝑃, the Gibbs free energy 𝐺 is a representation of
the chemical potential 𝜇 in the system by the quantity 𝑁 of component 𝑖 as in Eqn. 2.1 [22].

𝜇 (𝑇, 𝑃, 𝑁 ) = ( 𝜕𝐺𝜕𝑁 ) , ,
(2.1)

When Δ𝐺 of a system is negative, the free energy of the current state is higher than for a potential
product state, resulting in a driving force for a spontaneous process towards the products. If in Eqn.
2.2 the chemical potential of the solute 𝜇 is larger than 𝜇 for a crystal, or 𝜇 < 𝜇 , there is a bias
towards crystallization [23].

Δ𝐺 = 𝜇 − 𝜇 (2.2)

By itself, 𝜇 (Eqn. 2.3) is composed of an ideal 𝜇 , and an excess element with the latter depending
on 𝑇, gas constant 𝑅 and the activity 𝑎 , or the effective concentration. The activity depicts the actual
behaviour of the solute by its concentration 𝑐 and activity coefficient 𝑓 [22]. This coefficient represents
the deviation of the ion from ideal behaviour due to attraction, repulsion, and complex forming with
other components in its surroundings [24].

𝜇 = 𝜇 , + 𝑅𝑇𝑙𝑛(𝑎 ) 𝑤𝑖𝑡ℎ 𝑎 = 𝑐 𝑓 (2.3)

For a solid, 𝑎 = 1. For a solute, 𝑎 is balanced with an equilibrium activity (𝑎 , ). This is used in the
combination of Eqn. 2.3 and Eqn. 2.2 to result in Eqn. 2.4. The value within the brackets determines
the direction of the (reversible) spontaneous process. A negative value leads to crystallization and the
greater this value, the greater the bias for crystallization [25].

Δ𝐺 = Δ𝜇 = 𝑅𝑇𝑙𝑛 ( 𝑎
𝑎 ,

) = 𝑅𝑇𝑙𝑛 ( 𝑓𝑐
𝑓 𝑐 ) (2.4)

𝑓 is determined by intense calculations and in practice often ideal conditions (𝑓 = 1) are assumed.
This leads to the general description of the relative supersaturation 𝜎 in Eqn. 2.5 and a description for
the absolute supersaturation 𝑆𝑆. A solution is supersaturated when 𝑐 exceeds solubility threshold 𝑐 ,
such that 𝑆𝑆 > 1 [26].

𝜎 =
𝑐 − 𝑐
𝑐 = 𝑐

𝑐 − 1 = 𝑆𝑆 − 1 (2.5)

During ionic crystallization more than one component is present and Eqn. 2.5 is insufficient. The
deduction of 𝜎 for two components A and B is similar to the single component deduction, and results
in Eqn. 2.6. The solubility product 𝐾 works as a constant for the maximum solubility when both
components are present. This constant is directly associated with the equilibrium constant for the
reversible precipitation reaction of the solute [27, 28].

𝜎 = (𝑐 𝑐 𝑓 𝑓𝐾 ) − 1 = 𝑆𝑆 − 1 (2.6)

In a supersaturated solution, the energy potential is relieved by crystallization in two manners: by
creating new crystals, also known as nucleation, and by growth of these crystal.

2.2.2. Nucleation
When the preconditions for crystallization are met, it is a matter of time until the first crystals spawn.
However, precipitation does not always occur. Nucleation can be initiated by pre-existing crystals,
also known as secondary nucleation. Primary nucleation, without the influence of pre-existing crystals,
occurs either homogeneously in the solution, or heterogeneously at a surface. It is a spontaneous
process induced by the energy potential of supersaturation (Δ𝐺 < 0). Even though the chemical poten-
tial between the pure solid and liquid phases (𝜇 ) is biased towards crystallization, an energy barrier
caused by crystal-liquid surface free energy, due to surface tension 𝛾, must be overcome for successful
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nucleation [29]. When assuming that nuclei are formed spherically, the free energy difference Δ𝐺 is a
function of the radius 𝑟 (Eqn. 2.7) [30].

Δ𝐺 = 4
3𝜋𝑟 Δ𝜇 + 4𝜋𝑟 𝛾 (2.7)

The energy barrier to overcome is defined by the critical free energy Δ𝐺 , for which a critical radius 𝑟
must be reached. By setting Δ𝐺/𝑑𝑟 = 0 in Eqn. 2.7, 𝑟 is deducted (Eqn. 2.8). If 𝑟 is not reached, the
potential nucleus redissolves.

𝑟 = −2𝛾
Δ𝜇 (2.8)

When 𝑟 is plugged back into Eqn. 2.7, the definition of Δ𝐺 is made (Eqn. 2.9). This is the case for
homogeneous nucleation, where a crystal forms in the solution without contact with a surface. When
there is a surface involved, the required free energy is affected by the contact angle of the nucleus with
the surface.

Δ𝐺 = 4
3𝜋𝑟 𝛾 (2.9)

To cope for the contact angle 𝜔, the function 𝜙(𝜔) is included in Eqn. 2.10. 𝜙(𝜔) comes directly from
the overall energy balance of the spherical nucleus in a liquid at the contact surface. Because only part
of a complete sphere is on top of the surface, the nucleus has the form of a spherical cap (Figure 2.4).
This cap has a contact angle at its edge, where it is in contact with the surface and the liquid.

Δ𝐺 = 𝜙(𝜔) (43𝜋𝑟 Δ𝜇 + 4𝜋𝑟 𝛾 ) 𝑤𝑖𝑡ℎ 𝜙(𝜔) = 2 − 3 cos𝜔 + cos 𝜔
4 (2.10)

A similar analysis as for homogeneous nucleation, results in Eqn. 2.11 for the heterogeneous free en-
ergy. Due to the contact angle, the value of𝜙(𝜔) ranges between 0 < 𝜙 < 1, such that less energy is re-
quired for successful heterogeneous nucleation than for homogeneous nucleation (Δ𝐺 , < Δ𝐺 , ).

Δ𝐺 = 4
3𝜋𝑟 𝛾 ∗ 𝜙(𝜔) (2.11)

Figure 2.4: Depiction of heterogenous nucleation in a liquid with the contact angle between the potential nucleus and the surface
( ). Adapted from Bostwick [2].
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2.2.3. Crystal Growth
After nucleation, the crystal can grow and increase in size due to addition of solute at the crystal surface.
Reactants from the bulk solution are transported near the crystal surface, where they can bind at sites
with favourable surface energy. Figure 2.5 visualizes atoms at typical locations in a crystal lattice. Atom
3 is positioned at a favorable site as it has optimal contact points with its neighbouring atoms. This is
also called a kink site at a growth hillock [31]. If the contact surface is reduced, as for the step site at
atom 4, the energy barrier for binding increases. This increases more for atom 5, located at a ledge
site, where the energy barrier is similar to single atom nucleation on a flat surface [32, 33].

Figure 2.5: The crystal lattice and various atoms occupying space in the latice: 1 - atom embedded in the uppermost crystal
plane, 2 - atom embedded into the step edge, 3 - atom in a half-crystal (kink) position, 4 - atom adsorbed at the step, 5 - atom
adsorbed on the terrace. Figure and caption taken from Springer Handbook of Crystal Growth (2010) [32].

(a) (b) (c)

Figure 2.6: (a) Depiction of point defects. Taken from Kopeliovich [34]. (b) Depiction of line defects. On the left is an edge
dislocation, on the right a screw dislocation. Taken from Mcnamara [35]. (c) Spiralling growth due to screw dislocation. Taken
from Nancollas (1983) [33].

In Figure 2.5 the amount of kink sites seems finite, but in practice growth continues after prolonged
time. This is attributed to imperfections within the lattice structure, allowing the creation of more kink
sites. In the three spatial dimensions, there are four types of defects [36, 37]:

1. Point defect: A defect at a single point in the lattice (Figure 2.6a). For impurities the strain depends
on the size of the atom, similarly a vacancy (or Schottky defect) is a vacant spot in the lattice. A
combination of both is a Frenkel Defect, where a vacancy-interstitial pair are formed.

2. Line defect: A dislocation of an entire line segment alters the geometry of the crystal (left in Figure
2.6b). The screw dislocation is where the line segment binds at an irregular opposing place in
the lattice, exposing atoms at the lattice, and thus the exposure of more kink sites, so continuous
growth takes place in a spiralling pattern (Figure 2.6c and right in Figure 2.6b) [38].

3. Planar defect: An entire plane within the lattice is shifted compared to others. This is often seen
as an angle between two planes, or as plane areas with irregular growth.
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4. Volume defect: The inclusion of an entire volume on the lattice, or a void of entire volumes in
lattice. An example of a void is when air bubbles are trapped in a crystal.

Defects roughen the surface of the crystal, creating more kink sites, so more locations with optimal
binding energy [39]. The Frank-van der Merwe mode (Figure 2.7a) is a 2D growth theory stating that
a crystal first tends to complete a single layer before it starts to grow a new one. Volmer-Weber mode
(Figure 2.7b) describes 3D growth where various layers grow simultaneously, as kink sites on any
place at the surface can cause growth. Stranski-Krastanov mode (Figure 2.7c) is a combination of
both, where at the beginning growth is layer-by-layer and after prolonged time the growth also is 3D
[40]. It is reported that in the same crystal each individual crystal face can have their own growth rate
due to defects solely affecting a single plane [37].

Figure 2.7: Three different growth crystal growth modes. (a) 2D or Layer-by-layer Frank-van der Merwe mode. (b) 3D Volmer-
Weber mode. (c) Combined 2D and 3D Stranski-Krastanov mode. Taken from Levi et al. (1997) [40].

Since crystal growth is not only determined by the surface reaction, but also by mass transport towards
it, its transport-reaction kinetics determine in which fashion the crystal grows. If transport limited, in-
creasing the mass transport, for instance by increasing convection, leads to quicker crystallization.
When reaction limited, a change in mass transport does not directly lead to increased crystal growth.
Various studies have found relations between growth rate, mass transport, and also 𝜎. Nielsen [41]
extensively worked on growth kinetics, and states that when growth is transport controlled, the con-
centration at the surface 𝑐 is smaller than the bulk concentration 𝑐 (𝑐 << 𝑐). The concentrations are
similar when the system is surface controlled (𝑐 ≈ 𝑐). Growth is linear when adsorption or transport
limited, but parabolic when there is spiral growth involved. It is exponential when new nucleation on
the crystal surface occurs. This means that in Eqn. 2.12 for surface controlled growth the complete
growth rate of a crystal ( / ) for a sparingly soluble salt 𝑀 𝑋 is dependent on the surface reaction
constant 𝑘 , a surface related function 𝑠, 𝐾 , 𝜎, summed stoichiometry 𝜈 = 𝑎 + 𝑏, and the reaction
order 𝑚. In a perfect crystal the relation between 𝜎 and growth rate / is expected to be linear, but
studies on CaOx at low 𝜎 values show a linear relation between √ / and 𝜎. At these low 𝜎 values
Burton and Cabrera theorized that crystal growth mechanics are led by spiral growth on the surface
[38, 42]. Zauner et al. [43] deducted from this theory that reactants find kink sites at a rate proportional
to 𝜎, while the density of kink sites is also proportional to 𝜎, therefore the net proportionality leads the
relation √ / ∝ 𝜎 and 𝑚 = 2. Nancollas et al. [44] found that when 𝜎 is large, the relation is / ∝ 𝜎
and 𝑚 = 1.

𝑑𝑛
𝑑𝑡 = −𝑘 𝑠𝑘

/ 𝜎 (2.12)
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2.3. Calcium Oxalate Crystals
When 𝐶𝑎 and 𝑂𝑥 solidify as 𝐶𝑎𝑂𝑥 crystals, the products are the stable monohydrate COM, the
metastable dihydrate COD, and the metastable trihydrate COT. These are related by their main com-
position of 𝐶𝑎 and 𝑂𝑥 , while the metastable forms can dehydrate to more stable versions. When
COT dehydrates the products are COD + H2O and when COD dehydrates it leads to the stable COM
+ H2O [45]. The plate-like COT is most unstable, only sparsely found in urine, and it is also not found
in the experiments performed in this thesis, therefore this type will not be elaborated further on.

The structures for COM and COD are distinguishable with several techniques. Firstly, XRD determines
the lattice structure, position of individual atoms, and its angles. Secondly, Energy-dispersive X-ray
spectroscopy makes makes a spectrum from the x-ray defraction, where each atom has unique defrac-
tion peaks associated with it. Thirdly, Raman spectroscopy maps the vibrational modes of molecules
with photon-excitation. CaOx crystal types and their morphology are well documented and some stud-
ies identify crystals solely by their form in microscopic images. [8, 18, 46].

The morphological difference between COM and COD are depicted by their Miller indices. The typical
shape of COM (Figure 2.8a) is called monoclinic, one of the seven types of typical crystal shapes by
Miller index. The typical COD shape (Figure 2.8b) is a tetragonal prism or bipyramid [47]. Hartl et
al. [47] found these in excreted urine from stone formers and confirmed these crystal identities with
X-ray defraction. They saw the classic COD shapes, as well as the dumbbell and round COM shapes.
Kuliasha et al. and Rakotozandriny et al. [10, 48] also saw these shapes in their research and confirm
this with Raman spectroscopy. In Section 4.2.1 a table with Raman shifts for COM and COD is given,
together with Raman shifts of PDMS, where the microchannel is made from.

(a) (b)

(c) (d)

Figure 2.8: (a) COM morphologies as monoclinic rhomboids and associated Miller indices.(B) COD shapes as tetragonal prisms
and bipyramids and associated Miller indices. (a) and (b) taken from Hartl et al. [47]. (c) CaOx crystals found in urine. First three
at the top are COD crystals, others are for COM. Taken from Laube et al. [49]. (d) COM (green) and COD (red) morphologies
found by Rakotozandriny et al. [46].
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2.3.1. Effect of Urine Composition and Osteopontin on CaOx Crystallization
Inhibitors are materials that are able to nullify or slow down crystallization. When these bind on ac-
tive sites of crystals, the amount of kink sites to grow on reduces. When these bind on reactants, the
amount of free ions to crystallize reduces [50]. Urine consists of components which inhibit or promote
CaOx nucleation, growth and/or aggregation.

Streit et al. [3] formed a formula to artificially prepare a urine solution including solutes of NaCl, KCl,
NH4Cl, Creatinine, Urea, Na3Citrate, MgSo4⋅ 7H2O, Na2SO4, NaH2PO4, CaCl2, and Na2C2O4. This
artificial urine formula was used to mimick urine conditions in this thesis. Its components affect the
activity coefficients for Ca2+ and Ox2-, while some components inhibit crystallization. Citrate is able to
form complexes with Ca2+ and Mg2+ ions, and is seen as a strong inhibitor for CaOx crystallization.
The presence of citrate, as well as Mg2+ ions, increases the solubility of COM, but also enables a sta-
bilized COD phase [12, 51]. This was also seen in a flow cell study by Kuliasha et al. [48], where the
presence of citrate led to a COD phase precipitating earlier than COM, as well as changing the mor-
phology of COM to to oval crystals, which was not the case without citrate. For creatinine, Rath et al.
and Pak et al. [52, 53] associated hypercalcularia with an increased calcium-to-creatinine ratio, as cre-
atinine is an indicator of the functioning of the kidney, but it does not affect the solubility of COM greatly.

Besides these, sulfate is proven to weakly compete with 𝑂𝑥 for binding with 𝐶𝑎 , effectively re-
ducing the available number of reagents, thus inhibiting the process [54]. Under the right conditions
phosphate reacts with calcium to form the hydroxyapatite crystal [33]. Other components like NH4Cl
affect the urine pH value, which is reported to affect the type and composition of kidney stones and
also the ability of the kidney to secrete or reabsorb metabolites and solutes [55].

A natural inhibitor found in human bones is the protein Osteopontin (OPN). Wesson et al. [56] re-
searched the long-term effect of OPN-deficiency on mice and found that this causes CaOx deposits in
their renal tubes. The inhibiting property of OPN comes from its many negatively loaded sites which
hinder CaOx crystal formation by binding on Calcium at active CaOx crystal sites, specifically at its
growth hillocks [57]. Besides this, the presence of OPN does not only inhibit COM formation, but it can
also, like citrate, stabilize the crystallization of the COD phase [7].



3
Crystal and Microchannel Modelling

During the laboratory experiments, a solution supersaturated with 𝐶𝑎 and 𝑂𝑥 flows through a mi-
crochannel, wherein CaOx crystals precipitate and grow on the surface of the channel. To understand
the ongoing phenomena at the crystal surface and in the microchannel, these systems are modelled.
Firstly, the transport-reaction kinetics of an individual crystal are studied with the Surface Reaction
Model (SRM). Secondly, the Analytical Microchannel Model (AMM) sheds light on the significance of
the mass transport types and the crystallization process in the microchannel. Thirdly, the COMSOL
model computes velocity profiles (𝑣-profiles), concentration profiles (𝑐-profiles), and supersaturation
profiles (𝜎-profiles) in this channel. During the analysis, assumptions and mathematical techniques
based on techniques by Fowler and by Deen are used. [58, 59]. A set of applied constants in the
calculations are listed in Table 3.1.

Table 3.1: Constants applied in mathmematic equations. All constants are at ∘ .

Constant Symbol Value Unit Reference
Diffusion Coefficient 𝐶𝑎 𝐷 7.92 ⋅ 10 / Rakotozandriny [10]
Diffusion Coefficient 𝑂𝑥 𝐷 9.87 ⋅ 10 / Rakotozandriny [10]
Density Water 𝜌 997 / Kassemi [60]
Viscosity Water 𝜇 0.893 ⋅ 10 /( ⋅ )
Surface Reaction Constant 𝑘 5.9 ⋅ 10 / Daudon [18]
Solubility Product COM 𝐾 , 1.70 ⋅ 10 / JESS database [61]
Solubility Product COD 𝐾 , 4.57 ⋅ 10 / JESS database [61]
Molar Volume 𝑉 6.6 ⋅ 10 / Kassemi [60]
Scale Radius 𝑅 2.5 ⋅ 10 𝑚 Kassemi [60]
Channel Height ℎ 45 ⋅ 10 𝑚 -
Channel Width 𝑤 295 ⋅ 10 𝑚 -

In the analytical models, diffusion of two species is key. The harmonic mean diffusion coefficient 𝐷
(Eqn. 3.1) is applied as a simplification for a combined diffusion coefficient of the two components [41].
𝐷 = 8.79 ⋅ 10 / is calculated with the diffusion coefficient of 𝐶𝑎 (𝐷 ) and of 𝑂𝑥 (𝐷 ).

𝐷 = 2𝐷 𝐷
𝐷 + 𝐷 (3.1)

3.1. Surface Reaction Model
The goal of the SRM is to understand the transport-reaction kinetics of the growth reaction at the surface
of a single crystal, such that the limiting step in these kinetics is known. The crystals found in the
experiments are fixed at the surface of the channel, where 𝑣 = 0 / , thus convection is negligible. The
mass transport towards the crystal surface is performed solely by diffusion, while its surface reaction

13
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consumes species transported towards it. Figure 3.1 is a sketch of 𝑐 -profiles towards the crystal
surface, where three situations for the transport-reaction kinetics as described in Section 2.2.3 are
given. Because 𝐶𝑎 and 𝑂𝑥 models lead to the same result, only the 𝐶𝑎 model is discussed. For
the 𝑂𝑥 model, see Appendix A.

Figure 3.1: Sketch of the local concentration profiles in the boundary layer near the surface of a single crystal. When the system
is limited by its reaction, is similar to , , while when transport limited, , and when intermediate it is in-between.

Eqn. 3.2 is a mass balance with on the left hand side diffusion based on Fick’s law and on the right
hand side the surface reaction based on Nancollas et el. [44]. The rate law for CaOx crystallization is
widely reported in literature to be in the power 2 [33, 43, 62]. In the AMM will be derived that the bulk
flow is laminar, thus not greatly mixed. This leads to a boundary condition (BC1) in the system, where
far from the crystal surface species are in their bulk concentration 𝑐 , (Eqn. 3.3).

𝐷 (𝑑𝑐𝑑𝑟 ) = 𝑘 𝐾 [(𝑐 𝑐 𝑓
𝐾 ) − 1] (3.2)

𝐵𝐶1 ∶ 𝑐 (𝑅) = 𝑐 , (3.3)

The model is scaled, or non-dimensionalized, with the scaling formulae in Eqn. 3.4, where 𝜃, 𝜙, and
𝜂 represent cCa, cOx, and the radius r respectively. These variables find their values in the order of
magnitude magnitude of 1. For instance: if 𝑐 = 0, then 𝜃 = 0 and if 𝑟 = 𝑅, then the scaled 𝜂 = 1.

𝑐 = 𝜃 ∗ √𝐾 & 𝑐 = 𝜙 ∗ √𝐾 & 𝑟 = 𝜂 ∗ 𝑅 (3.4)

The scales from Eqn. 3.4 are plugged into the original model, which results in Eqns. 3.5 - 3.6.

𝐷 (
𝑑𝜃√𝐾
𝑑(𝑅𝜂) ) = 𝑘 𝐾 [(

𝜃√𝐾 𝜙√𝐾 𝑓
𝐾 ) − 1] (3.5)

𝐵𝐶1 ∶ 𝜃(1)√𝐾 = 1 ∗ √𝐾 (3.6)

The constants Di, R, and √𝐾 are rearranged to obtain Eqns. 3.7 - 3.8.

(𝑑𝜃𝑑𝜂 ) = 𝐷𝑎 [(𝜃𝜙𝑓 ) − 1] 𝑤𝑖𝑡ℎ 𝐷𝑎 =
𝑘 √𝐾 𝑅
𝐷 (3.7)

𝐵𝐶1 ∶ 𝜃(1) = 1 (3.8)
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In Eqn. 3.7 the Dahmköhler number for the crystal surface 𝐷𝑎 stands for the ratio between the
reactive terms and the diffusive terms. Here, 𝑘 is related as 𝑘 = 𝑘 √𝐾 [60]. 𝐷𝑎 only contains
constants and is valued at 𝐷𝑎 = 1.7 ⋅ 10 , such that 𝐷𝑎 << 1. Mathematically, the numerator
(reactive term) is much smaller than the denumerator (diffusive term), such that the reaction of the
species is very slow compared to the diffusive mass transport of the species towards the surface. In
Eqn. 3.7 all variables on the left hand side are 𝒪(1) due to order-1 scaling, while the right side is very
small (𝒪(10 )) due to the value of 𝐷𝑎 . This means that in this system diffusion takes the upper
hand over surface reaction and a concentration difference is equilibrated by diffusion relatively quickly
compared to the (slower) reaction. Thus, the system is reaction limited and a uniform 𝑐-profile towards
the surface is expected. Therefore, in continuity of this thesis, species concentrations near the crystal
surface are not considered to deviate from the value derived from their concentration profiles.

Kassemi et al. modelled the 𝐶𝑎𝑂𝑥 surface reaction under the influence of convective and diffusivemass
transport. They included the Sherwood number 𝑆ℎ (Eqn. 3.10) for the combined effort of convective
and diffusive mass transport, see Eqn. 3.9. [60]. When average velocity 𝑈 in 𝑆ℎ is set to 0 / , 𝑆ℎ = 2
results. The model is equal to the SRM when the diameter 𝑑 is converted to 2𝑅 and 𝑆ℎ = 2 is plugged
in. The 𝐷𝑎 for Kassemi is equal to 𝐷𝑎 , which points out reaction limited transport-reaction kinetics
of the crystal growth. For all 𝑈 between 0−∞ / the system is limited by its reaction, as 𝐷𝑎 decreases
in value when 𝑈 increases.

𝜃 − 𝜃 =
𝑘 √𝐾 𝑅
𝑆ℎ𝐷 [(𝜃𝜙𝑓 ) − 1] 𝑤𝑖𝑡ℎ 𝐷𝑎 =

𝑘 √𝐾 𝑅
𝑆ℎ𝐷 (3.9)

𝑆ℎ = 2 + 0.6 (𝑈𝑑𝜌𝜇 ) ( 𝜇
𝜌𝐷 ) (3.10)

3.2. Analytical Microchannel Model
The main goal of the AMM is to introduce the microchannel and to deduct fluid flow behaviours, the
importance of the types of species transport through theoretical concepts, as well as to deduct ongoing
transport-reaction kinetics for crystal growth at the microchannel bottom. The main channel with its
dimensions is sketched in Figure 3.2, where the blue arrow represents the 𝑂𝑥 inlet and the red arrow
represents the 𝐶𝑎 inlet. In the microfluidic experiments, the observed crystals are fixed at the bottom
of the channel, where they grow under supersaturated conditions. Figure 3.3 visualizes an empty
channel bottom. Its characteristic length 𝐷 is the length scale for the physical system. For the channel
with its height (ℎ ) and width (𝑤 ), 𝐷 = 78 ⋅ 10 𝑚 (Eqn. 3.11).

𝐷 = 2𝑤 ℎ
𝑤 + ℎ (3.11)

Figure 3.2: (a) Sketch of the main channel with a , , and . . The blue arrow is for the
Ox2- inlet and the red arrow the Ca2+ inlet. The inlet channels are not displayed.
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Figure 3.3: Depiction of an empty channel bottom ( ) with the and inlets. When the species enter the main
channel, they are transported along x and diffuse into the opposing side in the y-direction.

Bulk fluid flow in the microchannel is governed by the steady state Navier-Stokes equation (Eqn. 3.12),
which describes the flow in the channel by momentum based on constant density 𝜌 and constant vis-
cosity 𝜇. (Note: 𝜇 not chemical potential). With ∇ as its gradient derivative operator and the fluid velocity
𝑣, the left hand side of the equation represents inertial forces. There is a pressure force with pressure
𝑃, viscous forces with 𝜇, and also external forces represented by 𝐹.

𝜌(𝑣 ⋅ ∇)𝑣 = −∇ ⋅ 𝑃 + 𝜇∇ 𝑣 + 𝐹 (3.12)

Scaling and rearranging leads to the Reynolds number 𝑅𝑒 in Eqn. 3.13 ( Appendix B), a dimensionless
number comparing inertial and viscous forces in a flow. A rule of thumb is when 𝑅𝑒 < 2000, flow is
considered laminar and its behaviour is predictable as it is arranged in horizontal layers contrary to the
chaotic turbulent flow at high 𝑅𝑒. For the greatest applied average velocity 𝑈 (= 0.075 / ), and the
values of 𝜇 and 𝜌 (Table 3.1), 𝑅𝑒 = 6.7 follows. Thus, the system is in laminar flow.

𝑅𝑒 = 𝑈𝐷 𝜌
𝜇 (3.13)

The continuity equation (Eqn. 3.14) ensures that a change in momentum in a spatial dimension is
compensated by a similar change in a different spatial dimension, thus representing the conservation
of mass in the momentum balance. The channel height and width do not change along its length, such
that a pressure gradient in the x-direction does not cause deviations in vx. Therefore, the continuity
equation dictates that 𝑣 = 𝑣 = 0 and the velocity along the channel length (𝑣 ) is constant [59].

𝜌∇ ⋅ (𝑣) = 0 (3.14)

Transport and consumption of species are studied through mass balances (Eqn. 3.15) and the conser-
vation of mass (Eqn. 3.16). The species are transported through the channel by convection (𝑣 ⋅ ∇𝑐 )
and diffusion (∇(−𝐷 ⋅ ∇𝑐 )). One inlet introduces 𝐶𝑎 and the other 𝑂𝑥 , such that the species
are transported through the channel, while they diffuse into the opposing side, where they are poor
in concentration. When the combined species activities exceed 𝐾 , crystallization pre-conditions are
met (reactive term 𝑅 ).

∇(−𝐷 ⋅ ∇𝑐 ) + 𝑣 ⋅ ∇𝑐 + 𝑅 = 0 (3.15)

∇ ⋅ 𝑁 = 0 (3.16)

Eqn. 3.17 is scaled and rearranged, such that the Peclet numer 𝑃𝑒 follows (Appendix B). 𝑃𝑒 stands for
the ratio between the convective mass transport and the diffusive mass transport. For the highest 𝑈,
𝑃𝑒 = 6.83 ⋅ 10 , such that its order of magnitude is large (𝒪(10 )). Therefore, convection is the main
driver for species transport in the microchannel.
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𝑃𝑒 = 𝑈𝐷
𝐷 (3.17)

At the channel bottom, crystallization is influenced solely by diffusion, since no-slip conditions ensure
𝑣 = 0 / . A similar analysis for crystal growth at the channel bottom is performed as in the SRM. The
channel surface is considered as a catalytic strip which grows (Figure 3.4), such that the model set up
is similar to the growth in the SRM. In this model the length scale 𝐷 is applied. The result in Eqn. 3.18
includes 𝐷𝑎 , the Damköhler number for this model, valued at 5.78 ⋅ 10 . Thus, at the channel
bottom the reaction is an order 𝒪(10 ) slower than the species diffusion towards the surface and the
crystal growth at the channel bottom is reaction limited.

(𝑑𝜃𝑑𝜂 ) = 𝐷𝑎 [(𝜃𝜙𝑓 ) − 1] 𝑤𝑖𝑡ℎ 𝐷𝑎 =
𝑘 √𝐾 𝑅
𝐷 (3.18)

Figure 3.4: Sketch of the crystal growth kinetics in the microchannel, with diffusive transport towards it (blue), and the growth of
the crystal opposing its direction (red). The situation consists of a moving boundary.

Table 3.2: Values of the dimensionless numbers derived in the AMM and SRM.

U [m/s] Re [-] Pe [-] DaAMM DaSRM
0.015 1.3 1.37 ⋅ 10 5.78 ⋅ 10 1.7 ⋅ 10
0.035 3.1 3.19 ⋅ 10 5.78 ⋅ 10 1.7 ⋅ 10
0.075 6.7 6.83 ⋅ 10 5.78 ⋅ 10 1.7 ⋅ 10

Table 3.2 summarizes the AMM and SRM model results for the three 𝑈 applied in the laboratory ex-
periments. When 𝑈 increases, 𝑅𝑒 and 𝑃𝑒 increase accordingly, since 𝑈 ∝ 𝑅𝑒 and 𝑈 ∝ 𝑃𝑒. 𝑈 stays
in its order of magnitude 𝒪(10 ), therefore 𝑅𝑒 and 𝑃𝑒 do so as well. 𝐷𝑎 and 𝐷𝑎 remain their
value when varying 𝑈, as these are solely dependent on diffusion not convection. 𝐷𝑎 considers
crystallization in the entire channel surface, which is an overshoot of the situation, while 𝐷𝑎 only
considers a single crystal, which is an undershoot of the actual value in the microchannel. In reality,
the actual Damköhler number for the microchannel is in-between the derived values for 𝐷𝑎 and
𝐷𝑎 . Simultaneously, the small values in both situations point out that the reaction is limited in the
diffusion-reaction kinetics. Because of this, concentrations at the channel surface are not considered
to deviate from their derived values in the COMSOL model. With the discussed set of equations that
governs the transport phenomena in the channel, 𝑣-profiles and 𝑐-profiles in the channel can be de-
rived. However, to reduce time and increase accuracy of the solution, these are solved numerically by
the COMSOL model in the next Section.
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3.3. COMSOL Model
With COMSOL, a microfluidic simulator built in Matlab, 𝑣-profiles in the microchannel and 𝑐-profiles
at the channel bottom are computed with the following equations: the Navier-Stokes equation (Eqn.
3.12), the continuity equation (Eqn. 3.14), the mass balance (Eqn. 3.15), and the conservation of mass
(Eqn. 3.16). To compute 𝜎-profiles, the results of the 𝑐-profiles are plugged into Jess Urine Expert, a
program designed to calculate 𝜎 in urine compositions. Note that Jess does not contain data on OPN
and creatinine, such that it does not take their influence on 𝜎 into account. A guide for the Jess program
is given in Appendix C. Because of the reaction limited growth kinetics, the reaction is not considered
in the COMSOL model.

3.3.1. COMSOL Model Set-Up
Since Re < 2000 and species are sparsely dissolved, the options for a 3D-analysis with laminar flow
and transport of diluted species with two species were chosen. The slow reaction was not considered
in this model. The particular study was stationary and the reference material was liquid water. The
geometry was made with polygons and arcs in the sketch function, inner boundaries were deleted and
the structure was solidified and extruded with respect to the height. The inlet lengths were reduced to
1400 𝜇𝑚 each and the main channel length to 1500 𝜇𝑚 instead of 7000 𝜇𝑚 and 6000 𝜇𝑚 respectively,
while the widths and height were kept the same. In this manner, the generated mesh contained less
elements and required less computational time, without significantly affecting the results. The resulting
mesh is given in Figure 3.5.

Figure 3.5: Mesh of the COMSOL microchannel consisting of 317,354 domain elements, 38,130 boundary elements, and 1,649
edge elements. Channel lengths are reduced compared to experimental device. The mesh is generated automatically

After making the geometry, the correct settings for the laminar flow conditions were applied. Both inlets
were set at a fully developed flow with the preferred average velocity, while the outlet was maintained
as a fully developed flow at 101,325 Pa. Subsequently, the conditions for diluted species were set with
𝐷 and 𝐷 , while it was made sure that in the upper inlet only Ox2- was apparent, and in the lower inlet
only Ca2+. To complete the model, the outflow unit was chosen to be the outlet of the main channel.

3.3.2. COMSOL Results
Velocity Profiles in the Microchannel
Firstly, the model computed 𝑣-profiles, visualized as multiple slices throughout the main channel for
𝑈 = 0.075 / in Figure 3.6a. One of these slices, the 𝑣-profile at 𝑥 = 800 𝜇𝑚, is depicted in Figure
3.6b as a single slice. Because the height (45 𝜇𝑚) is smaller than the width (295 𝜇𝑚) by a factor 6.6,
the majority of the xy-plane is a situation with two ”infinite” parallel plates, such that in the xz-plane
the 𝑣-profile of the flow is a parabolic Poiseuille-flow (Figure 3.6c). In the xy-plane, the 𝑣-profile is a
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plug-flow, which is attributed to the small height compared with the width, which compresses the 𝑣-
profile and restricts it from and from becoming a parabola like in the xz-plane [63]. Near its walls, 𝑣
decreases due to the no-slip condition. Therefore, in the xy-plane the velocity is uniform except near
its walls (Figure 3.6d). Similar 𝑣-profiles are observed when varying Ox2- inlet concentrations and/or
varying average velocities, where the maximum velocity in the channel (𝑈 ) corresponds to 𝑈 as
𝑈 = / 𝑈. Besides this, velocity conditions at the bottom and the top of the channel are equal as
an effect of the negligible gravity in the Navier-Stokes equations.

(a)

(b)

(c)
(d)

Figure 3.6: (a) 3D -profiles throughout the main channel of the lab-on-a-chip device at various fixed length positions. (b) 3D
plot of the -profile as a single slice at x = 800 . (c) Sketch of the parabolic -profile in the xz-plane. (d) Sketch of the plug
flow behaviour of the -profile in the xy-plane.

Supersaturation Profile in Ultrapure Water Conditions
The mass transport of particles throughout the channel is simulated and expressed in 𝑐-profiles. In the
laboratory experiments (Section 4), the observed crystals were fixed at the channel surface, thus 𝑐-
and 𝜎-profiles at the channel bottom (𝑧 = 0𝜇𝑚) are analyzed. In Figures 3.7a and 3.7b the concen-
trations of respectively 𝐶𝑎 and 𝑂𝑥 at various length positions are given. Their inlet values are half
their value at 𝑦 ≈ 0 𝜇𝑚 in the channel for every length position. Further from the inlet the 𝑐-profiles
broaden as particles have had longer time to diffuse deeper into the opposing inlet. Figure 3.7c depicts
the behaviour of the concentration at 𝑥 = 800 𝜇𝑚 in UW, where 𝑐 , /𝑐 , = 30. At 𝑦 ≈ 0 𝜇𝑚, the
concentrations are half their inlet value and at 𝑦 ≈ 20𝜇𝑚 in the 𝑂𝑥 -rich region the two 𝑐-profiles
intersect. At this point, 𝑐 /𝑐 = 1. Therefore, between 𝑦 = 0𝜇𝑚 and 𝑦 = 20𝜇𝑚 the maximum values
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for 𝜎 are expected, because of the relatively high presence of both species leading to optimal reac-
tion conditions. The 𝑐-profile in Figure 3.7c is converted to a 𝜎-profile, which results in the logarithmic
𝜎-profiles for COM and COD versus the channel width at 𝑥 = 800 𝜇𝑚 and 𝑧 = 0 𝜇𝑚 (Figure 3.7d).
An intersection of the COM or COD graph with the equilibrium solubility indicates the location where
maximum solubility is reached. Above this line, at positive values for 𝑙𝑜𝑔(𝜎), the solution is supersat-
urated. The highest 𝜎 values are found in the 𝑂𝑥 -rich part between 6 < 𝑦 < 16 𝜇𝑚. The maxima
lie at 𝑦 =∼ 11𝜇𝑚, with 𝑙𝑜𝑔(𝜎 ) = 1.87 (𝜎 = 74.1) for COM and 𝑙𝑜𝑔(𝜎 ) = 1.45 (𝜎 = 28.2) for COD.

(a) (b)

(c) (d)

Figure 3.7: Various figures with - and -profiles in UW at the bottom of the channel with , / , , . / ,
and . / . (a) -profiles of along its width at various length positions. (b) -profiles of along its width at
various length positions. (c) -profiles of (red) and cOx at . is fed at the lower inlet (negative width region)
and Ox is fed at the upper inlet (positive width region). (d) Logarithmic -profiles along the channel width for COM or COD at

.

The analysis of 𝜎 is repeated for the other length positions and combined in Figure 3.8. In this Figure
a representation of the channel bottom is made, where supersaturated regions (𝜎 > 0) for COM are
in-between the red lines and for COD in-between the blue lines. Congruent with the findings for diffu-
sion of the individual species, along the channel length the 𝜎 > 0 areas for COM and COD broaden,
because of longer diffusion time of the particles. The purple graph points out where 𝜎 is maximum. In
these conditions, where 𝑐 /𝑐 = 30, the optimal reaction conditions at maximum 𝜎 are found in the
𝑂𝑥 -rich side of the channel. This bias is attributed to the concentration difference, since relatively
more 𝐶𝑎 than 𝑂𝑥 can diffuse into its opposing side. Near the purple graph is a (small) area where
𝜎 peak values are found and this area also broadens along the channel length. The optimal crystal-
lization conditions are at maximum 𝜎 (purple) in the 𝑂𝑥 -rich side, and peak values move deeper into
this side further down the channel length. The broadening of the 𝜎 > 0 area along the length results in
a broader area of maximum 𝜎 next to the purple line.
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Figure 3.8: 2D display of boundaries of COM (red) and COD (blue) at the channel bottom (z = 0 μm) as in UWwater conditions,
. / . Between the red lines are supersaturated conditions for COM and between the blue lines for COD, while the area

outside these regions are . peak values are at the purple line. The values of the data points are the width/y-values in
the channel. peak value for COM and COD are ( ) . and ( ) . respectively.

Supersaturation Profile in Artificial Urine Conditions
The effect of AU on the 𝜎-profile at the channel bottom is studied with the same analysis as in UW,
while including urine components. Because the majority of AU experiments are at 𝑐 , = 12 / and
𝑐 , = 1.6 / , inlet concentrations are set accordingly. In these conditions 𝑐 is 4 times larger than
in UW conditions of the previous analysis, such that the ratio is 𝑐 , /𝑐 , = 7.5. Figure 3.9 shows the
results of the analysis with the 𝜎 maximum and boundary areas in AU at the channel bottom. For the
𝑐-profiles, see Appendix D. The 𝜎 boundaries deviate further from the center along the channel length,
as diffusion of particles perpendicular to the channel width takes place longer further down the channel.
In AU, the 𝜎 peaks are slightly above 𝑦 = 0 𝜇𝑚, at 𝑦 ≈ 2 𝜇𝑚 with maximum values COM and COD at
𝑙𝑜𝑔(𝜎) = 1.67 (𝜎 = 46.8) and 𝑙𝑜𝑔(𝜎) = 1.25 (𝜎 = 17.8) respectively. These are lower than in UW, even
though 𝑐 is 4x larger in AU. The reduction in 𝜎 area and maxima show that the additional components
dissolved in AU ensure a reduction in free 𝐶𝑎 and 𝑂𝑥 in the fluid, such that the effective amount
of reagants for crystallization is reduced. Between AU and UW, optimal crystallization conditions in AU
are found near 𝑦 ∼ 2 𝜇𝑚, unlike UW where optimal conditions are shifted into the 𝑂𝑥 -rich due to the
large difference between 𝑐 and 𝑐 . Also, the components in AU reduce both 𝜎 values and the area
where 𝜎 > 0.

Figure 3.9: 2D display of boundaries of COM (red) and COD (blue) at the channel bottom (z = 0 μm) in AU with . /
and , / , , . / . Between the red lines Between the red lines is for COM and between the blue lines
for COD, while the area outside these regions do not uphold . peak values are at the purple line. The values of the data
points are the width/y-values in the channel. peak values for COM are ( ) . and for COD ( ) . .
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The Effect of Varying Average Velocity on the Supersaturation Profile
The AMM predicted that for the three applied 𝑈, 𝑃𝑒 deviates in value, but not in order of magnitude.
The effect of varying 𝑈 is studied by simulating the three 𝑈 in UW conditions, such that 𝑐 , = 12 /
and 𝑐 , = 1.6 / , after which these results are analyzed to deduct 𝜎-profiles and areas. In the
𝑂𝑥 -rich side at the channel bottom, COM and COD boundaries, as well as the maxima, are barely
affected by 𝑈, since their graphs greatly overlap (Figure 3.10a). The same trend occurs in the 𝐶𝑎 -
rich side. From the AMM, Pe is 𝒪(10 ) for the three 𝑈, such that convection has the upper hand in
mass transport of the species. The following is not based on simulation, but is a thought of mind on
the previous: when the magnitude of U is decreased, it 𝑃𝑒 decreases accordingly and diffusion gains
more territory perpendicular to the length, such that the 𝜎-area would widen. When the magnitude of
𝑈 is increased, convection gains more ground and the 𝜎-area would narrow.

(a) (b)

Figure 3.10: Graphs of boundary and maxima for the channel width vs its lengths at three different velocities
. / . / . / (a) regions at the channel bottom ( ) for COM and COD in the -rich part of the channel.
The upper three graphs are the upper COM boundaries, the middle three graphs the upper COD boundaries, and the lower three
graphs are at maximum .(b) regions at the channel bottom ( ) for COM and COD in the -rich part of the channel.
The upper three graphs are the lower COD boundaries and the lower three graphs are the lower COM boundaries.

Supersaturation Values in Different Situations

Table 3.3: Maximum values in UW or AU conditions at varying , and varying heights.

Condition 𝑐 ∶ 𝑐 𝑐 [ / ] 𝑐 [ / ] z [𝜇𝑚] 𝑙𝑜𝑔(𝜎) [ - ] 𝑙𝑜𝑔(𝜎 ) [ - ]
UW 30 12 0.4 0 1.87 1.46
UW 30 12 0.4 22.5 1.88 1.46
AU 7.5 12 1.6 0 1.67 1.25
AU 7.5 12 1.6 22.5 1.67 1.25
UW 7.5 12 1.6 0 2.38 1.97
AU 10 12 1.2 0 1.54 1.13
AU 6.0 12 2.0 0 1.76 1.34
AU 5.0 12 2.4 0 1.83 1.42

Jess calculation results for 𝜎 maxima at various heights and 𝑐 in the channel are given in Table 3.3.
𝜎 maxima at 𝑈 (𝑧 = 22.5 𝜇𝑚), are similar to the maxima at the bottom (𝑧 = 0 𝜇𝑚) for both UW
and AU. When the AU inlet concentrations (𝑐 , = 12 / and 𝑐 , = 1.6 / ) are applied in UW
conditions, peak values increase to 𝑙𝑜𝑔(𝜎) = 2.38 for COM and 𝑙𝑜𝑔(𝜎) = 1.97 for COD, emphasizing
the importance of urine composition on inhibition. Also, the 𝜎maxima for AU at the different 𝑐 , applied
in the experiments are given in Table 3.3 and these show a gradual increase when 𝑐 is increased.
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CaOx Crystallization in the Microfluidic

Device
This chapter is dedicated to the laboratory crystallization experiments and their results and discussion.
Fifteen different situations are studied with the microfluidic experiments. The first six experiments were
performed by Msc. Jiali Wang in UW conditions, where either 𝑈 was varied or an amount of OPN was
added. The other 9 were performed in AU conditions, where either 𝑈 was varied, an amount of OPN
was added, or the ratio between 𝐶𝑎 and 𝑂𝑥 was changed. All experiments were performed at
room temperature. The relations and differences between the fifteen situations are used to describe
the effect of AU on CaOx crystallization. This chapter starts with the materials and methodology and is
continued by the experimental results, after which they are discussed.

4.1. Materials & Method
4.1.1. Manufacturing and Assembling the PDMS Chip

Table 4.1: Overview of the materials used for manufacturing the microfluidic devices.

Compound Chemical Formula Source
Polydimethylsiloxane (PDMS) C2H6OSi DOW
Trichlorosilane NCF3(CF2)5CH2CH2SICl3 Sigma Aldrich
Glass Slides - VWR international
Methanol C3OH
2-isopropanol C3H8O
UltraPure Water H2O

In Table 4.1 are the materials involved with fabricating the microchips. A silicon mold with lithographi-
cally edged T-channels (Figure 4.1a) was coated with a hydrophobic layer by placing it for 2 h at 100
mbar in a Vacuumcontroller desiccator by KnF along with a droplet of trichlorosilane in a glas petridish.
This ensured easier peeling of cured PDMS. The coating was reusable up to 4 times before applying
a new one. Simultaneously, in a plastic vial 5g of curing agent with 35 g of PDMS (1:7 mass ratio)
was thoroughly mixed with a metal ladle until the liquid turned opaque due to air bubble formation. The
vial was placed in a centrifuge at 7400 rpm for 15 minutes to cast dust particles to its bottom. Then
the mixture was poured into the coated wafer until a layer of 5 mm formed. After this, the mold with
the mixture was placed in the desiccator and its pressure was gradually brought down to 500, 300,
200, 100, and 30 mbar to get rid of air trapped in the PDMS. After 1 h at 30 mbar, the wafer was
taken out of the desiccator and rested in an oven overnight at 65 °C or for 1 hour at 90 °C to cure all
the PDMS. Following this, the hardened PDMS was cut from the mold and individual chips were cut
from the PDMS with a razor, while the main channel outlet was cut at 7 mm from its entrance. With
a needle, two holes were punched at the inlets and one hole at the outlet, the latter 6 mm from the
start of the main channel. The chips were cleaned with methanol, after which they were dried with an
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air/N2 blower. Another vial was prepared with 1 g of curing agent and 10 grams of PDMS (1:10 mass
ratio) and placed in a centrifuge at 7400 rpm for 15 minutes. Then a rectangular Microscopy Glass
Slide by VWR international was cleaned with MeOH and air dried. On this plate 0.5 ml of the 1:10 ratio
PDMS mixture was placed with a syringe, and then the plate was spin coated for 1 min with a Polos
300 Spin Coater from Spincoating. After this, the glass plate was placed in an oven at 65 °C for 20-30
min until its PDMS layer hardened till it was not fluid, but still sticky. During this the chip was cleaned
and placed on the hardened PDMS side with the chip channels towards the glass plate, where it was
gently pressed to get rid of air. The device then rested in an oven overnight at 65 °C. To finish the
device a droplet of glue, which hardens under UV-light, was put at the end of the main channel (so not
the outlet hole) and hardened for 5 min under a UV-light emitter. The completed chip was cleaned by
carefully injecting MeOH, followed by H2O, through a syringe with a needle head and tube attached to
it. The resulting microfluidic device is displayed in Figure 4.1b.

(a) (b)

Figure 4.1: (a) The Silicon wafer mold for PDMS microchip production. If PDMS cures on this mold the T-channels are carved
into it. (b) A completed microchip where the cured chip cut out from the PDMS is placed on top of a PDMS coated glass plate.

4.1.2. Preparation of Artificial Urine
Table 4.2: Material composition of Artificial Urine without and [3].

Compound Chemical Formula Source Concentration
[𝑚𝑜𝑙/𝑚 ∗ 10 ] mg/50 ml UW

Sodium chloride NaCl Fluka 90 263.0
Tri-sodium citrate Na3C6H5O7 Emprove 2 25.8
Sodium sulphate Na2SO4 Sigma-Aldrich 13 92.3
Sodium phosphate
monobasic NaH2PO4 Sigma-Aldrich 16 96.0

Magnesium sulphate
heptahydrate MgSO4*7H2O Sigma-Aldrich 2 24.6

Potassium chloride KCl Emsure 42 156.6
Ammonium chloride NH4Cl Sigma-Aldrich 20 53.5
Creatinine C4H7N3O Sigma-Aldrich 7 45.9
Urea CH4N2O Emprove 300 900.9

The recipe for the composition of AU is based on the work of Streit et al. [3]. The materials listed in
Table 4.2 with their corresponding weight were put in a 100 𝑚𝑙 beaker in which 50 𝑚𝑙 ultrapure water
from an Elga tap was added afterwards. The beaker was then covered with parafilm and placed in a
2510 Ultrasonic Cleaner sonicator to be mixed for 40 𝑚𝑖𝑛. 𝐶𝑎𝐶𝑙 and 𝑁𝑎 𝑂𝑥 were not added yet to
prevent precipitation. A 20𝑚𝑙 beaker was taken in which 𝐶𝑎𝐶𝑙 was put and another 20𝑚𝑙 beaker for
𝑁𝑎 𝑂𝑥, according to the preferred weights listed in Table 4.3. After adding 10 𝑚𝑙 of AU each beaker
was stirred for 10𝑚𝑖𝑛 with a pellet mixer before they were used for the experiment described in Section
4.1.3. Only fresh AU (< 12ℎ old) was used to make sure that the composition would not degrade as
this affected the results (see Appendix F).
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Table 4.3: Concentration and weights for and used in the microscopic experiments. * is always fixed, while
is varied.

Component Nomenclature 𝑐 ∶ 𝑐 𝑐 [ / ] 𝑈 [ / ] Weight/10 ml [𝑔]
Calcium Chloride 𝐶𝑎𝐶𝑙 * 12 0.015 / 0.035 / 0.075 0.01332

Sodium Oxalate 𝑁𝑎 𝑂𝑥
10 1.2 0.035 0.00161
7.5 1.6 0.015 / 0.035 / 0.075 0.00214
6 2.0 0.035 0.00268
5 2.4 0.035 0.00321

Table 4.4: Composition of the AU Solutions containing OPN. Amount of stock OPN solution ( , / ) is mixed with
AU which is four times more concentrated then the original recipe gives. Then the mixture is completed by adding the preferred
amount of utrapure water. In the experiments . / is applied.

cOPN [∗10 𝑚𝑜𝑙/𝑚 ] OPN stock [ml] AU x4 [ml] UW water [ml] Sum Volumes [ml]
2.4 0.9 1.25 2.85 5.0
6 2.25 1.25 1.5 5.0
8.4 3.15 1.25 0.6 5.0

4.1.3. Experimental set-up
CaOx crystal growth in the microfluidic device was measured with a set-up consisting of a Ti-Eclipse
Nikon Microscope and a MFCS-EZ pressure pump with software of Fluigent to apply the pressure dif-
ferences. These were interconnected as in Figure 4.2. Procedures were made to get rid of air bubbles
in the channel to not disturb the fluid flow through the channel. At first the tubes of the reservoir holder
were cleaned by rinsing with MeOH and then H2O via a syringe. Then these were cleaned dry with
an air/N2 blower. After this empty and clean reservoirs were attached to it. Following this two 5 ml
syringes were filled: Syringe1 with solution of Beaker 1, Syringe2 with solution from Beaker 2. After
attaching a 45𝜇𝑚 filter on each syringe, they were attached to the pump tubes with a coupler and then
the solutions were very slowly injected into their respective reservoir, as hastened injection led to air
bubble formation in the tubing. Then the syringes were removed and coupled with a needle head with
a fitting tube. Following this the pump was attached to the reservoir holder.

Before the tubes were attached to their respective inlet, a pressure difference was set through the
pump to pump out remaining air from the tube until solely droplets of solution were leaving the tube.
Then the tube containing solution of Beaker1 was attached to the bottom inlet, and a tube containing
solution of Beaker2 to the upper inlet. An applied pressure difference of 25/45/85𝑑𝑃𝑎 resulted in an
average velocity of 0.015/0.035/0.075 / respectively. If the entire microchannel and tubing were free
of air bubbles, the measurements started. Nikon software on the computer coupled to the microscope,
saved the data with a preferred data saving path, which was set at saving an image every 4 s for 30 min.

Figure 4.2: Overview of the microscopic set-up including the computer, pressure pump, and microscope with the lab-on-a-chip
on it. The and are either dissolved in UW or AU. Sketch made by MSc. Jiali Wang.
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4.1.4. Method for Deriving Crystal Growth Rate
The images from the experiments were analyzed with the image analysis tool Cellprofiler. The images
were inverted with the module ”Imagemath » Invert”, followed by the module ”Crop” to focus on a single
crystal. Then the module ”IdentifyPrimaryObjects” identified the crystal and its contours with help of
its built-in thresholding system. The last step was ”MeasureImageAreaOccupied” for measuring the
crystal area. These steps were repeated for consecutive images with a time step of 𝑑𝑡 = 40 𝑠 in-
between to document the growth of the area. In total each crystal was followed for 𝑡 = 7.5 𝑚𝑖𝑛 from
the moment it spawned. The crystals were selected on the following rules:

1. To reduce the effect of neighbouring crystals they must be located (relatively) isolated.

2. Crystals near the entrance of the main channel (until 𝑥 ≈ 400 𝜇𝑚) are not studied, as conditions
at the entrance deviate from the fully developed conditions further in the channel.

3. During its measurement no other crystals may grow on it.

4. Only crystals at similar 𝜎 conditions, namely at the maximum 𝜎 in the channel, are studied.
5. A preference is given to crystals with clear contours. Crystals grow on the PDMS surface and

misaligment with the microscope can dilute their image.

For calculating radial growth the crystals were considered spherical. The 2D surface area 𝐴 of ≈4-5
crystals was converted to radial data by Eqn. 4.1 and then averaged. The first measuring point for
each crystal was the first moment it was seen in the video, which excludes its spawn step.

𝑟 = √ / (4.1)
Afterwards the growth rate was determined by two methods:
�̇� : The radial data was plotted versus time, and a fit was made between these data points. The
derivative of this fit is the radial growth rate. This method is displayed in Figure 4.3, where the
growth rate of a sample was determined by this method and determined to be ̇𝑟 = 0.50 ∗ 10 / .
�̇� : The difference of radii 𝑟 and 𝑟 , with 𝑖 as the image number, between each time step 𝑑𝑡 was
calculated and the results were first summed, then divided by the number of data points 𝑛 (see Eqn.
4.2). With the data in Figure 4.3 this led to a growth rate ̇𝑟 = 0.49 ∗ 10 / .

�̇� =
∑ ( )

𝑛 (4.2)

Figure 4.3: Radii with Std versus time. The linear trendline is made, which derivative is the radial growth per second. The
trendline Eqn. is . . with its derivative ̇ . / with . / . (Example is UW1).
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4.2. Experimental Results
The results of the 15 experiment types are displayed in Figure 4.4 as channel images and Table 4.5
as data results. The table encompasses the variables applied in the experiments along with the cor-
responding growth rates and 𝑡 as the time where the first crystal spawned. Data for COM crystals in
AU14 and AU15 is displayed, but the presence of these COM crystals is based on speculations ex-
plained in Section 4.2.7. The values for 𝜎 in the presence of OPN, do not take OPN into account, since
Jess does not contain information about OPN. In reality this affects the solubility of CaOx. Before these
results are presented and discussed, the results from the Raman identification are presented.

(a) UW1 (b) UW2

(c) UW3 (d) UW4

(e) UW5 (f) AU7

(g) AU8 (h) AU9 (20X image)

(i) AU10 (j) AU13

(k) AU14 (l) AU15

Figure 4.4: Image results of the measurements, 7.3 min after the first crystal was visible. The scales for the 10X images (every
image except (h) for AU9) are set at . UW6, AU11, and AU12 are not displayed, because there was no crystal growth.
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Table 4.5: Overview growth results. UW or AU stand for the condition, then U, OPN, and Ca:Ox for the measurement type. / is fixed. The information on COM crystals in AU14, AU15
are based on speculation that the present, slow growing oval crystals are COM. For samples with OPN values are calculated without the effect of OPN.

𝑐 = 12 / COM COD

Ca:Ox U
[𝑚/𝑠]

cOPN
[𝑚𝑜𝑙/𝑚
∗10 ]

σ
[−]

𝑟
[𝑚/𝑠
∗10 ]

𝑟
[𝑚/𝑠
∗10 ]

𝑟
[𝑚/𝑠
∗10 ]

Std
[𝑚/𝑠
∗10 ]

t0
[𝑚𝑖𝑛]

σ
[−]

r1
[𝑚/𝑠
∗10 ]

r2
[𝑚/𝑠
∗10 ]

𝑟
[𝑚/𝑠
∗10 ]

Std
[𝑚/𝑠
∗10 ]

t0
[𝑚𝑖𝑛]

UW1
Fig. 4.4a 30 0.015 - 74.1 0.50 0.49 0.50 0.11 9 28.2 - - - - -

UW2
Fig. 4.4b 30 0.035 - 74.1 0.50 0.52 0.51 0.12 9 28.2 - - - - -

UW3
Fig. 4.4c 30 0.075 - 74.1 0.48 0.52 0.50 0.19 9 28.2 - - - - -

UW4
Fig. 4.4d 30 0.015 2.4 74.1 0.46 0.46 0.46 0.10 9 28.2 0.60 0.58 0.59 0.16 -

UW5
Fig. 4.4e 30 0.015 6 74.1 0.0066 0.070 0.068 0.19 - 28.2 0.33 0.32 0.33 0.067 -

UW6
- 30 0.015 8.4 74.1 - - - - - 28.2 - - - - -

AU7
Fig. 4.4f 7.5 0.015 - 46.8 - - - - - 17.8 0.94 0.95 0.95 0.27 0

AU8
Fig. 4.4g 7.5 0.035 - 46.8 - - - - - 17.8 0.95 0.91 0.93 0.45 0

AU9
Fig. 4.4h 7.5 0.075 - 46.8 - - - - - 17.8 0.89 0.95 0.92 0.22 0

AU10
Fig. 4.4i 7.5 0.015 2.4 46.8 - - - - - 17.8 0.34 0.34 0.34 0.15 0

AU11
- 7.5 0.015 6 46.8 - - - - - 17.8 - - - - -

AU12
- 7.5 0.015 8.4 46.8 - - - - - 17.8 - - - - -

AU13
Fig. 4.4j 10 0.035 - 34.7 - - - - - 13.5 0.8 0.75 0.78 0.31 0

AU14
Fig. 4.4k 6 0.035 - 57.5 0.52 0.48 0.50 0.28 4 21.9 2.32 2.34 2.33 0.12 0

AU15
Fig. 4.4l 5 0.035 - 67.6 0.48 0.47 0.48 0.27 4 26.3 3.0 3.1 3.05 0.43 0
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4.2.1. Identification of Crystals via Raman Spectroscopy
After the in-situ growth experiments, crystals were identified through Raman spectroscopy and the
results were linked with their morphology. The Raman peaks were derived with a Matlab script written
inMatlab in Chemical Engineering [64]. The results from the Raman spectroscopy were coupled with
Raman shifts found in literature, given in Table 4.6. The measurement results are depicted in Figure
4.5, where Raman shifts associated with COM are encircled in red, PDMS in purple, COD in green,
and urea in black.

Figure 4.5a displays the Raman spectrum for COM from the supplier dissolved in AU, and has COM
peaks at Raman shift 896, 1463, and 1490 cm-1. Besides this, for COM dissolved in AU, a Raman
shift at 1004 cm-1 is found, which coincides with peak values for urea present in AU [65]. The PDMS
spectrum in Figure 4.5b show Raman shifts similar to literature values for PDMS, with shifts at 490,
616, 709, 1262, and 1411 cm-1. The slight difference in peaks compared to the values in Table 4.6
is attributed to the ratio between the PDMS and the curing agent applied during the manufacturing of
the chips, which is reported to affect peak locations [66]. In Figure 4.5c, the spectrum for a tetragonal
crystal has Raman shifts for COD at 910 and 1477 cm-1, besides PDMS peaks. A second tetragonal
crystal in Figure 4.5d has peaks related to COD at 1474-1478, besides PDMS peaks. The measure-
ments with COM dissolved in AU together with literature values give peaks associated with COM.
With the measurements for COD crystals these peaks were not observed, instead, next to PDMS
background, typical COD peaks found in literature resulted from the measurements. Because of the
Raman shift values overlapping with COD and not COM, together with the morphologies described in
literature, these type of bipyramid and tetragonal prism crystals are classified as COD in the following
experiments.

(a) (b)

(c) (d)

Figure 4.5: Raman results. Peaks encircled in red are associated with COM, green associated with COD, and purple associated
with PDMS. (a) COM dissolved in AU. The peak encircled in black is most-likely associated with urea. (b) PDMS background.
(c) COD crystal with its appearance in the right top corner. (d) Second COD crystal with its appearance in the right top corner.
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Table 4.6: Raman shift peak values for COM, COD, and PDMS from other studies.

COM shifts [𝑐𝑚 ] [46, 48, 67, 68] COD shifts [𝑐𝑚 ] [46, 48, 67, 68] PDMS shifts [𝑐𝑚 ] [69, 70]
503, 504, 506 507, 508 488, 492, 492
896, 897 910, 912 618.5
1463 1474, 1477, 1478 688
1487, 1488, 1489, 1490, 1492 1632 707, 710, 712
1630, 1631 - 1265, 1414

4.2.2. Verification of the COMSOL Model with Microscopic Experiments
In Section 3.3, the COMSOL model in UW implies that 𝜎 maxima are shifted towards the 𝑂𝑥 -rich
side of the channel. The results of an UW measurement 7.3 min after the first visible crystal are fitted
over the model results, and laid out in Figure 4.6a. The habit of the 𝜎-profile from COMSOL overlaps
with the measurement result. The large ratio of 𝑐 /𝑐 = 30 shifts the 𝜎-profile into the channel
side where the lower concentrated 𝑂𝑥 is introduced and the high concentrated 𝐶𝑎 diffuses into.
Rakotozandriny et al. [46] observed this habit in a 100𝑥100 𝜇𝑚 microfluidic device set for CaOx
crystallization with similar 𝑐 , . They mainly saw crystallization in the 𝑂𝑥 -rich side, which they at-
tributed to the high ratio, giving 𝐶𝑎 ions a larger diffusive bias compared to 𝑂𝑥 ions, shifting the
area where reaction conditions are optimal [46]. This is not the case in AU conditions (𝑐 /𝑐 = 7.5),
since 𝜎 is maximum at ≈ 2 𝜇𝑚 in the 𝑂𝑥 -rich side. The crystals spawn and grow near the center
of the channel, which also overlaps with the COMSOL result (Figure 4.6b). While 𝑐 is fixed, 𝑐 in
AU is 4 times greater than in UW, therefore the 𝑐 difference is less, such that more 𝑂𝑥 spreads into
the 𝐶𝑎 -rich side, effectively maintaining optimal crystallization conditions near the center.

(a)

(b)

Figure 4.6: COMSOL model combined with experimental results at after the first observed crystal. (a) Display of
the situation for UW with its experimental result. (b) Display of the situation for AU with its experimental results.
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MSc. Priya Dhand from our Kidney Stone Group saw the same trend for the crystallization bias in the
upper part of the channel, when she used the same microfluidic device with the same 𝑐 , . Lafitte et
al. [9] used a microfluidic device in UW conditions with the same 𝑐 , and 𝑐 , and also observed a
shift in the crystallization location into the 𝑂𝑥 -rich side. The results from COMSOL combined with
the results from the microscopic experiments show that a large concentration ratio (= 30) between
𝐶𝑎 and 𝑂𝑥 lead to an observable shift in optimal crystallization conditions towards the channel
side where the component with the lowest concentration is introduced. When this ratio is decreased
(to 7.5) by increasing 𝑐 of the low concentrated species the shift is near the channel center.

The time development of crystallization in the channel (Figure 4.7) shows that the first crystals spawn
at the locations with maximum 𝜎 and after each time step the area occupied by crystals is denser
and broadens in size. The COMSOL model implies that the 𝜎 > 0 area is broad, but the solidification
only starts at the location with the highest 𝜎. MSc. Priya Dhand stated that after prolonged time the
crystallized area does broaden, but her data do not show random crystallization at early times in the
complete supersaturated area. The trend from the previous paragraph combined with the trend in
this paragraph show that crystallization in this microfluidic device takes place in the area with highest
𝜎 before it crystallizes at locations with lower 𝜎.

Figure 4.7: Time development of crystallization in the microchannel in UW at . / with , / and
, . / .

4.2.3. Effect of Average Velocity on CaOx Crystallization in Ultrapure Water
According to the COMSOL model in Section 3.3, 𝜎-profiles along the channel surface are not influ-
enced significantly by varying 𝑈 in the applied order of magnitude. In the experiments UW1, UW2,
and UW3, conditions in the microfluidic device were set in ultrapure water without extra components,
while 𝑈 was varied accordingly. As determined by MSc. Jiali Wang, in these three experiments, the
crystals found were COM crystals. The first crystal attached to the surface 9𝑚𝑖𝑛 after starting the
experiment. After time, the crystals densely packed the PDMS surface starting at the location where
𝜎 is at its maximum, as seen in the snapshot of Figure 4.8 and as explained in the previous Section.

Figure 4.8: Snapshot of UW2.
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Table 4.7: Growth rates of COM crystals in UW at experiments with varying . , are fixed at , / , ,
. / and maximum for COM is 74.1.

Name U [𝑚/𝑠] �̇� [⋅10 𝑚/𝑠] �̇� [⋅10 𝑚/𝑠] �̇� [⋅10 𝑚/𝑠] Std [⋅10 𝑚/𝑠]
UW1 0.015 0.50 0.49 0.50 0.11
UW2 0.035 0.50 0.52 0.51 0.12
UW3 0.075 0.48 0.52 0.50 0.19

The SRM and AMM indicated that transport-reaction kinetics were reaction limited, such that an in-
crease in mass transport towards the surface would not lead to quicker crystal growth. Besides this,
the crystals grew at the surface, where 𝑣 = 0 / , so only diffusion is due. If crystals grow large
enough to reach parts of the channel where the fluid flow is highly convective, the growth rate is not
expected to increase, since the system is reaction limited. The calculated growth rates of the crystals
in Table 4.7 range between 0.48 − 0.50 ⋅ 10 / for �̇� and 0.49 − 0.52 ⋅ 10 / for �̇� . The
results of the two methods are comparable in size and order of magnitude and in UW conditions no
effect in variation of 𝑈 in this order of magnitude is observed.

𝐷𝑎 (Section 3.1) for UW1-3 is equal to 1.42 ⋅ 10 , therefore the COM growth is reaction limited.
Zauner et al. [43] listed COM growth rates from multiple studies and found these ranging between
0.34 − 5.0 ⋅ 10 / , where the results of UW1-3 COM crystals fall in. Most of the listed studies were
performed in batch, such that 𝜎 in the system decreased during the experiment. Rakotozandriny et al.
[10] performed a CaOx growth study in a microfluidic device at similar 𝑐 , and 𝑐 , at 𝑈 = 0.02 / ,
where 𝜎 was constant during the experiment. They produced COM crystals 8 min into the experiment,
growing at �̇� = 0.68 ± 0.01 ∗ 10 / , while COD formation followed 40 min later. In UW1-3 the first
COM crystal formed 9 min into the experiment, while no COD was formed in 25 min measurement
time. However, after more time COD growth could possibly form.

4.2.4. Effect of Average Velocity on CaOx Crystallization in Artificial Urine
In AU7-9, the experiments with varying 𝑈, fixed 𝑐 , = 12 / and fixed 𝑐 , = 1.6 / were
repeated in AU conditions. Contrary to UW where the majority of the crystals were COM, in these
AU conditions exclusively bipyramids and prisms were produced on the PDMS surface, regardless
of the applied 𝑈 (Figure 4.9). The results from the Raman spectroscopy indicate that these are COD.
In AU7-9, no COM was observed. Crystals erupted immediately (0-1 min) from the moment the two
inlet streams were introduced to each other (𝑡 = 0 𝑚𝑖𝑛).

Figure 4.9: Snapshot of AU7. The clearest COD crystals are encircled in red.

Table 4.8: Growth rates of COD crystals in AU at experiments with varying . , are fixed at , / , , . /
and maximum for COD is 17.8.

Name U [𝑚/𝑠] ̇𝑟 [⋅10 𝑚/𝑠] ̇𝑟 [⋅10 𝑚/𝑠] �̇� [⋅10 𝑚/𝑠] Std [⋅10 𝑚/𝑠]
AU7 0.015 0.94 0.95 0.95 0.27
AU8 0.035 0.95 0.91 0.93 0.45
AU9 0.075 0.89 0.95 0.92 0.20

The COD crystals in AU7-9 grow linearly in the order of magnitude of 𝒪(10 ). There is a discrepancy
in the results of �̇� and �̇� for AU8, and an even larger one for AU9. However, when their average is
taken, the respective growth rates range between 0.92 − 0.95 ⋅ 10 / and are in a similar range,
where no direct effect of increasing velocity on crystal growth rate is determined. By appling the SRM,
𝐷𝑎 = 2.70 ⋅ 10 indicates that COD growth is limited by the surface reaction and not by mass
transport towards it.
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4.2.5. Effect of Osteopontin on CaOx Crystallization in Ultrapure Water
In UW1 there was no OPN injected, and during the experiment, COM crystals formed on the surface.
The same 𝑈(= 0.015 / ) was applied in UW4-6, while in the 𝑂𝑥 -rich inlet an amount of OPN was
added (see Table 4.9). In UW4 and UW5, the majority of the crystals were COM, while various prisms
and bipyramids formed as well. These crystals are identified as COD crystals and an example of such
crystal is encircled in red in Figure 4.10. Simultaneously, the increase of 𝑐 from 0 to 8.4⋅10 /
during the four experiments, caused a reduction in the number of crystals on the surface until no
crystal formation took place at the highest 𝑐 in UW6. This decrease in crystal density is displayed
in Figures 4.4a (UW1), 4.4d (UW4), and 4.4e (UW5).

Figure 4.10: Snapshot of UW4. COD crystal encircled in red.

Table 4.9: Growth rates of COM crystals in UW at experiments with varying . , / , , . / , and
. / are fixed. Jess Urine Expert does not take OPN into account, which can affect values.

Name 𝑐
[⋅10 / ] ̇𝑟 [⋅10 𝑚/𝑠] ̇𝑟 [⋅10 𝑚/𝑠] �̇� [⋅10 𝑚/𝑠] Std [⋅10 𝑚/𝑠]

UW1 0 0.50 0.49 0.50 0.14
UW4 2.4 0.46 0.46 0.46 0.10
UW5 6 0.066 0.070 0.068 0.019
UW6 8.4 - - - -

Besides the reduction in numbers, OPN also caused a reduction in growth rate. While �̇� in UW1
was 0.50 ⋅10 / , the lowest 𝑐 in UW4 caused a slight decrease in growth rate. The middle 𝑐
in UW5 reduced this even more and the highest 𝑐 did not show any crystals after 30𝑚𝑖𝑛. Besides
COM, the COD crystals grew slower at increased 𝑐 , since �̇� was 0.59 ⋅ 10 / in UW4 and
0.033 ⋅ 10 / in UW5. These experiments show that OPN in UW enables a stabilized COD phase
growing along with a majority of COM. Increased 𝑐 leads to decreased packing of crystals on the
PDMS surface and reduced growth rate for both COM and COD.

4.2.6. Effect of Osteopontin on CaOx Crystallization in Artificial Urine
The OPN in UW experiments were repeated in AU conditions in AU10-12. The reference experiment
with 𝑐 = 0 / was AU7, where exclusively COD crystals grew on the surface. Only AU10 with
the lowest 𝑐 produced growing COD crystals. AU11 with intermediate 𝑐 did produce crystals
after 35 𝑚𝑖𝑛, but these did not grow. AU12 with the highest 𝑐 did not produce crystals. AU7 had
the highest packing of its surface by crystals (Figure 4.4f), as this was lower in AU10 (Figure 4.4i).
The surface packing lowered in AU11, where the channel was occupied by three small crystals after
35 min. AU12 was not occupied by any crystals after prolonged time.

Figure 4.11: Snapshot of AU10. COD crystals encircled in red.

The derived �̇� (Table 4.10) show that already at the lowest 𝑐 in AU10, COD crystals grow at a rate
of �̇� = 0.34±0.015 ∗ 10 / , which is a factor 2.75 lower than without the presence of OPN in AU7.
The crystals in AU11 did not show signs of growth after tracking them for 15 min. This shows that
OPN has an inhibiting effect in both attachment/nucleation on the surface and in growth of the crystals.
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Table 4.10: Growth rates of COD crystals in AU at varied . , are fixed at , / , , . / , and
average velocity at . / . Jess Urine Expert does not take OPN into account, which can affect values.

Name 𝑐
[⋅10 / ̇𝑟 [⋅10 𝑚/𝑠] ̇𝑟 [⋅10 𝑚/𝑠] �̇� [⋅10 𝑚/𝑠] Std [⋅10 𝑚/𝑠]

AU7 0 0.94 0.95 0.95 0.27
AU10 2.4 0.34 0.34 0.34 0.15
AU11 6 - - - -
AU12 8.4 - - - -

In both AU and UW an increase in 𝑐 led lowering of the amount of crystals packed on the surface.
A property of OPN is to reduce the binding capacity of COM on renal tissues [71]. In this case, the
crystallization was on PDMS, and similar to the phenomenon on cell tissue, OPN could reduce the
binding capacity of CaOx crystals on the PDMS. In Section 2.3.1 was described how natural inhibitors,
including OPN, could reduce the adsorbing capacity of the crystals by binding on their active sites.
Rakotozandriny et al. used a green tea inhibitor, which also caused a reduction in crystal packing of
the PDMS channel surface [46]. The reduction in packing and in crystal growth inhibition could be
attributed to both the reduction in free 𝐶𝑎 in the solution, as well as a reduction of available kink
sites on crystals due to OPN binding on them.

4.2.7. Calcium-to-Oxalate Ratios on CaOx Crystallization in Artificial Urine
It is reported that low ratios between 𝐶𝑎 and 𝑂𝑥 are an incentive to produce both COM and
COD [12]. By setting the ratio to 7.5 in AU8, exclusively COD crystals were observed on the channel
surface. In AU13, the 𝑂𝑥 concentration was decreased to 𝑐 , = 1.2 / , which increased the
ratio to 𝑐 /𝑐 = 10. This experiment solely produced COD crystals. When decreasing the ratio to
6 in AU14, instantly (t = 0 min) COD crystals spawned. 4 min after the first COD was observed, slow
growing oval crystals attached themselves to/nucleated on the surface. This was also the case for
AU15 (𝑐 /𝑐 = 5). The oval crystals in AU15 are encircled in blue in Figure 4.12.

Figure 4.12: Snapshot of AU15. COD crystals encircled in red, slower growing oval crystals in blue.

Table 4.11: COD growth rates in AU experiments with varying , ∶ , . , is fixed at , / and . / .

Name 𝑐
[ / ]

𝑐 ∶ 𝑐
[−]

̇𝑟
[⋅10 𝑚/𝑠]

̇𝑟
[⋅10 𝑚/𝑠]

�̇�
[⋅10 𝑚/𝑠] Std [⋅10 𝑚/𝑠]

AU13 1.2 10 0.80 0.75 0.78 0.31
AU8 1.6 7.5 0.95 0.91 0.93 0.45
AU14 2.0 6 2.15 2.17 2.16 0.12
AU15 2.4 5 3.62 3.58 3.60 0.43

In terms of growth rates, in the experiments with highest 𝑐 ∶ 𝑐 , COD grew the slowest. The
growth rate increased when 𝑐 ∶ 𝑐 decreased (Table 4.11). This increased growth rate is mainly
attributed to the increased 𝑐 , , which directly causes an increase in 𝜎, thus the crystallization driving
force. Growth rates of the slow growing oval crystals were �̇� = 0.50 ± 0.28 ⋅ 10 / in AU14 and
�̇� = 0.48±0.28 ⋅10 / in AU15. Speculation on their identity makes it likely that these are COM,
because of their oval shape associated with COM and slower growth rates. Besides this, the COD
crystals in the AU experiments without OPN grew ∼ 2 times faster than the COM crystals in the UW
experiments without OPN.
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Daudon et al. [18] identified kidney stones from morning urine of stone forming patients. At all
𝑐 , ∶ 𝑐 , , both COM and COD crystals were produced. Patients with high ratios (>14) excreted
predominantly COD crystals, whereas patients with low ratios (<5) excreted predominantly COM. For
intermediate ratios, COM and COD were more equally distributed [18]. These excreted crystals had
a long time development, while the crystals in the study in this thesis grew for a short time. The time
differences could indicate that in the microfluidic AU experiments intermediate ratios produce COD,
while COM production takes more time. Brown et al. performed batch CaOx growth experiments
for 15 min at a great variety of 𝜎 and 𝑐 ∶ 𝑐 in an AU composition containing 𝑁𝑎𝐶𝑙, 𝑁𝑎𝐻 𝑃𝑂 ,
𝑁𝑎 𝐶 𝐻 𝑂 , 𝑀𝑔𝑆𝑂 , and 𝑁𝑎 𝑆𝑂 [12]. Under the influence of citrate at 𝑐 /𝑐 < 6.5, they produced
COD with few (< 10 %) COM crystals, while at higher ratios (and lower 𝜎) only COD was produced
[12]. In a flow cell experiment at 𝑐 , /𝑐 , = 5 by Kuliashe et al., they found that citrate enables a
COD spawning before COM. The findings of these studies make the speculation on the slow growing
oval crystals to be COM, since AU14 and AU15 are performed at low 𝑐 , ∶ 𝑐 , .

COD growth rates at the different ratios were plotted against their respective 𝜎 to attempt finding the
rate law (described in Section 2.2.3) for COD crystal growth (Figure 4.13). These data points were
fitted regarding the origin by a first-order linear fit and a second-order parabolic fit. Because the R-
squared value of the second order fit (R = 0.965) was larger than for the linear fit (R = 0.896). Thus,
by applying the growth formula by Nancollas et al. [33] (�̇� = 𝑘 𝜎 ), COD is expected to grow in a
second order (m=2) at these 𝜎 levels [62]. However, at high 𝜎 (>10) the rate is expected to be linear,
so a turning point in rate law could have occurred in this range of 𝜎. Therefore, for a hard conclusion
on the corresponding rate law, an in-depth study is necessary.

Figure 4.13: Graph of Growth rate versus . Data points are the growth rates of the COD crystals from UW13, UW8, UW14,
and UW15. These data points are fitted with a 1st order fit and a 2nd order fit.

4.2.8. Differences Between Artificial Urine and Ultrapure Water Results
Themain difference between AU and UW growth experiments without OPN, was that in AU, stabilized
COD crystals grew, while these were not observed in UW. COM crystals grew in UW, which were not
seen in AU experiments, although possibly in AU14 and AU15. The COD crystals in all AU experi-
ments grew at a greater rate than COM crystals in UW, even though 𝜎 for COD was smaller. Besides
this, in UW the PDMS surface was packed with many small crystals, while in AU fewer, yet larger,
COD crystals pack the surface. UW2 and AU15 were most comparable in terms of 𝑈 and 𝜎 values.
The 𝜎 values were respectively 74.1 and 67.6 for COM and respectively 28.2 and 26.3 for COD. The
difference in crystal types was that in UW2 a multitude of COM crystals packed the surface, while in
AU15 at first COD crystals growing at a large rate were attached to the surface. Later the COD was
accompanied by the oval crystals with a growth rate of �̇� = 0.48 ± 0.27 ⋅ 10 / . This rate was
similar to the COM found in UW2, which was �̇� = 0.48 ± 0.27 ⋅ 10 / . This added to the spec-
ulation for their identification as COM crystals. The greatest difference between these experiments
was the large COD crystals growing in AU conditions, attributed to the citrate in the urine composition.
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5
Conclusion

5.1. Surface Reaction Model and Analytical Microchannel Model
The small Damköhler numbers from the Surface ReactionModel and the Analytical Microchannel Model
indicated that the transport-reaction kinetics of the crystal surface and growth of the entire channel
bottom were limited by the (growth) reaction and not by the transport of species towards them. Thus,
supersaturation values in the channel for the (continuous) microfluidic experiments, did not change due
to crystal growth.

5.2. COMSOL Model
The microchannel velocity profile in the xz-direction was a parabolic Poisseuille flow, while in the xy-
direction it behaved as a plug flow.

Supersaturation areas at the microchannel bottom were barely influenced when varying an average
velocity in the same order of magnitude of 𝒪(10 ). The high inlet ratio (𝑐 , /𝑐 , = 30) in ultrapure
water shifted the optimal crystallization conditions into the Oxalate rich side of the channel. This was
not the case for artificial urine (𝑐 , /𝑐 , = 7.5), where optimal crystallization conditions were found
near the interface where the two inlet flows meet in the main channel.

Calculations with Jess Urine Expert showed that the components in artificial urine drastically reduced
supersaturation. Also, the high velocity in the center of the channel did not affect maximum values of
supersaturation. When 𝑐 , was increased at fixed 𝑐 , , maximum supersaturation values increased.

5.3. Laboratory Experiments
The experimental results for crystallization at the channel bottom were congruent with the COMSOL
findings, since crystals solidified at the surface locations where supersaturation was the highest. In
artificial urine (𝑐 , /𝑐 , = 7.5), this was near the center where the inlet streams meet and in ultrapure
water (𝑐 , /𝑐 , = 30), crystallization at the channel bottom started in the Oxalate rich side of the
channel.

In ultrapure water with inlet concentrations 𝑐 , = 12 / and 𝑐 , = 0.4 / , COM crystal growth
was not affected when varying average velocity in the order of magnitude of 𝒪(10 ). In artificial urine
with inlet concentrations 𝑐 , = 12 / and 𝑐 , = 1.6 / , exclusively COD crystals grew and
their growth rate was not affected by varying average velocity in the order of magnitude 𝒪(10 ). This
was congruent with the COMSOL findings, where varying average velocity in this order of magnitude
did not affect supersaturation maxima and supersaturated areas in the channel. The low Damköhler
numbers for the COD and COM in the growth experiments point out that both are reaction limited.

The addition of Osteopontin in the Oxalate inlet in ultrapure water reduced both crystal growth and
surface packing of COM crystals, while it enabled a stabilized COD phase. At higher Osteopontin con-
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centrations, these reductions became greater. The same reduction habits occurred when Osteopontin
was introduced in artificial urine experiments, where it reduced the growth rate of the COD crystals and
the packing of the PDMS surface.

In artificial urine at fixed Calcium inlet concentration and fixed average velocity, when the Oxalate inlet
concentration was increased, also the growth rate increased. Simultaneously, at high ratios of inlet
concentrations (𝑐 , /𝑐 , = 7.5 and 10), only COD crystals grew. At lower ratios (𝑐 , /𝑐 , = 5 and
6), besides COD crystals, slow growing, oval crystals grew on the channel surface, which were likely
to be COM. But, these need proper identification measurements before this is confirmed.

The main difference between the artificial urine and ultrapure water experiments, was that in the prior
COD crystals grew at a large growth rate, while in the latter solely COM crystals grew. Besides this,
the channel surface was packed greatly with small crystals in ultrapure water conditions, while fewer,
yet larger, crystals packed the channel surface in artificial urine conditions. Thus, urine conditions
ensured a stabilized COD phase, while it greatly reduced COM crystallization, which was the predomi-
nant crystal when the components in artificial urine were not present in the ultrapure water experiments.



6
Recommendations

Research often if not always results in the need for more research, and so is the case now. In the
following paragraphs tips to increase experimental quality and ideas for future research are given.

Experimental Recommendations
Firstly, during the manufacturing and measuring, air bubbles and dust can get stuck in the microfluidic
device. These can affect the results, so it is important that they do not form and/or they must be re-
moved from the system. A dust-free environment in the manufacturing of the chip is key to a successful
experiment, so one should always work in a fume hood. If the chips are outside the fume hood, then
keep them safe in a petri-dish with a layer of aluminium placed in both the dish and the cap to protect
it from dust entering.

Another key ingredient for successful experimentation is the wetness/stickiness of the PDMS on the
glass plate before applying a microchip. Since this aspect is arbitrary, it would be wise to choose a
certain wetness/stickiness and try to maintain this standard in future experiments. The silicon wafer
can make chips in batches of 2, which is a restriction when maintaining the same standard. If multiple
chips are made beforehand, they can be completed in a larger batch at a single moment with the same
PDMS glass-layer quality.

Besides this, pre-cured PDMS seems to degrade over time, which leads to the cured product becoming
less flexible as well as roughening of its surface. Even though roughness is necessary to ease crystal
attachment on the surface, when too rough many indistinguishable crystals can form on the surface.
Four months after opening the stock, the PDMS quality was degraded to the point that the cured prod-
uct broke when punching its inlets in. Make sure to not use the same stock of PDMS and curing agent
for too long after opening.

To get a better and more accurate view on the crystals, the alignment of the microscope on the channel
must be sufficient. It is recommended to do a dummy experiment and tweak the alignment afterwards
to check at which point the crystals are most clear, so this alignment can be used in future experiments.
Besides this, experiments can be done under higher magnification to improve image quality to better
measure crystallization. Even though Scanning Electon Microscopy would help identifying crystal form,
higher magnification (50X, or 100X) can already give a better view on the crystals at the channel bot-
tom. With the 10x magnification the microscope has a big chunk of its view outside the channel, so a
lot of the lens is unused. Already a greater part of the channel can be seen if the angle between the
camera and the chip is changed by 45 °. Also the beginning stage of crystal growth could be observed
better with a higher magnification.

Recommendations for Future Research
Crystal types are identified by Raman spectroscopy, but a thorough identification research would im-
prove the identity verification. Training for, measuring, and applying a proper Raman experiment is
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very time consuming, needs proper preparation, and proper handling of the delicate device. The de-
vice used in particular functioned, but its measurements were, as told by the responsible person for
it, not as clean as they used to be. Next to this the magnification used for Raman is not sufficient for
too small crystals, especially not with the PDMS cap on top of the small crystals as this brings much
background and relatively reduces peaks for the materials to be identified. In this research Raman
is applied to distinguish COM and COD as two different crystal types, but for a stronger paper more
in-depth Raman research is helpful. There are many papers which distinguish CaOx types based on
their morphology, and also already lots of Raman research on these are done, but a proper Raman
research gives a stronger foothold. In Appendix E a research plan for Raman experiments is given.

By drastically changing 𝑈 and 𝜎 in the COMSOL model, changes to the dynamics in the channel at
different orders of magnitude can be studied. The velocities will not necessarily be logical for velocities
found in the kidney, but for better understanding of the microchannel this can help. Simultaneously
the effect of changing the 𝑐 ∶ 𝑐 ratio deserves a more in-depth study with the COMSOL model.
The data gathered by MSc. Priya Dhand on long-term crystallization in DI, and her particle distribution
along the length and width of the channel bottom and its spread through time could help to make this
argument even stronger.

Following this it is recommended to make a COMSOL model of a single crystal followed by a model
with a multitude of crystals at the channel bottom to learn more about the phenomena occurring around
the crystal and its ”slip stream”. By doing so one could learn about local velocity and concentration dif-
ferences, which might affect growth of and mass transport to other crystals further down the channel.
How will a single particle affect the concentration profile and available reactants further down the chan-
nel? By making such model one might get a better grip on these local phenomena. If a single crystal
is made in COMSOL this model could be integrated into the channel model as well.

In this thesis experiments in AU while varying the 𝑐 /𝑐 ratio are performed. What is seen are small
oval crystals forming. These have to be identified, but once they’re identified, more research into chang-
ing ratios can be done to see what the effect is of this. Already in its discussion multiple articles are
used to explain this phenomena, and we can contribute to it with microfluidic research.

Also a study on the effect of OPN on existing crystals can be done. Is OPN able to dissolve kidney
stones? This can be studied by running a normal experiment in either DI or AU to form crystals in the
channel. If this same channel is then used for a second experiment, where a (high) concentration of
OPN is fed one can research what happens with the crystals: will they grow, maintain their size, or
dissolve?

The gathered data can also be used for an analysis on the change of size distribution throughout
time, which includes the combined effort of nucleation/adsorption on the channel surface and growth.
An expectation is then that the combined effect should lead to an exponential function, as the theory
stated. Also in the DI measurements high supersaturation is used, and since this stays constant after
prolonged time many crystals overlap and distinguishing them becomes hard. Colleague researchers
working with CaOx crystallization in microfluidic devices often use the same entrance concentrations,
but more information could be gathered when working under lower supersaturated conditions.

The last suggestion is a bit out-of-the-box, namely to research the adsorbing capacity of CaOx crys-
tals on PDMS. The adsorption capacity of PDMS can be researched by looking at multiple crystals.
In general the images contain much background noise due to intensity differences on the device, as
well as deficiencies on the PDMS structure. If one is able to produce a code to collect this data, this
information would be gained as well, and it could be valuable. An idea to start with is that the data
images can be subtracted with the first image, where no crystals are formed, so this is background.
From here on the data should be processed more easily. If this is combined with findings for the varying
OPN concentrations, also the reduced adsorption caused by OPN might be better explained. It is seen
that under the influence of OPN the number of crystals adsorbing on the surface decrease. This can
be valuable information for designing filters which can replace a malfunctioning kidneys.
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A
Oxalate surface model

Begin

𝐷 (𝑑𝑐𝑑𝑟 ) = 𝑘 𝐾 [(𝑐 𝑐 𝑓
𝐾 ) − 1]

𝐵𝐶1 ∶ 𝑐 (𝑅) = 𝑐 ,

First scaling step

𝑐 = 𝜃 ∗ √𝐾 & 𝑐 = 𝜙 ∗ √𝐾 & 𝑟 = 𝜂 ∗ 𝑅

𝐷 (
𝑑𝜙√𝐾
𝑑(𝑅𝜂) ) = 𝑘 𝐾 [(

𝜃√𝐾 𝜙√𝐾 𝑓
𝐾 ) − 1]

𝐵𝐶1 ∶ 𝜙(1)√𝐾 = 1 ∗ √𝐾

Scaled

(𝑑𝜙𝑑𝜂 ) = 𝐷𝑎 [(𝜃𝜙𝑓 ) − 1] 𝑤𝑖𝑡ℎ 𝐷𝑎 =
𝑘 √𝐾 𝑅
𝐷

𝐵𝐶1 ∶ 𝜙(1) = 1



B
Microchannel Model Derivations

Reynolds Number
Start (Navier-Stokes Eq)

𝜌(𝑣 ⋅ ∇)𝑣 = −∇ ⋅ 𝑃 + 𝜇∇ 𝑣 + 𝐹
If external forces are neglected and velocity is scaled with 𝑣 = 𝑈𝑣∗ and the spatial dimensions in ∇ with
∇ = 𝐷 ∇∗, then follows:

[𝜌𝑈𝐷 ] (𝑣∗ ⋅ ∇∗)𝑣∗ = −[ 1𝐷 ] ∇∗ ⋅ 𝑃 + [𝜇𝑈𝐷 ]∇∗ 𝑣∗

A rearrangement of the constants leads to:.

[𝑅𝑒] (𝑣∗ ⋅ ∇∗)𝑣∗ = −[𝐷𝜇𝑈] ∇
∗ ⋅ 𝑃 + ∇∗ 𝑣∗ 𝑤𝑖𝑡ℎ 𝑅𝑒 = 𝑈𝐷 𝜌

𝜇
Peclet Number

∇(−𝐷 ⋅ ∇𝑐 ) + 𝑣 ⋅ ∇𝑐 + 𝑅 = 0
Reaction (𝑅 ) considered negligible in the system, since it is very slow compared to diffusion.

Derivation with 𝐶𝑎

𝑈𝑑𝑐𝑑𝑥 − 𝐷 (𝑑 𝑐𝑑𝑥 + 𝑑 𝑐𝑑𝑦 + 𝑑 𝑐𝑑𝑧 ) = 0

Scaling

𝑐 = 𝜃 ∗ √𝐾 & 𝑥 = 𝜂 ∗ 𝐷 & 𝑦 = 𝜁 ∗ 𝐷 & 𝑧 = 𝜒 ∗ 𝐷

Plugging in scaling

[
𝑈√𝐾
𝐷 ] 𝑑𝜃𝑑𝜂 − [

𝐷 √𝐾
𝐷 ](𝑑 𝜃𝑑𝜂 + 𝑑 𝜃𝑑𝜁 + 𝑑 𝜃𝑑𝜒 ) = 0

Rearranging

𝑃𝑒𝑑𝜃𝑑𝜂 − (
𝑑 𝜃
𝑑𝜂 + 𝑑 𝜃𝑑𝜁 + 𝑑 𝜃𝑑𝜒 ) = 0 𝑤𝑖𝑡ℎ 𝑃𝑒 = 𝑈𝐷

𝐷
Derivation with 𝑂𝑥

𝑈𝑑𝑐𝑑𝑥 − 𝐷 (𝑑 𝑐𝑑𝑥 + 𝑑 𝑐𝑑𝑦 + 𝑑 𝑐𝑑𝑧 ) = 0



B. Microchannel Model Derivations

Scaling

𝑐 = 𝜙 ∗ √𝐾 & 𝑥 = 𝜂 ∗ 𝐷 & 𝑦 = 𝜁 ∗ 𝐷 & 𝑧 = 𝜒 ∗ 𝐷

Plugging in scaling

[
𝑈√𝐾
𝐷 ] 𝑑𝜙𝑑𝜂 − [

𝐷 √𝐾
𝐷 ](𝑑 𝜙𝑑𝜂 + 𝑑 𝜙𝑑𝜁 + 𝑑 𝜙𝑑𝜒 ) = 0

Rearranging

𝑃𝑒𝑑𝜙𝑑𝜂 − (
𝑑 𝜙
𝑑𝜂 + 𝑑 𝜙𝑑𝜁 + 𝑑 𝜙𝑑𝜒 ) = 0 𝑤𝑖𝑡ℎ 𝑃𝑒 = 𝑈𝐷

𝐷



C
Guide: Jess Urine Expert

In Figure C.1 the overview of the Jess program is given. The Jess workspace is given in the red
quadrilateral, where the correct composition and weights of dissolved species is plugged into. In the
blue quadrilateral is a Figure with multiple graphs of 𝑙𝑜𝑔(𝜎) versus pH, which is the logarithmic graph of
𝜎 versus pH values for the potential products of crystallization. These are dependent on the composition
filled into the workspace. The output in the green quadrilaterals are 𝑙𝑜𝑔(𝜎) values for a multitude of
protential products of crystallization at the exact numbers filled in the Jess Urine Expert workspace.

Figure C.1: Overview of the Jess program. In red is the workspace where composition values are plugged in. In the blue and
green quadrilaterals are the outputs for the composition filled in the program workspace.



D
Supersaturation plots AU conditions

(a) (b)

(c) (d)

Figure D.1: Various figures of -profiles and supersaturation values in AU at the bottom of the channel with , , ,
. and = 0.075 m/s.. (a) -profiles of cCa along channel width at various length positions. (b) -profiles of cOx along its
width at various length positions. (c) -profiles of cCa and cOx at . Ca is fed at the lower inlet (negative width region)
and Ox is fed at the upper inlet (positive width region). (d) log(σ) indices for COM or COD along the channel width at .



E
RAMAN Research Plan

Research proposal: Identification of CaOx crystals in a Microfluidic Device with Raman Spectroscopy.
To properly distinguish CaOx crystals and to identify their various morphologies these can be mapped
by Raman spectroscopy. In this manner a database for future work on CaOx crystals can be made. To-
gether with Raman results, microscopic images of the crystal types must be coupled and documented.
Simultaneously the peak values can be attributed to certain bonds of the material.

The following measurements can help obtaining the desired result.
* COM of the supplier on a glass plate.
* COM of the supplier dissolved in DI.
* COM of the supplier dissolved in AU.
* Unused microfluidic device clean: as background check.
* Unused microfluidic device in DI: as background check.
* Unused microfluidic device in AU: as background check.
* COM of the supplier placed in a microfluidic device in DI.
* COM of the supplier placed in a microfluidic device in AU.
* Microfluidic device from a finished growth experiment in DI.
* Microfluidic device from a finished growth experiment in AU.
* Microfluidic device from a finished growth experiment in DI without cap after cleaning + drying.
* Microfluidic device from a finished growth experiment in AU without cap after cleaning + drying.

The measurements with PDMS
These can be repeated by taking the cap off and then performing another measurement. Especially

in the case crystals are found in the channel, the devices can first be (slowly) cleaned with MeOH and
water, then taking the cap off, followed by a (slowly) drying the glass plates with the crystals. For most
scientific researches numbers speak for themselves, so more than one device having gone through
a completed growth experiment can be measured to get a more complete result. In this manner the
large background peaks for PDMS can get lowered (the glass plate also has a PDMS cover). The
other situations can be prepared a single time, while multiple measurements at different places in the
channel can be looked for.



F
Artificial Urine Degradation

Experiment with 2 day old AU gives different results than for fresh AU. In old AU many small crystals
form with sporadic larger COD, while from fresh AU mainly COD is grown. In Figure F.1 an experiment
is given with old AU at 𝑈 = 0.035 / and 𝑐 = 12 / , 𝑐 = 1.6 / .

Figure F.1: Experiment results of 2 day old AU. . / and , / , , . / Magnification 20X. For
scale: the microchannel width is .

Similar results are obtained for an experiment with twice the inlet concentrations (Figure F.2).

Figure F.2: Experiment results of 2 day old AU. . / and , / , , . / Magnification 10X. For
scale: the microchannel width is
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