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Abstract—Due to an increasing incidence rate, the need for new
effective methods for diagnosing cancer are of high importance.
Studies have shown that circulating tumor cells, CTCs, have great
potential as a diagnostic biomarker. Acoustophoresis is a label
free method, capable of separating CTCs from red blood cells in
a blood sample. In theory, this would enable better CTC detection
than the gold standard method of today, and in turn a better
way of diagnosing cancer. However, due to inertial forces, the
particles are pushed closer to the centerline of the channel in a
phenomenon known as the spillover effect. This occurs without
the influence of acoustophoresis, and minimizing the effect is
a prerequisite for acoustophoretic separation to work at high
throughput. The aim of this project was to verify that the spillover
effect could be decreased by changing the shape of the fluid
splitter, as has been suggested by previous studies. This was done
using genetic algorithms—algorithms that utilize the concept of
biological evolution in order to reach optimal solutions. The
results of the project show that it is indeed possible to push the
particles further away from the center of the channel, however
at the expense of raising the shear stress in the system. The best
achieved result was a 40 percent increase in the distance from
the center line. Provided that a physically fabricated version of
the optimized chip works as well as the simulations showed, this
would make the acoustophoresis method more clinically viable.

I. INTRODUCTION

ANCER is one of the most common causes of death in

Sweden, with an age-standardized mortality rate of 257
deaths per 100 000 men and 198 deaths per 100 000 women in
a given year. This is second only to cardiovascular diseases,
which cause 328 deaths per 100 000 men and 214 deaths
per 100 000 women in a given year, adjusted for age [1]]. In
addition to the high mortality rate, there is reason to believe
that the incidence of cancer is on the rise [2].

A. Circulating tumor cells

Malignant tumors that have yet to metastasize can be
removed with surgery or radiotherapy, but once metastatic
growth occurs, the spread can destroy vital organs and tissues
[3]. Tumor cells that leave the primary tumor and enter into
the bloodstream are called Circulating Tumor Cells (CTC) [4].
Previous studies have demonstrated the use of CTCs as a bio-
marker for different types of metastatic cancer [5]—[9], and
model studies have shown that CTCs are present within the
bloodstream before other evidence of metastasis is able to be
detected [10f], [11].
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A challenge with detecting CTCs is the low concentration
at which they exist in the bloodstream. For a milliliter of
blood, there are approximately 1 to 10 CTCs along with
billions of red blood cells [4]. The current gold-standard
method for detecting CTCs is the CELLSEARCH® method
[4]], [12], a method that is based on immunomagnetic particles
coated in EpCAM antibodies [4], [[13]. Epithelial cell adhesion
molecules, EpCAM, are membrane proteins found on epithelia
[14]. The tumor cells are then identified among the separated
epithelial cells through fluorescent staining [4]], [13]]. However,
since not all CTCs express epithelial markers, the technologies
that rely upon them may not detect all CTCs present in the
sample [15]].

B. Acoustophoresis

In order to facilitate the detection of a broader collec-
tion of CTC types, acoustophoresis can be used instead of
CELLSEARCH® [4]. In a general sense, acoustophoresis is
defined as migration by sound [16]]. However, in the context
of this project, acoustophoresis is more readily defined as a
microfluidic technique that uses ultrasonic waves in order to
manipulate and separate microparticles or cell populations [4].
It is a label-free method that separates particles based on their
physical properties [16]] rather than target proteins. This tech-
nique can be utilized for manipulation of cell populations [[16]]
and previous works have demonstrated its use in separating
tumor cells from red blood cells [|17]], mononuclear cells from
whole blood [18] and red blood cells from lipid particles based
on their different compressibility and density [19].

Acoustophoresis can also be used to separate circulating
tumor cells (CTCs) from the blood based on their different
acoustic mobility, stemming from the difference in radius
between CTCs and blood cells [17]. The separation occurs
within a microfluidic system placed on a microchip [20],
that was produced by deep reactive ion etching in silicon
[18]]. The microchip this thesis continues to work upon has
been described in previous research [18]], [20]. The microchip
component of interest for this thesis is the inlet fork, pictured
in Fig[T] The flow of sample particles enters through the side
inlet and flow around the inlet fork (A), a buffer solution flows
in through the center inlet (B) and both the flows then exit into
the separation channel (C) [20]. At the end of the separation
channel there is a “mirrored” outlet fork, here the separated
particles exit through the center outlet with the buffer and the
remaining sample particles in the side outlet [20].

Intact living cells are important to be able to perform patient
CTC lines and functional assays [4]]. Therefore, it is important
that the separation method has a short processing time in order



Figure 1. Bright field microscopy image of the inlet fork with the traced
sketch overlay (Courtesy of Thierry Baasch) [20].

to avoid cell death or alteration [4]. It is also important that
the separation method avoids exerting stress on the sample
cells, for the same reasons [4]]. Hydrodynamic forces can both
destroy and induce physiological changes to cells [21]]. The
normal range of shear stresses CTCs encounter within the
circulatory system is between 0.1-0.4 Pa in the venous and
0.4-3 Pa in the arterial circulation [22]]. Due to the quick
deterioration of the majority of CTCs shed from a tumor into
the bloodstream, it has been hypothesized that CTCs are very
fragile in terms of shear stress [23]]. Previous research have
worked to deduce thresholds for initiation of cell lysis, the
destruction of cells through the damage or rupture of the cell
membrane [24]], by shear stress for different cell types. For
myeloma cell lines in mice, the threshold for significant lysis
was found to be 1800 dyn/cm? or 180 Pa (1 Pa = 10 dyn/cm?)
[@]. However, some experiments have shown that CTCs have
a remarkably high resistance to momentary exposure to high
shear stresses, with little loss in viability for human prostate
cancer cells when exposed to approximately 51 Pa [26].

Because of the scarcity of CTCs in whole-blood samples,
a sample throughput of 100 uL min~! is required to enable
isolation of CTC cells in a clinical setting with sample sizes of
several milliliters [20]. Microfluidic devices can in principle
operate at those increased flow rates, with the prerequisite that
the flow remains within the Stokes regime [20]. However, with
an increased flow rate, inertial forces begin to have a larger
impact on the flow dynamics [20]. Not only does increasing
the speed increase the risk of turbulent flow, it also increases
the risk of a phenomenon called the spillover effect.

The spillover effect, illustrated in Fig[2] occurs when the
total flow rates exceed a critical level and interferes with the
acoustic separation [20]]. At low fluid throughput (Stokes flow)
the surface that separates the side and center inlet flows is
a flat plane. When the fluid throughput is increased, inertial
forces begin to deform the separating surface, pushing the side
inlet flow closer to the center [20]. Ultimately, the particles
can get so close to the center line that they exit through the
center outlet without the influence acoustophoresis [20]]. This
is detrimental as it makes certain flow settings inefficient or
impossible to use. Previous studies have concluded that the
spillover effect could be reduced by optimizing the channel
geometry [20]]. One way of optimizing the channel geometry
is using genetic algorithms.
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Figure 2.
cross-section position shown to the left. (A) At low throughput, the boundary
between the flows of the side and center inlet is a straight plane. (B) During
high throughput, the boundary is deformed and the particles from the side
inlet are pushed closer to the center line.

The dashed line in the right overview figure marks the channel

C. Optimization with genetic algorithms

As the name suggests, the basis of genetic algorithms is to
mimic evolution in order to solve optimization problems [27].
The flow graph in Fig[3|details the basic problem-solving strat-
egy for a genetic algorithm. It begins with the creation of an
initial population of possible solutions randomly distributed to
cover the solution space, the “genetic”’ material of the solutions
can be lists of values or symbols. [27]]. The population are then
fed through the main loop [27]]. In the crossover step, genetic
material between solutions are exchanged, the motivation for
this being that combining successful parts of two solutions
could yield an even better solution [27].

Following the crossover step is the mutation step, which
introduces random changes to the genetic material of the so-
lutions [27]. After the mutation step, the fitness step evaluates
the performance of each solution through a fitness function
provided to the algorithm, the design of which is an integral
part of the optimization problem [27]]. The computed fitness
values are then used in the selection step to create a new
“generation” to be used in the next loop iteration [27]. The
optimization is terminated when a termination condition is
reached, commonly this occurs after a set number of gen-
erations or when the improvement in fitness stagnates below
a predefined threshold [27].

Genetic algorithms are very useful for problems that cannot
be optimized using conventional techniques, such as differen-
tiation [28]. Most real world engineering problems require the
use of stochastic optimization techniques because the results
that are to be optimized are given as discrete data points.
This would make it impossible to solve with conventional
optimization techniques, as they require a continuous objective
function. As such, the optimization in this project is one that
is well suited for using a genetic algorithm [29)].

Another key part of the optimization is the finite element
method, a numerical method for finding approximate solu-
tions to partial differential equations that are too difficult to
solve analytically [30]. COMSOL Multiphysics® (henceforth
referred to as only “Comsol” in this thesis) is a software
that uses the finite element method in order to create models
and simulate different kinds of physical phenomena, such as
fluid flows. Models can be built with the help of the software
or imported from external sources, such as CAD programs
[31]. The simulations can be controlled inside the software
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Figure 3. Flow graph of the steps in a simple genetic algorithm.

directly or through MATLAB®, a numeric computing platform
[32]. MATLAB® allows for implementing algorithms such as
genetic algorithms. A link can be established between the two
pieces of software with the help of the LiveLink™ interface,
making it possible to use genetic algorithms on Comsol models
[33]].

Acoustofluidics involves the application of forces to par-
ticles with ultrasound within a microfluidic system [34]. A
previous thesis implemented an optimization routine for op-
timal pressure distributions in an acoustofluidic device [29].
Said thesis utilized the LiveLink™ interface to connect a
MATLAB® genetic algorithm implementation with COMSOL
Multiphysics®, allowing the fitness function to incorporate
calculations based on a simulated microfluidic device setup
[29]. The achieved solutions were consistent to theory and
previously published results [[29].

Because of previous successes in optimizing field param-
eters like pressure with new channel geometries suggested
by genetic algorithms. The goal of the underlying work is
to decrease the spillover effect by optimizing the channel
geometry using genetic algorithms. This would allow for an
increased flow throughput, which would in turn enable swift
processing of samples, increasing the method’s viability for
separation of CTC cells.

First, the process of setting up the optimization procedure
will be explained. The results of the optimization attempts will
be shown and discussed in depth. The final section consists of
concluding whether the thesis holds.

II. METHOD

The numerical setup created for evaluating the model was
based upon a procedure presented in previous work within
the field [29], generalizing it to support a larger array of
models and fitness function implementations. For this thesis,
COMSOL Multiphysics® version 6.1 was used, along with
several versions of MATLAB®. All the code mentioned in this
report works on the versions R2022a, R2022b and R2023b.
The link between MATLAB® and COMSOL Multiphysics®
was established using the LiveLink™ for MATLAB®.

A base COMSOL model was created based on a sketch of
the actual inlet fork seen in Fig[l] The sketch was produced in
a previous experiment by overlaying a picture taken of the ex-
perimental setup [20]. The transition from sketch to COMSOL
model was made using the COMSOL Multiphysics® CAD
import functionality, which allows geometry to be imported
from AutoCAD® DXF™ (.dxf) files. The sketch which was
saved in the Scalable Vector Graphics (.svg) file format
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Figure 4. Geometry and physics setup of the base model created in Comsol:
(A) Side inlet (B) Center inlet (C) Outlet into separation channel. The two
symmetries in the model are marked with dashed lines.

therefore had to be converted into a .dxf file before import,
this was achieved with the vector graphics software Inkscape.
The final base model geometry is visible in Fig[]

The physics setup of the model were similar to a previously
published model [20]]. For the physics simulation, the base
model used the laminar flow physics interface in Comsol set
to incompressible flow. The density of the fluid was set to
1000 kgm~3 and the dynamic viscosity 0.00101 Pas. The
total fluid throughput Q7 was set to 2000 uL min~! in order
to emphasize the spillover effect. The boundary condition for
both inlets were set to fully developed flow, with the side
inlet (FigdjA) flow rate set to Qs i, = 0.25 X r X Q7 and
the center inlet (Fig) flow rate set to Q¢ i, = 0.25 X (1 —
r) X Qr, with the splitting ratio r between the two inlets
being set to 0.5. For the outlet into the separation channel
(FigH[C) the boundary condition was set to a static pressure
of 0 Pa. The boundary condition of the enclosing geometry of
the channel were set to no slip. The base model featured two
planes of symmetry, one along the xy-plane and one along the
xz-plane (Figl). Utilizing the symmetry of the fork made it
possible to only create a model of a quarter of the fork without
losing any information, which decreased the computation time
significantly [20]]. Therefore, the factor 0.25 for the flow rates
were added to account for these symmetries.

Subsequent COMSOL models were based on this base
model, replacing fixed segments of the base geometry with
parameterized counterparts. To better illustrate this process,
consider the example in Fig[5] showing the first parameteriza-
tion done for the thesis. Beginning with the base model, the
90° curve marked as a dashed line was removed. In place of
the dashed curve, a quadratic Bézier curve, corresponding to
the curve marked in red, was added. The quadratic Bézier



Figure 5. The base model segment drawn with dashes and the parameterized
quadratic Bézier curve in red with the middle control point.
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Figure 6. Particle streamline from the side inlet to outlet, simulated
in COMSOL Multiphysics®. The black box marks the area of streamline
positions used in the fitness function.

curve in COMSOL is defined by three control points, the
start, and end points were fixated to coincide with the adjacent
curves in order to form a closed shape. The two-dimensional
coordinates for the middle control point became the parameters
for this model, allowing the genetic algorithm to control the
position with some spatial constraints, keeping the control
point from intersecting through walls.

The fitness function defined for the optimization problem
is tied to the spillover effect. Since the spillover effect moves
the particles closer to the center of the channel as illustrated
in Fig[2] the distance between the center line and the closest
particle streamline seen in Fig@] was defined as Y,,;, (Shown
in Fig[2). By convention, a better fitness score has a lower
numerical value, therefore y‘l was chosen as the fitness score.
This means that the further the closest particle is to the center
line, the lower the numerical value becomes and better the
fitness. In order to avoid the possibility that the minimal y-
value occurs somewhere in the inlet of the channel, the scope
of the y-value was limited to particles with x coordinates
beyond the inlet part of the fork in the separation channel,
see the black box in Figld

This fitness function was implemented in
inletForkBulkFit.m and was referred to as the “bulk”
approach. A slightly modified version for pre-focused
particles is explored in Appendix [A] The streamline plot seen
in Fig. [6] was added to each model through the LiveLink™
API as a new plot group “pgFit” with 100 streamlines
originating from the inlet (See FigH) surface. The discrete 3D
streamline coordinates were later retrieved by extracting the
“pgFit” plot data through the mphplot function [33|]. The x
and y coordinates were fed into the inletForkNearestY.m
function that computed the nearest y coordinate to the channel
center within the channel section marked in the black box in
Fige]

In the event that the COMSOL simulation did not finish, the
fitness score was set to positive infinity with Inf (MATLAB®
scalar representation of positive infinity [35]]). This occurred
when COMSOL ran into an unrecoverable error. Either when
the solution did not converge or if the parameterization sug-

‘=02

X [mm]

Figure 7. The vertex highlighted in red has a fillet applied with radius 0.795
mm, but in combination with the other applied parameters results in a warning
and therefore remains unset, leaving a sharp turn.
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Figure 8. Suggested solution with intersecting geometry segments due to
insufficient constraints on parameters. Streamlines fail to progress to outlet.

gested by the genetic algorithm resulted in an invalid geometry,
such as intersecting geometry segments seen in Fig[8] Each
solution had to be assigned a fitness score, therefore the
solutions generating errors were assigned a fitness value of
Inf effectively discarding them.

Besides errors, some parametrization combinations caused
COMSOL warnings. COMSOL warnings differ in their sever-
ity compared to errors, and generally did not prevent a
model study from being run. However, if a parameter value
set to a node generated a warning the parameter would be
reset without throwing an error, giving the algorithm a false
impression that the parametrization had been successfully
applied. An example of this is seen in Fig[7] the fillet value
of the corner marked in red is non-zero, but since it causes a
warning it is not applied and the corner is left sharp. Since the
warnings led to algorithm solutions with mismatch between
the parametrization values and the actual model, they were
treated the same as errors in terms of fitness, i.e., assigning it
to Inf.

Finally, some invalid geometry was neither caught through
warnings nor errors, and they were able to progress through the
computational step. Fig[§]is such an example, the simulation
succeeded, but the streamlines were blocked from flowing
towards the outlet by the invalid geometry. These solutions
were circumvented by checking the plot data returned from
COMSOL Multiphysics® and making sure there were stream-
line positions in the separation channel (between 0.2 mm and
0.7 mm, see Fig[§).

For a COMSOL model, the number of errors and warn-
ings reported can be checked with the LiveLink™ function
mphshowerrors(model) [33]]. However, in the case of the
models built for this thesis, the provided function proved
unable to identify models that contained warnings, even ones
that had been verified by the Comsol GUI to cause warnings.
This led to the implementation of a new routine for checking
for warnings, inletForkFitWarn.m, that iterated through
each of the geometry nodes, checking them separately with



the problems node property [31]].

A MATLAB® program optimize.m was implemented with
the ability to perform the optimization on different param-
eterization setups described by structures inheriting from a
“base” model class, utilizing polymorphism to apply the pa-
rameterization. The program also included functionality with
parallel processing similar to previous works [29]] in order
to increase the processing speed of the optimization routine.
This was accomplished by a combination of the MATLAB®
Parallel Computing Toolbox [36] along with starting several
COMSOL servers on different ports. Each MATLAB® worker
was then connected to a separate COMSOL server. In the
interest of saving RAM, the program was written in such a
way that the internal memory clears after each generation. This
enabled the optimization to run for tens of generations, even
if the population sizes were large, without causing a crash.
The genetic algorithm was implemented with the MATLAB®
Global Optimization Toolbox [36], and was configured us-
ing the MATLAB® optimoptions function. PopulationSize
and MaxGenerations was set through user input while
UseParallel was set to true if parallelism was enabled, rest
of the configuration options were left as default.

A further development of this setup in this thesis was to
handle disconnecting for the COMSOL server after the opti-
mization problem had ended, which allowed the optimization
to be started again without the need for clearall in MAT-
LAB®. Model configuration within MATLAB® were done
with subclasses of a Model super class. In these subclasses,
the fitness function, number of parameters, boundaries, and
optional linear constraints were specified to be provided in the
MATLAB® genetic algorithm entry point ga in optimize.m.
The corresponding COMSOL model path was also provided
through the model subclass.

Optimization commenced after the completion of the setup.
As mentioned earlier, all the models that were tested were
expansions of the base model. 24 models of varying com-
plexity were built and tested. In order to keep track of the
models without having to use the names, every saved instance
of a model was assigned an ID number. All the models were
tested in the same manner, by letting the genetic algorithm
run for a population size of five and two generations. The
models were evaluated based on the initial fitness values as
to determine whether the model had potential. Models that
showed no considerable improvement over the base model
were discarded so that time and effort could be focused on
models with viability.

In order to save time, the result of an optimization was au-
tomatically saved to a table in .csv format using a MATLAB®
script, resultSaver.m. In resultSaver.m, the existing result
table is imported using the readTable function, resized if
necessary, updated with the new result and then saved using the
writeT able function. A MATLAB® function was then written
to automatically apply the parameters saved from the previous
optimization result into a LiveLink™ COMSOL model. This
allowed for instant visualization of the result. Apart from
the fitness values, the result tables detail every entry’s model
name, population number, number of generations, time and
genetic algorithm configuration parameters. This was done in
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Figure 9. Particle streamlines for the model that achieved the best fitness.

order to create a good overview of how the models compared
to each other, making it easier to predict what parameterization
setups would work when it was time to progress to new
models.

To estimate the magnitude of shear stresses that cells would
experience traveling through a channel geometry, Comsol was
used to compute an approximate mean and maximum value
through LiveLink™. The approximate value was expressed as
the multiplication of the dynamic viscosity (spf.mu [Pas)])
and the shear rate (spf.sr [s~!]) of the laminar flow physics
interface. The shear rate was in turned calculated as

3 3
spf.sr= |2 x (ZZEZ) + eps

i=1 j=1

where F;; is the strain tensor and eps the Comsol floating
point accuracy. This expression was evaluated over the entire
channel volume with LiveLink™ commands mphmean and
mphmax to compute the approximate mean and max values.

The source code in its entirety for the optimization routine
and the tools developed for managing and visualizing the
results are available in an online git repository [37].

III. RESULTS

A table containing the fitness, population, and genera-
tion count and computation time of the 5 highest perform-
ing models, along with the base model, are summarized
in Table [ The best performing model by fitness was the
HeptaFilletTripleC Bezier model with a fitness score of
11.2059. This amounts to an increase of 0.0255 mm in
distance from the channel center line for the closest streamline
compared to the base model, which corresponds to a 40%
increase. The streamline plot for the highest performing model
is visible in Fig[9] A comparison of the streamline positions
seen from the cross-section of the separation channel is plotted
in Fig[I0] in terms of y coordinate positions along the z axis
the optimized model is more evenly distributed compared to
the base model.

The maximum and average approximate shear stress in the
top 5 performing models along with the base model were
calculated and is visible in Table |lI, for the best performing
model the approximate max shear stress was 54.7856 Pa and
the average 3.4997 Pa, which was an increase over the base
model which had a maximum approximate shear stress of
25.6407 Pa and average of 4.0253 Pa. The approximate shear
stress distribution measured in pascals of the best performing
model is available in Fig[TT]

A variational analysis of the results in Table [[] were per-
formed and is available in Appendix



ID  Model Parameters  Fitness Population  Generations  Time (min)
47  HeptaFilletTripleCBezier 25 11.2059 350 20 785.2974
41  HexaFilletTripleCBezier = 24 11.5171 144 15 190.086
40  InterpolationOuterInner 12 11.8694 36 15 337.3988
38  InterpolationOuter2 8 119163 24 15 224.5714
46  NonaFilletModel 9 13.87 45 10 90.03
4 BaseModel 0 15.6922

Table 1

RESULTS FROM MODEL OPTIMIZATION ORDERED BY FITNESS SCORE.
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Figure 10. Streamline position distribution of 2000 streamlines in the cross-section of the far left portion of the separation channel. Base model to the left
and best performing optimized model to the right.

ID  Max Shear Stress (Pa)  Avg. Shear Stress (Pa)
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A. Genetic algorithm implementation Figure 11. Approximate shear stress distribution of the simulated chip in
Pascal.

As previously noted, intact and living cells are important
for further analysis steps post separation, and high magnitude
hydrodynamic forces have the ability to kill cells in the
sample. Therefore, the increase of maximum shear stress
with a change in channel geometry compared to the base

score of 11.0411 that reached a maximum approximate shear
stress of 2853.2638 Pa. A further refinement to the fitness

model is of interest for the solution’s viability, in addition
to the fitness score. Some models converged to solutions that
were good in terms of the defined fitness function, but that
resulted in very high approximate maximum shear stresses,
which could be detrimental for cell viability. An extreme
example of this is visible in Fig[T2] a model with a fitness

function could be to incorporate the approximate maximum
shear stress, to suppress solutions with potentially detrimental
shear stresses.

In hindsight, the fitness function could have been con-
structed in a better way. Although it is still useful as a
comparison tool, the non-linear nature of the fitness function
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Figure 12. Optimization result with a good fitness score but with very high

maximum shear stress.

makes it harder to compare different models than it would
have been if a linear fitness function was used instead. In
addition to these problems, there is also reason to suspect
that it has caused models to be discarded prematurely due to
improvements being perceived as smaller than they actually
were. If the project was to be redone, maximizing the y value
would probably be a better strategy, as this would result in
a linear fitness function. Another idea would be minimizing
the value between the upper wall and Y,,,;,, as this renders a
fitness function that is not only linear but also defined all the
way to 0.

The default genetic algorithm configuration was used
throughout this thesis, a further development could be to
explore alternatives in regard to initial population creation,
selection, mutation and crossover functions available in the
MATLAB® Global Optimization Toolbox [36].

B. Sustainability

As mentioned in the introduction, the chips used in this
process are made using silicon. Silicon is abundant in Earth’s
crust, being the second most common element after oxygen
[38]. Although it is abundant, the mining has a concerning
environmental impact. Land deterioration, loss of biodiversity
and pollution are among the major concerns of the silicon
extraction industry [39]]. Another concerning factor is the fact
that silicon reserves are concentrated in nations such as China
and Russia, [40] both of which have had sanctions put on them
by the west due to Russia’s actions in Ukraine and China’s
support thereof. These aspects are concerning, but to what
extent the numerical results will impact the dependency of
silicon will be better understood post fabrication [41].

As an alternative to silicon, several biodegradable and
biocompatible materials have been used for the manufacturing
of lab on a chip microchips [42]. Applications include laser
etched and coated channels in wood for fluorescence detection
of proteins [43]], cell culturing in devices made from gelatin
[44] and Rhodamine B gradient generation with a microchip
design fabricated from corn proteins for use in the agricultural
sector [45]).

C. Ethics

Besides the microfluidic applications described thus far in
this thesis, the technology could potentially enable applications
with ethical concerns. Sex selection technology (SST) aims
to control the biological sex of offspring, the procedure is re-
stricted to use in preventing genetic disorders from progressing
[46], [47]]. In a few countries, an exception is made for “family
balancing”, achieving a desired variety in biological sex within
the family [47]], [48]]. Methods of SST include different meth-
ods of sperm sorting and pre-implantation genetic diagnosis
(PGD) [47]. Besides these established methods, microfluidic
systems has been shown to be able to trap and label sperm cells
based on their chromosomal content with FISH staining [49].
The same method used in the separation setup described in this
thesis, acoustophoresis, has been used to orient non-spherical
cells like sperm and red blood cells, the former aiding in
separation of sperms based on chromosomal content with flow
cytometry for herd management [50], [51]].

Proponents of the technique argue that it is part of pro-
creative liberty, and that parents should be able to choose if
the outcome is of high importance to whether they would
procreate in the first place [52]. Opponents argue that the
technique reinforces sexism, that large scale adoption of the
technique potentially could skew gender demographics and
that the technique is a step further down the slope, and could
be used to warrant further genetic control in the future [52],
(53]l

V. CONCLUSION

In conclusion, the numerical simulations suggest that it is
indeed possible to decrease the spillover effect by changing the
shape of the fluid splitter. There is reason to believe that it can
be improved even further, at the expense of higher shear stress.
Further testing is warranted in order to confirm the validity of
the numerical results in a physical copy of the microchip.

VI. AFTERWORD
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APPENDIX A
PRE-FOCUSED PARTICLES

The approach for pre-focused particles was based on the
“bulk” approach, but with only a single particle streamline
emanating from the side inlet. Fig[T3] details the streamline
start position, seen from the channel cross-section at the
side inlet (See FigHJA). The streamline was positioned in
the center of the inlet along the y-axis, and slightly below
the model channel height along the z-axis, in order for it to
be in the center when accounting for the model symmetries.
With the “focused” approach, the base model achieved a
fitness of 10.1964 while the best performing “bulk” model
HeptaFilletTripleCBezier seen in Fig@ achieved a fitness
score of 6.9482. This amounted to an increase of distance to
the centerline of 0.0458 mm, which corresponds to an 46.7%
improvement. These fitness scores are not comparable with the
“bulk” scores, since the fitness function has been redefined.

Y

L

Figure 13. Focused particle streamline position within inlet fork. The dashed
line within the cross-section marks the “fourth” of the channel that is being
simulated (See the symmetries in Fig@)A The green X marks the origin position
of the streamline.
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Figure 14. Focused particle streamline for HeptaFilletTripleCBezier model.

APPENDIX B
VARIATIONAL ANALYSIS

A testing function, var Analysis.m, was developed in order
to determine how stable the results were. It then goes through
every parameter of a chosen model, one by one, and tests
the impact of changing the parameter. The impact is tested
by running two studies, one corresponding to increasing the
parameter value with five percent and one corresponding to
decreasing the parameter value with five percent. Each study
renders a fitness result which is compared with the fitness of
the initial model in order to give a value on the perceptual
change. The fitness results of these studies are averaged and
saved in an array.

In order to facilitate the comparison between different
models, a mean value and a max value is also saved in the

1D 47 41 40 38 46
P1 0.66 inf  19.49 2798 0.63
P2 065 -049 1786 32.13 0.62
P3 inf inf inf  33.00 051
P4 inf inf 21.61 33.19 inf
P5 inf inf inf  29.80  0.60
P6 inf inf inf 3239 0.59
P7 inf -043 2248 32,66 0.51
P8 031 -0.89 20.11 3195 0.59
P9 1.0s -0.23 inf 0.38
P10 092 -031 21.20

P11  0.86 inf inf

P12 0.53 inf inf
P13 0.74 -0.60

P14 032 -0.64

P15 050 -0.57

P16 040 -0.42

P17 inf  -0.57

P18 075 -0.42

P19 0.64 -0.53

P20 0.65 -0.73

P21 035 -0.56

P22 0.60 -0.42

P23 inf inf

P24 099 -0.54

P25 0.61

Table 11T

FITNESS CHANGE IN PERCENTS WHEN VARYING EACH PARAMETER
(P1-25) INDIVIDUALLY. A VALUE OF inf MEANS THAT THE PARAMETER
CHANGE CAUSED A WARNING OR ERROR IN THE COMSOL MODEL.

array. Apart from being a way to measure how stable the
results were, the script also made it possible to compare the
different parameters of a model. The parameters with higher
values are the ones that are most sensitive to change, which
is valuable information if one needs to change the model
constraints.

Each of the results in Table [I] were run through a stability
analysis and the results are available in Table [Tl The values
are reported as the deviation in percent from the result fitness
score when slightly varying the parameters individually. Some
variations caused warnings or errors in Comsol, which resulted
in a fitness change of inf.
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