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Abstract

Antibiotic susceptibility test (AST) shows the efficacy of antibiotics against different strains and
is frequently applied in finding new antibiotics, bacteria identification, and clinical analysis. The
tests provide scientific evidence for finding pathogens and avoiding the misuse of antibiotics.

The first AST was invented by Alexander Fleming in the 1920s, right after the invention
of antibiotics. Since then, methods of antibiotic testing have developed and improved. The
nanomotion method is one of the auspicious methods in antibiotic susceptibility tests (AST). It
features detecting the vibration of single living bacteria on the graphene drum before and after
being treated with antibiotics. However, such a method is restricted in laboratory conditions
currently. The aim of this thesis is to make the nanomotion method compatible with clinical
requirements. As a result, a new set of designs including chips and their cartridge is fabricated
and validated in this thesis.

In this research, a review including the traditional and up-to-date AST methods shows that
in the nanomotion method, only one measurement is carried out simultaneously. As the research
question, this novel design is supposed to carry out a few measurements with different parameters
including concentration and antibiotic category.

To realize this purpose, concept designs analyzing the requirements are carried out on three
components, fluid system, ventilation and sealing. More parameters regarding the material and
fabrication are discussed in order to ensure its requirements including durability, printing quality
and more.

In the end, the design is validated and tested in the setup. The result is compared to the original
nanomotion method and the traditional AST method. We hope the thesis provides the possible
direction of improvements for the nanomotion method.



Chapter 1

Introduction to Antibiotic
susceptibility test

As the first chapter of the thesis, the introduction will enumerate a few AST methods from
the traditional disc diffusion method to the up-to-date ones. Among the novel method, the
nanomotion one is regarded as the focus of the thesis and a research question is raised to improve
the method in compatibility and automation.

1.1 Antibiotic Susceptibility Test

Antibiotics were believed to be the most effective substance against bacteria, saving millions of
lives from inflammation and infection. However, the misuse of antibiotics contributes greatly to
the creation of bacteria with antibiotic resistance[9]. The variation of the bacteria in antibiotic
resistance calls for research in two different directions. Antimicrobial resistance(AMR) concen-
trates on the mechanism of the resistance and previewing for new antibiotics. The antibiotic
susceptibility test (AST), which is the main focus of the thesis, aims at finding novel methods
with affordable and rapid features.

1.1.1 Traditional AST methods

Disc diffusion method At present, the disc diffusion method is most commonly adopted in
antibiotic susceptibility tests [1]. The bacteria are swabbed on the agar and the antibiotic discs
are placed on top. The antibiotic diffuses from the disc into the agar in decreasing amounts the
further it is away from the disc. If the pathogen is killed or inhibited by the concentration of the
antibiotic, there will be no growth in the immediate area around the disc. A picture of the disc
diffusion method is shown in figure 1.1.

The bacteria sample must grow for 16-24h before forming a recognizable colony according to
the standard [10]. When it comes to clinical analysis, the test should be as fast as possible.
Considering the common procedure of outpatient, it is expected to receive a result within a
workday, preferably less than 6 hours. According to the previous discussion, the disc diffusion
method requires 16-24h time to incubate and receive an observable result. To make matters
worse, it takes manpower to examine the colony on the disc which is rather laborious. The



disadvantage of the traditional method calls for novel methods to finish the measurement in
8-hour work shift.

It should be noticed that the method could only analyze if the pathogen is susceptible to
the antibiotic qualitatively. The suitable antibiotic concentration which could kill the bacteria
efficiently while avoiding the misuse of antibiotics is still unknown to us all. To analyze the
suitable concentration of antibiotics, the broth dilution method will play an important role.

AL

Figure 1.1: Petri dish of 88mm in diameter containing discs of antibiotics on an agar plate of
bacteria. Circular zones of poor bacterial growth surround some discs, indicating susceptibility
to the antibiotic. [1]

Broth dilution method The broth dilution method is another common method adopted
in clinical diagnosis. It is used to determine the minimum inhibitory concentration (MIC) of
antibiotics. The antibiotic is diluted in sterile broth to a series of different concentrations. Then
the dilution is mixed with broth inoculated with a known number of bacteria. The lowest
concentration without visible growth of bacteria is regarded as MIC. The concentration result
corresponds with the interior side of the boundary between the bacteria colony and the inhibited
area which in figure 1.1. By comparing the MIC of different samples against different antibiotics,
the efficacy of antibiotics and the susceptibility of bacteria is identified.

The suggested dilution range of different antibiotics is given by the clinical standard. Tradi-
tionally, the antibiotic is diluted according to the rule of doubling dilution. For example, if the
suggested dilution range is 0.25 — 128mg/L. The groups of concentration should be 128, 64, 32,
16, 8, 4, 2, 1, 0.5, 0.25 and 0 mg/L.[1]

1.1.2 Automated method

As we have mentioned in previous paragraphs, neither of the traditional method mentioned
above features automatic traits. Technicians have to finish the preparation, inoculation, and
measurement by themselves. The workload increases as the number of samples increases. As
a result, the testing process is tiring and error-prone. Hence, novel commercial methods are
introduced in this paragraph with automation adaptation.
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Figure 1.2: A picture of a Vitek card. The array of cavities containing various antibiotics and
indicators is connected by a complex microfluid system. The channels are dyed pink by the
author for better contrast. Grey tube functions as the inlet. The cavities with various indicators
feature different colors.

Vitek cards As is shown in figure 1.2, the Vitek card is produced by bioMerieux for clinical
diagnosis. The main structure of this card is made of plastic where arrays of oval cavities and
microfluid channels are carved on both sides. To seal the cavities and channels, transparent
plastic membranes cover the surface of the card. A grey inlet connects to the microfluid channel.
The working procedure is simple: submerge the grey inlet into the bacteria suspension, and place
the card in high air pressure, the liquid will enter the cavities by capillary and pressure difference.

After adding the suspension of bacteria, the freeze-dried antibiotics which were stored inside
the cavities when fabricated are dissolved. The growth of bacteria results in the variation of
turbidity[11]. By measuring the turbidity using a photometer, the susceptibility is determined.

Phoenix Card Apart from Vitek, BD company has its susceptibility test panel called Phoenix
card. Figure 1.3 shows the structure of the Phoenix card with 3 layers. The bottom layer
features wells of 2 mm in diameter in which crystallized indicators and antibiotics are placed
during fabrication. Two sets of serpentine microfluid channels, one for identification and one for
AST, and a reservoir with a sponge compose the middle layer in black. The top layer is welded
with the bottom layer in order to seal the panel.

When testing, around 8 ml suspension of bacteria is poured from the two round inlets on the
upper part. The liquid flows through the zig-zag channel and fulfills the wells while the excess
liquid is absorbed by the white sponge in the reservoir. After adding liquid, the inlet is clogged
and the panel is placed upright. Then the bacteria are incubated and the wells are examined for
turbidity and colorimetric change in a specific instrument from the same company. By observing
bacteria growth, it requires around 16 hours to receive a trustworthy result [11].

11
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Figure 1.3: A picture of an opened and an intact BD panel. A: The middle layer, directions of
fluid flow are marked by arrows; B: the bottom layer with arrays of wells; C: an intact panel.

1.1.3 Cantilever method

Although commercial techniques enable automatic AST, it still requires bacteria growth before
adding the sample to the setup to distinguish the efficacy of antibiotics. Hence, a novel method
called the cantilever method requiring fewer bacteria is illustrated here.

In 2013, Longo et al[2] found out that living organisms attached to a cantilever could induce
nanoscale oscillations. The setup of the experiment is simple. The bacteria sample is attached
to the tip of an AFM cantilever. The tip is inserted into an analysis chamber filled with growth
medium. The movement of the bacteria results in the oscillation of the cantilever. The magnitude
of the oscillation is measured by a reflected laser beam focused on the tip of the cantilever. These
effects vary as the medium solution changes in the chamber. A schematic representation of the
set-up is shown in figure 1.4

Afterward, more research [12] [13] [14] [15] [16] [17] reveals that the cantilever method is
feasible with most kinds of bacteria and related antibiotics. The experiments include fast and
slow-growing bacteria, motile and non-motile strains, and Eukaryotatic cells.

Compared to the traditional method, the cantilever method does not have to incubate the sam-
ple for a long period to wait for the bacteria to form a colony. It only needs a small aliquot of 10°
bacteria to have a measurable signal[2] compared to 150 million cells per mL in the disc diffusion
method. In conclusion, the cantilever method proves to be successful in detecting oscillation
signals of slow-growing bacteria and identifying the MIC and MBC of certain antibiotics.

1.1.4 Nanomotion method for single bacteria

The cantilever method still has its drawback. Although the setup requires 10° bacteria cells
compared to around 150 million cells per microliter in disc diffusion method, only hundreds of
bacteria manage to fix themselves on the tip and contribute to the oscillation of the cantilever.

12
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Figure 1.4: Schematic representation of the set-up and the fluctuating cantilever. A) Top:
Hlustration of the cantilever (C) with living bacteria (B). Bottom: cantilever under optic mi-
croscope. B) Top: Cantilever in the acquisition chamber (A.C.), which is flushed by different
liquids through the injection system (Inj.).The chamber is equipped with input (In) and output
(Out) tubes for changing the media. Bottom: A laser beam (L) is focused on C. Its reflection is
collected by a detector (D). The oscillation of cantilever will result in reflect beam path changes.
C) Sketch of the fluctuations of C produced by B on the surface.[2]

Incubation is still necessary for the replication of samples to receive strong enough signals and
for the binding progress to the cantilever tip. To overcome such a problem, fewer bacteria should
be attached to the sensor and the sensitivity should be improved. To enhance the sensitivity
of the sensor, Irek et al [3] present a novel single-cell technique based on a suspended graphene
membrane.

The substrate is designed to be a 5*5 mm? silicon chip with a 285 nm layer of silicon oxide
with round hole patterns on it. The diameter of the holes ranges from 4 to 8 um, longer than
the average length of the experimental F.coli strain. A layer of graphene was transferred to the
surface of the chip by a copper sheet. Then the chip is sealed in a cuvette for inspection and
experiment later.

The bacteria E.coli is cultivated in LB media and treated with APTES to bind the bacteria to
the suspended graphene layer. Then the suspension is filled into the cuvette with the chip. The
chamber is left for 15 minutes in a horizontal position to deposit the bacteria on the surface. Some
of the bacteria will bind to the chip and the others will fall to the bottom of the cuvette. The
bacteria which are fixed in the middle of the cavity will generate graphene oscillation when they
move their flagella and carry out other metabolism activities like material transport through the
cell membrane. Because of the suitable diameter of the cavity, one bacterium lies in one cavity in
most cases. A few cavities are found empty but none are filled with multiple bacteria. Afterward,
the sample is examined under Keyence optical microscope and then the optical nanomotion
setup as shown in figure 1.5 Oscillation of each drum is recorded for thirty seconds. After that,
antibiotics are added and the sample is measured for a new round.

Providing insight into the nanomotion of single bacteria, this novel method features a shorter
analysis time. The main factors that influence the analysis time include the required time
antibiotic takes effect and the number of cavities[3]. Generally, 4-6 hours are sufficient to finish
the analysis and for some instant-effect antibiotics, 1 hour would be enough. Compared to
the cantilever method, the nanomotion method requires fewer bacteria and saves time from
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Figure 1.5: Detection of nanomotion of single bacteria by graphene drums. a) Illustration of the
optic measurement setup used to detect the nanomotion. The laser beam is reflected from the
graphene drum and the oscillation of the laser beam represents the movement of the bacteria on
the drum. b) Optical microscope image of an array of suspended drums with adhered E. coli.[3]

incubating samples. Also, the single bacteria measurement is repeated in different cavities on
the same chip, which greatly increases the reliability of the result. In addition, the testing
material changes from expensive cantilever tips to silicon chips, making standardization and
clinical application possible.

1.2 Summary and Problem Definition

The nanomotion method features fewer bacteria and little incubation time according to the pre-
vious introduction of the AST methods. However, when compared to the up-to-date commercial
product, it is less automated and requires more in-hand time for technicians. To make matters
worse, when the bacteria strain requires AST against different antibiotics of different concentra-
tions, which is often the clinical case facing an unknown pathogen, the technician has to replace
the chip with a new one and refill the environment with the specified antibiotic a few times,
making the measurement extremely long.

Based on the comparison and analysis above, the research question driving this project is
defined as how to carry out the parallel nanomotion AST with different antibiotics and concen-
trations at one measurement.

To realize this purpose, the following chapters of the thesis will be carried out in the following
way. Firstly, the design will be divided into several parts based on the main functions. Solutions
based on literature reviews and competitors are listed and compared. . After determining
the concept of different parts, prototypes are fabricated, overcoming obstacles in material, the
bonding method, and critical parameters. The validation and the performance of the model will
be found in chapter 3. Chapter 4 concludes and analyzes the result and looks forward to possible
improvements in the future.
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Chapter 2

Cartridge design for parallelizing
nanomotion detection

To answer the research question, the first part will analyze the requirements and carry out
the concept design in the sequence of different components. The schematic of the design is
concluded in the second part. After the concept design, the last part will focus on the challenges
and requirements during the fabrication. The prototype will be fabricated with adjustments in
view of practical obstacles of material, bonding, and parameters.

2.1 Component analysis and Concept design

This design is supposed to fulfill several functions. The fluid system is supposed to create
environments with different concentrations and distribute the suspension of bacteria to the en-
vironments. Apart from the fluid system, the design has to deal with the air bubbles inside the
cartridge with an air channel. Besides, the cartridge should be sealed properly for storage and
optical measurement. The design should function properly with all these requirements. The fol-
lowing paragraph will analyze the requirements from the 3 aspects mentioned above and compare
the possible solutions to the challenges.

2.1.1 Fluid system

The fluid system consists of two main functions: antibiotic environment creation and liquid
distribution. The first function, environment creation, stands for how the chip will be saturated
in the antibiotics and the second function, liquid distribution, will discuss how to provide the
necessary liquid to the chips. There are several candidate solutions for the two functions as figure
2.1 illustrates and either combination of the two functions composes of a solution to the total
fluid system.

The creation and separation of antibiotic environment In the first part of this sec-
tion, we are going to discuss how to create antibiotic environments of certain concentrations for
measurement. For example, if a sample needs to be tested against 3 antibiotics and a range of
concentrations in one cartridge design, what will the design be like? Should we apply structures
on the chip with graphene or build a chamber around it? In general, to saturate the chips in

15
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Figure 2.1: The possible concept design of the two functions in fluid system. The fluid system
is supposed to complete two important tasks, one is liquid distribution, another is antibiotic
environment creation. The possible concept designs are listed in the figure. Either combination
of the two sub-function will be a full design of the fluid system part.

different antibiotic solutions without cross-contamination, there are 3 ideas. The first idea is
to build a chamber for each environment. The chips are glued at the bottom of the chamber.
Before measuring, suspension of bacteria and antibiotics are injected into the chambers, creating
the necessary measurement environment. An illustration of such a design is shown in figure 2.2.

A holder with
arrays of chips

Sealing

Fluid channel

Figure 2.2: The holder is divided into several columns and different concentrations of antibiotic
flow through each column. In each column, a few chips with cavities are glued inside the chamber.
The chip is represented by a single round cavity and a square outline.

Different from the previous one, not only can we separate chips with different chambers, but it
is also feasible to divide the cavities on one chip into several sections as well. As figure 2.3 shows,
wall structures are designed on the chip to separate the cavities in several columns, providing
isolation of different concentration environments.

According to Japaridze’s research in 2017, a transparent cover with slits made from PDMS is
designed for confining circular DNAs in channels of different widths [18]. Similarly, in figure 2.4,
we can adopt this transparent cover over the chip to divide the cavities into several columns.
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Figure 2.3: The chip is divided into several columns by wall structures and different concentra-
tions of antibiotic flow through each column, creating different environments for bacteria. In
each column there are cavities with graphene for measuring

The three novel ideas, the chip chamber, the chip with walls, and the cover with slits have
their unique limits and advantages. The two on-chip designs feature a tiny scale and require less
liquid while the off-chip design has a regular size which is handier for clinical diagnosis. From
the point of fabrication, the chip with wall design has the greatest difficulty in applying graphene
membrane. Usually, the graphene is transferred to the chip by chemical vapor deposition (CVD)
or mechanical stamping. Both of the techniques require a flat surface without protruding struc-
tures. In addition, the graphene membrane is fragile and the cover design with slits may destroy
the graphene while connecting with the substrate chip.

The workload for the 3 designs is similar, all 3 designs have two parts sealed together. The
only difference is that the two designs that work on the chip feature a small scale of micrometers.
The two parts should be carefully aligned in case of leakage and the sealing process requires more
attention from technicians compared to the regular-size design with chambers containing chips.

Leakage is another problem taken into consideration. The idea of slits covering the chip has
the worst performance in leakage because it is difficult to secure a reliable bonding over a layer
of graphene drum without damaging it. The two other methods feature similar performance on
leakage if bonded properly.

The morphological table of the three ideas is shown in table 2.1. Four criteria from the
requirements of the design are adopted to evaluate the performance of the solutions from 1
(bad) to 5 (good). The criteria include the difficulty in fabrication, the workload for technicians,
performance in leak-tight, and the amount of liquid used. All the reasons of marks have been
explained in the previous paragraphs.

Liquid distribution Another function of the fluid system of the design is to distribute the
desired amount of liquid including antibiotic and bacteria samples to the environment around the
chip. For this function, 4 solutions are explained and discussed in this section, zig-zag channel,
circular channel, separate channel, and concentration gradient channel.
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Figure 2.4: An illustration of chip design with PDMS slit. A) An overview of the chip model
with a transparent slit. B) A cross-section view of the chip’s center area. The slit separates the
arrays of cavities in parallel.

The first idea is to place the freeze-dried antibiotic first inside the chambers and a zig-zag
channel connecting all the environments will guide the suspension of bacteria flushing into the
environment later. By calculating the amount of antibiotic and the volume of the chambers, the
desired concentrations are established in the cartridge.

A more complex design of circular distribution was given by Yang et al [4] in 2011. As shown
in figure 2.5, the radial channel network is composed of multi-circle channels and parallel branch
channels. The two inlets are in the center of the system. With this amazing design, each
branch channel from the outer circle provides combinations of different concentrations of the two
added liquids. Based on this geometric and fluidic distribution system, we could create different
environments in a circular arrangement in our design. Another simple design is adopted by
many microfluidic experiments. As figure 2.7 shows, dedicated inlets and outlets are connected
to each measurement environment. Different from the previous method which contains freeze-
dried antibiotics, this design prefers to prepare the required broth of different concentrations
separately beforehand.

The last idea is to create a concentration gradient by the diffusion of solute. It features two
sources with two different liquids connected by a narrow channel. With the slow diffusion of the
solute, the concentration of certain particle decrease along the direction of the channel. In our
case, the device could easily create a concentration gradient of a certain antibiotic for the coming

18



(c) Downstream branches

pstream branches

Figure 2.5: (a) Positive master of the 2-inlet chip made of an AZ P4620 photoresist patterned on
a glass substrate. (b) Schematic of the 2-inlet gradient generator with one set of gradients (the
other part omitted is symmetric with the schematic diagram). (c¢) Schematic of fluid distribution
at the junctions of the branch channels and the circular channel[4]

measurements. The four solutions are compared in table 2.1 against the same requirements. As
mentioned before, circular distribution design features several layers of circular channels with
many fine inlets between layers. Fabricating such cartridges requires high-resolution lithography
machines. When carrying out clinical analysis, two or more source solutions of antibiotic and
bacteria suspension with stable flow are necessary to realize the function of creating different
antibiotic concentrations, which requires demanding auxiliary equipment in providing source
liquid and a mild workload of preparation for technicians. The circular distribution design is
highly integrated so little liquid is required to carry out the analysis. Leakage could not happen
because of the same reason, integrated design.

As for the design with dedicated inlets and outlets. The fabrication process is no longer an
obstacle because the design is simply the multiplication of a simple structure. However, when
applying it for clinical use, technicians have to connect the design with a couple of pipelines
containing solutions of different antibiotic concentrations without mistakes. The workload of
such a task is heavier than the traditional disc diffusion method. With the increase of inlets
and outlets, the design requires the most liquid of the 4 candidate methods because of the liquid
consumption during flushing. As a design with good compatibility with standard microfluid
equipment, the dedicated inlets and outlets seldom leak if treated properly with the suitable
connection of mature techniques.

Unlike the previous two designs, the concentration gradient method seems to achieve the bal-
ance between fabrication difficulty and workload with an acceptable amount of required liquid.
The leakage is the key problem of the design because in some cases, filter membranes are adopted
in order to slow down the diffusion process and stabilize the concentration gradient. Heavy leak-
age of cross-contamination is detected when the membranes expire during the measurement[19].
To make matters worse, like disc diffusion method, the exact MIC of the antibiotic against the
specimen is unknown. Only an estimated value can be obtained by calculation based on diffusion
speed and the division boundary of bacteria activity.

In the end, the zig-zag channel idea wins out because of its performance. The design is easy
to fabricate with a 3D printer and all the technician needs to do is pour in a certain amount
of bacteria suspension. If sealed properly, there is no leakage or cross-contamination between
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Figure 2.6: Schematic illustrations of a dedicated fluid system for each measurement environment.
Three chips were contained in three chambers with dedicated inlets and outlets. For different
inlets different concentrations of antibiotics are provided.

different environments. The only disadvantage could be the liquid amount required for the test.
With a long zig-zag channel design, it will certainly leave a certain amount of liquid inside the
channel and the reservoir which means the design could consume more bacteria suspension than
the circular one.

Solution Fabrication | Workload | Liquid amount | Leakage | Avg
Environment | Chamber off the chip 5 4 1 4 3.5
Channels on the chip 1 3 5 4 3.25
Slit over the chip 2 3 5 1 2.75
Distribution | Zig-zag single channel 5 5 3 5 4.5
Circular channel 1 3 5 5 3.5
Separate channel 5 1 2 5 3.25
Concentration gradient | 3 3 3 2 2.75

Table 2.1: The morphology table of fluid system

2.1.2 Bubble formation countering

After fabrication and before adding liquid, the cartridge is empty of liquid but full of air. When
adding liquid, the bubbles will try to escape from the design thus blocking the distribution
channel or staying inside the cartridge. The serious challenges include blockage of the liquid
distribution system and imprecise concentrations.

To deal with the formation of bubbles, a few solutions are introduced in this paragraph. Among
them are chimney design, ventilation channel, gaps for air, air chamber and positive pressure.

In chapter 1.2, two commercial AST cards are introduced and they have their specific solution
to bubble formation and prevent blockage. The Vitek card, features ancillary equipment to
generate positive air pressure outside the cartridge to force the liquid flowing into the cartridge.
In addition, the Vitek card has designed an air chamber for each main chamber. In the air
chamber stores the compressed air.
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Figure 2.7: (A) Illustration of creating concentration gradient along the channel. Source channels
connect to a smaller outlet port to facilitate channel filling. Gradients are established by removing
liquid from the sink well. (B) Ilustration of the enlarged measurement area and a profile view
(bottom).[5]

Apart from the solutions Vitek adopts, BD cards have their specially designed structures to
tackle the bubbles. At the top of the cartridge, two chimneys shown in figure 2.18 connect the
bottom layer and the inlet reservoir as the ventilation channels. The ventilation channel leads
the interior circulation of air and liquid without leakage to the exterior environment. Between
the zig-zag channel in the middle layer and the wells in the bottom layer, there is a small gap
allowing air to escape outside the wells. Because of bad hydrophilicity of the material, the liquid
is prevented from escaping the wells.

Figure 2.8: The two hollow pillars designed in the middle layer of BD panel. The pillars at the
top of the panel are pointed out with red circles. The black pillar is designed in the middle layer
connecting the space between the bottom layer and the top layer.

21



As the last possible method, a specially designed ventilation channel for the design may expel
the bubbles and reduce the chance of blockage. The ventilation channel system is designed as
shown in the line sketch figure 2.9. Two side channels connect the top and bottom reservoirs.
Above each line of chambers, there is a branch channel connecting all the chambers with a small
breach. The cross-section area of the breaches is 1*1Imm. It is small enough to prevent liquid
flow by capillary while allowing the air bubbles to escape.

Figure 2.9: The line sketch of the model. The ventilation designs are marked with colors. Red
represents the main ventilation channel, blue marks the branch channel and green stands for the
connection. The airflow is marked in green arrows and the liquid is marked in red arrows.

The positive pressure and flexible volume method are first ruled out because ancillary equip-
ment and more required material are introduced to the design. The chimney and narrow gap
ideas seem feasible but they are designed for a 3-layer device like BD panel. They do not fit the
two-layer design in this thesis. In the end, the specially designed ventilation system with two

22



side channels is determined to be the best option.

2.1.3 Sealing and packaging

The last component of the design is sealing and packaging. This part is a transparent layer
bonded over the cartridge to seal the cartridge and allow laser beam shooting to the chips. This
component is supposed to firmly seal the design from any leakage and provide compatibility for
optical measurement. The challenges require the sealing to be flat and transparent, durable, and
no glare.

The first requirement for the sealing is flatness and transparency. It is obvious that only
transparent sealing can allow illuminating light and lase for measurement to pass. The sealing of
the cartridge features a relatively small contact area and large cavities. The insufficient stiffness
of the cartridge and the cover will leads to a cover in bad shape.

If the stiffness of the cover is not enough, sunken areas may be detected on the surface of the
cover, resulting in unexpected consequences like errors in the volume of the chamber, and poor
signal because of the deflected laser beam. In view of this, cylinders are designed in the top and
bottom reservoirs, providing extra support to the cover.

Apart from supporting structures, if the stiffness of the cartridge is not enough, distortion
will happen around the contact area of the two components. To solve this problem, thin wall
structures are enhanced in thickness to reduce distortion.

The second problem is the durability of bonding. It is a complex problem including material,
bonding strategy, and contact area. The combinations will be discussed based on the fabrication
of the prototypes and experiments on them in the next part of the thesis.

Besides, glare is another problem needed to solve during the design. It means that the light is
reflected between the transparent solid medium and the target, which means the target planar is
illuminated by both reflected light and direct light. The glare problem happens frequently with
light path penetrating multiphase of reflective material. In our case, the light from the light
source has to go through the air, the cover, and liquid to reach the chip, resulting in reflections
several times and visions of poor contrast. Without a clear view of the cavities on the chip, there
is no chance to calibrate the laser to the cavities and continue the research.

There are several ways to reduce the influence of glare: reducing the liquid layer, less reflective
sealing material, and other optical methods like applying polarizers and improved illumination.
In this thesis, we will focus on the solutions from the aspects of cartridge design rather than the
optics improvement of the setup.

In this section, solutions to sealing and packaging are mentioned while no concept designs
have been determined. This is because the solutions to this design are closely related to detailed
parameters and material selection. After summarizing the general schematic of the design in
the following section 2.2, the material selection and other matters concerning fabrication will be
fully discussed with proof of experiments in the following section 2.3 about fabrication.
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2.2 Schematic of the cartridge and its main components

To summarize the concept design, the full design of two parts, the cartridge, and the cover is
illustrated here. The concept model of the cartridge is shown in figure 2.10. Arrays of chambers
are arranged in the middle of the cartridge. A serpentine liquid fluid channel flows around
the chambers, connecting each chamber with an arch-shaped entrance. The cartridge has two
reservoirs placed at the top and bottom. The top one functions as the inlet and the bottom one
stores the excess liquid.

Figure 2.10: The model of the cartridge. The liquid flow is illustrated with blue and green
arrows.

The chamber is designed in the shape of an inverted frustum of which the bottom section size
is the same as the chip size, making placing and positioning the chip more precise and convenient.

The cover is a transparent sheet material that seals the cartridge while allowing optical mea-
surement. It is supposed to have the same width and length as the cartridge with a liquid inlet. It
is a very flexible part because the only function of this transparent cover is to seal the cartridge.
Because of this, the width and length of the cover will be the same as the cartridge’s size. The
width and length of the cover are increased by 1mm Considering the error in installation and
assembly.

The ventilation channels are the shallow channels fabricated around the chambers and car-
tridges. They will be analyzed thoroughly in the following paragraphs.

While using the cartridge, freeze-dried antibiotics should be placed in each chamber with the
required amount before sealing the cartridge with the cover. Before measuring, a certain amount
of bacteria suspension is poured in from the inlet and the antibiotics in the chambers are diluted
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to specific concentrations. The bacteria will bind to the graphene membrane and oscillation can
be detected about one hour after pouring.

2.3 Set-up design and fabrication

According to the previous discussion, the components of the design are analyzed and the chal-
lenges of what the fluid system will be like and how to avoid the formation of bubbles are
explained and solved. In this part of the chapter, prototypes are fabricated and some challenges
during the fabrication, including material selection, bonding strategy, and critical dimensional
parameters will be taken into consideration in this section.

2.3.1 Material selection for cartridge

As a prototype of the design, the cartridge is planned to be 3D-printed. Candidate material
includes PLA, resin and PETG.

Polylactic acid (PLA) material is a very commonly used material in 3D printing. In our lab,
it is printed from a Prusa slicer MK3 3D-printing machine with a resolution of 0.1-0.2mm and a
25x21x21 cm building volume. Polyethylene terephthalate glycol (PETG) is another optional
material for the Prusa slicer. It is half-transparent material with a higher stiffness when compared
to PLA.

Unlike the previous two materials, the resin (HTM-120) is printed by stereolithography 3d
printer from Envisiontec. The printer has a higher resolution with a smaller volume of 45 x 28
x 100 mm.

2.3.2 Material selection for cover

There are many choices in finding a transparent sheet material for the cover. Polydimethylsilox-
ane (PDMS) is commonly used in microfluid design because its perfect biology compatibility and
formability. It can be designed into any shape with a mold and curing process.

Poly(methyl methacrylate) (PMMA) is another transparent optional material for fabricating
the cover. The sheet material of PMMA can be easily processed into any 2D design by laser
cutting.

The last candidate is glass. It is hard but brittle with little bonding methods.

2.3.3 Bonding strategy

The bonding is supposed to combine the cartridge and the cover together and the bonding
strategy varies when the material of the two parts changes. A few feasible methods of the
materials mentioned in the previous two chapters are mentioned here.

The most simple and versatile method should be thermal bonding. On heating to the melting
point, the cartridge and the cover will melt. If compressed, the crosslink between the two
materials will generate a firm bonding. The restriction of this method is that only materials
with similar melting points can be bonded together. Table 2.2 shows the melting point of the
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material we used in designing. Cured PDMS will not melt at all while resin starts melting at
40 degrees. It can be concluded that only PLA and PMMA can be fixed together with thermal
bonding.

Material PLA | PMMA | PDMS | Resin | Glass
Melting point /°C | 150 | 160 N/A N/A | 1700

Table 2.2: The melting point of the candidate materials[7]

A pair of aluminum plates are designed for thermal bonding as figure 2.11 illustrates. The
plates could withstand high temperatures and offer pressure during heating by the 4 bolts on
each corner. The metal plates have a poor affinity to the plastic materials applied in the design.
Hence, the design will be easily separated from the clamp after the bonding process without
unexpected adhesion to the plate.

PMMA Cover
Cartridge

Figure 2.11: The illustration of a pair of aluminum thermal clamps. The two plates clamp the
cartridge and the cover together to force the formation of bonding. The four bolts provide the
necessary pressure for the process.

Another handy method is to use glue. There are a variety of glues for different materials and
it would be a long article to explain the principles of different glues but glue is the most general
bonding strategy both in daily life and industrial designs.

A very common method specially designed for PDMS material applied in microfluid experi-
ments is surface activation. It relies on UV, Ozone, or Oxygen plasma to activate the function
group on the surface of PDMS, forming covalent bonding with the target substrate [20].

Apart from the mentioned method in the previous paragraphs. There are still methods specif-
ically designed for certain materials. For example, UV and ethanol are also applicable in PLA
and PMMA in a different manner as shown in figure 2.12. Ethanol dissolves a small part of the
contact surface for both materials, forming crosslinking of functional acrylate monomers from
both substrates under UV exposure.
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Figure 2.12: UV bonding method of PLA and PMMA:(a) manual pipette used to load ethanol
solution on bare substrate; (b)substrate with fabricated microchannel brought into contact
with bare substrate; (c)spin-coating for uniformed distribution of ethanol solution; (d) UV
irradiation;(e)post-annealing for relief of residual stress; (f) bonded microfluidic chip.|[6]

2.3.4 Evaluation of material selection and bonding method

The bonding method and material selection are closely related and by no means can they be
discussed separately. In this section, a few combinations of material selection and bonding
strategies are discussed and evaluated in this part.

The criteria of the evaluation include some of the challenges in chapter 2.2 like durable bonding,
flat and transparent cover, and no glare. A few challenges that arise from the fabrication process
like printing quality and hydrophilicity are also taken into consideration.

To ensure a smooth liquid flow when adding liquid, the hydrophilicity of the cartridge material
should be noticed. The matrix 2.3shows the hydrophilicity of the cartridge materials offered by
the lab measured by the water contact angle. The larger the angle, the more hydrophobic the
material features, and the more resistance to liquid flow. It can be concluded that resin wins out
with its best hydrophilicity.

Cartridge Material | PLA | PETG | Resin
Contact Angle ° 60 75 55

Table 2.3: The contact angle of the cartridge materials[8]

After discussing the hydrophilicity of cartridge material, the printing quality of the materials
should be compared as well. A prototype of PLA cartridge is fabricated. As is shown in figure
2.13, the surface of the fluid channel is rough with fibers of residue material and the arch-shape
inlets of chambers are in bad shape. This may be contributed to impure material and a cold
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nozzle during 3d printing. The fibers and the distorted structure prevents liquid from flowing
freely because of the hydrophobic material. Similar fibers are found in the prototype printed
from PETG It is considered to use physical and chemical methods to clean the fibers and to
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Figure 2.13: The fibers on Figure 2.14: The cartridge
the surface of the cartridges. after the saturation in

Figure 2.15:  The white
residue concentrates on the

The fibers are mainly found
around perpendicular struc-
tures.

ethanol. The red colorant is
the marker for the next step
experiment.

surface of the cartridge after
drying, making the cartridge
unusable.

polish the rough surface. It is very common in commercial 3D printing to use organic solvent
to remove printing defects[21]. Guided by this idea, a prototype is saturated in ethanol for 10
minutes in order to improve printing quality. The fibers are removed as shown in figure 2.14. The
cleaning proves to be effective but it is troublesome to clean the half-dissolved material residue
in the deep chambers. The white residue observed in figure 2.15 proves to be disastrous to the
generation of the bonding with the cover. In regard to this disadvantage, we give up the idea of
cleaning the fibers.

As the previous paragraphs show that the PLA and PETG materials have poor| performance
in printing quality, a resin model by lithography is fabricated by photo-lithography. It features
a smooth surface as figure 2.16 shows.

Besides hydrophilicity and printing quality, glare is another crucial problem we face during
measurement. Glare describes the phenomenon of the object being illuminated by both reflected
light and transmitted light. The glare problem frequently happens with light path penetrating
multiphase of reflective material. The reflection rate of the material describes the seriousness
of the glare problem. The more light penetrates through the cover, the less light is reflected
between the mediums thus less severe the glare problem is. Because of this, the material of the
cover is also changed from PMMA to glass because the glass has a smaller reflection rate (4%
for glass[22] to 8% for PMMA|23]) in the visible spectrum.

Based on the discussion above, the morphology table is shown here in table 2.4. The table
lists the material of the cartridge and the cover with the corresponding bonding method. Most
of the bonding features with good quality in durability. The prototypes of thermal and glue
bonding are examined one week after the bonding and they are still intact. As for the surface
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Figure 2.16: A prototype printed by resin material with very smooth surface

activation method, it has less tensile strength when bonding with polymers compared to other
methods[20]. Besides the poor strength, surface activation requires strong oxide or radiation
treatment, which is catastrophic to the antibiotics inside the cartridge. In the same way, thermal
bonding of around 150°C' will greatly reduce the efficacy of the antibiotic.

From the aspects of performance, resin with glass is the best choice. However, the only
disadvantage of this choice is that the resin printer in our lab has limited printing volume,
allowing only 3 chambers on one cartridge.

Cartridge | Cover Bonding Durability | Printing quality | Hydrophilicity | Transparency | Glare | Avg
PETG PMMA | Thermal 4 1 1 3 4 2.6
PLA PMMA | Thermal 4 1 3 3 4 3
PLA PDMS | Surface activation | 1 1 4 1 4 2.2
Resin PMMA | Glue 4 5 5 3 4 4.2
Resin Glass Glue 4 5 5 5 5 4.8

Table 2.4: The morphology table of fabrication

2.3.5 Determination of critical dimensional parameters

The previous section has determined the materials and the fabrication process of the design. Yet
another few parameters matter a lot to some of the requirements. In this section, we will talk
about the cylinder design to reduce glare, the wall thickness to improve the durability of the
bonding, and the cross-section of the channel to avoid blockage.

First, the thickness of the wall is increased from 1mm to 2mm, increasing the contact area of
the bonding. The quality of the bonding is tested right after finishing the bonding and 3 days
later to test if the bonding is durable enough. The result shows that no leakage is detected 3
days later so the bonding durability is increased by enlarging the contact area.

It should be noticed that the larger the cartridge, the less influence the printing quality has
on the liquid flow. However, it is unwise to increase the size of the cartridge to large enough to
ignore the printing defects because of considerations in cost and volume. A series of prototypes
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with different sizes are shown in table 2.5. It proves that a channel with a 5*5mm? cross-section
and the inlets of the chambers with a diameter of 5mm has the best balance between material
cost and liquid flow.

Diameter

~

Figure 2.17: A picture to illustrate the important parameters of cross-section including width
and length of the channel, the diameter of the arch-shaped inlet

Width 10 10 10 5 5
Length 5 b) ) 2.5 )
Diameter 2 5 8 5 5
Performance | Blocked | Good | Good | Blocked | Good

Table 2.5: The changes of parameters and the performance of the cartridge

It is less meaningful to find out the smallest channel size without blockage. The design needs
to be validated for its main function before optimizing its parameters. In conclusion, a 5*5mm
cross-section with a bmm half-round inlet is adopted.

Another idea to reduce glare while observing is to reduce the distance between the cover
and the chip. A cylinder rises from the bottom of the chamber to raise the chip, reducing the
distance between the cover and the chip from 7mm to 2mm. In the same way, the cylinder
design will reduce the layer of liquid between the chip and the microscope, reducing the amount
of transmitted light. The comparison is shown in figure 2.18.

In conclusion, the cartridge is made from resin with a ventilation channel while the glass cover
is glued to the cartridge to seal the space. The design fulfills the function of liquid distribution
and the requirement of durability. A photo of the final design is shown in figure 2.20.
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Figure 2.18: The illustration of the pillar used to reduce the glare. The pillar is colored blue in
the center.

A 7a e

Without cylinder. Distance between With cylinder. Distance between cover
cover and the chip: 7mm and the chip: 2mm

Figure 2.19: The comparison between the figures with and without cylinder design under Keyence
microscope. The previous design without a cylinder has poor contrast under the microscope.
Features of cavities and boundaries could barely be observed. When the cylinder design is
applied, with the reduced distance between the chip and the cover, the glare problem is inhibited
and a clear contrast of cavities and boundaries could be observed.
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Figure 2.20: A photo of the final design. A chamber is designed with a cylinder. The other 2
chambers are empty as the control group.
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Chapter 3

Performance validation

In the previous section, we analyzed the requirements of the design and determined what the
design will be like in concept. Prototypes that satisfy the requirements are fabricated. After the

design and fabrication process, this section will focus on the performance of the design during
the measurement process.

The measurement process can be divided into several steps. After receiving a well-packaged
cartridge with chips, drops of bacteria suspension will be inoculated into the cartridge first. Then
the cartridge will be loaded on the optical setup and laser beam will focus on the cavity on the
chip. Data of vibration can be acquired with an oscilloscope. The workflow of the measurement
can be summarized in figure 3.1.

Design for compatibility

\ ‘
| 11 hi
L‘ \\ b Blank chip

\\\ \l //
- | Inoculaton /

) (Add 1liquid) L—— Load with the set-up —{ Measurement \‘
|
|
\
¥ Chip with Graphene

Figure 3.1: The workflow of the measurement process. The blue box of chip preparation is not
the focus of this thesis. The validation process will start with Inoculation.

3.0.1 Inoculation

This section of the thesis will explain the step of inoculation. Experiment records of the inoc-
ulation step could validate the function of the fluid system design. Before adding liquid, the
cartridge is placed vertically since the flow is driven by gravity. As an early validation exper-
iment, it is not necessary to inoculate bacteria on the chip since the primary purpose of this
experiment is about the fluid system. Instead of bacteria suspension, the liquid with colorant is
injected into the cartridge by a pipette through the inlet on the top of the cartridge. It can be
observed that with the liquid flowing, the chambers are fulfilled one by one. For a cartridge with
3 chambers, 6ml suspension is sufficient to fulfill all the chambers. Because of careful control
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Figure 3.2: The photos of the inoculation process. The red-colored liquid enters from the top
and fulfills each chamber one by one. The excessive liquid will flow to the bottom reservoir.

of the amount of liquid, there is little residual liquid left. The liquid can be found only in the
bottom of the cartridge where the reservoir is designed.

The experiment shows that the design successfully distributes an equal amount of liquid into
each chamber. Apart from functioning properly, the bonding of the two parts is firm and no
leakage is detected. Bubbles generated during the process are expelled by the ventilation system.
In addition, because there is little residual liquid left in the channel, the cross-contamination of
different chambers is avoided.

3.0.2 Assembly with the setup and compatibility design

After the liquid was added, the cartridge was loaded on the setup. The prototype was placed on
a nano-positioner before the objective as figure 3.3 illustrates.

Figure 3.3: The nano-positioner loaded with a cartridge. The surface of the platform is smooth
and a plastic stage is 3D-printed and fixed on the surface with bolts to carry the cartridge moving
with the platform.

The nano-positioner is controlled by 3 step motors with high resolution. The platform on the
nano-positioner is able to move in 6 degrees of freedom. To assemble the nanopositioner with
the cartridge, a compatible holder design is necessary to fix the cartridge to the platform. As
figure 3.5 illustrates, a simple holder design could fulfill the task of connection. The holder is
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Figure 3.4: The real Enigma setup designed by Roslon et al in this research. The principle of
the setup is introduced in chapter 1.

supposed to clamp the cartridge firmly while the platform is moving. A few designs with clamps
was tested but the large glass slide sealing over the cartridge impede a firm design in space. At
present, the friction between the cartridge and the holder could withstand the pulse when the
platform moves and stops. In regard to this, the experiment could continue with a holder like
this.

As a design for compatibility, it is not necessary to devote too much effort to the holder because
the setup and the cartridge may be improved during the experiment. The final design of the
holder may be determined when the cartridge is applied to clinical analysis.

3.0.3 Vibration measurement

After verifying the fluid flow function in the cartridge and the mounting of the cartridge on the
setup, the design could be finally tested under the optical setup. First, the cartridge will be
observed under the Keyence microscope to have a clear view of the cavities because the camera
in the setup has poorer image quality. After proving that the chip is well-placed inside the
cartridge, the prototypes can be tested finally under the setup and vibrations of the graphene
drum are measured. As a control group, the vibration of blank chips without graphene is also
measured.

Measurement of blank chips A prototype loaded with blank chips without graphene is
fabricated as the control group. The chips are observed under the Keyence microscope and
measured under the setup. Figure 3.6 compares the image quality before and after adding the
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Figure 3.5: The holder designed for the mounting of the cartridge The two holes correspond to
the threaded hole on the nano-positioner for mounting

liquid. Although after adding liquid, the image quality is worse than the one without liquid, the
picture is clear enough to recognize the cavities thanks to post-processing and the cylinder.

After observing a clear view of the cavities, the laser beam is aimed at one cavity to measure
the reflected signal as figure 3.7 shows. 16 cavities on each chip are measured for 30 seconds
before and after adding the liquid. A pair of the signal charts in figure 3.8 shows that the
voltage of the photodiode received from the reflected laser is similar to the power of the direct
laser, 150mV and 220mV. The variance ¢ is small indicating that only blank noise is detected.
The power spectral density(PSD) figure shows the characteristic of the signal in the frequency
domain. Currently, the PSD chart is meaningless since only white noise is recorded. According
to Roslon’s work, it will make a difference when bacteria is added.

Measurement with graphene drum Another prototype is stamped with graphene as figure
3.9 shows. The cavities with the graphene drum are carefully measured in the setup. The image
under this setup has worse quality than the one taken under the Keyence microscope because the
camera in the setup has a lower definition. The signal features no difference from the previous
group without graphene as figure 3.10 shows. Although improved in image quality to fight against
the glare problem, it is still difficult to have a clear view of the cavity after adding the liquid,
making it harder to aim the laser at the center of the cavity. As figure 3.11 illustrates, compared
to the pictures without liquid, the cavities could barely be observed in the setup because of poor
contrast. The measurement is halted because of failure to aim at the cavity.
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Figure 3.6: The image quality of the chip without graphene under Keyence Microscope. Arrays
of cavities are clearly observed before adding liquid. After adding the liquid, the image is brighter
than expected because of the glare problem so the contrast of the picture is post-processed to
increase its readability as the figure shows.

Figure 3.7: The laser is pointing at the center of a cavity. Some cavities are stressed with white
circles
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Figure 3.8: The signal comparison before and after adding the liquid. The signal is represented
with 3 plots, voltage to time, amplitude to time, and Power spectral density. The data shows
little variance indicating only blank noise.
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Lens: ZS200:X300 10.00um

Figure 3.9: The microscope image of cavities with graphene membrane. The cavities stamped
with graphene are pointed out with red circles.
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Figure 3.10: The received signal of graphene drum
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Lens: ZS200:X300

The cavity with graphene saturated in lig-
uid observed in the setup

The chip with graphene saturated in liquid
observed under Keyence Microscope

Figure 3.11: The pictures taken by Keyence microscope and the setup. Both of the pictures are
blurred because of glare problems.
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Chapter 4

Conclusion and Outlook

In the last chapter, the design proves to be feasible by validation experiment of its two main
functions, fluid flow and optical measurement. Most of the obstacles during the experiment are
overcome while some problems partially remain. This chapter will conclude the experiments and
discuss the possible improvement in the future.

4.1 Resolving the research question

The research question driving this design is rephrased here: how to design a device that carries
out parallel nanomotion AST measurements with different antibiotics and concentrations at one
time?

For this purpose, a cartridge with different chambers is designed for the chips loaded with
graphene drums. Freeze-dried antibiotics and chips are placed inside the chambers before the
cartridge is sealed. A zig-zag channel on the cartridge is supposed to distribute the required liquid
to each chamber. The cartridge is designed to be compatible with the setup of the nanomotion
method and precise measurement data of different antibiotics and concentrations can be acquired
from a one-time measurement.

The fabrication process of the design is simple without high requirements of instruments.
The design is highly integrated and automated so most of the fabrication and measurement
steps could be processed by machines. Compared to the competitor products mentioned in the
introductory chapters, this design adopts nanomotion methods which require little incubation
time (around 1h). Compared to the first research on the nanomotion method by Rolson et.al,
the design features parallel measurements which greatly improves the efficiency when applying
the method to clinical diagnosis.

4.2 Reflection and Outlook

We have acknowledged the achievement of the cartridge design in the previous part but it is
still far from a reliable and low-cost AST method application. This section will summarize
the design and validation process in this thesis and reflect on the research. The design will be
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evaluated from several aspects in this section. First, the dimensional parameters of the design
could be optimized based on simulation. Second, the glare problem is still the greatest obstacle
that influences the view under the microscope. As an application to clinical analysis, the design
should be improved for mass production in its fabrication and measurement steps.

4.2.1 Simulation and optimization

To prove that the prototype functions well in distributing liquid, it is also considered to use
fluid flow simulation before the validation experiments. A multi-phase simulation considering
hydrophobic wall material and air flow would represent the model properly. Additionally, the
prototype should concern practical matters including hydrophilicity and printing quality, of which
the simulation requires a more complex model. It is unwise to spend much time finding a proper
representative simulation model. Instead, the simulation process is skipped and prototypes are
fabricated to prove their function practically.

Apart from this, the simulation could still be utilized in the future to optimize the parameters
in order to save material while maintaining the performance of the cartridge. For example, the
channel geometric parameters are discussed in chapter 2.3.5 and only a few parameters are tested.
With the help of simulation, the most suitable parameters could be determined for the future
production.

4.2.2 Material selection

Apart from the complex simulation conditions to validate the fluid system, the dimensional
parameters of the prototype are larger than usual because of the hydrophobic material, requiring
more liquid than expected to ensure the measurement. In the future, another proper simulation
model is expected to optimize this model for more chambers and better performance. When
material and fabrication are permitted, the prototype could be designed more compactly with
more chambers based on the optimization process.

Another problem with the material has been mentioned in Chapter 2.3. Because of the restric-
tion in the printing volume of lab instruments, only a design with 3 chambers is fabricated and
validated. According to the manual for AST[10], around 10 antibiotics and 3 different concen-
trations of each kind should be tested against an unknown sample. In this case, the design with
3 chambers is far from enough to satisfy the analysis requirement. In the future, a larger-scale
design with more chambers should be fabricated with a resin printer of large printing volume.

The last problem with the material is color. As we can see from figure 3.2, the deep-color resin
material features very bad image quality both in photos and microscope images. Transparent
or material with light color will significantly improve usability during the observation process.
In another word, the cartridge in light color could be observed clearly with the naked eye and
microscope. It will be much easier for the technicians to distinguish empty cartridges from
full ones. A prototype was fabricated from transparent resin once during the experiment but
the choice is abandoned because the stiffness of the resin type is not good enough. For better
performance in the future, the material of the cartridge should take the color problem into
consideration.
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4.2.3 Alignment and Calibration

The design in the thesis adopts multiple chambers to place the chips. After finishing the mea-
surement of the previous chip, the nano-positioner is required to move a long range to the next
chamber for the laser beam to focus on the next chip. Compared to the average distance between
cavities of 25 um, the distance between the chips is 7 mm in the design. If the chips are not care-
fully aligned, long-distance movement of the stage would impede the laser beam from focusing
on the cavities of the next chip. In this case, calibration is required when between measurements
of different chips in the same cartridge, wasting precious time and labor.

To avoid frequent calibration during the measurement, there are generally two ways. The first
method is to carefully bind the chip to the chamber with little installation error. Another method
is to compensate for the error automatically in the control program of the nano-positioner. Both
methods would be of great help to the improvement of the design in the futrue.

4.2.4 Glare

The glare problem is very common in a multiphase light path as we have discussed the reason
in chapter 2.3. In our observation, it is unavoidable for light to penetrate several layers of air,
solid material, and liquid.

Such a problem prevents the verification of the nanomotion method because of poor image
quality. For example, in chapter 3, the measurement against graphene drums is not successful
because of the glare problem. The glare results in an obscure view when calibrating the laser
beam. Several methods regarding material and design have been adopted to reduce the influence
of glare problems in this thesis, for example, cylinder design and material selection but they are
far from enough.

There are generally two ways to solve the problem. The first one is to improve the illumination
part of the setup. In our setup, the focus of the torch is moving with the focus of the laser. If
the focus of the torch could move individually along the light axis, the glare problem could be
avoided[24]. From another aspect of photography, applying a polarizer to the light source could
also help to solve the problem. From the aspect of design, there is still much that could be
improved. The thinner cover should be the first option to consider. During the experiment,
cartridges sealed with PMMA cover of 2,1 and 0.5mm thickness are observed under the Keyence
microscope. It proves that the thinner the cover, the less serious the glare problem is. However,
the thinner cover has poor strength and the surface is not flat enough to meet the requirement.
For the next-generation design, a thinner flat cover should be the best choice.

In the future, apart from the improvement in material and design, more improvements should
be taken into consideration like improving the resolution, applying a polarizer, and moving the
focus of the illumination focus. These possible solutions in optics offer a new direction for
improving the design.

4.2.5 Mass production

As an attempt to apply a novel technique to clinical analysis, the cartridge is expected to be
designed and fabricated with cheap, reliable production methods. In the thesis, the main parts of
the cartridge are fabricated with 3d-printing and materials everywhere. However, the assembly
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and the measurement process are still completed by manual work. In the future, most of the
tasks during fabrication and measurement should be carried out automatically with a standard
process in order to reduce the in-hand time of technicians.

In conclusion, the design presented by this thesis fulfills the task of carrying parallel nanomo-
tion method AST measurement for clinical analysis and diagnosis with advantages to the clinical
methods currently applied. The design still needs improvement in parameter optimization for a
compact design, fabrication for mass production, and its corresponding optical setup.
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