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Abstract

The ability to manufacture large-scale integrated microfluidic devices (mLSI) in an
automated fashion with high throughput could impact numerous areas, including single-
cell assays, drug discovery, and multi-sample analysis of human fluids. Conventional
microfluidics fabrication is labor-intensive and requires the use of specialized facilities.
Our group previously pioneered a method to 3D print microfluidic channels and valves
by extruding silicone filaments in angular stacks. This technique faced limitations in
scaling due to slow printing speed (1 mm/s) and inability to generate multiplexed flows.
Here, we present an approach to 3D print mLSI devices that introduces an innovative
method to reinforce channels locally and reduce the printing time 20-fold by doubling the
extrusion diameter of the filaments. This allows for the incorporation of a Boolean design
strategy that requires specific valves to remain open when actuated. This work paves the

way for point-of-need mLSI production for medical diagnostics and disease detection.
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CHAPTER 1

INTRODUCTION

1.1. Project Motivation & Objective

Microfluidic large-scale integration (mLSI) has transformed the landscape for many
applications'!! such as biological screening,®! cell culture,®) and DNA-based storage
systems! by increasing the processing power of these devices. The ability to control an
exponential number of flows distinctly was achieved by adopting a Boolean strategy to
sequentially activate pneumatically actuated microfluidic valves that can control the flow
with an optimal number of inputs.!” The appeal of microfluidics lies in its ability to work
with minimal volumes of reagents and samples,®! resulting in cost-cutting advantages and
contributing to the efficiency of various applications. By increasing the processing power
of these devices through large-scale integration, extremely high throughput can be
achieved by parallelization of processes,” increasing the number of iterations,®! and
development of multiplexed flows. This advantage positions mLSI as a pivotal
innovation in driving advancements in various fields that leverage the benefits of

microfluidics, enabling researchers to push boundaries.

Pneumatically actuated valves are the cornerstone of microfluidic automation. They
function by exploiting the elastomeric nature of the microfluidic channels and stop the
flow in them by creating a pinching mechanism. A robust channel, known as the control

channel, is aligned around the microfluidic channel and is pressurized with air. When the
1



stress created by the air pressure is high enough to deform the walls of the microfluidic
channel, it causes the cross-section to gradually reduce to zero, creating a resistance to a
pressure-driven flow, causing it to stop. These types of valves are essential autonomous
components in various microfluidic technologies and have been used to enable the
automation of microfluidic devices. They can also be actuated serially in a peristaltic

sequence to function as a pump."’

The microfluidic chips that these valves control can perform many functions required for

191 cell sorting,!'!! and droplet generation.!'?!

biological applications, such as mixing,!
However, to enable large-scale integration of these functions on a single chip and fully
capitalize on the benefits of microfluidic technology, linearly increasing the number of
valves to control each channel is not a practical option. The infeasibility stems from the
significant increase in the amount of peripheral equipment required to control the valves
and the challenges in terms of interfacing the microfluidic device with a multitude of
pneumatic connections.®! To address this challenge, a method of utilizing binary
combinations of distinct valve arrays was developed, exponentially reducing the number
of pneumatic connections required for controlling a microfluidic chip. This concept is

known as microfluidic large-scale integration (mLSI) or microfluidic multiplexing,®!

analogous to large-scale integration in electronics.

PDMS (polydimethylsiloxane), an elastomer, has emerged as a standout material for

manufacturing mLSI devices, primarily due to advances in microfabrication methods that
2



have been established as the standard to fabricate them.!"3! It can also be easily modified
chemically and physically to improve its properties based on the application's
necessities.['* However, conventional microfabrication techniques, like soft lithography,
present certain challenges, including the need for a cleanroom environment, alignment
issues while fabricating microfluidic channels onto prefabricated chips or pre-existing
features, and are labor-intensive processes.!'’! 3D printing is rising as a promising
alternative for creating microfluidic chips!'®! whilst overcoming these challenges.

1718 poly-jet printing,!'”! and direct-ink-

Different techniques such as stereolithography,!
writing!?®2!! are leveraged to fabricate microfluidic devices that possess different
advantages such as improved resolution or better integration with existing experimental
set-ups. Moreover, the adaptability of 3D printing allows for the rapid prototyping of
microfluidic devices, facilitating iterative design improvements.!??! This advancement is

beneficial in research and development, where rapid modifications and testing are

essential.

The McAlpine research group developed a method to directly "write" microfluidic
devices onto any substrate.l*!) This method follows an extrusion-based approach to 3D
print RTV silicone which is a one-part sealant that requires moisture in the atmosphere as
a second component for condensation curing.!*’! The material is shear thinning, with a
high yield strength, allowing the 3D printing of self-supporting walls that resist the force
of gravity to create hollow microfluidic channels. The one-part silicone is hydroxy end-

blocked and has an acetoxy group. The ambient moisture hydrolyzes the acetoxy group to
3



allow crosslinking to occur'?! to produce elastic channels after the 3D printed structures
cure for 24 hours. Apart from overcoming the challenges posed by soft lithography as
mentioned earlier, this technique also possesses the following advantages:

e Optimizing the space on pre-existing chips where microfluidic channels printed
only at the required locations compared to a slab of PDMS occupying
unnecessary room.

e Incorporating microfluidic channels of different materials and different heights
onto the same substrate, which can be difficult with conventional
microfabrication.

o Fabricating microfluidic channels onto both plane and curved surfaces opens
potential avenues such as directly printing microfluidic devices on human skin

and creating state-of-the-art medical devices.

This work aims to extend the 3D printing methodology developed by the McAlpine
research group to enable the fabrication of large-scale integrated microfluidic devices.
This advancement involves conformally printing a control channel, which is an array of
valves, over multiple flow channels that can simultaneously allow some of them to be
closed and some of them to be open as per the requirement of the application.
Development of these high-density automated devices includes optimization of the 3D
printing process, calculating the toolpath to 3D print a channel conformally over multiple

flow channels, and conceptualizing a strategy to not to close some of the flows that an
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actuated control channel overlaps. The method of direct-ink-writing also allows for the
enhancement of the channels' mechanical properties by mixing RTV silicone with
additives. Finally, these principles were applied to design and 3D print devices for two

applications:

o A lab-on-a-chip device used to study the effect of plasma-activated water on
Pseudomonas aeruginosa (PA14) biofilms under flow conditions, which
includes a multiplexed fluid inlet system, a gradient generator to produce
different concentrations of plasma-activated water to treat the biofilm, and a
series of culture chambers to observe the biofilms through a microscope.

. A fluid dispensing device that directs twelve different flows into four outlets
that lead to a graphene biosensor with four different sensing regions. This
system functionalizes the graphene biosensor through the application of
reagents and various biomolecules to create a multiplexed sensor for the

detection of four different diseases.

1.2. Related Work

3D printing is growing in relevance as an alternative to solve the challenges posed by
microfabrication techniques for the manufacturing of microfluidic devices.!'®! 3D printing

technologies that have been successful in creating automated microfluidic devices include



stereolithography, poly-jet printing,!*®! and direct-ink-writing.”?!! Amongst the methods
for 3D printing microfluidic autonomous components, stereolithography has taken the
biggest strides in terms of producing the highest density of valves on a device!>>?%! with

the highest resolution.?”]

Stereolithography is an additive manufacturing technique that constructs a required 3D
shape layer by layer by solidification of photopolymers that are contained in a vat.[**]
Unlike extrusion-based 3D printing technologies, where a nozzle moves along the
designated toolpath, stereolithography controls the movement of a source of light to cure
the photopolymer and achieve the desired shape. Initially, only UV light was used for
photopolymerization.!*”! However, the technology has progressed to use light in the
visible spectrum as well.*% This technique has been successfully implemented to create

automated microfluidic devices with high density and throughput.

The Folch group utilized a commercially available stereolithography printer to create a
membrane-style microfluidic valve®!! using WaterShed XC 11122 resin. This valve
consists of a control channel that is pressurized with air that is layered below the flow
channel, and the diameter of the laser controls the thickness of the interface between
them. Once the channels are printed, the uncured resin in the cavity is rinsed out to create
the hollow microfluidic components. The resolution of this work was improved to reduce
the membrane thickness from more than 100 pm to 25 um and control channel diameter
from close to 10 mm to 1 mm. These resolution and printability limitations were

overcome by altering the design to feature a "bowl-shaped valve seat" and using PEG-
6



DA-258 as the photopolymer. These changes allowed the printing of a microfluidic

device consisting of an array of 64 valves of diameter 500 pm. "]

The Nordin group successfully constructed microfluidic valves using stereolithography
by photoreduction of an image projected by a UV-illuminated dynamic mask[?® for
curing the photopolymer. In this design, where the control chamber is placed above the
flow channel, the thickness of the interface between them is controlled by the exposure
time of the light. This method led to high-resolution channels with cross-sectional
dimensions as small as 250 um and valves of diameter 2 mm to 3 mm. The resolution of
this method was dramatically improved to valve dimensions of up to 15 pm x15 pum!*?!
by altering their 3D printing methodology to enhance the precision beyond that of the 3D
printer by spatially controlling the exposure time of the resin across each layer. This
improvement led to the creation of an extremely high-density microfluidic device (70

squeeze valves within an area of 2.2 mm x 1.1 mm), which functioned as a 10-stage, 2-

fold serial diluter.



1.3. Project Outline

Demonstrations ——» 2x2 Multiplexer 16x8 Multiplexer

E——

Figure 1. Project goals overview

In this section, the outline of the project has been laid out to highlight the different goals
and their purpose over the period of the conducted work and how they are necessary to
improve the current fabrication methodology to create large-scale integrated microfluidic
devices. First, it was necessary to improve the printing speed from the existing protocol
that had been established. This process was a necessity as the printing material, RTV
silicone, cures over time in ambient conditions, which degrades its printability. Once the
printing process parameters were improved and established, they were used for
conformally 3D printing control channels over multiple flow channels of different
dimensions to demonstrate the scaling up of the existing valve design developed by the
McAlpine research group. These valves were then characterized using the flow control

setup to identify the working pressures of the valves for different channel dimensions.



Once the operating pressure range of the valves was identified, a method of reinforcing
flow channels at sites where the control channels overlap them was developed to prevent
the channel from closing due to the applied pressure. This technique enabled the direct-
ink-writing of multiplexed devices. Next, a method of improving the burst pressure of the
channels using additives in silicone was attempted. These printing process parameters
were utilized to 3D print a 2x2 multiplexer and a 16x8 multiplexer to demonstrate the
proof of concept. Lastly, two devices were designed, and 3D printed using the principles
of the conducted research to create a lab-on-a-chip device to study bacterial biofilms and
a microfluidic dispensing device to functionalize a graphene biosensor for the detection

of multiple diseases.



CHAPTER 2

BACKGROUND RESEARCH

2.1. Direct-ink-writing of Silicone

Direct-ink-writing is an additive manufacturing technique that implements an extrusion-
based method to push pressurized viscoelastic material out of a nozzle.** The movement
of the nozzle is controlled in a 3D space to create a stack of filaments that form a 3D
shape. The 3D printed shape then requires curing in ambient conditions or some post-
processing methods such as heating or UV light exposure.** The rheological properties
of the ink play a crucial role in this manufacturing method as it requires the material to
generally be a shear-thinning liquid with a yield stress value low enough to be extruded
out of a nozzle but also high enough to retain its shape after printing.*>! The fact that the
curing occurs after completely printing the shape allows crosslinking between the

filaments, which is similar to the 3D printing of thermoplastic materials.>®!

The properties of the elastomeric polymers used in direct-ink-writing can also be
improved by adding fillers such as particles or fibers. This can be done either to alter the
rheology of the ink by adding particles such as fumed silical®”! or to enhance the strength

and stiffness of the elastomers post-curing by adding carbon!*®! or glass fibers.!*’!
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This method of 3D printing is advantageous over other methods, such as
stereolithography, for the creation of microfluidic devices as it does not require any
sacrificial materials that will contaminate the channels or require any complicated
processes such as melting or sintering before or during the 3D printing process. All that is
required is for the polymer to be able to be extruded through a nozzle at room

temperature and maintain its shape.

2.2. Self-Supporting Microfluidic Channels

The McAlpine research group leveraged these principles to create hollow 3D structures
that do not require a supporting material during the 3D printing process. Silicone walls
are printed at an angle that allows them to be printed based on the maximum bending
moment at the root of the wall caused by gravitational loading.?!! These silicone walls
printed at supplementary angles give rise to hollow structures that can be printed without

requiring any supporting material (Fig.2.A.).

For direct-ink-writing these structures, it is necessary for the yield stress of the material

40411 and normally

to be strong enough to resist deformation due to its own weight!
requires sacrificial materials!*?! to overcome this challenge. A cantilever beam model was

used to analyse the distribution of bending moment due to gravitational loading across

the printed silicone wall. This analysis established that the yield stress of the silicone was

11



high enough to print silicone walls up to an angle of 37°, below which they start to
collapse, and this theory was also experimentally validated (Fig.2.B.). The yield stress
was also low enough to be extruded through a 32GA nozzle of internal diameter 0.1 mm
using a pressure dispensing system at a pressure of 25 psi amplified seven-fold for a

printing speed of 1 mm/s.
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Figure 2. Direct-ink-writing of self-supporting microfluidic devices. (A) Layer-by-layer
building of toolpath 2! (B) Limiting angle of self-supporting silicone walls?!]

The material used to print these channels, RTV silicone, is a one part silicone that
undergoes condensation curing using moisture in the atmosphere as the second
component!?*). This allows the microfluidic channels that are printed to cure in ambient

conditions without any post-processing methods such as thermal or UV curing.
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Toolpaths were designed for the trajectory of the 3D printing nozzle (Fig.2.A.) to create
microfluidic channels and components such as mixers, valves, and pumps. 3D printing
these channels on curved substrates was also demonstrated to showcase the potential of
the method to fabricate microfluidic devices directly onto surfaces such as the human
hand to create large-scale medical devices.

2.3. Quake Valve Design and DIW Microfluidic Valve

The need to control flow in the microscale led to the development of a pneumatically
controlled microfluidic valve. A method was conceived using multilayer soft lithography
to fabricate channels that are conformally placed over PDMS based microfluidic
conduits. These sealed channels are actuated with air to stop the flow below them.**! The
interface between both channels is deformed by the stress induced by the air pressure

initiating the valve mechanism.

A Encapsulation Substrate B ) a ve open :

ity

Valve closed

-~
-

Flbw Channel Control Channel

Figure 3. Microfluidic Valve by Direct-ink-writing (A) Illustration of the valve [2!1, (B)
Working of the valve 2!]
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This principle was adopted by the McAlpine research group while trying to replicate the
“Quake-style” valve for direct-ink-writing microfluidic devices. In this work the working
of a single valve was demonstrated by printing another elastomeric channel (Fig.3.A.),
known as the control channel, of the same material conformally over the already printed
channel where the flow needs to be controlled. The control channel is pressurised with
air, which causes the roof of the flow channel, which acts as the interface between both
channels, to be deformed. This deformation decreases the channel’s hydraulic diameter to
zero causing the flow to stop (Fig.3.B.). The overlapping region was encapsulated by a
layer of UV curable resin to not let the air pressure cause the control channel to expand
upwards. This ensures none of the actuation pressure applied is lost in straining the

control channel or causing it to burst due to the high pressures.

The control channels were interfaced with needles and connected to an external air
supply for its actuation. These control channels were only conformally printed over a
single channel forming single valves at the desired locations. These valves were found to
require an actuation pressure of 150-300 kPa for flow pressures up to 30 kPa. The series
of three valves were also combined serially to create a peristaltic pump by using a three-
phase peristaltic code to programme the pneumatic supply. A multiplexed flow system

where a single control channel actuates multiple valves was not demonstrated.

14



2.4. Physics of Microfluidic Flow

In the microscale regime, the flow tends to be laminar** because of the small channel
cross-sections and low volumetric flow rates that are allowable.[*”] In some cases, the
laminar flow property poses challenges in applications like mixing, as diffusion becomes
dominant at this scale.[*) The difficulties encountered in mixing are particularly relevant
in biological applications. As a response to these challenges, there have been several

(4748491 On the other hand, the laminar flow characteristics in

advancements in the field.
the microscale regime allow innovations such as the "Quake-style" valve, which can be

explained by analysing the Navier-Stokes equations that govern fluid flow.

The Hagen—Poiseuille Law serves as a valuable approximation for understanding a
pressure-driven flow in the laminar regime within a circular pipe.®®! This analytical
solution is derived from the Navier-Stokes equation, relying on assumptions such as

laminar, viscous, and incompressible flow.[>!]

To understand the working of the
microfluidic valve in this work, employing computational fluid dynamics (CFD) can be a
resource-intensive and time-consuming process.[’l The Hagen—Poiseuille law offers a
simpler approach to understanding the working of the valve. Analogous to Ohm's law,>*]
this law draws parallels between a pressure drop in a fluidic network to a voltage drop!>¥

in an electric circuit. This analogy provides a simple approach to comprehend the valve's

operation in stopping the flow where the overlapping region of the control channel

15



functions as a resistor, increasing the resistance of the flow and consequently bringing

down the flow rate to zero.

V-v=0 (1)

ov
ot

1 2
+ - Vv = —p—Vp + vW22v @

Eqgn. (1) and (2) represent the mass and momentum conservation equations that for the
Navier Stokes equations. Considering a steady, incompressible Newtonian flow in a
circular pipe, an analytical solution for the volumetric flow rate, Q, can be derived by
solving equations (1) and (2) which is presented in equation (3). Comparing the
expression for the flowrate in equation (3) to Ohm’s law, the resistance of the flow is
given in Eqn. (4)

_ mr*AP 3)
8nL

Where, Q is the volumetric flow rate, r is the radius of the pipe, AP is the pressure drop, 1

is the viscosity of the fluid, and L is the length of the pipe.

_ 8l 4)
ot

In direct-ink-writing microfluidics, the flow channels are printed with a triangular cross

section and not a circular one for ease of printing. An estimation of the cross section can

16



be approximated with the help of a geometric constant, hydraulic radius, which is given
%, where A is the cross-sectional area and P is the wetted perimeter of the flow.

8nL (5)
n(i)s

Ry =

Therefore, from equation (5), the flow resistance is maximum as the cross-sectional area
approaches zero as they are inversely proportional. The wetted perimeter includes the
portions of the channel walls in contact with the fluid, which means that even as A
approaches zero, the wetted perimeter is still non-zero. The above hypothesis can help
conclude that the flow resistance is directly proportional to the length of the constriction

to the flow and inversely proportional to the cross-sectional area of the channel.

2.5. Quake Valve Multiplexing

The membrane valve was adapted to create high-density microfluidic chips that contained
hundreds of valves on a single chip. While designing a macroscale device consisting of
multiple channels of flow, it is necessary to keep the number of inputs for control to a
minimum. This optimization will reduce the complexity of the device and reduce the
amount and cost of peripheral equipment required for the functionalization of these
devices. To achieve this in microfluidic devices fabricated by soft lithography, a method

was introduced to utilize combinatorial arrays of binary valve patterns to minimize the
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number of control inputs. This requires a single control channel to overlap multiple flow

channels whilst actuating only half of them, leaving the other half to remain open.

01234567

Bit 3= 0
Bit 2 = 1
Bit 1= 1
011=3

Figure 4. Working of multiplexed microfluidic devices!”!

As seen in Fig.4., the blue lines represent the flow channels, and the red lines represent
the control channels. The point of overlap between both these lines forms a valve. The
actuation pressure is chosen such that only the control channel sections with a wider
overlap cause the membrane to deflect. Fluidic multiplexing allows large-scale
integration of microfluidic devices by control of 2 log> n flow channels with only n
control channels. To not turn off the flow in the channels where it is not required to, the
width of the control channels was reduced at the specific overlaps. Reducing the width of
the control channels increased the pressure required for activating the valves, leading to

the flow under those reduced-size overlaps to not being stopped.
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2.6. Microfluidics For Biofilm Studies

Biofilms are multicellular aggregates of bacterial cells that are connected by a self-
produced extracellular matrix and form under conditions where bacterial cells adhere to
surfaces.’>% Biofilm research under ideal conditions does not allow consideration of
real-time factors that affect their growth, such as the gradient of nutrients available.*” or
the effects of shearing forces in the environment.’® Microfluidics offer unique
opportunities to control environmental conditions at scales important for biofilm
formation.[”> %1 They also allow us to observe how bacteria respond quickly to external

changes.

Cellinlet (top layer) Gouding valve

Main inlet valve ‘ W"alue

Figure 5. High throughput microfluidic device for biofilm studies!®’!

Plasma-activated water (PAW) has evolved as a purifier on food surfaces and has been
used in medical applications such as wound healing.[®!! PAW contains reactive oxygen

and nitrogen species (RONS), which have shown proof of concept for bacteria
19



inactivation.[®?) Therefore, there is a need for microfluidic devices to study the effect of
PAW on bacterial biofilms. Fig.5. shows a high throughput microfluidic device for
studying biofilm response to different concentrations of soluble signals.[%3! This design
was adapted to design and fabricate by direct-ink-writing, a large-scale integrated
microfluidic device for studying the effect of different concentrations of PAW on

biofilms formed by PA14 strains.
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CHAPTER 3

CONDUCTED RESEARCH

3.1 Printing Speed Optimization

The McAlpine research group successfully demonstrated the direct-ink-writing of single
microfluidic channels, valves, and mixers on both planar and curvilinear substrates. RTV
silicone was extruded through a 32 GA steel nozzle with a 0.1 mm inner diameter and
onto a glass substrate. A source pressure of 25 psi, amplified seven-fold to 175 psi,
facilitated the printing process at a speed of 1.0 mm/s, and the nozzle was maintained at a
distance of 0.1 mm, as shown in Fig.6.A. While these parameters were suitable for proof-
of-concept demonstrations, they are impractical for large-scale integrated microfluidic
devices due to extended printing times and the nature of the material to cure due to

moisture in the atmosphere.

For example, consider a microfluidic device 3D printed onto a 75 mm % 50 mm substrate
with 16 flow channels (300 um base width) and 8 control channels (0.8 mm base width).
The estimated printing time based on the above printing parameters is around 12 hours,
which is not feasible. This is because, RTV Silicone cures over time, leading to changes

in rheological properties that hinder extrusion during prolonged printing periods. Fig.6.B.
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shows the increase in the storage modulus of RTV silicone over time, indicating the
curing of the material in ambient conditions.?! It also contradicts the goal for direct-ink-
writing to be a method for rapid prototyping microfluidic devices. Thus, a methodology

was needed to enhance the printing speed of RTV silicone for the realization of large-

scale integrated microfluidic devices.

A Printing Pressure B 10 W
Speed . 5 8 4 Complex modulus
a o Storage modulus
=t
> 6} = Loss modulus
5
= Frequency: 1 Hz
i) in: 0.59
B 4t Strain: 0.5%
=
e
/] | Distance from Substrate 2+

0 50 100 150 200
Time (s)

Figure 6. Direct-ink-writing of RTV silicone (A) Illustration of direct-ink writing

parameters (B) Increase in RTV silicone storage modulus over time!?!!

3.1.1. Studying the Effect of Varying Printing Parameters

First, silicone lines were extruded and printed onto a glass substrate to investigate the
impact of different printing parameters on the dimensions of the extruded silicone
filaments. The qualitative insights gained from this study were utilized to develop an

algorithm aimed at optimizing the printing process for microfluidic devices. The
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experiment employed a 32 GA nozzle, which is consistent with the work of the McAlpine
research group in their demonstration of direct-ink-writing microfluidic devices. The
nozzle was positioned at 0.1 mm from the substrate, matching the internal diameter of the
nozzle as per the recommended protocol to minimize silicone swelling.**! Source
pressures ranged from 25.0 psi to 35.0 psi in increments of 2.5 psi and amplified seven-
fold, while printing speeds varied from 1.0 mm/s to 3.0 mm/s in 0.5 mm/s increments.
Filament profiles were subsequently examined using a surface profiler equipped with a

high-precision force sensor to analyze variations in their dimensions.

Effect of Printing Parameters on Height of Silicone Filaments Effect of Printing Parameters on Diameter of Silicone Filaments
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Figure 7. Effect of printing parameters on dimensions of silicone filaments (N = 9)
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Fig.7. illustrates the variation in dimensions of the extruded silicone filament based on
printing parameters. Both filament diameter and height increased when source pressures
were raised from 25.0 psi to 35.0 psi. However, an important observation was that, at all
tested pressures, consistently increasing the printing speed resulted in dimension
reduction. For instance, from the graph in Fig.7., a filament with a diameter of 0.22+0.02
mm could be printed at all tested pressures by simply varying the speed from 1.0 mm/s to
2.0 mm/s. This trend also applies to filament heights. Therefore, this study shows that as
long as the source pressure can be increased to a safe and allowable limit, the change in
the filament dimensions can be compensated for by increasing the speed as required. This
insight formed the basis for developing an algorithm to optimize the printing speeds of

3D printed microfluidic devices.

3.1.2. 3D Printing Optimization Methodology

A B Calibrated Printing Pressures for Printing Speed
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Figure 8. 3D printing optimization (A) Methodology to increase printing speed (B)
Calibrated printing pressures for different printing speed.
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The methodology depicted in Fig.8.A. aims to optimize the printing speed for large-scale
integrated microfluidic devices. The source pressure for ink extrusion is gradually
increased, and triangular microfluidic channels with a base width of 400 um are 3D
printed at varying speeds until all layers are optimally printed. This process is repeated
until the source pressure reaches 55 psi. The printing speed is then adjusted until optimal
channel printing is achieved at 4 mm/s, four times the initial speed as indicated in

Fig.8.B.

The final printing pressure is seven times the source pressure, resulting in a final pressure
of 385 psi. Notably, this pressure exceeds 50% of the limit of the mechanical pressure
amplifier and the maximum pressure limit of the source. To optimally print channels at
this pressure, the speed is further increased and is found to be 4 mm/s. Consequently, the
printing speed of the flow channels is improved up to 4 times the initial speed envisioned
in the conceptualization phase. This methodology demonstrates a systematic approach to
achieving significant enhancements in the printing speed of microfluidic devices through

careful adjustment of source pressure for extrusion and printing speed.
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3.1.3. Optimizing the Printing Speed of Control Channels

Flow Channel Control Channel
|

32 GA Nozzle | 27 GA Nozzle

ID: 0.1 mm ID: 0.2 mm

Steel Nozzle Plastic Nozzle - Tapered
Pressure: 55 psi Pressure: 6.2 psi
Speed: 4 mm/s Speed:10 mm/s

Az =0.1 mm Az =0.21 mm

Figure 9. Comparison of nozzles for printing speed optimization

The control channels, with a base width exceeding 800 um and approaching the
millimeter range, require extended printing times due to their larger dimensions and the
need for conformal layering. This longer printing time is a consequence of requiring more
layers than flow channels and the need to be conformally printed over them. The printing
speed of these channels is the major bottleneck for production as they take more than
double the printing time required for flow channels. Hence, an even more optimal method
for 3D printing control channels was a necessity. The solution involved replacing the

32GA steel nozzle with a 27GA tapered plastic nozzle, as illustrated in Fig.9.
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Fig.9. compares the calibrated printing parameters of the 32GA nozzle and the 27GA
nozzle. The yellow nozzles, with a smaller inner diameter and precision owing to their
steel composition, provide superior resolution. In contrast, the clear plastic nozzle has
twice the inner diameter, allowing control channels to be printed with half the number of
layers compared to the yellow nozzle. The tapered design, according to Bernoulli's
principle, creates a pressure gradient, enabling significantly lower printing pressures.
Plastic, being less rigid, also causes less constriction to the flow compared to steel and
reduces extrusion pressure, overcoming limitations present with the yellow nozzle. These

improvements enable printing speeds of 10 mm/s at source pressures as low as 6.2 psi.

Given that control channels do not demand the same level of precision and resolution as
flow channels due to their wider base widths, the entire process can be optimized with the
help of clear nozzles. As a result, control channels can be printed 20 times faster than the

existing method, demonstrating a substantial enhancement in printing time.

3.2. Valve Characterization

The first step to achieve large-scale integration is to demonstrate the 3D printing of
control channels over multiple flow channels. The existing valve design was adapted and
modified for accurate layering of conformal channels over multiple flow channels. For

this, the movement of the nozzle was accurately calculated over isosceles triangle cross-

27



sectioned flow channels with an angle of 45°. This calculation was based on the diameter
of the nozzle and the height at which it needs to be maintained from the target surface for

conformal direct-ink-writing.

The toolpath calculation was employed to demonstrate an array of four valves. A device
with four individual channels of base widths 200 pym and 400 um was 3D printed on a
glass substrate, as depicted in Fig.10.A. Control channels of widths 0.8 mm, 0.9 mm, and
1.0 mm were successfully printed over the flow channels to form valve arrays and
encapsulated with UV resin. These valves were then connected with 25 GA steel tubes to
a piezometric valve system linked to a source of air pressure, as shown in Fig.10.B. A
pressure-driven flow was generated and connected to the microfluidic flow channels. The
flow from these channels was connected to a flow rate sensor to measure the flow rate
and identify the actuation pressure variation for different dimensions of the control

channel.
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Figure 10. 3D printed device for valve testing (A) Control channel overlapping multiple
flow channels (B) Device interfaced with steel tubing for connections.

The pressure control system ramped up the actuation pressure of the valve supplied from
the source at a user-defined rate. Simultaneously, the flow rate was measured as a
response to the control channel being closed by the actuation pressure. The pressure at
which the valve starts to close is defined as the actuation pressure as the flow rate drops
exponentially due to the decrease in cross-sectional area. For the flow channels of base
width 200 um and height 200 um, the source pressure was set at 180 mbar for the 200
um channel and 175 mbar for the 500 um channel to induce a flow rate of approximately
13 pl/min. The single valve tested by the McAlpine research group showed ?!! an
increase in actuation pressure required to close the microfluidic channel as the pressure of

the flow was increased. In this work, the effect of changing dimensions of control
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channels and flow channels was tested to verify the data against the principle of the

Hagen-Poiseuille flow, and the actuation pressure range for the valves was determined.

Valve Actuation Pressure for 200 um Flow Channel

Valve Actuation Pressure for 400um Flow Channel
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Figure 11. Valve actuation pressure for (A) 200 um flow channel (B) 400 um flow
channel

The actuation pressure range for the valves was determined by testing the effect of
changing the dimensions of control channels and flow channels. First, the 200 pm
channel (Fig.11.A.) was closed with control channels varying from 0.8 to 1.0 mm. The
actuation pressure was ramped up from 0 mbar to 1200 mbar within 440 seconds. The
actuation pressure required to close the valve decreased from nearly 600 mbar to 350
mbar by increasing the width of the control channel by 200 um. This decrease aligns with
the Hagen—Poiseuille Law, where flow resistance increases with the length of the resistor.
Similar results were obtained for a 400um channel (Fig.11.B.) where the actuation

pressure was ramped up to 2500 mbar in 440s. In this experiment, the point of closing

30



was found to be at an actuation pressure between 400 mbar to 650 mbar, showing a trend
of increasing actuation pressure required for larger widths of the flow channel despite not
exhibiting a pronounced increase in flow resistance as explained by the flow rate of a
circular flow channel being directly proportional to the fourth power of its radius. This
can be explained by the factor of error induced by making the hydraulic radius

approximation.

3.3. Reinforcement Layer

Reinforcement
Layer
A ——— Flow Channel

Figure 12. Reinforcement layer (RL) over a flow channel (A) 3D printing methodology
(B) flow channel cross-section with RL (C) Flow channel cross-section without RL
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To achieve multiplexed flow using a network of control channels laid over flow channels,
it is necessary that some control channels do not close certain valves even when they are
pressured with air. In large-scale integration of microfluidic devices fabricated by soft
lithography, this is achieved by reducing the width of the control channels at points of
overlap where the valve needs to stay open even during actuation. With the existing
method of direct-ink-writing control channels, constantly changing the width of control
channels is a challenge as the constant change in dimensions can lead to an increase in
the probability of defective channels and increase the lead time from design to fabrication
due to its complexity. This challenge is avoided by printing silicone filaments between
the interstitial spaces of the flow channel layers (Fig.12.A) at localized sites where the
valve should not be closed under the overlapping intersection. The reinforcement layer
(RL) effectively achieves this by increasing the thickness (Fig.12.B and Fig.12.C.) of the

flow channel, resulting in a higher actuation pressure required to deflect the membrane.

For 3D printing the reinforcement layer, the printing parameters were maintained the
same as the printing of flow channels. This uniformity in printing parameters allows for a
consistent method of increasing thickness, and consequently, printing a control channel
over a reinforcement layer requires the same toolpath calculation as printing them over
flow channels. Therefore, the reinforcement layer was printed with a source pressure of
55 psi amplified to 385 psi with a printing speed of 4 mm/s. A single layer of

reinforcement increases the outer dimensions of the flow channel by a factor of 0.2 mm

32



in width and 0.1 mm in height. This uniform increase allows simple algorithms for

producing G-code for control channels.

D Effect of Reinforcement Layer on Actuation Pressure
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Figure 13. 3D printing and testing of reinforcement layer (RL) (A) Flow channel without
RL (B) Flow channel with RL (C) Device for testing flow channel with RL (D) Effect of
RL on actuation pressure

This concept is demonstrated in Fig.13., showing the roof of the flow channel before
(Fig.13.A.) and after (Fig.13.B.) printing the reinforcement layer. The working of the

reinforcement layer was tested with control channels of 1.0 mm width, which were
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printed over 200 um wide flow channels both with and without a layer of reinforcement
(Fig.13.C.) and encapsulated with UV curable resin. A flow rate of 13 pl/min was set
through these pipes by pressurizing a fluid source by 175 - 180 mbar. Once the flow
reached a steady state, the control channels with a width of 1.0 mm were ramped up with
an air pressure of 1200 mbar. The graph in Fig.13.D. shows the response to the actuation
pressure for the flow rate under both conditions. With similar channel dimensions and
actuation pressure, the flow does not completely stop with the control channel that is laid
over a reinforcement layer. This serves as a proof of concept, confirming the
effectiveness of using a layer of reinforcement in preventing the closing of flow channels

overlapped by a control channel.

3.4. High Burst Pressure Silicone Microfluidic Channels with Fillers

The channels printed with RTV Silicone do not have sufficient mechanical strength to
withstand the high pressures for valve actuation. This led to the development of these
channels being encapsulated with a layer of UV-curable resin to withstand much higher
pressures and function as a valve. The resin encapsulation adds a different form factor to
the device by allowing channels to be actuated with very high pressures for valve
functioning. This section explores a method to eliminate the encapsulation step from the
fabrication process by improving the mechanical strength through the introduction of
fillers in the material. There are two factors that contribute towards high burst pressures

and form factors:
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e The mechanical strength of the material to withstand large deflections, and

e Its adhesion to the substrate to prevent channel detachment.

Improving these two factors can potentially eradicate the need for an encapsulating

procedure, leading to complete automation of the fabrication process.

For the additives to be viable for use for direct-ink-writing of microfluidic devices, they

need to satisfy the following criteria:

e Size of the additive smaller than the nozzle's inner diameter,
e Low density to prevent collapse due to own weight, and

e Low yield stress for extrusion to be viable.

As the density needs to be low, large volumes can prevent polymerization between the
layers of silicone, leading to poor adhesion. Two additives were identified that fit the
criteria: Glass microspheres size < 100 um and UV resin used for encapsulation. The

concept of fabricating a valve using these additives in silicone was explored.

The next step was to test whether these additives improve the mechanical properties of
silicone. The ink was prepared by adding the percent by weight of the additives with the
silicone as the solvent. The mix was then placed in a high-speed mixer for 2 minutes at
2000 rpm and then a further 2 minutes at 2200 RPM. Once the ink was formulated, it was

loaded into the syringe for extrusion. Rectangular patches with dimensions 36 mm x 4
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mm % 0.8 mm were printed to test how much the mechanical properties of the material
could be improved with the help of additives. The printing lines for these patches were
parallel to the direction of tensile testing. The patches, post-curing, were clamped from
both ends for uniaxial tensile testing to determine the improvements in mechanical
properties. The young's modulus calculated from the stress-strain curves obtained from
the tensile testing of the rectangular patches. Fig.13.A. shows an increase from 157 kPa
to 474 kPa for adding 10 wt.% of UV glue and 562 kPa for adding 10 wt.% of glass
microspheres. This established a possibility for the 3D-printed channels with additives to

have good potential for removing the encapsulation layer.

After tensile testing, the materials were used at different concentrations to test the
printability. The printing source pressure for a speed of 2 mm/s was calibrated based on
the set protocol. Silicone filaments were extruded through a 27 GA nozzle at 0.2 mm
from the substrate. The printing pressure was set to that of RTV silicone and increased
until the channels of width 800 pm were printed seamlessly with individual filament
widths of 200 um. The printing pressures of the different inks that were developed are

mentioned in the table in Fig.14.
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Material

Source Pressure for Extrusion at 2mm/s
Printing Speed (psi)

Glass Microspheres

RTV Silicone 3.2

RTV Silicone + 10 wt.% UV Resin 10.2

RTV Silicone + 10 wt.% Glass Microspheres 52

RTV Silicone + 10 wt.% UV Resin + 1 wt.% 8.4
Glass Microspheres

RTV Silicone + 10 wt.% UV Resin + 7 wt.% 13.0

Figure 14. Table for calibrated source pressures for extruding silicone with fillers.
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Figure 15. Enhancement of silicone with fillers (A) Young’s modulus of silicone with
fillers (N = 6) (B) Burst pressure of microchannels made of silicone with fillers (N = 6)
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After printing channels with a thickness of 200 pum, burst pressure was assessed by
pressurizing the channels with air. One end of the channel was sealed, and the open end
was connected to an air pressure source, increasing by 25 mbar at 10-second intervals.
This intermittent pressure allows for the identification of the point at which the channel
bursts. The source pressure was incrementally raised up to 4000 mbar. Fig 15.B.
illustrates the increase in burst pressure for channels with different concentrations of

fillers.

As depicted in Fig.15.B., channels made of RTV silicone consistently burst at pressures
ranging from 325 mbar to 400 mbar. This slightly increased to 700 mbar for channels
printed with 10 wt.% of UV glue. However, channels printed with silicone containing 10
wt.% of glass microspheres could not withstand any air pressure due to the high volume

of particles that led to poor adhesion of the microchannels to the substrate.

To enhance adhesion, various concentrations of glass microspheres were added to a
mixture of RTV silicone and 10 wt.% of UV Glue. Adding 1 wt.% of glass microspheres
to this mix improved burst pressures to 800 mbar. The concentration of glass
microspheres was increased up to 7 wt.%, beyond which the printability was affected. At
this composition, the channels were capable of withstanding pressures up to 4000 mbar

without bursting, and the process could be repeated even after pressure removal.
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Despite successfully increasing burst pressure beyond the actuation of these valves, it did
not function as expected when control channels were printed with RTV silicone
containing 10 wt.% UV glue and 7 wt.% glass microspheres. This is attributed to the
insufficient stiffness of the material to function as a valve, as burst pressure alone is not
the limiting factor. The channel should be stiff enough to direct all the energy supplied by
the actuation pressure toward membrane deflection without wasting it by deflecting the
roof of the control channel. Therefore, developing a methodology to print multiple layers
of the control channel could further enhance mechanical properties and unlock the
potential of this method for fully automating the 3D printing of large-scale integrated

microfluidic devices.

3.5. Demonstrations of Large-Scale Integrated Microfluidic Devices

3.5.1. 2x2 Multiplexer

Figure 16. 2x2 Multiplexer (A) 3D printed device (B) Microscopic image of RL.
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A 2x2 multiplexer was designed and fabricated, as shown in Fig.16.A., to function as a
proof of concept for the development of a large-scale integrated device. The device
features two input flows converging to a single output. Two control channels are printed
over both the inlets. However, a reinforcement layer is strategically placed for one of the
inlets beneath both control channels (Fig.16.B.). This allows each control channel to
close only one inlet even though they are placed over both. The inlets were designed
with a width of 300 um, while the control channels were 900 um wide. A layer of UV-
curable resin was used to encapsulate the control channels, and the entire structure was

cured using 405 nm UV light.
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Figure 17. Working of 2x2 multiplexer (A) Control channels not actuated (B, C) Single
control channel actuated.

To visually demonstrate the working mechanism, both inlets were connected to distilled
water mixed with blue and yellow food dyes. The design incorporated a viewing window
(Fig.16.A.) to improve imaging of the multiplexer's operation. Initially, with neither
control channel actuated, the flow in the viewing window displayed a mixture of both
yellow and blue flows (Fig.17.A.). However, when the control channels were individually

pressurized to 1500 mbar, the flows in both inlets were controlled independently,
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resulting in the viewing window turning yellow (Fig.17.B.) and blue (Fig.17.C.),

respectively.

This demonstration successfully validated the concept of using a reinforcement layer to
create multiplexed devices for microfluidic applications. The scalability of this concept
will pave the way for large-scale integrated microfluidic devices fabricated by direct-ink-

writing.

3.5.2. 16x8 Multiplexer
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Figure 18. 16x8 multiplexer (A) 3D printed 16x8 multiplexer (B) Working of flow
channels of the multiplexer (C) Seamless printing of control channel over 16 flow
channels.
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A 16x8 multiplexer was designed to demonstrate the printability of large-scale
multiplexed microfluidic devices. Leveraging the multiplexing principle, this design only
required 8 control channels with a width of 0.9 mm to control 16 flows that diverge from
a single input. The final 3D printed device depicted in Fig.18.A. includes 64
reinforcement layers, enabling the multiplexing of the device. The network, printed on a
75 mm % 50 mm substrate, comprises an array of 128 valves, representing the highest

density achieved for a microfluidic device using this method.

Optimizing the printing speed, as discussed in earlier sections, enabled the successful
printing of this device. The printing time was significantly reduced from ~12 hours to less
than 1.5 hours, demonstrating the feasibility of printing such a large-scale device using
this method. Fluid was passed through the flow channels (Fig.18.B.), illustrating the
seamless printing of the flow network. Distilled water mixed with red dye (Fig.18.C.)
was also passed through the control channel, overlapping 16 different flow channels
without any leaks, showcasing the seamless printing of the highest number of overlaps
achieved using direct-ink-writing. Each of these control channels was printed in
approximately 2.5 minutes, a notable improvement compared to the estimated ~50

minutes required with the earlier methodology.
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The working demonstration of the multiplexor could not be completed due to various

errors in fabrication which include:

e Defects in the flow channel,
e Perfect functioning of all 128 valves and 64 reinforcement layers,
and

e Uneven distribution of UV resin that forms the encapsulation.

3.6. Applications of Automated Microfluidic Devices

The above principles were used to design and fabricate microfluidic devices for two
applications: 1. A lab-on-a-chip device for studying the effect of plasma-activated water
on bacterial biofilms under flow conditions, and 2. A multiplexed microfluidic dispenser
for functionalizing a graphene bio-sensor for disease detection. This section discusses in
detail, the design developed for these devices based on inputs from different collaborators
for large-scale integrated microfluidic devices. The devices were successfully
conceptualized, and 3D printed by extending the direct-ink-writing of self-supporting

structures developed by the McAlpine Research Group.
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3.6.1. Lab-on-a-chip for Biofilm Studies
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Figure 19. Lab-on-a-chip (LOC) for biofilm studies (A) Growing biofilm in device (B)
Treating biofilm with different concentrations of PAW (C) 3D Printed LOC Device

A 3D-printed lab-on-a-chip (LOC) microfluidic platform was created for cultivating
Pseudomonas aeruginosa (PA14) biofilm under dynamic flow conditions and evaluating
its response to varying concentrations of plasma-activated water (PAW) for inhibiting or
modifying bacterial growth. Fig.19.A. illustrates the design of the platform, which
incorporates essential microfluidic components such as an input multiplexer, gradient
generator, and culture chambers. The flow channels of the device were successfully 3D

printed as shown in Fig.19.C.
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The input multiplexer, depicted in Figure 19.A., includes 3D-printed microfluidic valves
and reinforcement layers. This component allows the selection of different reagents, such
as ethanol, bacterial culture, and culture medium, for delivery to the culture chamber
where the bacterial biofilm grows. The gradient generator, shown in Figure 20.B.,
produces up to four different concentrations of plasma-activated water in the downstream
culture chamber for testing the effect of the concentration of PAW on the grown biofilm.
Multiple LOC devices can be operated simultaneously to assess the effectiveness of

different species in plasma-activated water.

. 100% 0%

_100% 70% 33% 0%

Figure 20. Gradient generator (A) COMSOL simulation of gradient generator (B) 3D
printed LOC: working of gradient generatortmage Credit: Dr. Fujun Wang]
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Fig.20. depicts the gradient generator designed to enhance mixing in the microfluidic
device. It dilutes 100% of the concentration of plasma-activated water to multiple
concentrations by mixing it with a diluent, such as saline solution. The design includes
multiple 90° turns to induce dean vortices, promoting efficient mixing in the microscale.
The concentration profile produced by the gradient generator was simulated on COMSOL
Multiphysics, resulting in 100%, 70%, 33%, and 0% concentrations of PAW for testing

PA 14 biofilms.

Additionally, the LOC platform is adaptable for use with a microscope, enabling real-
time analysis of biofilm growth and treatment. The culture chamber, shown in Figure
19.C., is created by stacking silicone filaments vertically to achieve a height of 0.5 mm,
width of 1 mm, and length of 10 mm. A glass cover slip is carefully placed on top,
creating a window for enhanced optical imaging compared to the triangular channels,
where silicone filaments obstruct the view. This allows for fluorescent and brightfield

microscopy of the biofilm in the device.
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Figure 21. Fluorescent microscopy of Biofilm after 4 hours
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Figure 22. Growing PA14 Biofilm in Culture Chamber (A) 11ul/min flowrate (B) No-

flow condition
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Preliminary experiments were conducted to grow biofilm and image them in the 3D-
printed culture chamber. The purpose of this preliminary experiment is to test the
functionality of these microchambers for observing the formation of a pseudomonas
aeruginosa biofilm in dynamic flow conditions. After sterilization of the chambers with
ethanol and isopropanol, the channels were primed with LB broth as the culture medium
and the liquid PA 14 culture was inoculated. Flow in the microchannel was paused for
four hours to allow the seeded bacteria to settle on to the walls of the culture chamber as

shown in Fig.21.

Observations were made under a 11pul/min flow of nutrient rich LB broth and non-flow
conditions over 72 hours. Under flow conditions (Fig.22.A.), the biofilm microcolonies
have a dense interior, due to the constant washing away of bacteria on the outer
circumference of the microcolonies. These microcolonies could also be a feature of a
constant supply of nutrients and the gradient of nutrients generated by the flow. In
contrast, under non-flow conditions (Fig.22.B.), due to limited nutrient availability
without a constant flow of the culture media, dense biofilm structures were formed as a
survival instinct. Structural integrity issues were observed under flow conditions beyond
48 hours, with leakages at the interface between the silicone and the coverslip. However,
these experiments established that the device was viable for growing bacterial biofilms

and allowed high-resolution imaging for observing their development.
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3.6.2. Microfluidic Multiplexer for Graphene Biosensor Functionalization:
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Figure 23. Design of multiplexed microfluidic dispenser for bio-sensor functionalization

The second application involved the design and fabrication of a microfluidic multiplexer
for testing a point-of-care (POC) sensing device's functionality. The microfluidic
multiplexer sequentially directs the flow of probe molecules, reagents, and analytes over
a graphene sensor to facilitate the multiplexed diagnosis of various diseases on a single
graphene chip (Fig.23.). This graphene-based biosensor comprises of four sensing

regions (Fig.24.B), and the multiplexer automates the functionalization of these regions
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to detect different diseases during the product development phase of the diagnostic

device.

The microfluidic multiplexer consists of eight inlets, including those for linker molecules
and dimethylformamide (DMF), which are essential for immobilizing probe molecules on
the graphene sensor. To ensure proper functionalization, the sensors undergo a series of
washing steps with isopropyl alcohol (IPA), ddH20, and a rinse with 1xXPBS to eliminate
unattached molecules. Despite having 8 inlets, the multiplexer is efficiently controlled by

just 6 channels by employing multiplexing principles.
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Figure 24. 3D Printed Multiplexed Microfluidic Dispenser (A) and (B) 3D Printed
Channels on Bio-sensor.

The probe molecules, which are molecules that attach to the sensor to test for different
diseases, are introduced through ports P1-P4, regulated by the probe valve, followed by

additional washing steps with ddH20, 1xPBS, and 0.01xPBS to remove excess
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molecules. All reagents and probe molecules converge at the four outlets, connecting to
3D-printed channels on the graphene biosensor. Once the functionalization process is

complete, the multiplexer facilitates the flow of analytes, initiating the sensing process.

The multiplexer was successfully 3D printed (Fig.24.B.) according to the required design
without any defects. The printing time was 40 minutes, achieving rapid prototyping and

showcasing the efficiency of the optimized printing parameters.
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CHAPTER 4

ADDITIONAL PROJECT DETAILS

4.1. Analyzing Surface Profile of Silicone Filaments

Figure 25. Analyzing the profile of extruded silicone filaments (A) Tencor P10
profilometer (B) User-Interface of the Tencor P10 Profilometer

The dimensions of the extruded silicone filaments at different speeds and source
pressures were analyzed using the Tencor P10 Profilometer at the UMN characterization
facility. 3D printed samples were positioned on the surface profiler stage, where a
mechanical probe, which is a low-force micro head sensor, is moved along the substrate's
length, capturing profiles of the silicone filaments. The probe has the ability to measure
micro-roughness with up to 0.5 A resolution. A MATLAB code was created to extract

filament height by identifying peaks in the surface profile data, whereas filament
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diameter was determined by analyzing points where data began to peak and returned to
the surface level. This method facilitated precise measurement and analysis of the

silicone filaments' characteristics.

4.2. Design to 3D Print Methodology

3 | r
2D CAD drawing of
2D CAD Drawing of flow subsequent layers - Offset Extract X-Y co-ordinates of Manually add Z
network layout { layout by interlayer all layers as G-Code f—————| co-ordinates and pressure
(SOLIDWORKS) distance (CADFusion) signal to G-Code text file
(CADFusion)
I. Number of Flow Channels
II. Position of Flow Channel . Control
IIl. Width of Underlapping Flow | »  G-CodeFile > Channel
Channel G-Code
IV. End Points of Control Channel
1. Position Reinforcement Layer [ G-Code Generator Reinforcement

>

II. Length of Reinforcement Layer (Spreadsheet) Layer G-Code

Figure 26. Design to 3D print methodology of (A) Flow channel network (B) Control
channels (C) Reinforcement layers

Fig.26. illustrates the step-by-step methodology for developing various components of a
3D-printed large-scale integrated microfluidic device, starting from the initial design to
G-Code generation. The network of flow channels is first drafted as a 2D CAD drawing
in a CAD software (SOLIDWORKS) based on design requirements. The shape and
dimensions of this drawing serve as the foundational layer for the 3D printed network.

Subsequent layers are designed with an offset, converging at the top to form a triangular
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cross-section. The CAM software utilizes the offset feature to generate coordinates for
these layers, which are then incorporated into the G-Code. Manual editing of the G-Code
involves adding Z coordinates for each layer and signals to the pressure control system to

initiate and stop the extrusion of the material.

For the control channel, a default G-code file was created using the AEROBASIC
Programming Language of the AEROTECH motion control system, which includes the
format of the control channel G-Code. Users can input variables such as the number of
overlapping flow channels, their positions, base widths, and endpoints, resulting in a
customized G-code for 3D printing the control channel. Similarly, for the reinforcement
layer, user input data, such as its position and length, is used to generate the G-code
necessary for 3D printing a reinforcement layer using spreadsheet. This streamlined

approach reduces the lead time from design to fabrication of the device.
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4.3. Toolpath Calculation

OR of Nozzle = 0.21mm Control Channel
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Figure 27. Toolpath calculation (A) Geometric analysis of toolpath calculation (B)
Microscopic image of overlap

A calculated toolpath was essential to ensure the precise deposition of silicone filaments
conformally over the flow channels. As shown in Fig.27.A., the fixed distance, Az,
between the nozzle and the substrate was set to match the nozzle's outer radius of 0.21
mm. This uniform distance along the triangular slope prevented the nozzle from
potentially colliding with already printed flow channels, thanks to the 45-degree angle
adopted for printing the flow channels. This angle ensured that the distance from the
nozzle's center to the flow channel was consistently greater than the nozzle's radius.
Maintaining Az = 0.21 mm above all points of the flow channel ensured that optimized

printing parameters could be used directly.
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Geometric calculations determined the point at which the nozzle lifted before
approaching the flow channel. By fixing the distance Az above both the bottommost and
topmost filaments, the toolpath was constructed by connecting these points (Fig.27.A.).
The resulting line was extended to the substrate to pinpoint the exact lift-off point for the
nozzle. This geometrically calculated toolpath method facilitated accurate and conformal
printing of control channels over multiple flow channels, ensuring precise alignment and
preventing any interference with the printed structures. This technique also held well for
designing the toolpath for the downward slope, thanks to the symmetric nature of the
isosceles triangle cross-sectioned flow channels. Fig.27.B. shows the microscopic image
of the overlap of a control channel over a flow channel that has been accurately printed
using the calculated toolpath. The layers of the channels are equally spaced out and

maintain the position accurately throughout the length of the control channel.
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4.4. 3D Printing System
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Figure 28. 3D Printing System

Fig.28. shows the 3D printing setup for fabricating for high-density microfluidic devices.
A syringe loaded with the required material is connected to a pressure source and placed
in the pressure amplification jacket. The pressure makes the barrel push the material out
of the syringe. The motion control system (AEROTECH) consists of a moving stage
where the substrate is placed. The relative movement of the stage (ANT130XY) with
respect to the nozzle, which is stationary in the x-y plane, allows filaments to be

patterned onto the required plane. It also consists of a z-axis control (ANT130LZS),
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which moves the nozzle along the z-axis to print subsequent layers one over the other.
The motion control system is controlled A3200 software (Motion Composer Suite)
programmed in G-code, which also sends a signal to the pressure control system to start
and stop the extrusion process. A DSLR camera connected to a microscope allows
constant monitoring of the miniature prints for observing the real-time printing process to
identify process issues such as nozzle clogging and inadequate printing pressures. The
initial coordinates are calibrated before the beginning of the printing process, and any

required substrate alignments are made using the microscopic camera setup.

4.5. Flow Control Set Up

Flow controller
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Figure 29. Flow control set up with Arduino controlled piezometric valve system!®4

The characterization of the valves was done with the help of the Elveflow flow controller

setup. The first output of the flow controller was pressurized distilled water stored in a
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reservoir and connected to the microfluidic channels. This flow was connected to a flow
rate sensor, which uses thermal time-of-flight technology to capture real-time data of the
flow rate in the fluidic circuit. The second output of the flow controller supplies the
actuation pressure of the valve, which is connected to a system of normally open
piezometric valves that are controlled using an ARDUINO Mega microcontroller. This
system allows constant monitoring of the flow rate data as a response to the actuation
pressure supplied to the valves. Tests can be performed by controlling the flow using the
sequential flow control interface of Elveflow to program the rate at which the actuation
pressure needs to be ramped up or the pressure at which the flow system is set up. A flow
resistance wire of diameter 15 pm was also added to the system to avoid fluctuations as

the flowrate is highly sensitive to the pressure drop.

4.6. Stress Testing Method

Siicone UV 10% Samplet

Figure 30. Stress testing method (A) RSA-G2 rheometer setup (B) Result from RSA-G2
tensile testing
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To understand the effect of fillers on the mechanical properties of RTV Silicone,
rectangular patches (37 mm x 4 mm x 0.8 mm) made of these materials were 3D printed.
These patches were securely clamped onto a solid-state rheometer for tensile testing
(Fig.30.A.). The rheometer, equipped with a motor for inducing deflection and transducer
technology for stress measurement, allowed precise data collection with independent
control of these systems. A strain rate of 0.5 mm/s was applied to measure the stress
response, and testing occurred within the linear range of the stress-strain curve to
determine Young's modulus. Post-data collection, the negative slope of the curve
(Fig.30.B.) was calculated to determine Young's modulus of the printed samples,
providing insights into the enhanced mechanical properties of channels printed with

additives.

4.7. Gradient Generator Simulation Details

The concentration profile of the gradient generator was simulated with the help of finite
element analysis (FEA) using COMSOL Multiphysics. A steady state study was carried
out using the laminar flow module, simulated using the continuity and momentum
conservation equations (equations 1 and 2) of the fluid and the transport of dilute species

module simulated by the convection-diffusion equation (equation 3).

V-v=20 (1)
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The CAD drawing of the gradient generator was exported from SolidWorks as a DXF file
and extruded using the CAD tool of the COMSOL Multiphysics software to realize the
3D simulation of the flow and concentration. The boundary conditions of the inlets were
set to a flow rate of 10 pl/min and of 0 mol/m3 and 1 mol/m3 for both the inlets were set.
The simulation was run, and the concentration at the outlets was determined to calculate

the percentage of the concentration achieved from diluting the 1 mol/m? flow.
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4.8. Bacteria Experiment Set Up
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Figure 31. Growing PA 14 biofilm in culture chamber

Preliminary experiments were conducted to determine the viability of cultivating biofilms
by inoculating them with a liquid bacteria culture. The setup included a syringe pump,
which was loaded with the required reagents and manually switched based on the defined
protocol. Fig.31.A. shows the illustration of the components of the system, and Fig.31.B.
shows the image of the actual biofilm cultivation setup. The syringe pump was loaded
with a syringe containing the reagents for the experiment. The loaded syringes were

manually switched as required. A 0.45 pum filter was used to remove any external
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deposits in the media from entering the flow chamber. This was connected to a bubble
trap apparatus to solve the issue of bubbles being introduced into the microfluidic setup
that can clog the flow. The flow line could be split into multiple chambers as required by
the flow splitter and connected to the 3D-printed microfluidic device where the biofilm
was cultivated. The flow from the system was drained into a waste bottle. The system

was maintained at a constant flow of nutrient-rich LB broth at 11 pl/min.

4.9. Liquid Culture of PA14 for Inoculation

Pseudomonas aeruginosa (PA14) isolation agar with gentamicin sulfate, a stock solution
of 0.01M gentamicin sulfate was created by dissolving 0.516 g of gentamicin sulfate
(Amresco) in 100 mL of MilliQ water, which was then filter-sterilized using a 0.22 pm
filter to remove large particulates before inoculating into a microfluidic device to ensure
clarity for microscopic observation. For the agar medium, 250 mL of MilliQ water was
added to a flask along with Pseudomonas aeruginosa (PA14) isolation agar, which was
autoclaved at 121°C for 30 minutes. Subsequently, 1.2 mL of the 0.01M gentamicin
solution was added. YFP tagged PA14 was streaked out on the plates and incubated
aerobically overnight at 37°C. A yellow colony was selected and grown in LB +
gentamicin. To make the liquid culture of YFP PA 14, 240 pL of the 0.01M gentamicin
sulfate stock solution was added to 50 mL of LB, inoculated with YFP PA 14, and placed

in a shaker for growth.
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APPENDIX

Relevant files such as G-Codes, Results, and CAD Files are stored in the following drive
link.

https://drive.google.com/drive/folders/17NM eW6{fRJi50]Yr8SUMNFEFXj-
ehANNJuj?usp=drive link
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