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Microfluidic devices are tools for manipulating fluids in microchannels to achieve a variety of
functions, for instance, sample mixing, analytes testing and detection, dispensing, etc. These
functions provided by microfluidic devices can be applied to different fields such as biology
and medicine. Although microfluidic devices have revolutionized the research and
development in drug delivery, oncology studies, cell culture and so on, fluids in the current
devices are still not well automatically controlled. The devices are required to be either
manipulated with complicated and time-consuming pipetting processes or connected with
external control elements which make the whole system even larger (compared to the
conventional devices or instruments lacking microfluidic technologies). Therefore, the
integration of control systems into microfluidic devices is essential for improving their

functionality, efficacy, and effectiveness.

3D printing is a new method for fabricating microfluidic devices and some of the advantages
provided by 3D printing may not exist in the conventional approach to microfluidic device
manufacturing. Well-trained personnel is not required to conduct the fabrication and the
manufacturing time is shortened dramatically, from ~24 hours (soft lithography) to ~ 2 hours
(3D printing). Here we demonstrate one of the most important components in a microfluidic
control system, which is a 3D-printable microvalve that is transparent, built with a
biocompatible resin, and has a simple architecture that can be easily scaled up into large
arrays.! The open-at-rest valve design is derived from Quake's PDMS valve design. We used a
stereolithographic (SL) 3D printer to print a thin (25 or 10 pm-thick) membrane (1200 or 500
um-diam.) that is pneumatically pressed (~3—6 psi) over a bowl-shaped seat to close the valve.

We used poly(ethylene glycol diacrylate) (MW = 258) (PEG-DA-258) as the resin because it
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yields transparent cytocompatible prints. Although the flexibility of PEG-DA-258 is inferior
to that of other microvalve fabrication materials such as PDMS, the valve benefits from the
bowl design and the membrane's high restoring force since it does not need a negative pressure
to re-open. We also 3D-printed a micropump by combining three Quake-style valves in series.
The micropump only requires positive pressure for its operation and profits from the fast return
to the valves' open states. Moreover, we printed a 64-valve array constructed with 500 pm-
diam. valves to demonstrate the reliability and scalability of the valves. Overall, we
demonstrate the 3D-printing of compact microvalves and micropumps using a process that

precludes the need for specialized, time-consuming labor.

In this thesis, the control system device development process and the related experimental
characterizations and setups are introduced, including the membrane (in the 3D printed Quake-
style valve) thickness testing with resin study, membrane deflection simulation, 3D printer
setup and optimization, design flow and device performance examination. Future work is
placed in the last part of the thesis to suggest some potential work that can be done for

improving the printing quality and functionality of the device.
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1. Overview- Introduction

1.1. Motivation and Significance

Microfabricated devices are ubiquitous in our lives. Smartphones, tablets (tablet computers),
wearable instruments, point-of-care devices, and tire-pressure monitoring sensors (TPMS) for
example, benefit from the technology of miniaturization. Therefore, they have experienced
tremendous growth and evolution in the market. These devices are tiny, mass-producible,
relatively affordable and because of the Micro Electrical Mechanical System (MEMS)
technology. Microfluidic devices were introduced due to with this “miniaturization” trend and
have been developed with some of the MEMS fabrication processes, such as processing fluid
samples with feature sizes down to at least a “micro” level. Nowadays, microfluidics is always
emphasized with a broad range of biomedical applications. The existence of microfluidic
devices dramatically alters the fields of DNA sequencing, cell biology, and medical devices,
enabling the testing and experiments to be done within a small cheap and thus reducing the

cost from installing huge workflow systems and labor.

During the development of microfluidic devices, prototypes are usually made of plastic by
utilizing hot-embossing, injection molding, or polydimethylsiloxane (PDMS) molding.
Currently, PDMS is the most common material used in microfluidic devices because of its
favorable mechanical properties (e.g. flexibility), optical transparency, and high
biocompatibility. However, these fabrication methods require cleanroom microfabrication of
molds using photolithography by well-trained individuals, especially when making a device
containing multiple layers that need to be aligned and bonded. In addition, this process is time-
consuming (e.g. bonding and alignment time for a 2-layer device can add up to more than 3
hours?, and photomask manufacturing can take up to a few days). Since the process is based
on manual labor, the device quality is highly dependent on personal skills. Although there are
a great number of sophisticated microfluidic devices which have been presented with excellent
engineering, the application and integration of microfluidic devices by non-engineering
researchers are still low. For example, we need to spend a long period of time training biologists
and biochemists until they are familiar with using photolithography related instruments to

make their own devices.

14



To overcome the obstacles that accompany traditional microfluidic fabrication processes, 3D
printing might be an alternative to avoid time-consuming and labor-demanding problems. 3D
printing could provide a faster prototyping process including easy and direct 3D design steps
compared to soft lithography, simple preparation processes (no need for photomasks, silicon
wafers, a clean room, etc.), shorter fabrication time, and a simpler post-manufacturing
procedure (no complicated connection between tubing and microchannels and further

assembly)’.

1.2. Background

This thesis tries to address two main problems in microfluidic device fabrication: 1) The high
cost of soft lithographic processes, and 2) The high real-estate consumption of microfluidic
automation components. While the cost is difficult to assess because every device is different,
it helps to study it in simplified situations, as argued by Au. et al*. who looked at the cost of a
simple, very small “canonical” soft lithographic device that can be made in one day. The total
cost then includes the one-day wage of a research assistant, $160 + the cost of a silicon wafer,
$10 + a high resolution photomask, $30 + 50 g of PDMS, §5 + 10 mL of SU-8 and 50 mL of
SU-8 developer, $10 = $ 215. Note that the cost of this canonical device is 25% materials and
75 % labor, where the high cost of labor is caused by the long fabrication time of a device. In
contrast, making the same device using 3D printers, the total cost is only $30 (1.5 hours of 3D
printer setup and printing time) + $1 (resin including the photoinitiator + photosensitizer) =
$31. As a result, the total cost of this canonical microfluidic device using 3D printing is ~7
times less than soft lithography, where the cost is significantly reduced by savings in

fabrication time.

The second problem that this thesis is trying to address is the microfluidic device testing setup.
As Fig. 1 shows, the setup of the whole microfluidic operation can be very bulky compared to
the microfluidic chip itself. With all the combinations of external control components including
valves, pumps, liquid bottles (reservoirs) and tubing, the microfluidic device loses the merits
of being compact and thus the cost is higher than the ones which have internal components
embedded. The complex setup with a number of external control objects also limits the
potential of scaling microfluidic chips up into large arrays to conduct parallel experiments.
Even though the design of the 3D printed Quake style valve cannot completely save the room

for the device setup (we still need an outer air source to run our devices), we hope that we can
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decrease the size of each component gradually. I believe that we are in the progress of truly

miniaturizing microfluidic devices and making these devices fully portable.

Figure 1: The traditional microfluidic device operation setup with external tubing,

liquid bottles, valves and pumps.’

Microfluidic devices are important tools for researchers to approach the world of fluid volumes
at the microscale. To efficiently conduct the tasks related to micro fluids, it is crucial to create
an interface between macroscale and microscale fluid volumes that is able to contain
complicated fluidic control systems, is well-established with visible channels and is simple to
manipulate. Researchers have exhibited some great microfluidic devices with PDMS. However,
some real-world problems need to be solved before entering the market that require low cost,
short fabrication time and easy application, which PDMS devices do not offer. The other issue
is the inability to be integrated with different systems, such as the connection interface between
driving sources and channels in a microfluidic device. Therefore, we have been looking for
alternatives to solve or bypass these problems. We hope that the new method that we explore
can truly provide the necessary solutions and meet the demand of the real

biomedical/biochemical market.

1.3. Approach

The development of 3D-printed microfluidic control systems in this thesis focuses on the
design and manufacturing of the Quake style valve using SLA 3D printers. The membrane and

bowl shape structure of the valve seat are two major factors in the valve design that directly

16



influence the performance of the valve. The thickness of the membrane and critical dimensions
of the bowl-shape valve seat are studied and tested to improve the valve operation. The settings
of the manufacturing process, which are the printing parameters of the 3D printer, are also
crucial issues in the course of valve development. PEG-DA resins are mixed with different
concentrations of photoinitiator and photosensitizer to gain better mechanical properties such
as high flexibility. The settings of the 3D printer and its features are investigated and tested to
achieve higher yield and quality of printed devices. To sum up, the goal of this research is to
accelerate the fabrication process of microfluidic devices and lower the need of labor and cost

with maintaining the same performance of these devices as the previous ones made with PDMS.
1.4. Summary

In chapter 2, the background, history, and purposes of building microfluidic devices are
discussed. Chapter 2 also introduces the most popular fabrication method and material for
making microfluidic devices- soft lithography and PDMS. In chapter 3, we introduce a variety
of components in microfluidic devices such as microvalves and micropumps. This chapter also
covers the development of 3D printed components in microfluidics. Chapter 4 elaborates the
preliminary work of building 3D printed microfluidic control systems which includes resin
selection and characterization, the first-used 3D printer (Phoenix Touch Pro) of this work,
membrane thickness testing and membrane deflection simulations. In chapter 5, the design and
development of the 3D printed Quake style valve are presented. The design processes of the
3D printed Quake style valve using a 3D modeling software, Inventor, are simply illustrated in
chapter 6 as well. Chapter 6 demonstrates the functions, performances, and applications of the
3D printed Quake style valve by showing the flow rate and electrical current versus applied
pressures experiments, dynamic behavior of the valve with different valve closing frequencies,
the 3D printed Quake style pump design and its pumping performance, and the scalability of a
500-um valve array. Chapter 7 explains the 3D printing setup including the material for 3D
printing, features, and settings of the 3D printer. It also covers valve/pump device fabrication,
flow rate measurements, current measurements to visualize the behavior of the 3D printed
Quake style valve and the pump flow rate measurements. Finally, chapter 8 summarizes the
3D printing research that I have accomplished and provides the direction of potential research

and development of 3D printing in the future.
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2. Lab on a chip- microfluidic device fabrication

2.1. Introduction

Microfluidics, which have feature dimensions in the 1-500 pm range and volumes around
microliter to nanoliters, is one of the core technologies in various micromachine systems that
are developed for mechanical, chemical, biological and medical applications®. Fluid control
systems have dramatically reduced in size due to the demand for small volume, portable, fast
and mass-producible devices and equipment. An analogous example can be found in the
development of personal computers. In the first half of 20" century, computers were developed
with basic computational functions, but they also took much more room for installation and
assembly. To set up a computer, three classrooms worth of space were required to contain all
relays, valves, and tubes to perform a fundamental computing function. As shown in Fig. 2, a
computer setup requires parallel connections of each enormous processor, however, the
function is limited, and the processing speed is low. Compared to the computer that was
developed in the early 20" century, a modern personal computer is at least ~1000 times smaller

and has a more powerful computing ability with miscellaneous applications.

Figure 2: The setup of a huge computer in early the early 20 century’

There are also many microfluidic applications currently facing the same situation as the
personal computer did 100 years ago. A bulky workflow contains many features and functions

like biomedical analysis and data processing, and is able to work on multiple tasks at the same
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time. Although it can handle complex processes and cover the needs of a high throughput
laboratory with well-designed custom programming, the volume and cost are so high that most
normal laboratories (e.g. laboratories in a school) cannot afford it. As the photo of Roche’s
product- cobas 8100 automated workflow series that is shown in Fig.3, the workflow is huge
and takes much space to install it. Normally, it can only be found in large research institutes
and hospitals owing to their sufficient budget and space. This bulky platform has already
provided the solution to conducting experiments without intense labor but it does not have the
properties of being inexpensive and portable. To achieve the goal of fabricating a low-cost,
easily-manipulated and miniature device, many research groups in the field of mechanical
engineering, electrical engineering, chemistry (chemical engineering), material science
engineering and bioengineering have been developing a so-called “Lab-on-a-chip” device (Fig.
4) The concept of “Lab-on-a-chip” is to use a “miniature” (or at least portable) chip (device)
to execute multiple processes and finish the testing within a chip in a short period of time.

=T
| |

Figure 3: Roche cobas® 8100 automated workflow series®
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Figure 4: A conceptual schematic of a Lab-on-a-chip device’

2.2. Lab on a chip — the scope and applications

The definition of Lab on a chip is a device with an integration of several laboratory functions
on a chip which has a size from millimeters to a few square centimeters and that are able to
process exceedingly little amount of fluid volumes down to 107!° liters. The demand for lab on

a chip is followed by some advantages listed below’-

1. Alow dosage of reagent, due to the small volume of chips (devices) (ex. Blood testing,
instead of drawing a tube of blood and testing with a large corresponding amount of
reagent, a blood droplet can be taken from the tip of a finger and mixed with a low
dosage of regents and buffer, minimizing cost and usage of liquid.)

2. Ahigh control speed and better analysis because of fast heating and cooling time (high
surface to volume ratio and small heat capacities) and short mixing time (a short
distance of diffusion).

3. A faster response to the system, leading to better process control.

4. Generates a more high-throughput analysis since it is compact enough to create massive
20



parallelization.

5. The ability to contain large integration of functionality owing to systems’ small volume
and compactness.

6. The small volume allows for mass production, fabrication of cost-eftfective disposable

chips and low cost

Lab on a chip devices, which are also called “Micro Total analysis systems” (WTAS), are one
of the branches under MEMS. The scope of lab on a chip devices can range from
semiconductors, which have the earliest application in pressure sensor with Complementary
metal-oxide—semiconductor (CMOS) embedded, to a blooming research in genomics and
DNA-sequencing in the biochemical/medical field, which is the most common application in
Lab on a chip nowadays. Due to the rise of the biomedical research and development,
microfluidics have become one of the indispensable technologies in the development of Lab
on a chip. The critical functions of a lab on a chip device, including liquid delivery, sample
preparation, separation, detection, and reagent mixing, require the assistance from
microfluidics. Besides the construction of microchannels, lab on a chip devices also need some
mechanical flow control and analysis components like pumps and valves or sensors like
flowmeters or viscometers. Without the study and development of microfluidics, we are not
capable of applying bio/genomics-related research and experiments on lab to a chip

devices.!%1!

2.3. Microfluidic device fabrication method- soft lithography

There are several considerations when choosing designs or materials for microfluidic systems:
needed functions, conditions accompanied by the functions, and applications. Silicon and glass
substrates were first introduced in the initial stage of microfluidic device development.
Nonetheless, neither has become the mainstream of microfluidic device manufacturing
methods. Even though the patterns of micro-components can be well-defined by physical or
chemical vapor deposition (PVD or CVD, additive methods) and wet or dry etching
(subtractive methods), the material properties, stiffness and transparency, are the biggest
hindrances when using this kind of device. The utilization of glass has somewhat reduced the
difficulty of observation when compared to silicon, but its characteristics such as non-gas
permeability and low nonspecific adsorption cause another problem when integrating with
some biological applications. Moreover, fabrication with silicon and glass is too expensive due

to the requirements of etching and deposition. In the late 1990s, Dr. George Whitesides’ group
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from Harvard first showcased the fabrication and procedure of Poly-dimethyl-siloxane (PDMS)
based microfluidic devices that were integrated with water-based and biological applications.®
After the first demonstration of the PDMS-based microfluidic device, more than 10,000 studies
have been published with the use of PDMS in different research fields. The fabrication of
PDMS microfluidic devices has been standardized because of the wide use of this material.
Microfluidic devices are manufactured using the “Soft Lithography” process. The basic
concept is to make a mold with microfluidic patterns which can firmly attach to the substrate,
which is created using the technique of photolithography, then continue to use the same mold

to replicate the same device (patterns) repeatedly until the mold is unusable due to wear and

tear or the need for design change.!?
There are five main steps in the soft lithographic microfabrication process-

1. Design of photomasks
Photomask design is the first step in the soft lithography process. Designs are usually
designed using 2D CAD software: AutoCAD. The function of the mask is to create
differentiated UV-exposure in the step of photolithography, which is an optical process
in microfabrication that projects and transfers patterns onto a substrate. A
photolithographic mask is typically made of transparent fused silica, which consists of
blanks and non-transparent patterns on it.

2. Fabrication of photomasks
The design will be exported and sent to the fabrication process after the design process
is done and checked. There are some methods to fabricate photomasks for
photolithography like exposing or writing. The most common type of masks is a piece
of soda lime glass with a layer of Chrome film and the patterns on it are created using
a laser writer at 20,000 dpi. The pattern is transferred to the Chrome film when the
resist layer is removed from the surface of the film.

3. Fabrication of the soft-lithographic mold using photolithography
A three-dimensional pattern is created with the coating of a thin layer of photoresist
(PR) by spin-coating and a UV-exposure step with a photomask sitting between a UV-
light source and a photomask. The most common negative photoresist- SU-8 is coated
on a silicon wafer. The photoresist on a wafer is then exposed when UV light passes
through a photomask. The photoresist will be solidified when UV light penetrates
through transparent regions on a photomask and the rest will remain the same since it

is not exposed to UV. After a series of post-processing procedures including baking and
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development, the solidified photoresist strongly attaches on the photomask and the rest
is removed and washed away. The patterned silicon wafer is ready to serve as a master
mold and we can pour PDMS on the mold to make microchannel structures. Fig. 5

shows the solidified SU-8 patterns on a silicon wafer.

Figure 5: Patterns created on a master mold (Si wafer) using photolithography '

4.

PDMS molding from the master mold

The surface of the master mold is treated with Trimethylsilyl chloride (TMSCI) vapor
to prevent the adhesion between the mold and PDMS. The base of PDMS is mixed with
the curing reagent of PDMS in a ratio of 10:1 to start the curing process. After one-
minute deposition of TMSCI, PDMS is then poured onto the silicon master mold and
degassed in a desiccator for about an hour to remove all the bubbles in it. After the
degassing process, the mold with PDMS is then put in the oven at 70 °C overnight to
accelerate the curing process. PDMS can be peeled off from the wafer after the curing
process is done.

Assembly/Bonding of layers

The channels created with the master mold are open and therefore need a cover or roof
to be closed. The open channels are usually bonded to a glass slide or a non-patterned

PDMS layer. The bonding between glass/PDMS and PDMS happens when two
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components are treated with Oxygen plasma and kept on a hot plate at 70 °C for 15

minutes.

2.4. Properties of PDMS

PDMS is a mineral organic polymer, which consists of carbon and silicon, of the siloxane
family (a combination of silicon, oxygen, and alkane, the formula is shown in Fig. 6). It is also
used as a food additive (E900), an anti-foaming agent in beverages or lubricating oils and in
shampoo. For the applications in microfluidic devices, PDMS base is mixed with the cross-
linking agent, then poured into a master mold and heated up to ~70 °C to obtain an elastomeric
replica of the mold. There are three major reasons that PDMS is so famous and widely-used in
the biomedical/chemical field: transparency, flexibility, and biocompatibility. It is also copy-
right free, gas-permeable, easily-prepared, cheap, and water-impermeable (hydrophobic).
PDMS is available as Sylgard 184 (Dow Corning) with two types of silicone elastomeric
material in a kit. For making PDMS from liquid type to solid, the base which has Dimethyl
siloxane terminated by dimethyl vinyl groups is mixed with a curing agent, which is dimethyl
methyl hydrogen siloxane in a ratio of 10: 1. With this mixing ratio, the Young’s Modulus of
PDMS ranges from 0.36 MPa to 2.97 MPa.>!*!> Table. 1. shows 8 properties of PDMS with its

characteristics and consequences.

e [5) 8

HOSliO?iO?iOH

CH3 CH3 CHg
n

Figure 6: The structural formula of PDMS, the empirical formula of PDMS is (C2HQO6Si)n
and the fragmented formula is CH3[Si(CH3)20]aSi(CH3)3, where n is the repetition
number of monomers. PDMS will be in liquid type when the value of n is low and semi-

solid type when the value of n is high. The siloxane bonds result in a flexible polymer
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chain with high viscoelasticity.'

Property Characteristic Consequence
Optical Transparent; UV cutoff, | Optical detection from 240 to 1100 nm
240 nm
Electrical | Insulating; breakdown | Allows embedded circuits; intentional
voltage, 2 x 107 V/m breakdown to open connections
Mechanical | Elastomeric; tunable | Conforms to surfaces; allows actuation
Young’s modulus, typical | by reversible deformation; facilitates
value of ~750 kPa release from molds
Thermal | Insulating; thermal | Can be wused to insulate heated
conductivity, 0.2 W/(m,K); | solutions; does not allow dissipation of
coefficient ~of thermal | resistive heating from electrophoretic
expansion, 310 pm/(m,°C) | separation
Interfacial | Low surface free energy ~ | Replicas release easily from molds; can
20 erg/ cm be reversibly sealed to materials
Permeability | Impermeable to liquid | Contains  aqueous  solutions in
water; permeable to gases | channels; allows gas transport through
and nonpolar  organic | the bulk material; incompatible with
solvents many organic solvents
Reactivity | Inert; can be oxidized by | Unreactive toward most reagents; the
exposure to a plasma; | surface can be etched; can be modified
Bu4N+F-((TBA)F) to be hydrophilic and also reactive
toward silanes; etching with (TBA)F
can alter the topography of surfaces
Toxicity | Nontoxic Can be implanted in vivo; supports
mammalian cell growth
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2.5. The application and commercialization of using stereolithography and
PDMS

As mentioned in Sec. 2.4, PDMS has several merits such as transparency (it helps the
observation of channels and components in the device under a microscope), low
autofluorescence and biocompatibility. PDMS has a number of applications including
screening conditions for protein crystallization, laboratory demonstrations such as high-
throughput screening in drug development, bioanalysis, examination and single
cells/molecules manipulations, control of multiphase flows, cell biology, chemical synthesis
and microanalytical systems for bioanalysis. PDMS microfluidic devices can be classified into
two categories- Passive and active devices. Passive devices are flow channels, chambers
mixers, generators and so on, which are not “moving” parts in microfluidic devices. Active
devices consist of pumps, valves, and multiplexers. Professor Stephen Quake from California
Institute of Technology showed a powerful application of PDMS and soft lithography in
microfluidics by inventing a so-called “Quake valve”, which is a structure of multiple PDMS
layers stacked together. The basic concept of the valve is to have 3 layers combined as a
sandwich structure with one control channel lying perpendicularly on one flow channel with a
thin layer of membrane in between. The Quake group has taken advantage of this simple
structure and successfully improved the technology and broadened the applications in the field
of Integrated Fluidic Circuits (IFCs). This technology has been commercialized and brought
into the market with the establishment of the company- Fluidigm Corporation. They utilized
microfluidic related technologies derived from Integrated Fluidic Circuit to integrate valves
into their device for controlling flow in different channels. The development of IFCs allows
for rapid, high-throughput and reproducible analysis of genetic markers across thousands of
DNA samples in a very short amount of time'¢. This amazing development in the field of DNA
analysis shows a high potential of growth in microfluidic devices with the integration of
miniature active components. It can be expected that more and more biomedical/biochemical
experiments and testing like cell/drug sorting, affinity measurement of substances, and
immunoassays will be done within a microfluidic device and be widespread in the market.
Nevertheless, Fluidigm is facing some hurdles due to high costs of the chips despite the fact
that it has a dramatic impact in genomics, biophysics, and biochemistry. This example casts
doubts on whether startups focusing on microfluidics have the ability to produce PDMS

devices with such a heavy burden.
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2.6. Limitations of using PDMS with soft lithography

Although PDMS has become one of the most popular materials in the field of microfluidics
due to its advantageous properties: flexible, transparent, biocompatible, inexpensive, etc., it
has some significant downsides leading some research groups to transition from PDMS and
soft lithography to other fabrication methods, like 3D printing. Current focuses on translation
and low-cost microfluidic devices create some problems for PDMS and soft lithography.
PDMS molding and related processes such as curing, assembly, bonding and inlet/outlet
punching require a tedious manual process, preventing these microfluidic devices from being
automated. This implies that the fabrication is expensive, and cannot meet the requirements to
be inexpensive in the market. For example, a 3D or multi-layer structure needs to be produced
with well-trained, intensive labor and tedious, repetitive lithographic processes. As we can see,
it limits the complexity of designs in the Z-direction substantially. Not only does the fabrication
process hinder the construction in the Z-direction, but the channel itself, made with a master
mold does not appear closed, so a piece of glass or PDMS needs to be bonded and sealed on
the opening side. Many devices fail in the bonding stage due to misalignment, structure
limitations and inappropriate treatments. Furthermore, the user interfaces, which are inlets and
outlets, of PDMS devices are apt to leakage and inconvenient connection. The control systems
of microfluidic devices, including computer software, fluid driving equipment, and pressure
sources, need some engineering skills and instruments that are not usually seen in biomedical
labs. Therefore, some alternative solutions like stereolithography have emerged for
microfabrication applications. Table. 2 shows the comparison of microfluidic device
fabrication strategies [14]. According to this table, we can see that the setup cost of PDMS is
around 4-80 times higher than 3D printing. Additionally, the turn-around time (device
fabrication time) can be reduced ~12 times if we use 3D printing to make microfluidic devices
instead of soft lithography. As far as I am concerned, time and cost are the two major focuses
in the development and manufacturing of microfluidic devices. We can help non-engineering
researchers and developers come across the device fabrication barriers as long as both time

and cost can minimize.
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Soft lithography Injection Paper 3D printing
molding microfluidics
Setup cost ~$80k >$50k <$1k $1-20k
Cost per High Low Low High
print/materials
Turn-around time ~24 h 3 weeks <2h <2h
3D capability Layered 2D Layered 2D Layered 2D 3D digital
designs designs designs designs
Fluid automation Routine Difficult Rudimentary Demonstrated
Throughput Low Very high High Medium
Manufacturability Poor Poor Good Good

Table 2: The comparison among 4 main microfluidic device manufacturing methods’

2.7. Introducing 3D-printing to microfluidic device fabrication

3D printing has been chosen for one of the fabrication methods to improve the
manufacturability of microfluidic devices. Its characteristics of rapid manufacturing and
simple fabrication processes are favorable for people in the biomedical field, especially for
those who do not have a strong engineering background. There are three major types of 3D
printing approaches- Stereolithography (SL or SLA), Multi Jet Molding (MJM), and Fused
Deposition Molding (FDM). The schematic of each printing technique is shown in Fig. 7.

C. Fused Deposition Modeling

Support material filament
Build material filament

B. Multi Jet Modeling

Inkjet print heads

A. Stereolithography

Lenses
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i asar SR } 5 sednning ; AN Extrusion head \ \\
g “——mirror Leveling Vi \ Drive wh_eels
Elevator ~, 4 —— Laser beam bladeN\ N |f/ ; : : Liquefiers
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Sweeper \-{,-'. 7 \Vat v Part support  Build platform, \<
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Figure 7: Different types of 3D-printing techniques (A) Stereolithography (SL) (B) Multi
Jet Molding (MJM) (C) Fused Deposition Molding (FDM) - Image reproduced from Ref
3 with the permission from Royal Society of Chemistry.

I use Stereolithographic Digital Light Processing printing (SLA-DLP) to print my microfluidic
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devices (Fig. 8) owing to various reasons such as the most rapid prototyping speed among the
three printing techniques mentioned above, allowing for using custom resin and its simple
control system. Stereolithography is quite similar to photolithography except for the need for
photomasks. The liquid polymer resin is stored in a resin tray (a vat) and the pattern of each
2D layer in the 3D structure is created by shining UV light to the unpolymerized resin'’.
Stereolithographic 3D printers build a 3D device by generating different shapes/patterns for
each layer with UV light and the uncured resin will be polymerized and thus solidified after
being exposed to the UV light. The polymerization process is the same as the solidification
process of photoresist in photolithography. However, the bonding process is not needed in 3D
printing when building multilayer (3D) structures, each layer adheres to the previous layer
directly. Thus, alignment and bonding are not required to construct 3D objects, as a result, the
complexity and time spent of the fabrication process are reduced considerably. All cavities,
channels, and walls are built by changing the UV pattern for each layer. Stereolithography is a
powerful automation fabrication technique that can generate or print almost any kind of
structures and shapes at medium-volume throughputs. Every feature in the design can be done
by direct laser writing or digital light processing (DLP) by controlling the on and off of each
micromirror. There are also many designs and fabrication methods that we can choose from,
including generating 3D designs by using CAD software and print it out using personal printers
or ordering by mail (sending the design to manufacturing service companies without making

on our own).
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Figure 8: The configuration of an SLA-DLP printer.'® Image reproduced from Ref 18

with the permission from American Chemical Society
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3. Components in microfluidic devices

3.1. Introduction

There are several essential components in microfluidic systems. For example, channels, pillars,
connectors, reservoirs, mixers, valves, and pumps are basic elements in miscellaneous types
of microfluidic devices. These types of components, as described above, are classified into two
main groups- active and passive components. The development of fabrication in passive parts
such as channels, pillars, reservoirs, is already mature. On the contrary, the design and
manufacturing of active parts are not as simple as passive parts. For instance, active parts need
to be integrated with different actuation mechanisms including electroosmotic, electrochemical,
pneumatic and etc. The automation of microfluidic systems requires a strong combination and
integration of both active parts and passive parts. To truly invent and make a portable, easily-
control and low-cost microfluidic device, we need to shrink down the size of components in
the system. Without the direct integration of these components, the significance of these
applications will be unapparent or it will even create new problems in a system. If channels
are the only microfluidic component in the device without any internal control unit, they will
need to be connected to external control systems such as valves and pumps to achieve
“automation” of the device. However, the external systems are normally too large for a
microfluidic device. As shown in Fig. 9, the pump itself is already much larger than the
microfluidic device. The application of the microfluidic device that is shown in Fig. 9 only
saves the consumption of liquid and reagents and eliminates the need of pipetting but not the
space. The miniaturization of microfluidics devices is not accomplished without the integration
of control systems. A similar case can be also found in the design of a smartphone. All features
including a speaker, microphone, keyboard or even a camera are combined in a small case
without falling apart or connected externally. If we can integrate a valve or a pump into a small
microfluidic chip, the space that is taken by the whole system will be little and the number and
complexity of connections between each component by means of tubing, wires and cable can
be reduced. Therefore, the integration of all miniaturized passive and active parts in a confined

volume is essential in the development of microfluidic devices.
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Figure 9: The system setup of a microfluidic device with external control systems,

pumps and a laptop."”

3.2. Control dynamic behaviors within microfluidic devices

The control systems in microfluidic can be simply sorted into two categories- active and
passive. Active components, as the name implies, are usually movable and not always fixed to
a certain position or location in a device. With a certain type of control, such as applying current
or air pressure to a component or object, some actions will take place in a device like deflection
or deformation. Unlike passive components, which do not change its position and shape or
sometimes do not generate thrust or disturbance spontaneously (e.g. channels and pillars),
active parts provide driving force or potential for liquid and particles to move in a system or
device. In this section, active valves and pumps are the two major focuses and will be
introduced with the functions and working mechanisms in detail. Microvalves and micropumps
are crucial and basic in many different types of microfluidic systems. Microvalves allow for
fluid flow control including liquid movement and flow direction in microchannels by changing

different macroscopic parameters. Valves can be actuated and controlled mechanically,
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electrokinetically, and pneumatically by changing phases or by utilizing external forces. All
active valves need an external energy for actuation so the control interface between the internal
components and the external source is also very important. A micropump is also one of the
critical components as well because it provides the driving force and controls liquid
movements in microfluidic networks. There are several types of micropumps which can be
categorized into two main types- active and passive. Integration of micropumps into
microfluidic devices is also the main task in the microfluidic device development since it helps
reduce the need for external equipment and decrease dead volumes between the pump

connection interface.?%!

3.3. Microvalves

A valve is a device that regulates, directs or controls the flow of a fluid by opening or closing
passageways. When a valve is open, fluid flows from a higher-pressure side to a lower pressure
side. When a valve is closed, fluid is obstructed and stalls. A microvalve is a small valve which
is in the scale of typically submillimeter or even smaller, controlling routing, timing, and
separation of fluids within a microfluidic device. It is a vital component for integrating
complex designs or functionality into a microfluidic device. There are five major types of
active microvalves which are pneumatic, burst, electrokinetic, phase change, and pinch. Except
for electrokinetic valves, the rest of four types of valves basically exploit the displacement or
deformation of a membrane to control flows.?* (An example is shown in Fig. 10) Pneumatic
valves are normally actuated by controlling a soft, bendable membrane so that it can change
the behavior of a flow in the flow channel. Burst valves are opened when a flow overcomes a
certain resistance in the channel or when a temporary membrane collapses due to the thrust of
the flow, therefore it can only be used one time. Electrokinetic valves serve as fluid routers
which are operated in continuous flow systems, using electroosmotic flow to change the path
of fluids from one channel to another. Phase-change valves regulate flow by alternating
different phases of materials such as paraffin, hydrogels or aqueous solutions. Pinch valves,
which are similar to pneumatic valves, manipulate the deformation of PDMS physically using

mechanical pressure.
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Figure 10: A thermal expansion microvalve, (a) shows the open state of the valve, (b)
shows the closed state of the valve. The membrane which is dark black in the figure
deflects when heat is applied to it.”> Image reproduced from Ref 22 with the permission

from American Chemical Society.

3.3.1. Pneumatic microvalves

Pneumatic microvalves take advantage of the easily-deflecting, high ductility and malleability
properties of PDMS to stop or interrupt flows. This idea was brought out by Stephen Quake’s
group from Caltech. in 2000, which is demonstrated in the paper “Monolithic Microfabricated
Valves and Pumps by Multilayer Soft Lithography” and has a notable name “Quake valve”.
The working principle of pneumatic valves is to apply air pressure on a piece of flexible
membrane, which then seals against the flow channel (the valve seat) and blocks the pass way
of fluid when it deflects. Air pressure is generated within a closed chamber or channel through
connecting air source to the inlet of this closed region. In the design of Quake valves, a channel
which is filled with air pressure is termed “control line” or “control channel”. A control channel
lies on the top of a flow channel and is separated by a barrier, which is a piece of thin membrane.
Typically, a membrane is actuated by controlling air pressure in a control channel via an outer-
connected air pressure. Sometimes a control channel is also filled with fluid if air permeation
through the membrane needs to be prevented. This design is so widely-adopted in microfluidic
devices since it can be integrated with standard soft lithography processes, which a great
number of laboratories are familiar with. Basically, there are three types of pneumatic

microvalves: Normally-open, normally-closed and lateral deflection valves.

Normally open valves are also called open-at-rest valves. The membrane does not deflect and
block the flow channel until it is actuated by an outer force. When positive pressure is applied
to a control channel, the force generated by the air pressure pushes the membrane to close the

valve and thus the flow in the flow channel is halted. Quake valves and plunger valves are the
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most seen normally open membrane microvalves. Quake valves are composed of three
different layers- control, flow and membrane layers, which liquid flows in one plane. Whereas

plunger valves have four layers and liquid flows between two of the planes.”

The Quake microvalves consist of a control channel that overlaps partial of a flow channel
perpendicularly (Fig. 11). The overlapping section defines the shape of the membrane, which
is usually 5-15 um thick and separates the control and flow channels. The first version of the
Quake valve was a push-down structure where a rectangular-cross-section control channel was
placed on top of a semicircular-cross-section flow channel. Noted that the cross-section of the
flow channel needs to be semicircular; otherwise, the membrane cannot seal against the valve
seat perfectly due to the gaps in the corner of walls. The size of the flow channel is 100 pm
wide and 10 pum high with 40 kPa actuation pressure to seal the flow channel at zero back
pressure. The second generation of the Quake valve was invented by the same group, which is
a push-up design and has a lower closing pressure compared to the first version. They swapped
the configuration of the flow and control channels, which a semicircular flow channel is on top
of a rectangular control channel. In this design, the thickness of the membrane is uniform and
the air pressure coming from the bottom control channel shoves the membrane up to seal
against the valve seat. Due to the design of this planar membrane, flow channels are allowed
to be made higher (from 10 um to 55 pm) and the required closing pressure is lower as well

(from 40 kPa to 15 kPa).

Figure 11: The configuration and working mechanism of the first version Quake valve,
which has a flow channel lying beneath a control channel. The overlapping area is the
position and shape of the membrane, which is 30 pm thick in this case (vertical gap

between the flow and control channels).>**

Plunger valves (Fig. 12) are derived from a common valve design that has a rubber plunger set

against a circular orifice. The valve consists of four layers- the pneumatic layer, membrane
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layer, hole layer and flow layer. Fluid flows through from one layer to another through a small
hole in the elastomeric substrate (the hole layer). A flexible membrane is actuated by a
pneumatic chamber, which closes and seals the through-hole when air pressure is applied to
the pneumatic layer. One of the plunger valve applications combines a rigid SU-8 disk with a

PDMS membrane so that a higher pressure gain can be achieved.
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Figure 12: Schematic diagrams and micrographs of a (a) closed and (b) open micro

plunger valve.”> Image reproduced from Ref 25 with the permission from Journal of

micromechanics and microengineering.

Normally closed valves

In contrast to the valve type mentioned above, normally closed valves are closed-at-rest valves.
There are no external forces required to close the valves; however, negative pressure (vacuum)
needs to apply to open the path for flows. The fabrication process is easier compared to
normally open valves since only one type of photoresist is needed and reflow of photoresist is
not necessary. Prevention of permanent bonding between PDMS is the most important issue in
the fabrication process. However, the bonding issue can be avoided by adding a sacrificial

barrier on the membrane in the bonding process or by using a non-PDMS valve seat.

The first normally-closed valve was developed by Hosokawa and Maeda. The PDMS

membrane is contact-transferred as a film and sandwiched between the control and the flow
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channel (Fig. 13). The arrangement of the valve is to have a control chamber which is
connected to a vacuum source on the bottom, a thin piece of PDMS in the middle and a
disconnected flow channel separated by a wall on top. When negative pressure is applied to
the control channel, the membrane deflects downward so that there is a small space for fluid

to pass under the wall.?®

Closed Valve seat

—74 Closed -
— N B iR PX 0 kP
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_____ Flow Closed ' LN Closed

Figure 13: The working mechanism of the doormat valves. (A) and (B) show the open
state and the closed state, respectively.” Image reproduced from Ref 26 with the

permission from Journal of micromechanics and microengineering.

3.3.2. Electrokinetic microvalves

Electrokinetic microvalves control flow directions, which is a router essentially and works with
continuous flows. In 1993, Andreas Manz reported that electroosmotic flows can be routed
from one channel to another swiftly in a capillary electrophoresis system. A group from Oak
Ridge National Laboratory also used this technique to control flows, where the sample fluid
and buffer are both attracted by the anode (550 V) in the chip. The buffer fluid is cut off and

the sample fluid is free to flow when the buffer is disconnected from the cathode. The buffer

)27

then occupies the flow channel when it is connected to the cathode again. (Fig. 14
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Figure 14: Schematic of the electrokinetic valving microchip. (a) is the bright field image

of the valve (b) loading mode, (c¢) dispensing mode and (d) analysis mode.?’” Reprinted
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with permission from Ref 27. Copyright (1999) American Chemical Society.

3.3.3. Pinch valves

Pinch valves are quite similar to PDMS Quake valves and doormat valves, which utilize the
deformation of materials (normally PDMS) to create a barrier to stop flows. However, there
are two major differences between pinch valves and normal PDMS valves: 1. Pinch valves
stop flows with the deformation of the bulk of PDMS that forms the device instead of the
deformation of a thin layer of PDMS which lays between a control channel and a flow channel.
2. The source of pressure which causes the deformation is based on the adjacent mechanical

generation of pressure instead of a distant connection to air pressure source.

Braille pinch microvalves are one of the examples of pinch valves. The valve control relies on
the physical contact between a Braille pin and a piston. When a Braille pin pokes the piston,
the deformation of the touching point leads to a pressure change in the piston, which creates
the deformation of the piston on the top of the flow channel and stops the flow. The illustration

of the valve working principle is shown in Fig. 15.2%

H control ,
channel
( :,,,‘ — e - A—_— >
| piston 1 - )
- £ _-7";../ =

Braille \ﬂuidic'
Pin channel

o — ’l_! .f"*fv/ L.

-~
r 4
>

Figure 15: A Braille valve in its (a) open state and (b) close state.”® Image reproduced

m

from Ref 28 with the permission from Applied Physics Letters.
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3.4. Micropumps

The most fundamental function of a pump is to move fluids by mechanical actions.
Micropumps play an important role in the miniaturization of a microfluidic device. It has raised
an interest in microfluidic research and provides several important functions such as fluid
movement, mixing and separation. Micropumps also assist the development of biomedicine,
biochemistry and biology. For example, biological specimens have to be moved through the
components of miniature assay systems and coolant must me forced through a micro heat
exchanger. Transportation in microfluidic devices can be done by utilizing passive mechanisms,
which the most notable one is the change of surface tension. However, an element which is an
active source, a self-contained object, and the size of which is comparable to the volume of
fluid to be pumped, is necessary and highly desirable for a microfluidic system. Therefore,
integrated and miniaturized pumps have become a hot topic in the microfluidic field. The target
of the integration of micropumps does not only help save real estate on a chip, it also aims to
eliminate the use of pipettes. On one hand, micropumps reduce the dead volume and the size
of the device so that the cost can be minimized. On the other hand, the pumping in a chip
technique lowers the cost of labor by achieving real automation. Some miniaturized and novel

pump designs will be introduced in the following paragraphs.?’

3.4.1. Pneumatic membrane micropumps

The design of the pneumatic micropumps basically follows the existing membrane
microvalves design. By connecting several valves in series, a pump can generate peristalsis in
microchannels with different actuation phases of each valve. A fluid volume, which is defined
by the space between the membrane and valve seat, moves unidirectionally through a
sequential actuation of valves. Therefore, the volume is moved away from its original position,
which generates a volume displacement in microchannels. Same as pneumatic membrane
microvalves, this type of pump can be categorized into two groups: the normally-open and

normally-closed pumps.

The Quake micropumps were developed by the Quake group in 2000 with the first publishing
of the Quake valve (Fig. 16). The pump was constructed by connecting 3 in-line pneumatic

valves in series with separate control lines. Each control channel is connected to different air
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source channels and controls each valve independently. The initial design has a flow channel
which is 100 um wide and 10 pm tall and is separated by a 30- um thick membrane from the
control lines. With 50 kPa pneumatic pressure, the flow rate can reach the maximum of 2.35
nL/s at 75 Hz actuation frequency. This design is the only normally-open pump design that can
seal the valve seat and remove the fluid volume in the valve completely since the shape of the

valve seat is semicircular. Thus, the dead volume in the pump is significantly small (~100 pL).?

'\Air IvOut

-

A vertical gap: 30 ym
Fluid In
Figure 16: Schematic of the Quake micropump” Image reproduced from Ref 2 with the

permission from Science.

The other type of micropump is the doormat micropump (Fig. 17). A doormat micropump can
be made with the integration of doormat microvalves, which are normally closed valves. In
this design, valve seats create gaps between segments of the flow channel. Grover et al.
produced a doormat pump that has a 254 um thick PDMS membrane between the flow channel
(layer) and the control channel (layer). There are two types of actuation chambers which are a
circular shape of 6 mm diameter and a hexagonal shape of 1 mm diameter. The volume of the
circular and the hexagonal chambers are 2050 nL. and 67.1 nL, respectively. For each pumping
step, the actuation time was between 1.5 s and 10 s, depending on the phase, to make complete

filling of each chamber.*°
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Figure 17: The schematic of the doormat micropump which consists of three diaphragm

microvalves.>’ Image reproduced from Ref 30 with the permission from Elsevier.

3.5. Manufacturing valves and pumps using 3D printing

Microvalves and micropumps are crucial components to help achieve device automation. A
large number of biomedical/biochemical devices require repetitive and complex fluid
manipulation, such as fluid transportation from one space to another, mixing of two or more
different types of fluids in a closed chamber or channel. In the past, researchers used to handle
fluid using manually-operated pipettes, which the process is usually complex and tedious,
liable to err, time-consuming, and expensive. For research and product development in
industrial laboratories, robotic dispensers have been largely used to replace humans, but the
installation and maintenance fees are usually extremely high. On the contrary, microfluidic
technology has been introduced and developed for manipulating and processing small volumes
of fluids within a miniaturized chip with a much lower cost compared to automatic, robotic
control systems. This technology allows for massive parallelization, low reagent costs, and
short reaction time in fluid processing. Although microfluidic devices have been well-
developed and reached a certain maturity in biological related fields, the manufacturing process
is still a big obstacle in terms of time and complexity. When talking about the integration of
moving parts in a microfluidic device, the most obvious issue is the fabrication time and
craftsmanship. For instance, PDMS-made microfluidic moving parts like microvalves and
micropumps need a long fabrication time for each different layer (at least three), not to mention
that these layers still have to be assembled after they are made. In the last 5 years, some
microfluidic researchers have been starting to utilize another method to fabricate microfluidic

devices, such as 3D printing and laser-cutting. These methods provide some merits that
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traditional manufacturing processes do not possess- rapid prototyping, easy design, low cost,
and assembly-free. 3D printing has demonstrated all the merits that are mentioned above. The
design can be easily done using 3D modeling software, which directly gives the visualization
of device’s structure and makes the design processes more intuitive. The printing process is
fast and simple as well. Unlike PDMS microfluidic devices, the finished design can be easily
transferred to a specific type of file that a 3D printer can read and does not need to be sent for
photomasks fabrication, which typically takes a long time to be made and is expensive. The
3D printing process is totally continuous if the whole device is made of a single material. Take
membrane type valve fabrication for example, all the control layers, membrane layers, and the
flow layers are continuously in one print task. As a result, the time need for alignment and

special surface treatment for bonding and assembly are shortened.

One of the initial 3D-printed valves was made by Au et al. in 2014, which was a
diaphragm/nozzle valve made of Watershed (Fig. 18 A). The design was made with a 3D
modeling software- Inventor and sent to a commercial printing service provider. The 3D printer
type he chose was stereolithography. The valve was operated by applying air pressure to the
control chamber which causes the 10 mm-diam, 100 um thick watershed membrane to deflect.
With this dimension of the membrane, it could deflect up to ~ 200 um and seal the valve seat
at ~6 psi. The valve was totally closed without leakage at the 6 psi closing pressure and could
be operated more than 15,000 cycles at 7 Hz between 0 and 3 psi. Using the same valve design,
he was able to combine several valves together to perform a pumping and switching function
for controlling multiple channels. The pump design was also shown in this paper by connecting
three valves in series (Fig. 18 B). By controlling the open and phase of each valve (the open
and closed state of individual valves), fluid in the flow channel could be driven in an assigned
direction peristaltically. Moreover, a four-way switch could be made by combining four valves
together with sharing a common outlet channel. Each flow line with different types of fluids
could be chosen to move to the downstream and outlet by opening the selected valve and

closing the rest (Fig. 18 C).*!
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Figure 18: (A) A SL-printed single membrane valve that is made with the Watershed resin.
(B) A peristaltic pump with three membrane valves connected in series (the one in the
middle is open and two on the sides are closed) (C) An illustration of an actuating switch
that is connected to a cell-culture chamber. Only the valve for red dye is open.’! Image

reproduced from Ref 31 with the permission from Royal Society of Chemistry.

Another valve type which is also a membrane valve was published by Sochol et al. using the
Multi-Jet Modeling (MJM) printer. Instead of making the membrane flat, they redesigned the
shape of the membrane, which is a diaphragm with a sinusoidal cross-section (so the surface
is wavy) as a dynamic microfluidic element. The sinusoidal cross-section design can increase
the displacement of the membrane by applying the same air pressure into the control chamber.
They also extended the application of the valve by generating different microfluidic circuitries
such as a fluidic capacitor, diode, rectifier and transistor (Fig. 19 & 20). Noted that the diode
in the fluidic circuitry design can be seen as a check valve, which only allows fluid to flow in
one direction. A fluidic rectifier can be easily made by combining four diodes (check valves)
together with an arrangement of specific orientation of each valve (Fig. 20). A tidal wave, for
example, can be rectified into one flow direction, which is the same concept as the conversion

from AC to DC.3?
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Figure 19: Fluidic circuit control elements which filled with dye and their respective
analogous electrical symbols. (A) Fluidic capacitors (B) Fluidic diode (C) Fluidic
transistor and (D) Enhanced-gain fluidic transistor.>’ Image reproduced from Ref 32 with

the permission from Royal Society of Chemistry.

Figure 20: A analogous electrical symbol of a rectifier and the photograph of a fluidic
rectifier.’> Image reproduced from Ref 32 with the permission from Royal Society of

Chemistry.
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4. 3D printed microfluidic devices

4.1. Introduction & Automation

As mentioned above, there are some “manufacturability barriers” in the PDMS modeling
approach so that researchers and developers are currently looking for alternative solutions.
Main issues such as rapid fabrication and prototyping processes, cost of the device and
instrument, and the skill requirement of labors are the focuses in the microfluidic device
manufacturing field. 3D-printing has become one of the alternatives in these manufacturing
methods and processes. It provides a number of advantages and solutions to the roadblocks
that PDMS microfluidic devices are facing. The differences between the two manufacturing
methods and the reasons of choosing 3D printing instead of PDMS molding are shown in Table.

3.

PDMS microfluidic devices 3D printed microfluidic devices

Molding process (curing, assembly,

bonding, and inlet construction) is highly
be

labor-demanding and hard to

completely automated.

Less manual process (curing, assembly,
etc. are fully done in the 3D printing
process. The molding process is totally

automated.

The connection interface (inlets and
outlets) requires punching or molded

holes, which leads to an easy leakage at

All kinds of connectors (Luer-lock, barb)
can be printed with the bulk of the device
together. The interface of tubing and

the junction. microchannels is smooth and continuous.
It is totally leak-free.
Control systems such as computer, | The design and operation are simple and

pressure source control interface that

control valves and pumps require solid

intuitive. It only needs the plugin process

of different sources (liquid and air for

engineering background or expertise for | example).

connections and operations between the

device and control panel.

Fabrication is expensive and almost | All elements compared to PDMS
impossible to achieve mass production | fabrication process are cheap
like batch-fabricated MEMS devices (instruments, materials, etc.). It is
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possible to achieve mass production by
operating numerous 3D  printers

simultaneously.

Table 3: Comparison of PDMS and 3D printing techniques in terms of microfluidic

devices.

There are three major types of 3D printers that can be used for microfluidic devices fabrication-
Stereolithography (SL or SLA), Fused Deposition Modeling (FDM) and Multi-Jet Modeling
(MJIM). We chose SL as our printing method due to its fastest production speed among the
three printing types above and high accessibility to customizable printing materials (resins).
Before starting to build real 3D printed devices, we have done the testing of resin’s

characteristic, printing parameters optimization and testing of printing qualities.

The main goal of this thesis is to build a flow control system in microfluidic devices using SLA
3D printers. One of the most important components in a microfluidic control system is valves.
According to the introduction of valves in the above section, we know that there are many
well-developed valves that have been integrated with microfluidic systems perfectly.
Additionally, some of the valves were shown to be printed with 3D printers and capable of
being operated successfully. However, the existing 3D printed valves are either too large or too
hard to be made. We believed that optimizing the size and structure of 3D printed valves can
help create a more delicate and compact microfluidic device. Therefore, we decided to develop
the Quake style valve design with 3D printing, which has great properties among all kinds of
valve designs: simple components and structures in a valve unit, easy to design, and the ability

to be scaled down to small volumes.

4.2. Resin selection and characterization

The first made 3D printed microfluidic control component in this paper is a “Quake” style 3D
printed valve, which has a sandwich structure with a control channel on top, a flow channel on
the bottom and a thin layer of membrane in between. A normal sub-millimeter channel was
able to be well-printed with the initial formula of the printing material and basic printer settings.
As a consequence, the most critical element in this design is the membrane layer. Here, the key
goal of resin characterization is to find out the best material composition and printing settings

for printing a “soft, flexible and thin” membrane. To obtain the properties listed above, we
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focus on the development of the printing material, which is the resin for 3D printers, in this

section.

The resin we use for our 3D printed device is poly(ethylene glycol) diacrylate (MW = 258)
(PEG-DA-258, Sigma-Aldrich, MO) mixed with photoinitiator- Irgacure 819 and
photosensitizer- 2- Isopropyl thioxanthone (ITX). PEG-DA-258 is the base of the resin and
polymerizable at a certain range of light wavelength when mixed with photoinitiators. PEG-
DA is one type of a hydrogel and usually used as a medium for cell culture or tissue culture
with different cell arrangements. The molecular weight of PEG-DA ranges from several
hundred to thousands, depending on the number of the CH2CH>O repetitive (ethylene glycol)
groups in the middle (Fig. 21). The molecular weight is higher when the repetitive CH2.CH>O
group is longer, which turns out being a more viscous liquid type under room temperature
without UV treatment. The molecular weight of PEG-DA we chose is 258, which has the
shortest CH2CH>O chain and lower viscosity among all series of PEG-DA. PEG-DA 258 has
the highest stiffness and the lowest porosity compared to higher molecular weight PEG-DAs
after it is UV cured. The property of having the lowest porosity makes PEG-DA 258 the best
candidate for making membranes, nonetheless, we also need to minimize the thickness of the

membrane to compensate for its low flexibility.

Irgacure 819 is the photoinitiator in our PEG-DA resin (Fig. 22). It is a molecule that generates
reactive products upon exposure to radiation of specific wavelengths. Irgacure 819 is
photosensitive and has the highest light absorption close to wavelength 385 nm (Fig. 23),
which matches the light source wavelength of the printer we are currently using- Phoenix
Touch Pro and Asiga PICO 2 HD. Irgacure 819 absorbs the UV light generated by 3D printers
and decomposes into two groups following with two radicals (floating electrons). The energy
provided by the radicals can activate PEG-DA monomers to crosslink with each other and
become solidified. The shorter chain of PEG-DA indicates that there are more PEG-DA
molecules crosslinked within a unit weight. Therefore, PEG-DA with lower molecular weights

will have a higher stiffness compared to the higher molecular weight of PEG-DA (more porous

and gel-like).
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Figure 21: Structural formula of PEG-DA. The number of n decides the molecular
weight of PEG-DA (e.g. In PEG-DA-258, n=3).%
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Figure 22: Structural formula of Irgacure 819. It is separated into two groups after

being exposed to UV light, which provides the energy to break the chemical bond

between carbon and phosphorous.**
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Figure 23: Absorption spectrum of Irgacure 819. It has the highest excitation around 385
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nm when the concentration is above 0.1 %.>’

ITX (Fig. 24) plays an important role in SL 3D printing as a photosensitizer (as known as UV
absorber). A photosensitizer usually conducts a chemical change in another material (usually
molecules) in a photochemical process. Although ITX does not directly affect the chemical
reaction between PEG-DA and Irgacure 819, it can prevent PEG-DA molecules from over-
curing. In order to control layer thicknesses of the device precisely (Z resolution), ITX is added
to the resin for absorbing excessive UV energy. Especially when making complex 3D
structures such as tiny holes, extremely thin membranes or shallow channels, ITX helps absorb
extra UV energy and inhibit the UV light from penetrating through a certain layer thickness.
Thus, the residue liquid PEG-DA in the previous layers will be able to be removed after the

whole printing process is done rather than being cured.

O CHj
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S

Figure 24: Structural formula of ITX.?

The initial concentration of Irgacure 819 and ITX was 0.2% w/w and 0.2% w/w, respectively.
40 g of PEG-DA-258 (stored in a 4 °C refrigerator) was added into a tube with a piece of
aluminum foil wrapped on the tube’s surface. 0.08 g of Irgacure and ITX were then added to
the PEG-DA solution and agitated. Finally, it was put in a 70 °C oven for 30 minutes for

complete dissolution before being used.*’

We quickly realized that 0.2% of Igacure 819 and 0.2% of ITX is not the best concentration
for making thin and soft membranes after we observed some prints of roofs with different
thicknesses (details are addressed in section 4.3). Before starting to change the concentration
of Irgacure 819 and ITX, it is important to understand the optical properties of light and
exposed matters. We know that the intensity of light becomes lower as it passes through the
resin (or any kinds of liquid). This behavior is governed by the Beer-Lambert Law (eq. 1).
According to this law, we can roughly see the relationship between penetration depths of light

and printed results after polymerization (Fig. 25).%8
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logo (170) =¢&lc=A (eq.1)

In this equation, Iy is the received radiation power with no analyte, I is the received radiation
power with the analyte at concentration c, € is the molar absorption coefficient, ¢ is the analyte

concentration, 1 is the optical path length and A is the absorbance.*
The other expression of Beer-Lambert Law is:

I =Ie % (eq.2)

where a is the absorption coefficient and z is the penetration depth. a is also defined as 1/hs,
where h, is the penetration depth of light in a material when the intensity of the radiation inside

the material falls to 1/e (~ 37 %) of its original value at the surface.

By combining eq.1 and eq. 2 together, we can get the relationship between the penetration

depth and the concentration of the analyte.

1
h, = 2.304xexcC (eq. 3)

According to eq. 3, if we increase the concentration ¢ (which can be the photoinitiator or
photosensitizer in the resin), the penetration depth (h,) will be shorter.*® Therefore, we decided
to increase the concentration of both Irgacure 819 and ITX to get thinner membranes. Noted
that we cannot only increase the concentration of ITX (photosensitizer) without increasing the
concentration of Irgacure 819 (photoinitiator), otherwise, there would be an insufficient
amount of photoinitiator being excited. This will lead to less amount of PEG-DA being

crosslinked and thus the print will collapse.

After several roof height tests (which is elaborated in sec. 4.4), we decided to fix at the
concentration of 0.6 % Irgacure 819 and 0.6 % ITX. All the 3D printed control system devices

are printed with this concentration of Irgacure 819 and ITX.
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Figure 25: A photograph illustrating the penetration of light into dye (left) and graph of

light intensity versus distance (right, a representation of the Beer-Lambert Law).***’

4.3. 3D-printer Phoenix Touch Pro

The 3D printer, Phoenix Touch Pro Translating UV-LED DLP 3D Printer, is the first printer
that we used to test our 3D prints (Fig. 26). The XY resolution of the printer is 50 um and the
Z resolution (the thinnest layer that the printer can print) is 25 pum. The light source in this
printer is UV-385 nm LED, which matches the absorption peak of our PEG-DA-258 resin. The
build area is 65.6 mm x 122 mm x 110 mm, which is big enough for us to put two silanized
(see section 7.3) glass slides on the build plate at the same time. The Z motor control, which is
the step resolution of the stepper motor, is 5 microns. The printer is connected to the computer
through Ethernet cable to read the printing files. As you can see in Fig. 27, there are some
tunable parameters so that we can change in the printing settings. The adherence time is the
UV exposure time of the first layer (also called a burn-in layer), which forms the base of prints.
The slice exposure time is the exposure time for each layer after the burn-in layer, which can
be tuned down to 0.1 sec. The LED intensity is also one of the important parameters in the
setting, indicating the UV energy of the light source. The higher the LED intensity is, the more
energy is transferred to the resin. Noted that the build plate needs to be calibrated and match
to the floor level of the vat before starting prints. The yellow hood on top can prevent the UV
light from emitting out and also block the ambient light outside from the printer. Also, the
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printer is suitable for multiple prints at once, which the printed device can be placed in the
front, middle, and back. Limited by the projection size due to the height of the printer, the
projector moves under the vat to shine UV light on these three parts separately in one layer.
However, the super vat (made of polyethylene) that comes with this printer is not as durable
as the PDMS vats. The super vat got worn and torn after ~10 prints and the sticking issue
became severe, which sometimes led to a resin leakage problem. The sticking and leakage
problem were solved after we had changed the vat to our new homemade PDMS vat. This new
vat was assembled with Poly(methyl methacrylate) (PMMA) to serve as the walls and bottom
to contain resins and a piece of PDMS (~ 1 mm, which the focal length should be tuned

accordingly) was placed in the vat bottom.

Figure 26: Photograph of Phoenix Touch Pro Translating UV-LED DLP 3D Printer.*
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Figure 27: The control interface of Phoenix touch pro, which is on the touch screen of the

printer and the printer’s software — RetinaCreate user interface.

4.4, Membrane thickness testing

The structure of the Quake valve consists of a control channel on top and a flow channel on
the bottom with a thin membrane layer in between. The membrane itself is basically a hanging
structure in the device, which contacts the fluid in the flow channel and air in the control
channel directly. The SLA 3D printer prints the device layer by layer and prints the whole
structure upside down (The build plate goes down to the vat, prints the first layer and then goes
up, repeatedly, so the whole device is facing down during the print, see Fig. 28). Therefore, we
can know that only the big walls (which are the walls of the flow channel) on two sides of the
valve seat are printed before the printer prints the membrane layer. When the membrane layer
is being printed, the build plate goes down into the vat and leaves a 25-um gap between the
build plate and the bottom of the vat (which is the desired thickness of the membrane).
However, if the flow channel is very shallow, the resin will fill up the whole flow channel and
be trapped due to the surface tension of the resin after these previous printed flow channel
layers (which are the walls and the channel) submerge into the vat. Because of the surface
tension, there will be excessive amount of uncured resin staying in the flow channel. Since the
UV light can travel through the trapped resin in the flow channel, excessive resin trapped
between walls can be cured, causing the membrane to be thicker than 25 pm. To see the real
printed membrane thickness, we designed a roof structure that has two big walls on two sides
with different numbers of roof layers on top to simulate the thickness of the membrane (Fig.

29). We tested the roof heights from 25 um to 175 pm with a 25-um interval. With the original
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concentration of Irgacure 819 and ITX (0.2 % w/w) and the default setting of LED intensity
(1.00), the real thickness of the membrane is 164 um, which has a huge difference from the set
thickness- 25 um. According to the Beer-Lambert Law above, it suggests that we should
increase the concentration of the analytes, which are Irgacure 819 and ITX, in the resin. As a
result, we decided to increase the concentration of Irgacure and ITX until the real thickness
gets close to 25 um. At the same time, we decreased the LED intensity to let the resin absorb
less energy. Finally, we stopped at 0.6% of ITX and 0.6 % of Irgacure 819, which allows us to
get a membrane as thin as 40 pm (Fig. 30) with the minimum LED intensity (0.12). We did not
continue to increase the concentration of Irgacure 819 and ITX due to the color of the device.

The device becomes more yellow as we add more Irgacure 819 and ITX into our resin.*’

s First printed layer
| (Burn-in layer)

+ Last printed layer

Resin (vat) position

Figure 28: Schematic of the 3D printing process. A build plate is on top with a device

sticking to the surface of it. The resin (vat) sits below the build plate.

Figure 29: The printed roof structures showing different roof thicknesses. (a) 25 pm (b)
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Figure 30: The real height of roofs versus the set heights. Different colors represent
different concentrations of Irgacure and ITX in PEG-DA resins with different LED

intensity.

4.5. Deflection test and simulation

Estimation of the membrane deflection is also one of the important tasks of building the valve.
Besides assuring that the printer can print a thin and soft membrane with 0.6 % of Irgacure 8§19
and 0.6 % of ITX at the lowest LED intensity, we need to know the membrane deflection to
decide the distance between the membrane and the valve seat. It is known that cured PEG-DA
has similar mechanical properties as plastics and it does not deflect as much as PDMS. Thus,
we need to bring up the valve seat closer to the membrane in order to make the membrane seal
the valve seat successfully with low applied pressure. According to eq. 4, the distance that the
membrane can extend is estimated with different membrane sizes, thicknesses, and Young’s
moduli. The simulation of the membrane deflection can help us determine the depth of the
valve seat under the membrane so that we can design the initial 3D-printed Quake- style valve
design with reasonable dimensions. The plots of the membrane deflection versus different
variables were drawn with MATLAB by applying different parameters to eq.4. Here we
designed the membrane as a disk (the reason is provided in section 5.1 and 5.2) and assumed

that air pressure is applied evenly onto the membrane.

Fig. 31 shows the relationship between the deflection of the membrane and the membrane
thicknesses with different valve sizes (different radius of the membrane). With the fixed
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applied pressure at 15 psi, Poisson’s ratio 0.3, and Young’s Modulus at 2000 MPa, the
deflection is larger when the radius of the membrane is bigger. Although with the radius at 2.0
mm we can have a deflection of ~200 um when the membrane thickness is 25 pm, we decided
to make the valve/membrane size smaller to save more space on the chip. Our first target was
to print the membrane with ~1 mm in diameter, therefore, the deflection will be around 50 to
100 um with the conditions set above. This simulation gives us the information that the

distance between the valve seat and the membrane should be set lower than 100 pm.
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Figure 31: Membrane deflections versus thicknesses of the membrane with different

cross-section areas (different membrane sizes)

In figure 32, we can see the relationship between the deflection and different membrane
thicknesses with different applied pressures. The radius of the membrane is set to 2.0 mm,
Young’s modulus is 2000 MPa and the Poisson’s ratio is 0.3. Since the maximum pressure we
can get in our lab is ~15 psi, the maximum pressure in the plot is only set to 16 psi. We can
observe from the plot that the membrane thickness is more dominant than applied pressure if
we want to increase the deflection. For example, if we increase the pressure by 2 times (from
2 to 4 psi), the deflection will increase ~10 pm when the membrane thickness is 50 pum.

However, if we decrease the membrane thickness by 2 times (from 50 to 25 um), the deflection
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will increase ~50 pm with the same applied pressure (2 psi). As a result, reducing the thickness

of the membrane is much more important than increasing the pressure in the process of the

valve performance optimization.
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Figure 32: Membrane deflections versus thicknesses of the membrane with different

pressures

The Young’s modulus of the material also affects the degree of deflection. Owing to change of

the concentration of ITX and Irgacure 819 in our PEG-DA resin, we would like to see how

much the material’s flexibility might influence the deflection. In figure 33, Young’s moduli

vary from 400 to 2200 MPa. The applied pressure is 15 psi, the radius of the membrane is 2.0

mm and the Poison’s ratio is 0.3. It is important to decrease Young’s modulus of the material

to get more deflection. Nonetheless, the membrane thickness is still more dominant in this case.

If the membrane thickness is decreased from 50 to 25 um, the deflection will increase ~ 60 pm

when Young’s modulus is set to 2000 MPa. The deflection only increases ~50 um, which is 10

um less than decreasing the membrane thickness by two times, if Young’s modulus is

decreased by two times (from 2000 to 1000 MPa). Therefore, the simulation demonstrates the

importance of the membrane thickness again, which can be controlled by changing the

thickness in the design easily.
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5. 3D printed Quake style microvalves and micropumps

The content of this section has been published in the following paper:

Lee, Y.S., Bhattacharjee, N. and Folch, A., 2018. 3D-printed Quake-style microvalves and
micropumps. Lab on a Chip, 18(8), pp.1207-1214.- Reproduced by permission of The Royal
Society of Chemistry. (Available online at
http://pubs.rsc.org/en/content/articlehtml/2018/1c/c81c00001h)

5.1. Introduction

Microvalves and micropumps are fundamental components of many microfluidic
systems.>?%*146 Using microvalves, temporal sequences of fluids can be programmed to
produce combinatorial mixtures and gradients,*’>! droplet combinations,14 nucleic acid

52-54

manipulations, and cell culture conditions.’>-® Additionally, microvalves allow for tuning

57 and microchannel topography®® (among other operations) at a

of flow resistance
spatiotemporal scale that is inaccessible to manual manipulation. Microfluidic automation
spares the costs of human labor and enables faster processing through miniaturization and

parallelization, %360

The Quake group first introduced normally-open valves with a very simple three-layer
architecture made in poly(dimethylsiloxane) (PDMS): a microchannel lying orthogonally on
top of another microchannel with a thin elastomeric membrane in between (Fig. 34a). One of
the microchannels acts as a “control channel” that, when pressurized, causes deflection of the
membrane to interrupt the flow in the orthogonal “flow channel”. Quake valves have found
many applications because their design and working principle are extremely simple. Most
research groups that produce Quake valves make them in PDMS from photolithographically-
fabricated molds. However, the commercial ordering of photomasks, followed by
photolithography and PDMS molding, is a process that typically consumes several days. Even
if the photomask step is expedited by an internal service, photolithography and PDMS molding
are processes that take several hours each. Moreover, stacking multiple PDMS layers to create
3D microchannels requires tedious manual labor and delicate, operator-dependent

craftsmanship for aligning and bonding (i.e. Quake valves have to be made by skilled
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personnel); importantly, these manual processes can have an impact on manufacturing yield

and device quality.

Original Quake 3D-printed Quake-
valve style valve

b -~~~
’
/

Isometric

Cross-
section

Figure 34: Isometric and cross-section views of the (a) original Quake valve design, with
a semi-cylindrical seat, and (b) our 3D-printed Quake-style valve design, with a
hemispherical cap seat. The cross-section views are captured from the red-dashed

rectangles shown in the isometric views.

3D-printing offers an alternative to manual processing. 3D-printed micro-components such as

3161-64 microvalves, and micropumps®!*>® have become important and are

microchannels,
widely used in the field of microfluidics owing to their compact size, easy and rapid
manufacturing, and high integration ability.>*” One of the first 3D-printed valves was SL-
printed using the commercial resin Watershed and enabled the possibility of building

31 Due to resolution limitations,

microfluidic perfusion systems compatible with cells.
Watershed microvalves and micropumps are much larger than PDMS ones, which leads to
large dead volumes and makes the integration with other microfluidic components more
difficult. Recently, Nordin et al.®® have demonstrated 3D-printed microvalves ~1 mm in
diameter which can be fabricated in a resin made of poly-ethylene glycol diacrylate (MW ~258)
(PEG-DA-258) and an orange UV-absorber (Sudan I), demonstrating the suitability of this

photopolymerizable resin as a 3D-printable micromechanical material (adding to its
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biocompatibility demonstrated for 3D-printed microfluidics®”). However, both our Watershed
and Nordin's valve designs have a complex 3D architecture, which presents a few challenges:
1) microscopic observation of the valve operation is difficult due to the valve's 3D architecture;
2) integration of valve arrays requires 3D-piping, and 3) draining of the PEG-DA-258

precursor after printing becomes problematic as the complexity of the valve array grows.

Here we present a modified version of the Quake valve that can be 3D-printed using transparent
PEG-DA-258. This modified design, which we term as a “Quake-style” valve, features a bowl-
shaped valve seat (i.e. the seat is shaped as a hemispherical cap) for improved printability and
operation, and offers notable design advantages in terms of microscopy and piping simplicity

for future large-scale arrays.

5.2. Design and working principle of the 3D-printed Quake-style microvalve

Unlike photolithography, 3D CAD design allows for optimizing the overall symmetry of the
valve seat and, consequently, the sealing ability of the valve. We first printed the original
Quake-style valve (Fig. 34a & Fig. 36), consisting of a rectangular control channel placed on
top of a semicircular-cross-section flow channel. However, our resin is composed of PEG-DA-
258 (Young's modulus E ~ 130 MPa),”® which is about 130 times less flexible than PDMS (E
< 1 MPa).”! As a result, the deflected PEG-DA-258 membrane (dimensions: 1000 um x 1000
um, membrane thickness: 25 um) cannot seal against the bottom of the flow channel even after
applying pressures greater than 10 psi. Although in principle the deflection of the membrane
(for any given pressure) could have been increased by expanding its size, we decided to exploit
the degree of freedom offered by 3D-printing that photolithographic fabrication does not have.
Specifically, using photolithography-based processes, Quake valve channels must have
constant cross-sections along the channel axis, while 3D-printing is able to generate channels
with variable cross-sections. We designed the seat of the 3D-printed Quake-style valve with a
bowl-shaped structure that was elevated with respect to the bottom of the flow channel so that
the membrane (diam.: 1200 pum, thickness: 25 pm) could easily reach the valve seat and seal
the valve upon deflection at lower control pressures (<10 psi) compared to the original Quake
valve design. The curvature of the bowl shape helps create a smooth seal between the
membrane and the seat. Furthermore, the flow channel partially overlaps with the valve seat in
order to avoid overexposure of uncured resin. Note that this overlapping design (a necessary

compromise feature) prevents the bowl from being perfectly circular. Last but not the least, the
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two edges of the valve seat, which correspond to the thinnest parts of the flow channel, were
~40 um below the membrane (Fig. 34b). The flow channel got clogged during fabrication of
the control channel if the gap was smaller than 40 um (parameter d in Table. 4). This design
constraint guaranteed that the flow-channel void on top of the valve seat received the least
possible dose of additional UV exposure when the additional Z-layers of the control channel

walls were printed. The STL files of both two valve designs are available in ESL.§

The architecture and functioning principle of the valve are shown in Fig. 35. The Quake-style
microvalve was printed with an Asiga Pico2-HD SL 3D-printer which has a projected XY
pixel resolution of 27 um. We used PEG-DA-258 resin containing 0.6% (w/w) Irgacure-819
as a photoinitiator and 0.6% (w/w) 2-isopropyl thioxanthone (ITX) as a UV photosensitizer.
This mixture has been carefully optimized for resolution and biocompatibility.>” As shown in
Fig. 35a & b, the size of the 3D-printed Quake-style valve is around one order of magnitude
smaller in diameter than the one that Au et al. made in Watershed.24 The valve devices were
printed with 25 pm Z-layer thickness. Other than the bowl-shaped valve seat, our 3D-printed
Quake-style valve basically follows the design of the original Quake valve, with a control
channel on top of a flow channel (Fig. 35¢ & d). The membrane layer is printed as a single 25
um-thick Z layer between the flow channel and the control channel along the Z-axis. The
equation describing the relationship between applied pressure P and membrane deflection y at
the center of a thin circular membrane of thickness t made of a material of Young's modulus E

and Poisson's ratio v is:

pr* 533 2.6 3
n sy, ne () (et

Et* 1-v2 1-v2 \t

According to eqn (1), a membrane of r = 0.6 mm (diam. = 1200 pm) and E = 130 MPa deflects
by y=101.7 um at P = 6 psi. Considering the Z-layer resolution of the printer (the printer can
print in Z increments of 25 pm), we decided to design a bowl with a depth of 100 um to ensure
that the valve could be closed at 6 psi. We note that the depth of the bowl also determines the
vertical gap from the edge of the bowl to the bottom of the membrane (d = 40 pm in Table. 4),
which is a critical parameter because gaps lower than 40 pm result in channel clogging when
the Z-layer thickness is 25 um. Hence, although it is possible to print a valve with a bowl depth
of 75 pm (which would in principle be preferable because it is predicted to close at 3.92 psi),

it does not print well with the present absorptivity of our resin.

The functioning principle of the valve is shown in Fig. 35¢ and f. For the operation of the valve,
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the control channel was pressurized with air and the flow channel was filled with blue dye
(FD&C blue #1, Spectrum, New Brunswick). When zero pressure is applied to the control
channel, the membrane does not deflect and the flow channel remains open; when pressure is
applied, the membrane deflects. At 6 psi, the membrane contacts the bottom of the bowl-shaped
structure and seals the flow channel. With 6 psi, all valves tested were completely closed
without damaging or rupturing the valves. There is only a 1.7% difference of deflection
distance (y) between the real membrane deflection and the predicted deflection calculated from
eqn (1), showing the printer's reliability. To test the valve's durability, the valve was operated
under 6 psi at a frequency of 10 Hz for over 16 hours; within that period, the valve was actuated

over 500 000 times. After the 16 hour-long test, the valve could still be closed at 6 psi.
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Figure 35: CAD design and the working principle of the 3D-printed “Quake-Style” valve,
featuring a 1200 pm-diam. membrane. (a) Isometric diagram, showing the 3D structure

of the device. (b) Photographs of a 3D-printed Quake-style valve device with no external
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connections. For visualization purposes, the flow channel is filled with blue dye while the
control channel, filled with air, appears transparent. (c—f) 2D schematics showing the
operation of the valve, with blue and yellow identifying the flow channel and the control
channel, respectively. (¢) Top-view schematic of the valve. (d—f) Side-view schematics
showing (d) dimensions of the valve, (e) the valve in its open state, and (f) the valve in its
closed state. (g) Micrograph of the valve in its open state (0 psi) applied to the control
channel. (h) Micrograph of the valve in its closed state (5 psi).

¥

i

“{uh.w il

:

Figure 36: A valve printed with the same design as the original Quake-style valve (see Fig.
35a). (a) The pressure applied to the control channel is 11 psi, and the deflection of the
membrane is barely noticeable. With this design, we were not able to close the valve upon
application of air pressure in the control channel. Note that the curvature, which is the
rounded bottom of the flow channel, is facing up in this device. (b) The isometric view of

the 3D-printed original Quake-style.

5.3. Design steps of 3D-printed Quake style valves using Computer Aided
Design (CAD)- Inventor

3D-printed design files are imported from the CAD design program (e.g. Inventor) and read
by Composer, which is the accompanying 3D-printing program in the Asiga printer. Some
settings such as layer thickness, exposure time for each layer, burn-in layer exposure time,
build plate moving speed and waiting time after exposure can be adjusted in the program. In
the process of checking files in Composer, we find out that it is important to scrutinize the

shape of each layer, in this case, the most important layers would be the corresponding to the
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valve seat. There are two reasons for checking the geometry of each layer. Firstly, all structures
should be placed in the zero position, i.e. the bottom layer needs to show up on the first slice.
Secondly, design files are required to be converted to a different file type (.stl file) for the
printer to read and print. When the Inventor design file is imported into Composer, the design
is sliced (rather than appearing as a continuous structure as in Inventor); these slices are used
to fabricate the prints layer-by-layer by the Asiga printer. Sometimes the 3D structure of the
design may not be faithfully replicated in the print, as the layer-by-layer process can miss fine
structures. Thus, checking the layers that are generated by Composer can help verify the final

printed structure of 3D prints prior to printing.

The 3D printed Quake style valve design can be made and visualize in a 3D design software
easily. The 3D structure can be viewed from every angle and direction directly by rotating the
view cube on the right upper corner. Compared to PDMS device designs that are made using
photolithography, 3D printed devices designs can be visualized more intuitively without
combining all the 2D layers together in a second source (which might be a piece of paper or in
our mind). All the design steps are saved and can be kept track in the software. The design is
able to be modified by clicking on each specific 2D sketches or changing the commands or

dimensions on each 3D feature. The user interface is shown in Fig. 37.
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Figure 37: The user interface of Inventor in the 3D design mode. The ribbon, tabs, and
panels are boxed by the green outline. The commands and icons in the red box show the

design steps of the 3D model. The yellow box renders the 3D model of the design.

All 3D structures are built based on 2D sketches. In other words, we need to draw a 2D sketch
before constructing 3D structures. Any kind of geometry can be made in 2D sketches including
lines, circles, and polygons. After finishing the 2D sketches, we can apply different 3D
commands on 2D shapes like “extrude”, “revolve” and so on to complete the 3D design process.
The other feature such as constraints, 2D/3D patterns, move, copy, etc. can be used to assure
the relationships between each geometry or ease and expedite the repeated design process. The

simplified design process of the 3D printed Quake style valve is shown in Fig. 38.
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Figure 38: (a) The commands and tabs in the 2D design mode. (b) The 2D draft of the
flow channel in the Quake-style valve design. (¢) The 2D draft of the control channel in
the Quake-style valve design. (d) The bowl shape structure of the valve seat in the Quake-
style valve design. (e) The design of the connectors that connect to the flow and control

channel.
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6. Characterization of 3D printed microvalves and micropumps

and its application

The content of this section has been published in the following paper:

Lee, Y.S., Bhattacharjee, N. and Folch, A., 2018. 3D-printed Quake-style microvalves and
micropumps. Lab on a Chip, 18(8), pp.1207-1214.- Reproduced by permission of The Royal
Society of Chemistry. (Available online at
http://pubs.rsc.org/en/content/articlehtml/2018/1c/c81c00001h)

6.1. Introduction

In this chapter, the functionality and performance of 3D printed Quake style microvalves and
micropumps are covered. After finishing the design and prints of the valve, I did the flow rate
measurement to test whether the valves can be closed when a continuous flow is applied into
the flow channel. The purpose of this testing is too see if the membrane can deflect and seal
against the valve seat well as air pressure is applied to the control channel. Also, the minimum
applied control pressure was measured when the flow rate at the outlet of the flow channel is
zero. A more accurate current measurement was done by testing the current value while letting
the saline solution flow in the flow channel. A wire was connected to the inlet and outlet of the
flow channel to detect the current change to see whether the flow is blocked by the valve or
not. [ also tested the dynamic behavior of the valve to observe if the membrane could catch up
with the air pressure changes at different frequencies. With the dynamic behavior data, we
knew that the membrane is still capable of being actuated even it does not fully close when
higher air pressure switching frequencies are applied. Therefore, based on this property of the
membrane, [ combined three valves in a series to make a pump and actuate these three valves
at different timing to make the fluid move peristaltically in the flow channel. With this pump
performance test, I was able to get the highest pumping flow rate with a certain air pressure
switching frequency on these three valves when the control air pressure is fixed. I also
measured the highest pressure that the pump can drive against by applying air pressure to the
outlet of the flow channel. Finally, the scalabilities of the valve, including the size and number,
are demonstrated in the last part of this chapter. I was able to shrink down the valve size twice

with the same valve design. The ability of making large array of the smaller version valves
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(500 pm-diam.) were shown in the end of this chapter as well.

6.2. Valve performance testing- valve closing test

We characterized the fluidic resistance of the valve by measuring the flow rate and electrical
current through the valve for a given head pressure (see setup schematic in Fig. 39a). We found
that by applying 4 psi to the control channel, the flow rate decreased 10 times (~12 pL min—1)
compared to the flow rate when no pressure is applied (~120 uL min—1). However, the flow
was not fully stopped until air pressure greater than 5 psi was applied to the control channel
(Fig. 39b). Parameters such as machine resolution, vat condition, and resin chemistry could
influence the variability in flow rates observed between prints. The more accurate current
measurements in Fig. 39¢ show that the valve does not fully close until the control pressure
reaches 6 psi. The detected current value was ~700 mA when there was no control pressure
applied to the valve and it went down to a negligible ~4 mA (0.5% of 700 mA) as the control
pressure was greater than 6 psi. Idealizing the valve as a circular pipe of diameter D, the current
is roughly proportional to D2, and the fluidic resistance of the pipe is proportional to 1/D2, so
a closed-valve current value of 0.5% = 1/200 of the open-valve current value implies a closed-
state fluidic resistance that is ~200 times higher than the open-state fluidic resistance. It is
important to keep in mind that the membrane deflection is determined by the pressure
difference between the control channel and the flow channel. Thus, applying high driving
pressure in the flow channel can prevent the valve from closing and even damage the

membrane.
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Figure 39: Flow rate measurements with 1200 pm-diam. valves. (a) Device setup for
flow rate experiments. We used a digital pressure source (Elveflow OB1 MK3 system)
to control the pressure applied to the control channel. One of the digital pressure
outputs is connected to a liquid bottle in order to siphon the fluid out of the bottle and
into the flow channel (shown as blue in the valve's schematic diagram). The end of the
control channel that is not connected to the bottle is kept blocked. Flow rates vary
when different pressures are applied to the control channel. (b) Graph of the flow rate
as a function of pressure applied to the Quake-style valve through the control channel.
The pressure driving the flow is 0.2 psi for all data points (n = 3). Note that the fluid in
the flow channel can be fully stopped when the applied pressure is above 5 psi. The
error bars represent standard error of the mean. (c) Graph of the current through the
flow channel as a function of the control pressures applied to the valve. A voltage of 5V
is applied to the flow channel filled with a saline solution (0.1 M KCl). The current
detection setup is shown in Fig. 40a. As the control pressure increases, the current
detected by the oscilloscope decreases. The current is ~4 mA when the applied
pressure in the control channel is 6 psi. The pressure driving the flow is 0.2 psi for all

data points (n = 3). The error bars represent standard error of the mean.

6.3. Valve performance testing- dynamic behaviors of valve

Next, we characterized the dynamic behavior of the valve by measuring the current that passes
through a saline-filled flow channel while the valve is being actuated at different frequencies.
The device setup is shown in Fig. 40a. A high current amplitude represents the valve open state
and a low current amplitude represents the valve closed state. At 5 Hz, the valve was able to
open and close as described by the high peak-to-peak current amplitude compared to higher
frequencies of 20 and 30 Hz. At these high frequencies, the peak-to-peak current amplitude
decreased, signifying that the valve was no longer able to fully open or fully close. At 5 Hz,
the valve remained open for ~100 ms during a full cycle of opening and closing, shown by a
plateau after the rising phase of the electrical current curve (Fig. 40b, black arrow). The valve
took approximately 100 ms to close, of which it spent ~20 ms fully closed (Fig. 40b, white
arrow). As the frequency was increased, the time period of the plateaus became shorter,
meaning the valve's reaction time was not fast enough to react to the even faster changes in air

pressure signal in the control channel (Fig. 40b, dashed black line). A movie of the valve
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actuation at different frequencies is shown in ESI{ (Movie S1).
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Figure 40: Measurement of valve dynamics with a 1200 pm-diam. valve. (a) The flow
channel is filled with 0.1 M KCI solution. The inlet and outlet of the flow channel
(colored with blue) are connected to an electric circuit, one end of the flow channel is
connected to the power supply and the other end is connected to an oscilloscope. The

voltage of the power supply is set to 5 V. A pressure of 5 psi is applied to the control
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channel (colored with yellow). (b) Voltage changes during the valve opening and
closing states at three valve actuation frequencies (5, 20 and 30 Hz). The black and
white arrows show the fully open and fully closed states, respectively. The dashed line
shows the ideal current change at 5 Hz assuming the valve responds infinitely fast to

the pressure changes.

6.4. 3D-printed Quake-style pump design

Integrated micropumps add portability and reduce the number of external accessories in
microfluidic chips.”>’* Our 3D-printed Quake-style pumps were made by combining three
valves in series (Fig. 41). A smaller valve leads to a membrane with a faster reaction time and
higher resonance frequency, thereby propelling fluid more efficiently. While the higher
stiffness of PEG-DA-258 compared to PDMS is a disadvantage during the deflection phase, it
provides a high restoring force for the membrane to quickly return to its resting position
without the application of negative pressure. The STL file of the micropump design is available

in ESL ¥

Figure 41: 3D-printed Quake-style pump featuring 1200 pm-diam. valves. (a) Isometric
view of the CAD design of the Quake-style pump. (b) Isometric view of the 3D-printed
Quake-style pump. The flow channel and control channels are shown in blue and

yellow, respectively. The STL file of the micropump design is available in ESI.}

6.5. 3D-printed Quake-style pump performance

The pump was operated by following a standard peristaltic sequence (shown in Fig. 42a). In

this sequence, there are 5 states and the switching period (T) between each state ranges from
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10 ms to 500 ms. Here, pump actuation frequency (f) is defined as 1/T. Even though the valves
were opened and closed almost completely with low pump actuation frequencies, the fluid
movement was too slow to be observed at 5 Hz (Movie S2, ESI{). With a fixed control pressure
of 7 psi, the flow rate reached a maximum of ~6.5 pL min—1 at a pump actuation frequency
of 20 Hz (Fig. 42b). Although the valves did not fully close and open at a pump actuation
frequency of 20 Hz, which is the same frequency at which each valve is actuated, the rapid
opening and closing of the valves still displaced liquid and compensated for the lower pumping
efficiency. We calculated that the amount of fluid pumped by each valve in 1 min is 32 nL at 5
Hz and 18 nL at 20 Hz. Despite the fact that the valves pumped around half the volume at 20
Hz compared to 5 Hz, in the same amount of time they opened and closed four times more
often at 20 Hz compared to 5 Hz, so in total the pumping rate at 20 Hz (21.6 pL min—1) was
about twice the pumping rate at 5 Hz (9.6 pL min—1). We also determined the maximum head
pressure that the 3D-printed pump can overcome (maximum pump back pressure). For these
experiments, we used a control pressure of 14 psi to actuate the pump and the pump actuation
frequency was 20 Hz. Under these conditions, the pump was able to overcome at most a head
pressure of 0.2 psi, which is equal to the pressure exerted by a 140 mm column of water (Fig.
42c); as the pressure that was applied at the outlet of the flow channel increased above 0.2 psi,

the flow started to move backward (represented as negative flow values in Fig. 42¢).
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Figure 42: (a) The valve actuation sequence used to control a Quake-style pump with
1200 um-diam. valves. In the first state (TO0), all valves are open. The states denoted
from TO to T4 show each state of the 5-phase actuation. Each valve n (V.) is closed in
the T, state and in the T..: state. After finishing the first round, from TO to T4 states, the
valve closing cycle repeats between the T2 state and T4 state; the red color represents
the state of valve closed state and the green represents the valve open state. (b) Graph
of the relationship between pump rates and pump actuation frequencies. The valve
closing pressure is fixed at 7 psi. The pump has the highest flow rate when the pump
actuation frequency is 20 Hz. Experiments were conducted in triplicate. (c) Graph of
pumping flow rates versus the head pressure that the 3D-printed Quake-style pump
can work against when the control pressure is 14 psi with 20 Hz pump actuation

frequency. When a pressure of 0.2 psi is applied at the outlet of the flow channel, the
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fluid stalls. The fluid moves forward (positive flow rates) when the head pressure is
less than 0.2 psi and backward (negative flow rates) when the head pressure is greater

than 0.2 psi.

6.6. Scalability of valve- 500 pm-diam. valve array

One of the powerful features of the Quake design is its scalability. We decided to test the
scalability of the Quake-style design by reducing its size to a diameter of 500 pm (membrane
thickness 10 um and bowl depth 75 pm; see Table. 4) and by producing three identical arrays
of 8 x 8 = 64 valves each. One of the arrays is shown in Fig. 43. Here the control channels
have also been reduced to 300 um width. We were able to print, rinse, and operate all 64 valves
in all three arrays. Only 3 psi was needed to close these smaller valves. We also tested the
durability of the valve array, which could be actuated at 10 Hz (3 psi of closing pressure) over
500[thin space (1/6-em)]000 times. This compact valve array not only demonstrates the
scalability of the Quake-style design but also shows the high yield and reliability of the 3D-

printing process.
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Figure 43: The 3D-printed Quake-style microvalve array of 64 valves (500 um-diam.
valves). All the flow channels share one common inlet and outlet and all the control
channels also share one common inlet and outlet. (a) All valves are open without
applying any pressure to the control channels. (b) All the valves are closed by applying

3 psi to the control channels.

¢ d
' e
D S
g
Z-layer Membrane | Valve seat
thickness a b ¢ d e f g shape shape
Valves with i p—
1.2 mm 25 um 1.2 mm 25 um 100 pm 40 pm 700 pm | 300 um 1 mm I i ] ,r
size "
Valves with g N S
0.5 mm 10 pm 0.5 mm 10 pm 75 um 40 pm 700 pm | 200 um | 500 pm l ,5 l | ]
size e

Table 4: Critical dimensions in the 3D-printable Quake valve design (not to scale, see Fig.
34b for the isometric view), shown in the cross-section of the valve seat. The table shows
the dimensions of two different sizes of valves. The 1.2 mm-diam. valves are shown in Fig.
35b & Fig. 41b and the 0.5 mm-diam. valves are shown in Fig. 43. The width of the control
channel is = 1.2 mm (larger valves) and 0.5 mm (smaller valves). The thickness of the
membrane is b =25 pm larger valves) and 10 pm (smaller valves). The distance between
the membrane and the lowest bottom of the valve seat is ¢ = 100 pm (larger valves) and
75 pm (smaller valves), which means the membrane’s maximum deflection is ~100 pm
and ~75 pm for the larger valves and the smaller valves, respectively. The shortest gap
between the membrane and the highest edges of the valve seat is 40 pm for both two sizes
of valves; this distance determines if the flow channel will get clogged after being printed:
In the case of printing larger valves, if the gap is less than 40 pm, the residual PEG-DA-
258 resin in the flow channel becomes heavily photopolymerized and is hard to remove.
As for smaller valves, we decided to keep the gap same distance (40 pm) to ensure that
the valve seat never gets clogged. The height of the flow channel (excluding the valve seat)
for both sizes of valves is e = 700 pm. The length between the two top edges of the valve
seat is f = 300 um (larger valves) and 200 pm (smaller valves). The length between the
bottom edges of the valve seat is g = 1 mm (larger valves) and 500 pm (smaller valves).

Both f and g should not be greater than the width of the control channel, which is a;
7



otherwise, the valve seat part will be exposed to too much UV light when the control
channels walls are being built causing the valve seat to get clogged. In the membrane
shape column, the red dashed contours indicate the membrane shape of larger valves
(1200 pm-diam.) and smaller valves (500 pm-diam.). In the valve seat shape column, the
red dashed contours indicate the valve seat shape of larger valves (1200 pm-diam.) and

smaller valves (500 pm-diam.).
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7. 3D printer and device testing setups

The content of this section has been published in the following paper:

Lee, Y.S., Bhattacharjee, N. and Folch, A., 2018. 3D-printed Quake-style microvalves and
micropumps. Lab on a Chip, 18(8), pp.1207-1214.- Reproduced by permission of The Royal
Society of Chemistry. (Available online at
http://pubs.rsc.org/en/content/articlehtml/2018/1c/c81c00001h)

7.1. Introduction

By means of using 3D printers, 3D printed microfluidic devices are no longer made in a clean
room. The merits of 3D printing such as cleanroom free fabrication processes (only a desk is
needed instead of having a room) and high manufacturability provide a great chance for more
researchers and engineers to develop more different types of microfluidic devices. The
development of 3D printing of this project is elaborated, for instance, the printing material we
use for the 3D printed microfluidic devices, two DLP-SLA 3D printers, the setup and the
connection between 3D printers and a computer, and the printer’s settings. In addition, the
device testing methods are also presented in this section. There are several device
characterization methods covered including the flow rate measurement when the valve is
closed, the dynamic behavior observation of the valve with current measurement, and the
pumping rate test. All the basic device characterization methods are provided here in case a
new version of the valve type is developed and needs to be tested in the future. The connection
among the computer, air pressure hardware and observation platform and the configuration of

the device testing setup are provided here as well.
7.2. Materials for 3D printing

We use poly(ethylene glycol) diacrylate (MW = 258) (PEG-DA-258, Sigma-Aldrich, MO),
mixed with 0.6% (w/w) Irgacure-819 (photoinitiator) (BASF, IL) and 0.6% (w/w) 2-isopropyl
thioxanthone (ITX, photo-sensitizer, PL Industries, PA) as the resin for making 3D printed
Quake-style valves and pumps. ITX increases the absorption of the resin at the wavelengths
where the spectra of ITX and Irgacure-819 overlap (~385 nm).37 According to the Beer-
Lambert law, an increase in resin absorption leads to a decrease in the characteristic penetration

depth at the exposure wavelength (385 nm).37 Thus, adding ITX to the resin allows us to

79


http://pubs.rsc.org/en/content/articlehtml/2018/lc/c8lc00001h

fabricate the 25 pm-thick membranes and the 100 um-deep flow-channels required for the
Quake-style valve design. The resin is prepared by mixing Irgacure-819 and ITX with PEG-
DA-258 with a mini vortexer and put in an oven at 70 °C for 30 min to complete the dissolution
of ITX, which does not dissolve readily at room temperature. After the preparation process,
the resin is stored at room temperature and kept in a polypropylene container wrapped in
aluminum foil to prevent exposure to ambient light. HEALTH WARNING: PEG-DA-258 resin
(mixed with photoinitiator) is highly irritant and can cause severe burns and irritations. It
should only be handled with gloves (double gloves for optimal protection) and in a very

ventilated space (where no accumulations can occur) or inside a fume hood.
7.3. 3D-printer

We use the DLP-SL (digital light processing — stereolithography) printer Asiga Pico2-HD
(Sydney, Australia) (Fig. 44 & 45) to print our microfluidic devices. This 3D-printer has an
LED light source with UV wavelength 385 nm and LED power of 32.21 mW cm—2. We chose
Irgacure-819 as the photoinitiator because it has an absorbance peak close to 385 nm. The XY
pixel resolution of the 3D printer's projector is 27 um, and its minimum Z plane resolution is
10 pm. The maximum build size (printable area) of the print is 51.8 mm (X) x 29 mm (Y) x
75 mm (Z). 3D-printed devices can be printed successfully by setting an appropriate exposure
time and calibrating the zero position of the build plate before starting the print. To assure all
printed layers are fully reacted, the build plate should not lift too fast (<0.2 mm s—1) after each

layer is exposed.

The devices are printed on the silanized glass slide instead of being printed directly on the
build plate to increase device transparency. Each glass slide is silanized with 3-
(trimethoxysilyl)propyl methacrylate (TMSPMA, Sigma-Aldrich, MO). PEG-DA-258 is
applied on the glass slide which is then placed on the build plate of the printer and exposed to
UV light for ~3 s to secure it on the build plate.34 After each print is completed, a small razor
blade is used to remove the glass slide from the build plate and shave off any residue of cured
PEG-DA-258 on the back side of the glass to provide a sharp and clean view of channels and
valves under the microscope without any scratches imprinted on the device. The glass substrate
also allows for easier removal of the print from the build plate since, in our case, the glass slide
is slightly larger than the build plate. Removing the glass slide from the build plate minimizes
the risk of damaging the printed device itself, and the flatness of glass slides helps the whole

device sit on the microscope stage firmly and horizontally.
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Figure 44: The Asiga’s 3D printer setup. The settings of the Asiga’s 3D printer are

controlled by the 3D printer’s software- Composer.
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Figure 45: The Asiga’s 3D printer. The screen on the printer shows the geometry of the
current printed layer. Some printer settings such as Zero position, film thickness of the

vat can also be changed through the touchscreen.

Some important parameters are needed to be checked before starting the print because they

will affect the quality and outcome of the print and the performance of the device.

The values of each parameter can be tuned in the software of the Asiga’s printer- Composer.
The printing range can be changed if we want to print specific layers with different parameters.
For example, we can print the membrane layer with 10 pm layer thickness and shorter exposure
time and the other layers with 50 um layer thickness and longer exposure time and when we
are printing the Quake-style valve design. Also, we realized that the slider under the vat is an
important feature in this printer. We need to turn on the slider and make it move slowly (~2
mm/s) during the print; otherwise, there will be a severe sticking problem which might damage
the print. To prevent the sticking problem of the vat, the waiting time after exposure and
separation velocity are crucial as well. The waiting time after exposure needs to be long and is
8 seconds in this case and the separation velocity of the build plate after UV exposure is set to
0.16 (which needs to be as slow as possible for delicate devices). The interface of the settings

is shown in Fig. 46 & 47.
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Figure 46: Build parameters for printing. The device can be separated into several prints
by changing the print range. For example, the device can be printed with 25-um layer
thickness from height 0 to 0.5 mm, 10- pm layer thickness from height 0.5 to 1 mm and
50- pm layer thickness from 1 to 3.6 mm (the total height of the device is 3.6 mm, in this
case). There are also some settings that can be changed like light intensity, exposure time,

slide velocity, wait time after exposure and separation.
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Figure 47: The slice thickness can be tuned. The thinnest layer that the Asiga’s 3D printer
can print is 10 pm. For our microfluidic devices, the most common thicknesses are 10, 25

and 50 pm.

The slice of each layer can be checked before starting the print. For instance, the bowl shape
of the valve design is shown in the upper two photos in Fig. 48. The circle structure is smaller
when the printer prints the bottom parts of the bowl shape and it becomes bigger when it prints
the upper parts of the bowl shape. The membrane layer is printed in layer 81 and there is only
one white layer (which means a 10- um intact layer) printed between the last layer of the flow
channel and the first layer of the control channel. The photo on the right bottom corner shows

the structure of one of the control channel layers.
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Figure 48: The slice preview of different layers.

7.4. Valve/pump device fabrication

All devices are designed using the computer-aided design (CAD) program Autodesk Inventor.
The connectors, which connect tubes and channels, can be either designed together with the
valve in the same 3D CAD file or created separately and assembled with the valve design into
a single 3D CAD file. The finished 3D CAD files are then converted to STL (stereolithography
or standard triangle language) files for the 3D print software. The STL files are provided as
ESLT

The layer thickness of each layer is 25 um and the exposure time of each layer was set to 160
ms. We chose 25 um as the layer thickness because it is not too thick for the membrane to seal
the valve seat with high pressure. Although the Z-axis resolution of the printer is 10 um, we
were not able to reproducibly make 10 pm-thick membranes that would resist both the
fabrication process (the separation from the build plate tends to tear such thin membranes)
and/or the operation. The print starts with a burn-in layer, which is the base of the printed
device. We set the exposure time of the burn-in layer to 4.5 s. The membrane, which is located
between the control and the flow channel, is the main component of the valve structure (Fig.
34b). The valve is composed of a 25 pm-thick membrane placed between the extruded bowl-
shape valve seat and the control chamber where the air pressure is applied. The shape of the
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membrane is defined by the deflectable, suspended region which is bounded by two parallel
lines (1 mm) on two sides and two arcs on the other two sides (r = 0.5 mm). About 30 nL is
displaced when the valve is closed. The height of the control channel and the flow channel are

both 700 um. The total volume of the liquid in the flow channel is 6.54 pL.

During printing, resin remains trapped inside the channel after the roof layers are printed, so
the channel must be flushed and the unpolymerized resin must be completely removed before
the device is exposed to ambient light to prevent clogged channels. Considering this,
connectors play a key role during the valve fabrication process, in addition to their role as inlets
and outlets during operation of the device, they provide a reliable fluidic path for the removal
of unpolymerized resin. Flushing can be done either under ambient light or under dark/low-
light conditions. If done under ambient light, the flushing must be done swiftly (<10 s, to
prevent photopolymerization of the resin in the channel caused by the ambient light), otherwise
flushing should be done under low-light conditions. As soon as the printing is finished, the
build plate with the printed sample on it is covered with aluminum foil, taken into a dark room
and soaked in deionized (DI) water for over 3 min. A syringe filled with DI water is used to
flush out unpolymerized resin in both the flow and control channels of the device. Channels
are flushed carefully several times and no vacuum is applied during the cleaning step in that

the vacuum could inadvertently break the membrane.
7.5. Flow rate measurements

There are one flow channel and one control channel in the valve device. The inlet of the flow
channel is connected to a bottle containing blue food coloring dye. The bottle is pressurized by
a computer-controlled air pressure source (Elveflow OB1 MK3) to drive the dye into the flow
channel. The fluid driving pressure is fixed at 0.2 psi. To observe the flow rate, the outlet of
the flow channel is connected to the silicone tubing (0.79 mm I.D., Cole Parmer). As for the
control channel part, the outlet is sealed with a plastic tube cap and the inlet is also connected
to the air pressure source starting from 0 psi. The air pressure is increased in increments of 1
psi in the control channel until the valve closes such that movement of the front end of the fluid
in the flow channel stops. Experiments were conducted in triplicate. The whole air pressure

system setup is shown in Fig. 49.
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7.6. Current measurements to visualize the dynamic behavior of the valve

The flow channel of a microvalve (size: 1.2 mm-diam.) was filled with 0.1 M KCI solution as
an electrolyte to provide conduction to a pair of electrodes inserted into the inlets. A constant
voltage (5 V) was applied to the flow channel through connecting the inlet and outlet of the
flow channel and a power supply with those electrodes (Fig. 40a). The experiment was started
after assuring the current values shown on the oscilloscope are stable and there was no
electrolysis observed during the test. The valve was opened and closed by applying 0 and 5 psi
to the control channel, and the current changes were measured with an oscilloscope. Current
changes as the valve was being closed and opened at different frequencies were recorded by
the oscilloscope and plotted as a function of time to visualize the dynamic behavior of the
valve. Experiments were conducted in triplicate. The whole air pressure system setup is shown

in Fig. 49.
7.7. Pump flow rate measurements

For these measurements, the flow channel of the pump device was filled with blue dye. The
pumping sequence was initiated after assuring that the fluid was immobile in the flow channel.
The head of the fluid was set to start in front of the valve closest to the outlet and pumped
towards the outlet until the fluid head arrived at the outlet. There are a total of five states in the
actuation sequence of the valves, with valves open and closed at different time periods. After
finishing the first cycle of the sequence, the sequence was repeated as a loop in the last three
steps. Pump flow rates were measured by recording videos for each condition and analyzing
the liquid displacement in the channel with Image] and VLC media player (the time was

recorded to the first decimal place). The whole air pressure system setup is shown in Fig. 49.
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Figure 49: The interface of the air pressure control system- Elveflow. OB1 MK3, which
is a pressure supply, provides positive and negative pressures (+ 14 psi) to control
microfluidic flow systems. MUX, which is a microfluidic flow switch matrix, can be
connected to OB1 MK3 and provides up to 16 pneumatic channels with controllable

on/off sequences.
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8. Future Research Work

3D printing technology has been helping improve the manufacturability of microfluidic
devices in terms of shortening fabrication time, reduce the cost and need of labor, simplifying
design processes and decrease the difficulty of device manipulation. While time and cost are
important factors in the microfluidic device development, the material properties, device
quality and resolution can not be ignored. PEG-DA is a great candidate for making custom
SLA 3D printer resins because it is copyright free and allows for changing mechanical
properties with different concentrations of photoinitiator and photosensitizer. However, there
is a limit of these additive concentrations in PEG-DA resin so that it is not as flexible and
ductile as PDMS. PEG-DA is easier to be ruptured than PDMS since it is brittle (the property
is more like plastic). A major task in the future is to enhance the mechanical properties by
mixing with different additives (such as mixing with a high molecular PEG-DA but still
maintain low porosity) or develop a whole new material which itself is more flexible and less
fragile. The resolution of the printer is a key in the microfabrication development as well. It is
known that the resolution of a photomask can be as high as 2 um (XY resolution), in contrast,
most the current SLA 3D printers in the market only have the resolution around 30 pm.
Consequently, it is still a big challenge for a SLA 3D printer to print channels down to 10-um
in width and with 10-um wide gaps, which restrict the numbers of components and complexity
of a microfluidic system. Moreover, we observed that the resolution of a printer can have a
huge impact on the device performance. For instance, the shape of the circle membrane in the
3D printed Quake style valve distorts when the diameter is 100 um due to the limit of the XY
resolution- which is 27 pm. As the size goes down, the peripheral of the circle becomes jagged,
which might cause a different deformation when the membrane deflects. The Z resolution
needs to improve as well. We realized that the bowl shape structure in the 3D printed Quake
style valve affects the valve closing performance dramatically. The membrane does not seal
against the valve seat well if the bowl shape structure is made with 25-um Z-layer thickness
compared to the 10-um Z-layer thickness one. We anticipate that the resolution of 3D printers

can be improved to print a higher quality device with better performance.

A more complex biomedical/biochemistry system can be introduced with the integration of 3D
printed microfluidic control system- e.g. an automated cell culture system, multiplexer, DNA
sequencing device, etc. With the using of 3D printed Quake style valve, more prototypes of

these biomedical devices can be developed with a higher performance (PEG-DA is less gas
88



permeable than PDMS) and shorter fabrication time. The device fabrication time with PDMS
grows exponentially as the complexity and the numbers of layers increase (alignment and
assembly); nevertheless, the printing time only depends on the numbers of layers to be printed
but not the size on the XY direction. As a result, we can take advantage of 3D printer’s rapid-
prototyping characteristic to develop a great number of different designs in a very short amount

of time.

The other issue of the 3D printer is the printing interface between the surface of the vat and
prints. Many 3D printer manufacture companies claim that their resin tray (vat) is anti-sticking,
or they add some features (ex. Asiga’s slider) to prevent the print from sticking to the vat. But
the sticking problem still cannot be completely eradicated so that the yield of the print becomes
lower when printing devices with thin layer thicknesses. Some anti-sticking features provided
by the printer also creates new problems in prints, such as the scratches created by the slider
under the vat and the tears and wears caused by the sheer force when the resin tray rotates. In
the future, the chemical and physical properties of the vat need to be improved and customized

for each resin for a better printing quality and yield.
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