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ABSTRACT

Vahid Karamzadeh

Additive Manufacturing of Polymer-based Microfluidic devices

Microfluidics is a multidisciplinary area comprising several disciplines such as biology,
chemistry and tissue engineering, which leads to manipulation and analysis of liquid through micro
channels. Microfluidic devices provide numerous advantages for economical point-of-care
diagnosis compared to conventional testing devices. In addition, more recently organ-on-a-chip
which is a 3D microfluidic network for cell culturing has offered a microfluidic chip that stimulates
the response of an organ system which can significantly reduce the costs of developing new
pharmaceutical drugs. In spite of multiple advantages of microfluidic devices, barriers exist in
current microfabrication methods. Fabrication of microfluidic molds requires cleanroom facilities
and is a costly and tedious process which hindered the commercialization of microfluidic chips.
Although, using 3D printed molds has been suggested to simplify fabrication of chips, their
resolution is limited to 100 um. In addition to these factors, molding process is challenging to fully
automate which means that it is in contrast to the vision of cost-effective and mass production of
these devices. Therefore, a fully automated, rapid process is required to guide microfluidics

towards the development of low-cost more commercially devices.

In this thesis, different additive manufacturing methods for fabrication of polymeric
microfluidic devices are presented. First, a commercial stereolithography (SLA) 3D printer was
used to fabricate 3D printed molds. Limitations and accuracy of using 3D printed templates for
microfluidic applications were investigated. Then, the thesis presents a promising additive
manufacturing method toward printing a polymer-based device by using an acoustic assisted
printing method. This method can significantly simplify and improve fabrication of microfluidic
devices. Simulation of the acoustic wave and the heat induced by that were obtained in order to
optimize the printing process prior to the experiment. The model provided a good understanding
and estimation of acoustic field, temperature rise and focal region size. Time and cost required for
fabricating a part by this method is considerably low and no additional post processing is required
to turn the printed part to a functional part. The proposed method was finally applied to fabricate

il



a fluidic channel. A fluidic channel can be printed in less than 10 minutes without adding additional

components.
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Chapter 1

1. Introduction and literature review

1.1. Problem statement
Microfluidics is a multidisciplinary area comprising several disciplines such as biology,
chemistry and engineering, which leads to manipulation and analysis of fluids through micro
channels. Microfluidic devices provide several benefits for economical point-of-care diagnosis
compared to conventional testing devices. In addition, more recently organ-on-a-chip has offered
a microfluidic chip that stimulates the response of an organ system which lead to a significant
reduction in the costs of developing new pharmaceutical drugs. In spite of the multiple advantages

of microfluidic devices, barriers exist in current microfabrication methods.

Fabrication of molds for polymer-based microfluidic devices requires cleanroom facilities
and is a costly and tedious process which hindered the commercialization of chips. Although using
3D printed molds has been suggested to simplify fabrication of microfluidic chips, their resolution
is limited to 100 um. In addition to these factors, molding process is difficult to fully automate
which means that it is in contrast to the vision of cost-effective and mass production of these
devices [1]. Moreover, direct printing of microfluidic devices is difficult due to their low
resolutions. Therefore, a fully automated, rapid process is required to guide microfluidics towards

the development of low-cost, more commercially devices [2].

1.1.1. Microfluidics

Microfluidics is a multidisciplinary area coupling several disciplines such as biology,
chemistry and tissue engineering, which lead to manipulation and analysis of fluidics through
micro channels. The first microfluidic chip was a gas chromatographic air sensor constructed on a
silicon wafer in 1979 [3]. Thirteen years later, Harrison et al. developed a microfluidic device for
particle separation based on electrophoresis [4]. However, these chips were fabricated using costly
and time-consuming methods to selectively etch rigid substrates such as glass and silicon wafer.
A significant development in the fabrication of microfluidic devices established by Whiteside’s

group by using poly(dimethylsiloxane) (PDMS) in a microfluidic system [5]. Since fabrication of



microfluidic devices with PDMS was much accessible, it has rapidly become the most commonly
used material for fabrication of these devices. In the next section, limitations of conventional

methods will be discussed.

1.1.2. Traditional fabrication methods for Microfluidics
PDMS, glass, and silicone have been widely used to fabricate microfluidic channels.

However, micromachining method differs for each material [6].

Bulk micromachining is the earliest MEMS technology and is based on using chemical
etchant to selectively pattern the substrate [7]. In contrast to this method, surface micromachining
methods construct structures, by deposition, patterning, and etching multiple layers over a

substrate [8].

Micromachining methods have remained to develop, and a number of researchers have
fabricated microfluidic devices by taking advantages of surface micromachining [9]-[12].
However, these methods were widely used to construct 2.5D channels due to their limitations. For
example, bulk micromachining requires accurate control of channel’s aspect ratio because of etch-
rate deviations. In addition, surface micromachining is limited to the availability of suitable

etchants for sacrificial layers that do not damage the substrate or other layers [8].

Over the past decade, researchers have shown an increased interest in using polymers as
an alternative to hard substrates mostly due to their biocompatibility and lower production costs.
Therefore, several methods for polymer-based fabrication have been proposed. These methods

may be classified into two types of direct micromachining and replication.

Direct micromachining methods such as laser micromachining are a more developed
methods for construction of 3D channels. Direct micromachining technologies are based on

focusing a laser beam onto the polymer to evaporate the polymer and obtain a void in it.

Replication micromachining methods including kot embossing, injection molding, and soft

lithography consist of multiple steps to obtain a mold for polymers.

Soft lithography is a range of microfabrication methods for fabrication or replication
structures using patterned elastomer, usually PDMS. This method has several advantages

compared to photolithographic etching methods in terms of material cost, production time and



reaction conditions. Since its beginning, soft lithography has rapidly become a dominant method
in the field of microfluidics. However, this method is not capable of fabrication of microchannels

with high aspect ratios and 3D structures [13].

Other methods such as Lithography Galvanoforming Abforming (LIGA), electroplating,
micromilling, and microextrusion have also been applied to fabricate microfluidic channels [14]—

[17]. However, these methods mostly require expensive machinery and materials.

Together, conventional microfabrication techniques tend to be complex, time-consuming,
labor-intensive, manual and require cleanroom facilities which lead to limited growth on the field
of microfluidics. In addition, these methods are mostly restricted to Planner channel in which the
aspect ratio through the channel is uniform and causes improper microenvironment and cell-to-
cell interactions and consequently induce ineffective drug delivery in microfluidic systems [2].
Therefore, traditional fabrication methods have hindered the development of commercial
microfluidic devices and a cost-effective automated method is required to benefit and expand this

field.

1.1.3. Additive manufacturing
The first method for creating a three-dimensional part using computer-aided design (CAD)
was developed in the 1980’s in order to create and fast prototype parts. This layer by layer method

was developed to assist engineers and designers to rapidly visualize their models [18].

Additive manufacturing first appeared in 1987 by 3D Systems. They invented
stereolithography (SL) method in which thin layers selectively solidifies ultraviolet (UV) photo-
sensitive liquid resin using a laser. In 1991, several additive manufacturing methods were
commercialized, including solid ground curing (SGC) from Cubital, laminated object
manufacturing (LOM) from Helisys, and fused deposition modeling (FDM) from Stratasys. In
2015, revolutionary ultra-fast 3D printing machine was introduced by Carbon 3D. Their 3D printer

is 100 times faster than currently commercial 3D printing machines.

SGC used photo-sensitive liquid resin, curing layers in one step by exposing UV light
through masks fabricated by electrostatic toner on a glass slide. LOM glued and cut paper, plastic,

or metal laminates using a digitally guided laser. FDM deposits thermoplastic materials through a



hot extruder to manufacture parts layer by layer [19]. In 2009, Fused Deposition Modeling (FDM)

printing process patents expired which led to establishing many low-cost 3D printers.

The term “3D Printing” is growingly used as a synonym for AM. This term was primitively
the name of rapid prototyping technology invented by MIT. However, Additive Manufacturing is
the professional definition of the method that is clearly different from conventional methods of

production such as material removal and molding [18].

There are many advantages for additive manufacturing including fast prototyping, single
step cost-effective manufacturing and less labor cost. Additive manufacturing enabled to produce
parts rapidly compared to traditional manufacturing methods. Complicated designs can be
produced from CAD software and printed in few hours. The benefit of this is the rapid development
and verification of design ideas, especially in research and development departments. Although
industrial additive manufacturing machines take a longer time to construct and post-treat a part,
the capability to manufacture functional end parts for mass customization allows huge time-saving

benefits when compared to conventional manufacturing techniques.

How to manufacture a part as efficiently as possible is a significant concern for a designer.
A number of manufacturing steps are required to produce a part by traditional methods. These
steps affect the quality of the design. In addition, it often happens that the designer needs to alter

the model due to the complexity of the manufacturing process.

Despite conventional manufacturing processes, additive manufacturing machines print the
part in single step with no need to manufacturing specialists. Once the model is designed, it can be

uploaded to the machine and printed in few hours.

The production costs can be classified into 3 categories including material cost, machine

operation cost and labor costs which are explained as follows [20]:

The material cost for additive manufacturing depends on the technology. Filaments used
in FDM 3D printers cost around $30 per kg. The photo-sensitive resin for SLA 3D printers costs
around $150 per liter. Polymer powder used in SLS printers costs around $70 per kg, while
comparable pellets utilized in injection molding costs not more than $10 per kg. Although Material
costs for additive manufacturing are significantly higher than other methods, it is worth

considering that the wastage of materials in AM methods is lower [21].

4



Low-cost 3D printers consume the same amount of power as a desktop computer. Although
industrial additive manufacturing machines use high powers to print a part, the capability to
produce parts with complex geometries in a single step leads to higher efficiency and

environmentally friendly production.

Another advantage of 3D printing is the low labor cost. Despite traditional manufacturing
methods, where highly skilled specialists and operators are usually required the cost of labor for a
3D printer is almost zero. Post-processing aside, most of the additive manufacturing methods are

automated and the operator is required to perform some simple setting.

Additive manufacturing is an appealing method at low volumes compared to conventional
manufacturing methods. For verification of a prototype, it is significantly more economical than
other manufacturing methods. However, traditional manufacturing methods become more cost-
effective for mass production. In general, the cost of one part being fabricated by 3D printing is
usually higher than that if it was mass produced. However, the higher cost is worth it for small
production. The initial cost for traditional manufacturing is generally high due to the setup of CNC

machines and tooling [22].

Despite all advantages of additive manufacturing, there are still some limitations and
barriers to these methods. One of the barriers is the high-quality additive manufacturing machines
leads to expensive machines. In addition, dimensional accuracy and the surface finish of parts are
lower and require post-processing prior to using. Build rate of these methods can be higher
compared to some of manufacturing methods dependent on the design. Furthermore, there is along
way to development of materials which can be printed. Last but not the least, is their poor
mechanical properties since these methods are layer by layer. For instance, achieving a transparent

part by additive manufacturing is still a challenge [23].

1.1.4. Additive manufacturing and microfluidics

As it was discussed, the most common way for fabrication of microchannels relies on
photolithography for master fabrication which possesses many limitations. These limitations make
other fabrication methods such as 3D printing interesting for microfluidics. Recently, improvement
in additive manufacturing in terms of material, resolution and printing time have led to ease
fabrication process of microfluidic chips and 3D printing is fast becoming a key method in the

fabrication of microfluidic devices. Publications on 3D printed microfluidics have been
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significantly increased in recent years. Number of publications related to microfluidics and 3D

printed microfluidics are presented in Figure 1.1 [1].
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Figure 1-1 Publication trends. Blue bar-graph provides number of publications in the field of
microfluidics in 2011-2015; orange bar-graph presents number of publications with keywords of
“3D-printing” and “microfluidic” [1]

Fabrication costs and time could be reduced significantly by commercialized 3D printers.
In addition, the process can be performed with one fully automated machine and can be readily
replicated. In order to use 3D printers for biomedical microfluidic applications printing time, cost,
resolution and material should be taken into account to obtain optimal results [24]. As was
mentioned in the previous section, fabrication of small features on a master mold is a tedious and
time-consuming process for fast prototyping. Multiple high resolution photomasks are required
and it is a burdensome process to align and expose layers of photoresist in the soft lithography
technique. On the other hand, additive manufacturing takes the STL file from CAD software and
does not require masks for construction of micropatterns and provides a flexibility to the designer
to fabricate a 3D model, with no considerable increase in printing cost, time and, complexity [25].
In addition, the design file can be shared simply which facilitate collaboration. Fabrication process
of a microfluidic device for conventional methods and 3D printing method is compared in Figure

1.2.



Convention Microfluidic Fabrication 3D Printed Microfluidic

Designing of the microfluidic device * CAD design
* Process selection

: *Material
Preparing the photomask Pre- eResolution

Pl‘illtillg *Surface roughness

Photoresist spin coating and soft
baking

¢ Print features
eAccuracy

<

Exposing photoresist to UV light
Printing

Developing exposed wafer with
photoresist

Pouring PDMS to the master mold e Cleaning

<

*Support removal

Post-
#Sterilization

Curing and peeling off PDMS processing )

<

Alignment and bonding

Figure 1-2 Comparison of conventional and 3D printing methods for microfluidic chip
fabrication; process selection and design criteria are also illustrated for the 3D printing method

Recent advances in 3D printing methods have attracted many researches. 3D printing
facilitates fabricating 3D channels in a way that has not been accessible earlier. This provides more
freedom and alternatives in design in the area of microfluidics to researches and has been emerged
new opportunities to manipulate fluids in three dimensions. In addition, it gives the ability to
researchers to follow a “fail fast and often” strategy since the process to achieve the desired
microfluidic chip require the designer to adjust the model. A complete microfluidic chip can be
fabricated in less than an hour and the design can be altered easily for an agile iterative design
[26]. Various additive manufacturing methods in comparison with conventional additive
manufacturing methods in terms of resolution and automation are illustrated in Figure 1.3 [27]. As
it can be seen in the figure, although conventional microfabrication methods have higher levels of
resolution, these processes are mainly manual and not suitable for mass production of microfluidic

devices.
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Figure 1-3 Automation and resolution trade-off in transition from conventional microfabrication
methods to 3D printing [27]

At the beginning, 3D printers were used for fabrication of molds for polymer-based
microfluidic devices. This method significantly facilitates the fabrication process compared to
conventional methods. As the resolution of 3D printers improved, direct manufacturing of
microfluidic devices were achieved. Application of these devices for biomedical purposes are
mainly developed from 2013 onward. With improvement in resolution and materials, devices

consist of dynamic structures such as mixers and valve can be fabricated directly [28].

1.1.4.1. Limitation of current 3D printing methods

As an emerging and rapidly growing technology, 3D printing also possesses some restraints
in terms of resolution, surface properties, and compatibility.

In spite of the fact that, the resolution of many commercial 3D printers has claimed to be
as low as a few microns, the smallest 3D printed channel is 200 pm wide. Most of current 3D
printed microfluidic devices have reported a channel size from hundreds of microns to a few
millimeters [29], [30]. This is usually due to resin sticking in the microfluidic channel. This led to
using 3D printed mold instead of direct printing of a microfluidic device. The low resolution leads

to rough surface profile in a 3D printed microfluidic channel [28].



In addition, many 3D printing materials suffer from absorption and adsorption. Some of
3D printing materials absorb lipids and proteins, which may result in a reduction in the
concentration of analytes of interest and changing the sensitivity of the sensor [31]. However, some
protocols have been reported to avoid the biotoxicity concern and improve the surface roughness.
For instance, a layer of PDMS was coated successfully in a 3D printed channel in order to culture

endothelial cell [32].

The biocompatibility of most of resins used in 3D printers is unknown. However, the
photoinitiator used in SLA resin can negatively affect cell culturing. Few biocompatible 3D
printing resins have been introduced by several companies that are expected to be non-toxic to

biological samples. However, most of these resins are not flexible [33].

In addition to these points, PDMS devices are completely transparent and suitable for
optical detection. Although “clear resins” are available for many 3D printers, the printed part with
these resins usually are semi-transparent. Post-processing and polishing are required to make the
part clear while the printed channels still remain translucent. Therefore, optical observation of the
channel is unfeasible. Moreover, despite of PDMS which is gas permeable, most of the 3D printing

resin are not, which makes them not applicable for cell culturing inside a channel.

1.1.4.2.  Polymer-based microfluidics and 3D printing
Polydimethylsiloxane (PDMS) is the most common polymer being used in the field of
microfluidics. It possesses several superior properties including biocompatibility, oxygen
permeability, being relatively inexpensive, optical transparency, water impermeability, flexibility
and moldability with a submicron resolution [34]-[36]. In addition, PDMS is not a toxic material
for biological samples and cures at relatively low temperatures. Moreover, it is a preferable
material for microvalves and micropumps fabrication [27], [37]. it has been used in a wide range

of applications such as cell culturing, microfluidics, medical devices, and electronics [38]-[41].

However, fabricating a mold for microfluidic applications is a dominantly manual process
and requires expensive facilities. These problems have hindered the commercialization of
Polymer-based microfluidic devices and translation of them from research labs to biomedical
companies [1]. In order to overcome these problems, the manufacturing cost per unit needs to

significantly reduce.



Direct additive manufacturing of PDMS is still in its initial phase of development. Three
considerable challenges for 3D printing of PDMS are its low viscosity, long gelation time and low
elastic modulus [42]. Although, the low viscosity of it allows deposition from an extruder, the long
gelation and curing time prevent it from construction of a model. In addition, printing a structure

with PDMS requires supports due to its low Young's modulus.

However, several research groups have attempted to 3D print PDMS with various
techniques. These methods mostly are based on either adding a material to increase the viscosity
or adding a photoactive cross-linking agent to print it with SLA 3D printers. Wessling group have
developed a PDMS based resin by adding a photoinitiator to PDMS. However, optical
transparency of PDMS was sacrificed due to the photoblocker added to PDMS [43]. In addition,
biocompatibility of the photoinitiator has to be taken into consideration. Recently, a PDMS ink
was developed by adding a SE 1700 elastomer to PDMS [44]. However, the ink does not possess
the same mechanical properties and transparency of PDMS and is limited to the construction of
2.5D geometries with a relatively low resolution. In addition, a method to 3D print PDMS in a
support bath is reported which suffers from a low resolution and limitation in fabrication and
design [42]. The last two explained methods are not able to construct a part in order of microns.
Recently, a PDMS-based resin for SLA 3D printer was introduced in a paper published in
Advanced Material journal [45]. However, printed parts with this resin requires multiple steps to
make them suitable for cell culturing. The models printed with above-mentioned methods are

illustrated in Figure 1.4.

(a) L 3D Printer

=

| Polydimethylsiloxane

(d)
Carbopol

N 4~ Support

Figure 1-4 3D printed parts with PDMS; (a) by adding a photoinitiator to PDMS [43]; (b) by
adding a SE 1700 elastomer to PDMS [44]; (c) by using a support bath to 3D print PDMS [42];
(d) transparent part by adding a photoinitiator [45]
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Overall, all 3D printing methods suffer from several major problems including a low
resolution for microfluidic applications and different mechanical and chemical properties due to
adding additional material to PDMS. Therefore, a method that can additive manufacture PDMS
without adding additional materials and while providing a high resolution is essential to overcome
these limitations. This can be a step forward to translate PDMS to a commercial scale and lead to
facilitation and improvement in the fabrication of microfluidic devices. In the next section, an
additive manufacturing method is presented that can rapidly print polymer-based devices with a

relatively proper resolution for microfluidic applications.

1.2. Objective of the thesis
The objective of this thesis is to develop an additive manufacturing method to rapidly
fabricate 3D printed structures using thermosetting polymers. The proposed method was finally
applied to fabricate a fluidic channel. More specifically, the objectives of the thesis are the

following:

1. Literature review on current status of methods to fabricate a microfluidic device and the future
of 3D printing of 3D microfluidic devices

2. Fabrication of 3D microfluidic devices by a commercialized 3D printer and characterization
of printed devices

3. Design, fabrication, and development of an acoustic-assisted additive manufacturing method
by using a HIFU transducer in order to selectively solidify polymer by heat induced by focused
ultrasound
3.1. Modeling of the acoustic wave and the heat induced by that in order to optimize the

additive manufacturing process prior to the experiment

3.2. Fabrication of channels with a biocompatible material

Altogether, a promising additive manufacturing method toward printing a polymer-based
device by using an acoustic assisted 3D printing method will be presented. This method is based
on heat induced by a high intensity focused transducer to selectively solidify the thermoset resin.
This method can significantly simplify and improve fabrication of microfluidic devices. This fully
automated, rapid process can guide microfluidics towards the development of low-cost, more

commercially devices.
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1.2.1. Ultrasound transducers

Sound is a longitudinal, mechanical wave that produces vibrations that propagate through
any medium and these sound waves transfer energy over distance without matter being transferred.
Vacuum contains no particle to vibrate and cannot sustain waves at all. The wave frequency as a
basic characteristic of sound indicates how often the particles vibrate while a wave passes through
the medium. In other words, it identifies the number of vibrations per second. The human audible
range is generally 20 Hz to 20 kHz. Sound waves with a frequency higher than this are considered

as ultrasound and cannot be sensed by human [46], [47].

Prior to applying of ultrasound in medicine, it was used to detect and characterize
submerged objects in water. After the World War I1, scientists started to use ultrasound in medicine
in order to treat diseases in the body. In 1942, the first sonography device for medical diagnosis
was invented by researchers from Japan. In 1960’s, pulsed Doppler ultrasound technology was
applied in order image flow in various layers of the heart. Later, ultrasound was applied for Non-

destructive testing for flaw detection and thickness gaging [48].

The concept of generating sounds with high frequencies is based on a piezoelectric actuator
which converts electrical pulses to mechanical movement, and mechanical vibration to electrical
pulses. An ultrasonic transducer or ultrasonic sensor converts electrical signals into ultrasound
waves, and vice versa. These transducers can be categorized into receivers, transmitters, and
transceivers. The heart of the transducer is a piezoelectric crystal which is a polarized material that
produces electricity when subjected to mechanical forces. This phenomenon is called piezoelectric

effect.

In the early 1950s, quartz crystals were the most common material for piezoelectric crystal
transducers. Piezoelectric ceramics were used later. A piezoelectric ceramic is the active element
of most acoustic transducers which are made of fine PZT powder and a mass of ceramic crystals.
These elements can be manufactured in a wide variety of sizes and shapes and operate at low
voltages as well as being functional up to 300°C. These factors made it the dominant material for
transducers. The most widely used ceramic transducer materials are lead zirconate titanate (PZT)

compositions [49].

The actuation frequency of the transducer determines the thickness of the active element.

The vibration of a wafer element happens with a wavelength that is two times its thickness.
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Accordingly, piezoelectric crystals are cut to a thickness that is half the desired wavelength.
Consequently, manufacturing transducers for high frequencies which lead to the thinner active
element is costly. Therefore, production of high-frequency contact transducers is limited, since

these elements are very thin and fragile [50].

1.2.2. HIFU transducers

High intensity focused ultrasound (HIFU) transducer is an ordinary ultrasound transducer
that consists of a bowl aperture. Therefore, it has remarkably higher intensities in a small region
called the focal region of the transducer. Due to the spherical geometry of the HIFU transducers,
they can precisely deposit intensive acoustic energies in the focal region. The deposition of HIFU
energy leads to a rapid temperature rise in the focal zone. Therefore, these transducers are widely
used to deliver heat into the body. HIFU transducers have several applications on biomedicine
including non-invasively ablation of tumors and breaking up kidney stones. HIFU was utilized for

the first time in 1950’s in order to examine tumor ablation [51].

In contrast with diagnosis ultrasound transducers, high intensity focused ultrasound
transducers offer ultrasound with intensities that differ between 100 to 100000 W/cm? [52]. In
addition to the temperature rise, the acoustic field of the HIFU transducer results in cavitation and
streaming within the focal zone. The acoustic pressure field generated by the HIFU transducer
depends on the transducer geometry, input power, and frequency. Another method to generate

high-intensity focused field is by using two-dimensional arrays of transducers [53].

High intensity focused ultrasound transducers have only been used in biomedical
applications. However, it possesses a great potential for applications that require a rapid
temperature rise within a small region. In this thesis, HIFU transducers will be utilized for additive

manufacturing for the first time.

1.3. Contributions

1. Karamzadeh, V., Foroughi, Sh., Kashani, A., and Packirisamy, M. Characterization of a 3D
Printed Mold for a Cell Culturing Microfluidic Device. 5th International Conference of Fluid
Flow, Heat and Mass Transfer, Niagara Falls, Canada, June 7-9, 2018.

2. Foroughi, Sh., Karamzadeh, V., Habibi, M., and Packirisamy, M. Numerical Analysis of
Acoustic Propagation inside Multiple Liquids. 5th International Conference of Fluid Flow,

Heat and Mass Transfer, Niagara Falls, Canada, June 7-9, 2018.
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3. Foroughi, Sh., Karamzadeh, V., and Packirisamy, M. Design and Analysis of a Close-Loop
Opto-Electrothermally Actuated Cell Microgripper. 20th International Conference on
Mechanical Engineering, Montreal, Canada, May 24-25, 2018.

4. Karamzadeh, V., Adhvaryu, J., Chandrasekaran, A., and Packirisamy, M. A Simplified,
Fabrication-friendly Acoustophoretic Model for Size Sensitive Particle Sorting. 20th
International Conference on Biomedical Devices, Sensors and Signal Processing, Montreal,
Canada, May 24-25, 2018.

5. Karamzadeh, V., Foroughi, Sh., and Packirisamy, M. Characterization of a 3D Printed Mold
for a Droplet Generation Microfluidic Device. (Journal paper to be submitted).

6. Foroughi, Sh., Karamzadeh, V., Habibi, M., and Packirisamy, M. Study the effect of lamilar
orientation in layer-by-layer 3D printing for fabrication of free standing structure. (Journal

paper to be submitted).

In the next chapter, types of additive manufacturing methods will be discussed. In addition,
two techniques for fabrication of microfluidic devices using additive manufacturing will be

studied.
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Chapter 2

2. Types of additive manufacturing methods

There are several methods for additive manufacturing available in the commercial market.

The main factors in selecting the machine of choice are material, resolution, printing time, price,

and build size. In this chapter, first additive manufacturing method will be introduced in brief.

Then, additive manufacturing methods that are suitable for fabrication of microfluidic channels

will be presented. Finally, two common methods for fabrication of microfluidic devices using

additive manufacturing will be discussed.

2.1. Additive manufacturing methods classification

There are many additive manufacturing processes which are different in terms of the

material or machine technology. Therefore, in 2010, the American Society for Testing and

Materials (ASTM) group classified the range of Additive Manufacturing technologies into 7

categories [54]. These categories are:

1.

VAT Photopolymerisation: method that uses photo-sensitive polymers in a vat to selectively
solidify resin using UV-light

Material Jetting: method that constructs 3D parts in a similar way to a regular inkjet printer
Binder jetting: powder based material and a binder are used in this method by depositing
layers of the base material and the binding material. The base material is usually in powder
form and the binder in liquid form

Material Extrusion: refers to a method in which thermoplastic material is drawn through a
heated nozzle to build a 3D subject layer by layer. This method is known as Fused Deposition
Modeling (FDM).

Inkjet Printing: method that deposits droplets of ink onto a substrate by using thermal,
piezoelectric, or electromagnetic technology.

Sheet Lamination: refers to a technology that includes laminated object manufacturing
Directed Energy Deposition: a range of methods including: 3D laser cladding, direct metal
deposition, directed light fabrication and laser engineering net shaping which are more

advanced methods are being used to repair or add material to existing components [55].
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In addition, another classification approach is to classify 3D printing methods according to

the state of the material [56]. Figure 2.1 is a representation of this classification.

Melting FDM
—1 Liquid based SL
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< — Powder based LENS
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Figure 2-1 Additive manufacturing process classification based on the state of the material

Other classification methods have also been reported based on material properties,

comprising plastic, metal, ceramic and biomaterial.

2.2. Additive manufacturing technologies

2.2.1. Stereolithography (SLA)

SLA is the first commercialized additive manufacturing method which was introduced by
Chunk and commercialized at 3D systems [57]. These 3D printers utilize ultraviolent light to
selectively solidify liquid polymer in a layer-by-layer manner, constructing a 3D structure on a
build platform. Photopolymerisation of a photo-reactive liquid resin is accomplished by a scanning
laser or a digital light projector (DLP). One of the limitations of SLA 3D printers is that the liquid
resin must be a photo-sensitive resin. The SLA resins are usually epoxy-based or acrylic-based

[58].

Several research groups have fabricated microfluidic devices using a SLA 3D printer [41],
[59], [60]. SLA 3D printers have been used for fabrication of the molds for PDMS-based
microfluidic devices and single step printing of unibody microfluidic devices. The main limitation
of fabrication of microfluidic devices with SLA 3D printers is having to remove the viscous
uncured resin. This leads to curing resin inside of small channels. In addition, explosion depth of
the laser beam has to be taken into account as another restraint in fabricating channels with a

diameters smaller than 200 um [61]. The method is presented in Figure 2.2 (b)
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2.2.2. Fused Deposition Modeling (FDM)

FDM was initially introduced by Crump in 1992 and is the most common and cost-effective
method for fast prototyping [62], [63]. FDM is a thermoplastic filament-based technology which
deposits a thermoplastic material through an extruder, layer by layer. In FDM printers, the
resolution is a factor of the nozzle size and the positioner. FDM uses inexpensive biocompatible
materials such as poly(lactic acid) and acrylonitrile butadiene styrene (ABS) [27]. Fabrication of
microfluidic devices using FDM 3D printing method has been reported [64], [65]. However, this
method suffers from low resolution and high surface roughness which is not applicable for most

the microfluidic devices. This method is illustrated in Figure 2.2 (a).

2.2.3. Photopolymer jetting

Photopolymer jetting was first introduced by Gothait in 2001 [66]. This method uses the
same concept as inkjet printers to deposit photopolymer liquids onto a build platform. The
polymers are then solidified by UV light in a layer-by-layer manner. This approach has been
investigated to fabricate microfluidic chips [67], [68]. The price of these 3D printers is relatively
high compared to SLA and FDM 3D printers.

2.2.4. Material jetting

Material jetting additive manufacturing method uses inkjet print heads in order to jet melted
materials on a build platform as illustrated in Figure 2.2 (d). A solid structure is formed by cooling
the wax-like material. This process is capable of printing multiple material parts with various
colors in a single printing process. Since the material must be deposited in forms of drops, the
number of materials that can be used for this method is limited. This method has been applied for

additive manufacturing of polymers, metals, ceramics, and biomaterials [69], [70].

2.2.5. Binder jetting

Binder jetting additive manufacturing technique is similar to photopolymer and material
jetting methods unless the inkjet heat deposits a liquid adhesive onto thin layers of powder on a
build platform as shown in Figure 2.2 (¢). Powder particles are bound together to produce a 3D
structure layer-by-layer in the powder bed. The main advantages of this method are printing
without any support material and being capable of applying any material that is accessible in the

form powder [71], [72].
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2.2.6. Laser melting

Laser melting was introduced in 1995 at the Fraunhofer Institute ILT. Laser Melting 3D
printers use a laser source to draw a pattern on a layer of powder to solidify a desired path. They
construct a 3D part by a metal powder. The part is anchored to the build platform to allow heat

transfer from the part to decrease thermal stress. This method is relatively slow and expensive [73].

2.2.7. Laser sintering

The working principle of laser sintering additive manufacturing is similar to laser melting.
This method uses a laser as the power source and scanning mirrors to melt and coat a thin layer of
plastic powder onto a build platform. Layers sinter and plastic powder layer is deposited for the
next layer. 3D parts are built in the powder bed by repeating the process. In this method, the model
can be printed without a support structure. This technique requires high-powered lasers that are
often expensive [74].
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Figure 2-2 Various 3D printing methods for microfluidics. (a) Fused deposition modeling; (b)
Selective laser sintering; (c) Photopolymer jetting; (d) Material jetting. Images courtesy of
custompartnet.com.
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2.2.8. Electron beam melting

The working principle of electron beam melting is similar to laser melting unless an
electron beam melts the metal powder instead of a laser source. The main advantage of this method
compared to the laser melting method is generation of lower thermal stress that decreases the

number of support structures and leads to faster fabrication [54].

2.3. 3D-printed microfluidic fabrication methods

3D printing can be used for fabrication of microfluidic devices in two different ways. First,
it can be used to print a master mold to fabricate polymer-based microfluidic devices. In a different
approach, microfluidic chips can be printed in one single step. In both approaches, additive
manufacturing replaces the expensive cleanroom facilities and facilitates fabrication of devices
with complex geometries and reduces fabrication cost and time significantly [75]-[77]. Additive
manufacturing technologies that fabricate microfluidic devices are mainly based on methods in
which photopolymer resin is used as the material. These methods include SLA, inkjet printing and
binder jetting. In addition to photo sensitive resins, thermoplastic materials is used in other
techniques such as FDM. Here, two common approaches for fabrication of microfluidic devices

using 3D printer will be discussed.

2.3.1. Fabrication of mold for Polymer-based microfluidic devices

Fabrication of polymer-based microfluidic devices using 3D printed molds presents several
advantages compared to conventional methods. PDMS material properties such as
biocompatibility and transparency are maintained in this method. In addition, this method reduces
fabrication costs and time. Also, it does not suffer from disadvantages of photopolymer resin with
unknown biocompatibility and surface properties. Molds for microfluidic devices with features of
150 wm can be achieved by using this method. A smaller channels can be printed by this method

compared to single step printing a microfluidic device.
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Figure 2-3 PDMS-based microfluidic devices fabricated by 3D printed molds. (a) 100 um deep
chaotic mixer [41]; (b) a 3D printed mold for autonomous microfluidic capillaric circuit [ 78]

3D printed microfluidic molds have been studied by many researchers using different 3D
printers and a number of them have sought to determine the feasibility of this method. In 2013,
Comina et al. published a paper in which they used 3D printed templates which were fabricated
by a DLP 3D printer for glucose sensing [41]. PDMS casting and characterizing the roughness of
3D printing has been demonstrated in a report by Bonyar et al [78] and a new method for
fabricating helical channels by 3D printing the structure, casting PDMS around it and removing
the structure from the molds was used by Hwang et al [79]. In this research, a microfluidic device
for cell stimulation was achieved by 3D printed templates [80]. Chan et al. proposed three-step
procedures for post-treating of 3D printed masters due to their issue for direct molding [76]. In
addition, a novel capillary-driven microfluidic device was fabricated by Olanrewaju et al. [81].
Also, Kang reported a soluble 3D printed master for PDMS casting and created channels smaller
than 200 um [82]. This method can overcome the low resolution of 3D printers. Moreover, Didar
lab has recently demonstrated a method that reduced the roughness of microfluidic channels which
were fabricated by a 3D printed mold from 2 pm to 0.2 pm [83]. In view of all that has been
mentioned, 3D printing can improve and accelerate research in the field of microfluidics. In
addition, low-cost 3D printed molds can make it accessible to more research labs. However, one
of the major barriers in commercialization of microfluidic devices remains by using this method
since it includes several manual fabrication steps such as post-treating the mold and plasma

bonding to glass.

2.3.2. Single step fabrication of a microfluidic device
Microfluidic chips have also been printed in one single step. These microfluidic devices

entail no additional component to complete. This method can automate the process wherein a
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complete microfluidic device is printed with no operators and reduce the time and related training.
Indeed, following printing, simple post-treating steps include resin cleaning or support removal
are required prior to using the device. In addition, 3D printing simplifies making complex 3D

microfluidic networks.

FDM 3D printers are limited because of the printer nozzle. A melted thermoplastic filament
spreads out before cooling and turns to the desired shape. In SLA 3D printers, the uncured
photopolymer within internal channels must be flushed to achieve a microfluidic channel. This

resin can be easily removed by a vacuum, especially for low-viscosity resins [84].

Most 3D printed microfluidic devices are in the range of 0.5 mm to 1 mm which make
them suitable for many applications, but there are still limitations for many analytical applications.
Recently, Macdonald et al. compared a Y channel microfluidic model with an interior channel as
small as 150 pm created by FDM, poly jet, and SLA 3D printers. Surface roughness, post-
processing steps, device cost, and fidelity were evaluated by them. They concluded that poly jet
printers have high resolutions but are high-priced and flushing of channels are difficult; FDM 3D
printers provide range of biocompatible materials and low-cost 3D printers but the resolution is
not suitable for most of microfluidic applications; SLA 3D printers offer lower fabrication
throughput compared to PJ printers, but they render the smoothest and well-defined channels with

simple post-treating [85].

Nordin Group has developed a customized resin and SLA 3D printers that can print
channels as small as 18 pm x 20 um. Twenty absorbers were tested and they introduced a new
mathematical model in order to characterize the photopolymer resin optical penetration depth [86].
Recently, a 45 3D printed valve array with a diameter of 300 pm was fabricated by them. These
valves were tested to 10000 actuates and no sign of valve failure was observed[87]. Fabrication of

this device by conventional micro fabrication methods is tedious and almost impossible.

Recently Albert Folch group introduced a 3D-printable PDMS resin that can be used in
SLA 3D printers. An optically transparent microfluidic device was demonstrated by them. In
addition, it was shown that the 3D printed device can be used for culturing mammalian cells.
However, several post-processing steps is required to make it suitable for biological samples which
take approximately 2 days. An organic solvent was used to flush the uncured resin and penetrate

to extract toxic photo initiator. They have reported 90% viability of cells after post-treating which
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is comparable with cured Sylgard-184 PDMS [45]. The above mentioned printed parts are
illustrated in Figure 2.4.

Figure 2-4 Direct printed microfluidic devices; (a) and (b) 45 microfluidic valves fabricated in a
single step [87]; (c) and (d) a transparent microfluidic device fabricated with a PDMS-based
resin [45]

Finally, it is expected that printing resolution and material to be rapidly advanced in future.
These studies indicate that additive manufacturing procedures for microfluidic device fabrication
are relatively fast and simple compared to traditional microfabrication methods. In addition, it
provides flexibility in design which was not possible before. In the next chapter, a numerical
method will be presented to demonstrate the potential of using high intensity focused transduces

for additive manufacturing of polymer-based microfluidic devices.
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Chapter 3

3.Simulation
3.1. Introduction

A model which mimics a physical phenomenon could be a tool for improving the device
and studying the effects of different parameters such as materials, frequency, and power on
temperature rise and curing process. In this chapter, the simulation of the acoustic wave and the
heat induced by that is presented to optimize the printing process for a channel. The printing
resolution and printing time can be enhanced by these parameters. The COMSOL® Multiphysics
v5.3 (COMSOL, Burlington, MA) acoustic and heat transfer modules are used for the finite
element analysis of this model. FEM of a 2D axisymmetric model is used instead of a 3D model
to reduce the computational cost. The curved surface of the ultrasound transducer leads the waves
to converge at a focal point, which is located in the resin tank. The HIFU transducer is modeled

with an inner diameter and outer diameter of 22.6 mm and 64 mm, respectively.

Power
Feed rate Frequency
Resolution
and curing
Layer Divider
thickness material
Resin
material

Figure 3-1 Leading parameters in the printing process
The printer resolution and curing time are dictated by parameters mentioned above. Feed
rate and layer thickness are defined in the G-code. Here, the impacts of each of these parameters

are investigated and discussed.
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3.2. Geometry
3.2.1. Channel geometry

The designed device consists of a channel with a depth of 800 um and a width of 1.6 mm.
This model requires high resolution in the channel part. However, a lower resolution can be used
for other parts of the device to accelerate the printing time. Therefore, the influence of different
parameters such as spot size, frequency, and power is needed to be taken into account to achieve

a high resolution printed part in the least time.

3.2.2. Model geometry

The domain consists of three regions, water, divider and resin. It is modeled in 2-D
axisymmetric geometry, as demonstrated in Figure 3.2. The transducer is depicted in yellow. The
opening to the right of the transducer is considered to model a hole in the center of the transducer
in which a hydrophone is usually placed. Perfectly Matched Layer (PML), also known as

absorbing boundaries is used to absorb the outgoing waves.

B Water B Acrylic I
B Resin |
= PML -

B Petri dish N

42 mm

74.56 mm

1 1.10 mm
T

17.66 mm

5mm

A

I~ 72mm I
|
2D Axisymmetric

Figure 3-2 Model geometry
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3.3. Acoustic field theory
When a particular volume of resin is passed by an ultrasound beam, the emitted acoustic
energy in the form of pressure waves is mostly absorbed by the material and generates heat. The
transducer is immersed in water and the resin is separated by a divider with an acoustic impedance
close to water’s to decrease the absorption of acoustic waves through the divider. The transducer

is driven at the frequency of 2.15 MHz.

The pressure acoustic module in the frequency domain interface is used to model the
stationary acoustic field in the water and the resin domains to obtain acoustic intensity distribution
in resin. The absorbed energy by resin is computed and used as the heat source for the heat transfer

interface model.

3.3.1. Ultrasound Equation
In order to model ultrasound physics, the Helmholtz equation which represents a time-

independent form of the wave equation was solved in 2D axisymmetric cylindrical coordinate:

e e N I LR

Where k,, = ——lais the wave number, p is the acoustic pressure, w is the angular frequency, a
Cc

is attenuation and r and z are the radial and axial coordinates. The density, pc, and the speed of
sound, cc, are complex-valued to account for the material’s damping properties. The complex

density p. is dependent on density, speed of sound, and the complex speed of sound c.:

Co 2
pe = pe X (2)? )
CC
where co represents the signal sound speed and c. is the complex speed of sound, defined as:
)
o= 3)

Equation 1 is solved using the PARADISO direct solving method [88].
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In the Equation 1, it is assumed that the amplitude of shear waves in the domain is much
smaller than that of the pressure waves and the acoustic wave propagation which is linear.
Therefore, each successive wave is identical to the previous one. Consequently, shear waves and
nonlinear effects are neglected. However, it provides valuable information about the sensitivity of

the focal zone to the transducer parameters.

Density of the medium and the ultrasound wave velocity were considered as functions of

temperature and frequency and they were set as 998 kg/m> and 1483 m/s?in 21°C, respectively.

Z8B ZE -12 dB Beam Dia
Maxi “—Fz —
R o T et
, =
Line -6 dB Beam Dia Zp = End of the Focal Zone
D = Element Diameter

Figure 3-3 Focal zone is depicted

The size of the focal zone is reduced by increasing the frequency. The beam diameter or
focal width which is equal to -6 dB pulse-echo of the beam diameter can be calculated using

Equation 4 [89].

BD(—6dB) = 0.2568DS; “4)

where D is the element diameter and Sr is the normalized focal length which is determined by the

Equation 5.

)

2
where N is the near field distance calculated by N = i—cf. The two ends of the focal length are

located where the on-axis intensity drops to -6 dB of the focal point. The length of the focal zone
is given by Equation 6 [90]:
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6
Fr =N X Silio5s, ©

The given formulae gives us the focal width and the focal depth as 0.70 mm and 5.27 mm

for the transducer at the frequency of 2.15 MHz.

The displacement amplitude (§) of the transducer is dependent on the input power and
frequency of the transducer according to the following equation:

P 0P (11)

I
A 2

In this simulation, the displacement amplitude (¢) is 21.2091 nm which is correlated to the
input power of 218 W with efficiency of 85 % and the frequency of 2.15 MHz. A is the area of the
transducer surface and Z is the acoustic impedance of the medium through which the wave is
propagating. The acoustic impedance determines the transmission and the reflection of the wave
when it passes a boundary with another material. The acoustic impedance is related to the density

of the medium and the speed of the sound through that medium. They are related to each other:

Z=pXc (12)

Therefore, the augmentation of the density, results in an increase of acoustic impedance.
Here the acoustic impedance of water is used when determining the displacement amplitude of the

transducer head.

3.4. Heat transfer field

Heat transfer in the domain is governed by the heat transfer equation:

oT , 7
Py~ V.(kVT) =g, )
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where gy, is the volumetric heat source; more specifically the absorbed ultrasound energy
calculated from the acoustic wave simulation, T is the temperature, p is the mass density of the
material, k is the thermal conductivity and C, is the specific heat. kV2T governs the thermal
diffusion through the domain. In this model, water properties such as density and attenuation are

changed by temperature rise and frequency.

The term associated with the heat source from the acoustic wave simulation; g, must be

determined by the following equation:

qv = 2al ®)

where I is the intensity of the acoustic field and « is the attenuation coefficient of the domain.

The intensity is defined by:

9
I= f122+15+1r2 ©

where 12, I% and I? are the wave intensities in the axial, angular and radial directions, respectively.
These components are determined by taking the dot product of the particle velocity and the

pressure at each point in the domain:

dp dp (10)
I,=0.5 p.(—(pc‘f(—ziw)) ,Ip = 0.5 p-(—ﬁ%) Iy
dp
~ 05 | p. (—%)

. . . . dp . . .
where w is the angular frequency, i is the imaginary number and d—f is the pressure gradient with

respect to the r.

Attenuation is the combined effect of absorption and scattering. In other words, it is the

decay rate of the acoustic wave as it passes through the medium. Attenuation may be classified
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according to its source to attenuation due to grain scattering and attenuation due to absorption [91].
Acoustic attenuation is temperature and frequency dependent and is approximately characterized

by the following equation [92], [93]:
a=acef" (11)

where ot represents the attenuation constant coefficient for the material. Table 3.1 provides the

material properties in the model simulation.

Table 3-1 Material properties

Material Density | Speed of Attenuation | Specific heat Thermal
(kg/m3) | sound (m/s) | (Np/m) @ (j/(kg.k)) conductivity
2.15 MHz (W/(m.k))
[94]

Water (at 293.7 K) 998 1483.16 0.115 4150 0.60
Cured PDMS(10:1) | 1028 1055 76.09 1550 0.16
LDPE 913 1950 5.10 2100 0.33
ABS 968 2250 23.20 1420 0.17
Polystyrene 1051 2450 3.82 1400 0.15
Acrylic 1190 2750 13.62 1470 0.18

3.5. Ultrasound and heat transfer mesh
Free triangular mesh is generated for heat transfer and acoustic pressure. The generated
mesh for the acoustic model must be significantly fine in order to resolve different phases of the
pressure waves created by the ultrasound transducer. Therefore, the maximum element size is set
to one third of the wavelength of the waves. A coarser mesh with a maximum size of 5 mm is set
for the heat transfer model with a finer mesh which is one- eighth of the wavenumber in the focal

region.
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3.6. Results
In this section, the effects of different parameters that can affect the printing time and
resolution are investigated. First, results for a working frequency of 2.15 MHz and a power of 218
W are presented. Then, the influence of frequency, power, divider and resin material are studied.

The resolution of the 3D printer is primarily dictated by the size of the focal region.

3.6.1. Acoustic and thermal fields at the frequency of 2.15 MHz and the power of
218 W

In this section the ultrasound beam only passes in water at a frequency of 2.15 MHz and a
power of 218 W, at room temperature; T=21 °C. The results of the simulation for the acoustic field
are illustrated in Figure 3.4. Maximum acoustic pressure of 29.5 MPa is achieved at the focal point
due to the waves converging at this power. In addition, the acoustic pressure amplitude reaches
37.1 MPa at a frequency of 2 MHz and an input power of 400 W. This pressure is in good
agreement with pressure focus of the transducer’s datasheet which is 37.21 MPa. Minimal acoustic

pressure changes is shown at the rest of the media.

The acoustic intensity magnitude in the water domain is presented in Figure 3.4 (b). This
plot demonstrates an oval shape which is about 5.27 mm long and 0.70 mm wide with high
intensity which leads to an elevation of the temperature at this region. In this plot, acoustic energy

distribution is clearly shown.

(a) Total acoustic pressure field (Pa) at 218 W; 2,15 MHz (b) Intensity magnitude (W/m’) at 2.15 MHz ; 218 W
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The acoustic pressure amplitude profile along the z-axis (» = 0) is illustrated in Figure 3.5

-

Figure 3-4 Acoustic field in presence of water. (a) pressure field; (b) intensity field

(a). According to the plot, the exact location of the acoustic focus is 54.5 mm away from the surface
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of the transducer. A depiction of the pressure amplitude profile along the radial direction in the

focal plane is given in Figure 3.5 (b).

(a) (b)
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Figure 3-5 (a) acoustic pressure amplitude profile along the z-axis; (b) acoustic pressure
amplitude profile along the radial direction in the focal point;

We are interested in minimizing any temperature rise in the area surrounding the focal
region. Temperature rise in a larger region leads to a decrease in the resolution of the printed part.
The heat induced by the acoustic field after 1 second insonation in presence of water is shown in

Figure 3.6.

Temperature rise contours can be seen in Figure 3.6 (a) for the frequency of 2.15 MHz at
t= 1s. As it is shown in the plot, the maximum temperature rise is 6 °C. The oval-shaped heated
spot and the acoustic focal area are about the same size, which is clearly presented in the contour
plot of the temperature in Figure 3.6 (a). In addition, this plot shows a minimal temperature rise in

the non-focal region.

Figure 3.6 (b) provides the temperature profile at the focal point with respect to time for a
focal pressure amplitude of 29.5 MPa. According to the aforementioned figure, there is a sharp
rise in temperature during the insonation. It also gives valuable information about the cooling
process after the acoustic source is turned off. The difference between temperature at focus point
and 0.5 mm off the acoustic focal is 3.2 °C. A pulse of ultrasound emitted from the transducer is

determined as a peak in temperature.
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Figure 3-6 Thermal field in presence of water. (a) Contour plot of the temperature rise after 1
second of insonation; (b) heating and cooling curves at acoustic focus and 0.5 mm off-axis in the
focal plane;

These results indicate that the temperature profile is dependent on the acoustic intensity
profile. Normalized intensity and temperature profile along the radial axis is illustrated in Figure
3.7. Due to the smoothing effect of the thermal conduction, intensity profile converts to a smooth

temperature response.

Temperature profile compared with acoustic intensity profile along radial direction

—— Temperature profile at t=1s
—— Temperature profile at t=2s
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Figure 3-7 Normalized temperature and intensity profile

3.6.2. Effect of frequency on pressure and thermal fields
This section discusses the influence of frequency on the printing process. Frequency is a

key factor that can significantly affect the printing resolution and printing time. However,
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frequency has a number of limitations. The major limitation of this parameter is dependent on the
transducer. Transducer actuates at its natural frequency which results in a limitation in the
frequency range. However, frequency can vary in the range of 1.6 MHz to 3MHz. In addition, the
output of the pulse generator is dependent on frequency. Consequently, higher frequencies lead to

lower power output. All simulations in this section are performed in a power of 218 W at water.

Figure 3.8 (a) presents the intensity field with respect to the distance to the surface of the
transducer in presence of water for frequencies of 0.4, 1, 1.6, 2, 2.6 and 3 MHz. It is needed to be
taken into account that attenuation coefficient is variable as a function of frequency and
temperature. In this work, the attenuation coefficient is determined by the formula reported by

Krautkramer [95]. Equation 13 defines attenuation coefficient as a function of frequency (Hz).

a =217 x107®f2(dB/cm) (13)

Also, the absorption coefficient of water as a function of temperature, PH, salinity and

frequency is reported [96], [97].

(a) (b)
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Figure 3-8 (a) intensity profile along the z-axis for different frequencies; (b) intensity as a
function of frequency.

From the graphs, we can see that the focal length is reduced by increasing the frequency.

Therefore, better printing resolution can be achieved by increasing the frequency.
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The correlation between frequency and acoustic field is investigated in Figure 3.8 (b). As
shown in this figure the intensity is significantly increased by increasing frequency. A power curve
is fitted to the result for frequencies between 0 to 3.2 MHz versus the maximum intensity. This
function can be used to predict the intensity at the focal region according to the frequency. The
maximum intensity is 6 kW/cm? at a frequency of 1 MHz and 23.9 kW/ cm? at a frequency of 2

MHz. These results indicated that, resin curing can be controlled by altering the frequency.

In addition, the spot size is related to frequency; more specifically smaller spot size can be
achieved by using higher frequencies. Spot size or focal size plays an important role in printing
resolution. Knowledge of the beam width and focal length is necessary to determine whether the
spot size is appropriate to print a part or not. Resolution of printing can be enhanced by decreasing
the spot size. For instance, parts of a model which need higher accuracies can be printed by higher
frequencies and for parts which don’t require high resolutions such as supports, lower resolutions

can be applied.

The focal width and the focal length as a function of frequency are illustrated in Figure 3.9
(a) and Figure 3.9 (b). The focal width and the beam diameter for the frequency of 2 MHz are 0.76

mm and 5.72 mm, respectively.

(a) (b)

Focal length (mm)
Focal width (mm)

Frequency (MHz) Frequency (MHz)

Figure 3-9 Focal length (a) and focal width (b) as a function of frequency
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In order to print a microfluidic channel, the focal width and length are taken into account
to achieve the desired design. The beam diameter has significant effects on the channel width,

while the focal length has an impact on the channel height.

16 Temperature Rise vs. frequency (MHz) at focus

Temperature Rise (K)

O 1 I I
1 1.2 1.4 18 18 2 22 24 26 28 3
Frequency (MHz)

Figure 3-10 Temperature rise at the focus as a function of frequency

Figure 3.10 shows the temperature rise after 1 second of insonation for different
frequencies. Higher temperature rise can be achieved with higher frequencies. Consequently,

printing can be accelerated by higher frequencies.
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Figure 3-11 Surface plot of the temperature rise in presence of water after 1 second of insonation
for frequencies of: (a) 0.4 MHz; (b) 1 MHz; (c) 2 MHz; (d) 3 MHz.
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The results of the temperature rise field in presence of water after one second of insonation
for frequencies of 0.4, 1, 2 and 3 MHz are shown in Figure 3.11 (a-d). Results reveal the
importance of selecting a proper transducer with a small focal size. Furthermore, it provides

valuable information about the effect of frequency in the resolution.

3.6.3. Effect of power on pressure and thermal fields

In this section, the effect of power on the printing process is studied. The input power plays
a critical role in 3D printing process. Despite the limited range of input frequencies, the input
power for the transducer can be variable between 1 W to 218 W. As a result, more flexibility could
be reached using this parameter. On the other hand, deposit energy rate at a constant federate can
be altered by the input power. In addition, unlike attenuation which is variable for various
frequencies, attenuation for different powers is constant which makes it a pivotal parameter in the

Process.

The result obtained from the simulation in presence of water at a frequency of 2.15 MHz
are set out in Figure 3.12 and Figure 3.13. The maximum intensity for power of 218 W, 158 W
and 68 W are 27.2 kW/cm?,19.7 kW/cm?, and 8.47 kW/cm?. As shown in Figure 3.12 (b), the
correlation between power and the intensity is linear which makes it accessible to control.
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Figure 3-12 Maximum intensity at the focus point for various powers

In addition, power does not have an impact on the focal size. Focal size has a significant

impact on the resolution of a printed part.
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Figure 3.13 presents the temperature rise after 1 second of sonication for different powers.

It is apparent from this graph that the temperature rise is changed linearly by power.

; Temperature rise vs. power (W) at focus
I I T I I I

T =0.028"p + 0.006

Temperature rise (°C)

0 1 1 1 | 1 I |
0 20 40 60 80 100 120 140 160 180 200

Power(W)

Figure 3-13 Temperature rise after 1s of sonication for different input powers

Since curing time is correlated to the temperature rise, different powers can be used for
different part of the model. For instance, lower power is suggested for channel edges and higher

power can be used for other parts of the model to decrease the printing time.

3.6.4. Effect of the divider material on the pressure field

The resin container is separated from the water container by a divider. Properties of the
divider such as acoustic impedance, attenuation and thickness are considerable factors in designing
the resin box. Therefore, having a proper model to predict these factors is essential to eliminate
acoustic loss through the divider. Simulation at a frequency of 2.15 MHz and a power of 218 W
in presence of water for three materials were achieved by COMSOL and presented in Figure 3.14

and Figure 3.15. The divider was placed 42 mm far away from the surface of the transducer.

As Figure 3.14 (a) shows, there is a remarkable difference in maximum acoustic intensities
of different materials. The maximum acoustic intensity for 3 mm plates is 24.7 kW/cm?, 18.1
kW/cm? and 18.2 kW/cm? for Low-density polyethylene (LDPE), polystyrene and ABS sheets,
respectively as illustrated in Figure 3.14 (a). Since acoustic impedance of LDPE (1.79 kgm™s’
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x10%) is close to water’s (1.48 kgm?s™'x10°), most of the energy is transmitted through the divider
and lower loss is observed. Also, another intensity peak is observed especially for the polystyrene
plate where waves were transmitted through the plate. These results indicate that LDPE plate is
the best material that can be used as a divider. However, due to the low melting point of LDPE
(48 °C) and its improper surface roughness, it cannot be used in high temperatures and this makes

other materials an option for consideration. Polystyrene is a suitable material due to its low
roughness and transparency.

(a) (b)
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Figure 3-14 Acoustic field in presence of water and the divider. Intensity profile: (a) different
divider materials; (b) polystyrene dividers with various thicknesses

In Figure 3.14 (b), acoustic field for a polystyrene plate with a variety of thicknesses of

1.1, 3, 6 and 9 mm is presented. The acoustic attenuation of the polystyrene plate is 3.82 Np/m at
a frequency of 2.15 MHz.

As it is illustrated in the figure the acoustic intensity is not only dependent on the divider
thickness but also to the higher acoustic attenuation in the solid material. Since the speed of sound
is higher in solid materials focal region gets closer to the transducer due to the refraction of
ultrasound waves. This graph reveals that, the divider thickness and the material acoustic

attenuation need to be considered as crucial factors during the design of the resin container.

In addition, acoustic intensity is reduced by increasing the attenuation of the plate and
maximum intensity decreases exponentially by increasing the attenuation of the plate. Therefore,
a plate with lower attenuation should be chosen as the divider to achieve the maximum intensity

and pressure in the focal region.

38



(a) (b)

Intensity magnitude {W/m?) for different acoustic impedances !
x10° T - ' : —— -
— Acoustic impedance = 1 MRayls ol
2.4}| - Acoustic impedance = 1.5 MRayls =
—— Acoustic impedance = 2 MRayls . g
2.2r| - acoustic impedance = 3 MRayls zoe s
z
20 = o)
_ [
E 18 2 I
2 E ol ]
S 18 =0 -;-':
L E

35 E 2
= 141 X0 o
g £ o
g 12 = Y
> B oal- c
= 1 2 ©
2 e T
@ = =%
£ os g £
L 3 o

0.6 2o = i
0.4r g
1=}
02 : 01 <<

O e 2 e Ww = o 1 1 1 I I 1

70 1 15 2 25 a 15 4 45 5

0 10 20 30 40 50 60
Distance from surface of the transducer (mm) Acoustic impedance (MRayls)

Figure 3-15 Acoustic field in presence of water and the divider. (a) different acoustic
impedances; (b) maximum intensity versus acoustic impedance.

The effect of divider acoustic impedance on acoustic field at a frequency of 2.15 MHz is
investigated in Figure 3.15. As can be seen from Figure 3.15 (b), the maximum intensity is
achieved at the acoustic impedance of 1.48 MRayls which is the acoustic impedance of water. In
addition, the focal region gets closer to the divider for material with higher acoustic impedance
due to the refraction of sound waves through the divider which is in agreement with Snell’s law.
The distance of the focal point from the surface of the transducer for acoustic impedances of 1,
1.5, 2 and 3 MRayls is 54.8 mm, 54.4 mm, 53.8 mm and 53 mm, respectively. These results suggest
that plates with an acoustic impedance close to water’s should be chosen as the divider to minimize

the loss.

3.6.5. Effect of resin material on acoustic and thermal fields

In order to achieve a reasonable printing resolution, we need to choose a thermoset polymer
with acoustic and thermal properties that reduce the focal region size and printing time while
increasing the intensity. Here, a simulation for PDMS resin with a variety of acoustic attenuations
is presented. However, since attenuations of resin systems during the curing process were not
reported, we assumed PDMS with variable attenuations between 0.1 Np/m to 70 Np/m. Since most

of the reported attenuations for resin are in this range.

Despite PDMS resin system, acoustic attenuation during the curing process has been

mentioned for other materials such as Epon 815¢ and polyester resin in different frequencies [98],
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[99]. According to these papers, attenuation of the resin system alters during the curing process
and reaches a significantly higher attenuation during the curing process. However, the attenuation
is changed less than 10% for a cured part compared to an uncured part. Also, attenuation for cured

PDMS and EPON 828 at different frequencies has been reported [100], [101].

Results for the acoustic intensity profile along the z-axis at a frequency of 2.15 MHz is
shown in Figure 3.16. In this simulation, a polystyrene petri dish with a thickness of 1.1 mm is
considered as the resin container which mimics the experimental setup. From the graph, it can be
seen that the greatest intensity is associated with the smallest absorption coefficient. Additionally,

the focal point location is not dependent on the attenuation coefficient.
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Figure 3-16 Acoustic intensity profile along the z-axis for different attenuations

A significant reduction compared to Figure 3.14 (b) was found in the maximum intensity.
A comparison of the two figures reveals the importance of choosing materials with low attenuation
in order to reach a sufficient resolution. Taken together, attenuation coefficient plays a key role in

the curing process and makes it essential to find a resin system with proper absorption coefficient.

The attenuation coefficient is a critical parameter because this parameter is present in the

source term of heat transfer equation. Here, the sensitivity of the absorption coefficient of the resin
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was checked and it was concluded that the temperature rise is remarkably sensitive to the
absorption coefficient. A parametric sweep was carried out to analyze the temperature rise after 1

second of sonication against the various attenuations coefficients.

Temperature rise as a function of attenuation is presented in Figure 3.17. This figure is
quite revealing in several ways. Highest temperature rise is observed for an attenuation of 30 Np/m.
A possible explanation for this result may be due to having a model with multiple materials such
as acrylic, polystyrene, water, and PDMS with different acoustic and thermal properties. It seems
that the result is highly dependent on the geometry and the material. For instance, the volume of
the petri dish may affect the temperature increase since the thermal conductivities of the materials
are not same. In addition, acoustic waves cannot pass through the petri dish for higher attenuations
as it is shown in Figure 3.16. Therefore, after a certain attenuation, temperature rise decreases and

most of acoustic waves are absorbed.
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Figure 3-17 Temperature rise in the focus point as a function of absorption coefficient

Temperature field at the resin tank is depicted in Figures 3.18 (b) for attenuation of 1, 30,
50, 70 Np/m. Temperature rise at t=1 for these values are 218 °C, 973 °C, 829 °C and 623 °C,
respectively. It is apparent from these data, highest temperature occurs in the acrylic plate for an

attenuation of 1 Np/m. The reason behind this is the higher acoustic attenuation for acrylic.
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Figure 3-18 Surface plot of temperature rise in the petri dish for various attenuations in the petri
dish.

These results reveal that temperature release is not only dependent on the intensity profile.
It is also highly dependent on thermal and acoustic properties of the material. The temperature
increment in the petri dish needs to be contorted. In order to control the temperature at the petri

dish, it can be surrounded with a thermoelectric cooler.

The results of this study indicate that, determining the attenuation of the resin during the
curing process is crucial. This parameter has an impact on the total deposition energy in the resin

container and consequently curing the resin and printing the part.

3.7. Conclusions
In this chapter, acoustic pressure and heat transfer in the domain set out to study the impacts
of different parameters on printing time and resolution. The model provides a good understanding

and estimation of acoustic field, temperature increase, focal region size and curing time for the
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focal pressure. The result shows the temperature rise is not necessarily proportional to the acoustic
intensity. The sensitivity of the system to acoustic impedance, frequency, power and acoustic
absorption were investigated, and was found that these factors had a considerable effect on
temperature rise. Totally, the simulation reveals that the temperature rise depends on acoustic and
thermal properties of the material, as well as to the power and frequency of the transducer. These
models give us a valuable understanding of the phenomena and can be used prior to the experiment.
Also, it can be implemented to model the response of the system to different pulse shapes and
duration times. In the next chapter, the limitations and the accuracy of using 3D printed molds for
microfluidic applications with a commercial stereolothography 3D printer will be discussed to

evaluate current state of 3D printers for using in microfluidic applications.
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Chapter 4

4. 3D printed molds for non-planar PDMS
microfluidic channels

4.1. Introduction
In this chapter, the limitations and the accuracy of using 3D printed templates for

microfluidic applications with commercial stereolithography (SLA) and Fused Deposition
Modelling (FDM) 3D printers, are presented. The application of channels with multiple
thicknesses is a major area of interest within fields of tissue engineering and microfluidics. 3D
printing facilitates cost-effective fabrication of PDMS-based microfluidics using 3D printed
molds. Due to the low resolution of 3D printers for microfluidic applications, direct printing of

high-resolution microfluidic devices is limited.

The main aim of this chapter is characterization and evaluation of 3D printed molds for
microfluidic applications and comparison of materials and printing configurations. Therefore,
three different platforms containing multiple thicknesses were fabricated using 3D printed molds.
The accuracy of printed parts in three dimensions will be demonstrated and the limitations and
applications of these molds will be studied.

4.2. Experiment and measurement

Stereolithography (SLA) and fused deposition modeling (FDM) methods were used in this
work, to investigate the feasibility of each method for microfluidic applications. SLA is an additive
manufacturing method that converts photopolymer materials into solid parts by curing them using
an ultraviolet (UV) laser. FDM 1is a thermoplastic filament technology which deposits a
thermoplastic material through an extruder, layer by layer. In FDM printers, the resolution is a
factor of the nozzle size and the positioner. In contrast, SLA printers’ resolution is dictated by
radial beam scattering [102].

4.2.1. 3D printing of the mold

The CAD models of the devices were designed using Solidworks (Dassault Systémes) and
the designed models were exported as STL files. The models were printed using Formlabs 2 and
LulzBot TAZ 6 which are SLA and FDM 3D printers, respectively. Two different types of

stereolithography resin were tested. The resolution of the 3D printer according to its datasheet is
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150 um in the XY plane and 25 um in the Z axis. In addition, the clear filament (NGEN clear,
colorFabb Inc.) was used for the FDM 3D printer and the default setting on the 3D printer was
applied. A thickness of 2 mm was considered for the base to prevent models from bending.

4.2.2. Post-processing of 3D printed molds

The 3D printed molds by the SLA 3D printer were washed with isopropanol for 2 minutes
after printing, nitrogen gas then was used to dry them. For the next step, they were exposed to UV
light (Stratalinker® UV Crosslinker 2400) for 6 min. The molds’ roughness and accuracy were
inspected using confocal microscopy. Since PDMS cannot be polymerized into a cured part in
contact with the surface of the molds, they are treated with oxygen plasma at high power (Harrick
Plasma, Inc.) before molding for 2 min and then the parts are coated with fluorinated silane
(Trichlorosilane, Sigma-Aldrich, Inc.) for 6 hours at 60 °C. Consequently, the cured parts will be

removed easily from the master mold and the surface will not be sticky [103].

4.2.3. Fabrication of microfluidic devices

PDMS components were purchased from Dow Corning Crop (USA). Mixed polymer at
10:1 ratio (w/w) was degassed in a vacuum chamber for 30 min prior to casting. Then, the polymer
was poured into the master mold. The PDMS was cured in an oven at 70 °C in 4 hours. Afterward,
the PDMS part was peeled off from the mold and cleaned with IPA. The required holes for fluid
inlet and outlet were made prior to plasma treating and thereafter, a glass slide and the PDMS part

were treated with oxygen plasma for 50 sec and were bonded to each other.

4.2.4. Characterization of surface topography

Surface profile was obtained by using a Confocal Laser Scanning Microscope (Olympus
Inc.). In contrast to SEM, there is no need to prepare the part with a conductive coat. 5x and 20x
lenses were used for confocal microscopy. The cutoff value (A _c), is set to 0.8 mm. Area of 2.4
mm by 1.2 mm was scanned with the ultrafine setting. The scanning of this area takes 60 min. The
surface roughness, height profile, and geometry were analyzed and 2D and 3D images were

exported by the microscope software for future analysis.

4.3. Results and discussion
3D printing enables fabrication of microfluidic chips with multiple thicknesses. In contrast

to photolithography method, multiple masks and alignments are not required. As the result, CAD

models can be printed simply which make them ideal for fast prototyping.
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A comparison of surface roughnesses, printing costs and times of a 2 cm x 5 cm x 2mm

template for two different methods are presented in Table 4.1.

Table 4-1 Comparison of printing cost and time for different resins

Cost/ Surface roughness
Resin type Printing time
Part [pm]
Clear; printed directly on the build platform | 0.30 US 114 min 1.12
Clear; printed with supports 0.44 US 172 min 2.24
Flexible; printed directly on the build
0.40 US 113 min 0.43
platform
Flexible Printed with supports 0.62 US 200 min 2.53
NGEN Clear Filament 0.05 US 21 min 7.61

Printing cost and time for the FDM 3D printer is considerably lower. However, these
factors are inadequate to make it a reasonable method for microfluidic devices due to the printer’s
low resolution. Printing time for clear and flexible resin is almost the same. However, the flexible

resin’s printing cost is slightly higher than clear resin’s.

More time is required if the model is being printed perpendicular to the build platform,
since it includes more layers for printing. Basically, printing time is highly dependent on number
of layers. Therefore, printing on the build platform is more time-saving. In addition, printing cost
for models directly printed on the build platform is lower due to the volume of supports and hence
the presence of more layers. Laser microscopy images of the surface of the models printed with

flexible and clear resin by two different configurations are illustrated in Figure 4.2.
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X
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Figure 4-1 Printing on the build platform; printing layers are illustrated by black and white strips
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Printing vertical to the build platform Printing directly on the build platform

Model—
Build platform

Figure 4-2 Surface comparison of two models; model printed vertically; (a) flexible resin (b)
clear resin; model printed directly on the platform; (c) flexible resin (d) clear resin.

The surface of the mold in the model printed horizontally is significantly smoother since
the model surface is exposed to the UV light in a specific layer. In comparison to the model printed
perpendicular to the build platform, distinctive layers are not apparent on the surface of the parts

as it is demonstrated in Figure 4.1 and Figure 4.2.

Surface roughness was measured by the confocal microscope and the cutoff value was set
to 0.8 mm. The average roughness was 1.12 um, 0.43 um, and 7.61 pm for clear resin, flexible
resin, and FDM filament, respectively; all printed directly on the build platform. The surface
roughness of flexible resin was 3 times better than clear resin. Therefore, fabricated channels with

this resin are smoother and comparable to lithography.

It shows that SLA 3D printers are more suitable for microfluidic applications. Since
flexible resin is not transparent, UV light cannot pass through the flexible cured parts. By contrast,
clear resin is transparent and UV light can penetrate to that. Therefore, the resolution for the

flexible resin on the plane perpendicular to the build platform is better than the clear resin.
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4.3.1. 3D microfluidic channel
Several molds were fabricated and pretreated for a 3D microfluidic channel using FDM

and SLA printers. These models were printed directly on the build platform due to the better
surface roughness of this configuration. Models contain 31 rods on a channel with a cross-section
of 1000 x 100 um?. The diameter and the height of the rods are 200 pm and 60 pm, respectively
(Figure. 4.3 (c-e)). The required printing time to print directly on the build platform is 113 min
and 21 min for SLA 3D printer and FDM 3D printer, respectively. This design can be used to
monitor cell culturing in the microfluidic channel. Since most of cells stick to rods due to their
larger surface area, the effects of the environment such as light and temperature to cell culturing

can be studied by using this design.

Figure 4-3 Rapid prototyping PDMS-based microfluidic device by 3D printed mold. (a) Design
of a microfluidic channel (b) The reusable mold for fabrication of PDMS-based microfluidic
device fabricated by clear resin. 3D printed molds by clear resin (c), flexible resin (d) and FDM
filament (e). (f) Picture of the fabricated microfluidic device is depicted.

The FDM 3D printer could not construct the rods on the channel. In addition, the surface
roughness and channel profile are inadequate for microfluidic devices. The result obtained from

the microscope for parts printed with SLA 3D printer is illustrated in Figure 4.4. The resolution of
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clear resin is better than flexible resin on the plane parallel to the build platform. As it is presented
in Figure 4.5 shows both types of resin have a considerable error in the depth of the channel

compared to the CAD model.
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Figure 4-4 Laser scanning microscopic images of 3D printed molds in flexible resin (left) and
clear resin (right) .3D scanning of the 3D printed mold by flexible resin (a) and clear resin (b).
(c&e) The height profile of the channel by line scanning microscopy. The blue line shows the
height of the channel in the 2D scanned image and the red line shows the height of the channel in
presence of a rod in the red line in the 2D scanned image. (d) and (f) present the surface of the
mold. (g) and (h) show the height and the profile of the rod.

It is apparent from this figure that rods have a circular shape compared to the flexible resin
which has an elliptical shape (Figure 4.4 (g) and Figure 4.4 (h)). Furthermore, the height profile
increases gradually in the flexible mold compared to the clear mold in which the height profile is
comparable to the designed model. Clear molds tend to bend in presence of heat which results in
a curved PDMS chip. In molds printed with flexible resin, this would not be a concern due to their

flexibility.
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Figure 4-5 Comparison of the designed model and the printed mold with different resins. The
yellow bar represents the design dimensions.

Figure 4.5 compares the dimensions measured with the confocal microscopy and the
designed mold. Comparing the two results, it can be seen that the rod’s radius has an acceptable
error of less than 15% for both resins. However, the shape of a rod with the clear resin has a smaller
deviation from the circular shape of the designed mold. As Figure 4.5 shows, there is a significant
difference between the designed and the printed parts in the Z direction. A considerable error can
be seen in the results obtained for the rod’s height which was printed with the clear resin.
Considering the XY resolution, the width of the channel is wider for both resins. It can be
concluded that the printer is more accurate on the plane parallel to the platform compared to the Z
direction. However, it should be considered that the accuracy of the printed parts can also be related
to other factors such as alignment of the 3D printer and layer thickness.

4.3.2. Droplet generation device

Droplet microfluidics provides high potential in various fields such as drug delivery,
organic synthesis, microgels generation and pharmaceutical industries [104]-[107]. Therefore,
development in droplet generation devices and their application has increased in recent years, and
cost-effective and fast fabrication methods have become essential for boosting these devices [108],

[109]. Indeed, conventional microfabrication processes, such as soft lithography hinder fast
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prototyping of these chips and require cleanroom facilities as well as skilled operators. In addition,
since the design of the device plays an important role in throughput of these devices, fast
prototyping of droplet generation devices can accelerate the process of their development. Here, a

microfluidic droplet generation device fabricated by a 3D printed mold is suggested.

b l Water

[551] um-
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Figure 4-6 Droplet generation device. (a) laser scanning microscopic image; the 3D printer was
not able to construct the bat-wing (b) generated droplet in the T junction; (¢) Experiment setup
consists of two syringe pumps and an optical microscope; (d) microfluidic chip design.

The design of the mold is illustrated in Figure 4.6 (d). This design contains four channels
with widths of 600 um, 1250 pm and 550 um. The height of the channels is 600 um. A junction
with an obstacle was designed in order to generate uniform droplets during the droplet generation
process within the microchannel. Using a junction with an obstacle was introduced by Li et al. to

achieve highly uniform and double emulsions [110].

Figure 4-7 Obstacle; considerable error compared to the design.
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A droplet generation mold was printed with clear resin. The demanded printing time for
the first configuration is 3 hours and for the second one is 6 hours and 27 min. In order to
investigate the effects of printing configuration on the accuracy of the 3D printer, two different
configurations were considered. The first configuration was printing the model directly on the
build platform with no support. The second one was printing the model with the support
perpendicular to the build platform. A comparison between the two configurations is presented in
Figure 4.8. Better resolution of the width of the channel was observed for models printed directly
on the platform. However, a significant error was observed in the height of the channels compared
to the models printed with support. The error is 30 percent to the designed model while the error
for the model printed with support is 15 percent. When the model is printed on the build platform,
the last few layers have a significant impact on the height of the channel. While the last few layers
on models with supports are model’s edges and don’t affect the accuracy of the model in the Z
direction. The printer was not able to construct the obstacle. The depth of that part was
considerably lower than the one in the design. The laser microscopy image is illustrated in Figure

4.7.

1600 T T T
I Clear resin; Printed horizontally
1400 - I Clear resin; Printed vertically
[ IDesign
1250
1200 B
’é: 1000 - b
g
S goof i
% 705 739
£ 620 612
= 600 600
a8 L ol ol
600 550 503
425
400 R
200 - B
0
Upper channel Lower channel Side channel Channel Heigth

Figure 4-8 Comparison of models printed on the build platform and with supports with the
design.
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For the droplets generation, silicone oil was used as the continuous phase and water colored
with a blue food dye was used as the dispersed phase. The water input and oil input were set to
0.14 ml/min and 0.09 ml/min. The droplet generation rate for these inputs was 0.25 droplet/s.

4.3.3. Suspended polymeric microfluidic device

Measuring fluid properties such as dynamic viscosity and density plays a critical role in
many applications including physical, chemical and biological sensing [111]. Suspended
polymeric microfluidics can directly measure kinematic viscosity. In such a system, the cantilever
is bent due to fluid weight and shear force. However, fabrication of these devices is significantly
challenging due to alignments of two layers of the device. Here, a fabrication-friendly method is
suggested that can simplify fabrication of a 2D suspended polymeric microfluidic chip. In order to

align two layers, 3D aligners as well as input and output holes are printed with the mold.

Positive and negative molds were designed in which the negative mold is similar to positive
mold without channels. Since the accuracy of the width of the channel is more important for this
particular mold, it was printed directly on the build platform with clear resin. It consists of a
channel with a height of 200 um. The channel widths inside and outside of the cantilever are 200
pm and 300 pm. In addition, in order to align two molds, a rod with a radius of 1.5 mm was

designed.

In Figure 4.9 (a) a depiction of 3D microscopy image of channels in the cantilever is
illustrated. It is apparent that the walls of the channel have angles of more than 90 degrees.
Therefore, the cross-section of the channels has more of a trapezoidal shape than a rectangular one,

with their base being wider than the upper edge as it is also illustrated in Figure 4.9 (a).
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Figure 4-9 Suspended polymeric microfluidic device. (a) Laser scanning microscopic image and
profile of channels; (b) microfluidic chip design; (c¢) molds and the fabricated device

As Figure 4.10 demonstrates, a reasonable accuracy was observed with an average error of
11%. However, as it was shown in previous models, it has a higher error of 24 % in the direction

perpendicular to the printed plate.
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4.4. Conclusions
The fabrication of PDMS-based microfluidic devices has been presented using
commercially available SLA and FDM 3D printers. This study set out to determine the feasibility
and simplicity of this method which does not require clean room facilities. In addition, it simplifies

the fabrication of microfluidic devices with multiple thicknesses.

Reusable molds can be printed in 2 hours, at an average cost of 0.35 USS$, which lead to
fast prototyping and cost-effective production. FDM printing is a cost-effective method with a
variety of thermoplastic filaments. Unfortunately, FDM printers are unable to print channels with
features smaller than 400 pm. These factors make SLA 3D printers appealing for microfluidics.
However, PDMS cannot be polymerized in contact with 3D printed molds with photoreactive

resins. Therefore, post-processing is essential prior to PDMS replication.

The investigation of the printer accuracy has shown that it can construct multilevel
microfluidic devices. A major limitation of this method is the low resolution and the difference
between the CAD model and the printed part. Printed part by clear resin shows a more accurate

result compared to other types of resin in XY direction. In addition, the height profile of the printed
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part is closer to the CAD model. However, a significant error has been seen in the printed parts

with clear resin, particularly in the Z direction.

Besides, three platforms fabricated with two different resins were presented. The chip
fabrication with conventional methods needs multiple masks or aligning which is a time-

consuming method.

3D printing will almost certainly become a more common method for microfabrication in
the future. There is a strong possibility that the resolution of 3D printers will be improved in the
long term. A remarkable progress has been made in the fabrication of microfluidic devices with
smaller features [112]. However, conventional lithography is still the most reliable and precise
method, especially for mass productions. In the next chapter, a description of the experimental
setup for the acoustic assisted additive manufacturing method will be presented. This method can

significantly simplify and enhance fabrication of microfluidic devices.
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Chapter 5

5. Experimental setup and methodology

This chapter gives a detailed description of the experimental system and procedures used

in data acquisition and material characterization throughout the experiment.

5.1. Experimental setup
The overall 3D printing block diagram is represented in Figure 5.1 below.
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Figure 5-1 Block diagram of the experimental setup
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5.1.1. HIFU system

The heart of the 3D printer is a single element transducer which converts electrical pulses
to mechanical energy. The HIFU system consists of a high power focused signal-element
spherically shaped transducer, spherically focused hydrophone, third harmonic impedance
matching network and a signal generator. It operates at a frequency of 2.15 MHz, with an inner
diameter of 22.6 mm and an outer diameter of 64 mm. The spherical radius of the curvature is 63.2

mm and it has a focal width and length of 0.76 mm and 5.72 mm respectively with a focused

intensity of 46161 C:Zts at a frequency of 2 MHz. The transducer is specifically presented on the
table below.
Table 5-1 HIFU transducer parameters
Freq GEOMETRY PRESSURE / INTENSITY FOCUS
Intensity Peak Focal
Pressure Intensity Peak ) Focal
ROC ID OD Area Surface Pressure Width
MHz Focal Focus Pressure Length
mm mm mm cm? Watts/c Surface Focus (dia)
Gain Watts/cm? MPa mm
m? kPa mm

2 632 226 64 3050 64.35 11.15  578.26 46161 37.21 0.76 5.72

The measured efficiency and bandwidth of the transducer consists of losses in the
transducer, cable and the matching network is 85%. The third harmonic impedance matching
network can be used in order to operate the device in a higher frequency with smaller focus region.
The third harmonic RF impedance matching allows operation to be performed in the vicinity of
3.3 times the fundamental resonance. However, the maximum power of the signal generator at the
corresponding frequency of 7.35 MHz is 31 W. The efficiency at the third harmonic is about 25%
lower that at the fundamental frequency. The dimension of the third harmonic impedance matching

network is about 13.3 x 6.8 x 4.5 cm.

The signal generator can be operated with a maximum power of 218W at the frequency of
2.150 MHz. The signal generator is powered by AC line voltage in the range of 90-264 VAC, 48-
66 Hz. The power, the frequency, period of time, the burst length and the interval can be altered

by the user. The “Duty cycle” field indicates the percentage of time the output will energize. For
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instance, a burst length of 2 ms and an interval of 10 ms result in the output being on for 20% of

the time.

PCD hydrophone is constructed to place at the center of the HIFU transducer. It is confocal to the
focus of the HIFU transducer and it has a bandwidth of 10 kHz-15 MHz. The hydrophone signal
was monitored using an oscilloscope (DPO 2024B, Tektronix, OR). The data obtained from the
oscilloscope was recorded by Open Choice data (Tektronix, OR) for further analysis. Data attained

from the hydrophone can be used to determine the frequency.

5.1.2. Positioning device
Choosing and implementing a positioning device which moves the HIFU transducer in

order to effectively cure the resin at the desired point according to the CAD design is essential.
The transducer is mounted in a holder connected to a computer numerical control (CNC) machine.
The CNC machine was designed with a CAD software (Solidworks, Dassault Systémes) and
purchased from Stepcraft Inc. The Stepcraft 420 Desktop CNC System consists of 3 stepper motors
(Nanotec®) to move the transducer in three directions. The resolution and the repeatability of the
machine according to the datasheet of the device are 0.005 mm and 0.04 mm which are suitable
for 3D printing. The Coordinates of the printing path can be given to the machine according to the
desired part using G-code (UCCNC, Hungary). The working space of the machine is 300 x 420 x
140 mm and its weight is 15 kg [113].

Figure 5-2 Assembled CNC machine
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5.1.3. Data Acquisition System

Temperature is one of the most important parameters in our system, in order to have an
effective control over the curing of the resin. A digital thermometer will be used to capture the
variation of temperature with respect to time at various locations in water and the resin container
and store them in the desired format for future analysis. The digital temperature monitoring system
consists of an eight-channel port for the thermocouple input (National Instrument NI 9212)
connected to isolation amplifier module (National Instrument NI cDAQ™-9171) which is
connected to the computer via a USB cable for acquiring data through the LabVIEW software
[114], [115]. T-type copper-constantan thermocouples with diameters of 0.25 mm (Omega
Engineering, INC.) were opted to measure the temperature because of their repeatability, accuracy,
response time and sufficient stability at the operating temperature of our experiment. The

temperature error of the thermocouple is in order of 0.1 °C.

Thermocouples are calibrated before testing to ensure they have the correct reference

temperature. They were submerged in boiling water (assumed 100 °C) in order to be adjusted.

5.1.4. Water container

The degassed deionized water container that hosts the HIFU transducer was made from
half-inch transparent acrylic plates. The container is open to the atmosphere and it was designed
according to the CNC device to maximize the working place for printing. The dimensions of the

container are 49 x 30 x 16 cm.

5.1.5. Resin container
The resin is separated by a divider with an acoustic impedance close to water’s to decrease
the absorption of the acoustic wave through the divider. As it was discussed in Chapter 3, divider

has a remarkable impact on the transmitted energy through the resin tank.

In addition, other factors such as transparency, surface roughness and melting point of the
divider should be taken into account. Since the divider can experience high-temperature rise due
to heat induced by the ultrasound, a divider with a higher melting point ought to be precisely
chosen. In addition to these factors, in order to monitor the printing process, a transparent material
is required. Moreover, rough surface roughness can lead to nonuniform reflection of sound waves

through the divider. This can significantly affect the printing resolution.
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The interplay between these parameters contributes to choosing polystyrene as an ideal
material for the divider. In the table below, a comparison between critical parameters such as Heat

Deflection Temperature (HDT), intensity at the focal and transparency for dividers is presented.

Table 5-2 Comparison between different parameters for dividers

Material HDT @0.46 MPa (°C)[116] Intensity focus (kKW/cm?) | Transparency

ABS 84 18.2 X
Polystyrene 87.5 18.1 v
LDPE 45 24.7 X

According to Table 5.2, although LDPE has an acoustic impedance closer to water’s and
most of the energy is transmitted through it, transparency and higher Heat Deflection Temperature
of polystyrene make it an ideal material for a divider. Therefore, a polystyrene petri dish was

selected as the resin container [117].

In order to place the petri dish in the water container, a stand was designed to hold the petri
dish. This leads to achieve a consistent position for the petri dish in different experiments. The
setup including the CNC machine, the petri dish stand, the petri dish and the water container is
illustrated in Figure 5.3.
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e l Holder

Petri Dish
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Figure 5-3 3D printing setup; the CAD model was designed using SolidWorks
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5.1.6. Thermochromic liquid crystal sheet

Liquid crystals are highly temperature sensitive material that react by changing their color
when exposed to temperature. These sheets are normally black and are functional for thermal
mapping. Thermochromic liquid crystal sheets usually alter through a spectrum of colors within a

5 degree Celsius temperature bandwidth.

Here, a liquid crystal sheet will be used in order to indicate the position and shape of the
focal region. A liquid crystal sheet with a temperature range of 40-45 °C was purchased from
Edmund optics. The sheet will be placed parallel and perpendicular to the transducer’s surface in

order to demonstrate the shape of the focal region in both directions.

5.2. Methodology

5.2.1. CNC post processor

Ultrasound waves reaching the divider between two mediums at an angle may be subjected
to refraction and reflection. Refraction will change the direction in which the passed ultrasound
waves proceed to propagate in the resin tank, whereas the reflection will diminish the energy
proceeded in the transmitted ultrasound beam. Therefore refraction may relocate the focus away
or close to the geometrical focus and disphase the focal spot which should be taken into account.
Therefore, the 3D printer has to be calibrated for each divider material and each different
thicknesses. In addition, it is essential that the CNC machine is referenced to its absolute position
since the G-code is written with respect to this coordinate system. Therefore, the CNC machine

needs to update its coordinates each time according to the resin container.

In this regard, a post processor for the CNC machine was developed to determine the initial
position for printing according to resin and the divider acoustic properties. In addition, the
movement of the focal region in the direction parallel to the surface of the transducer in the resin
tank is not equal to the CNC movement in the same direction due to refraction of acoustic waves

as it is illustrated in Figure 5.5.
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Figure 5-4 Refraction of the acoustic beam in the resin container

The coordinate system is set at the center of the petri dish lid. The G-code given by the
CAM software will be altered according to the new coordinate system by Equation 1. This formula
was obtained according to Snell’s law with acoustic properties of water, PDMS, and polystyrene

in the room temperature.

P t —_ J—
X ost processor | ©° ; v+ (Y 1.11? 78 (1)
/ Z .

The post-processor can change the coordinates of the design according to the CNC
coordinate system. The initial printing point corresponds with the point that the focal point is
placed on the petri dish surface. The transducer is placed 40 mm away from the petri dish lid at

this position. The transducer moves away from the petri dish by adding printing layers.
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Figure 5-5 Machine’s reference position
In order to set the CNC coordinates according to the resin container, the transducer moves
as long as it touches the surface of the petri dish. Then this position is set as the reference
coordinates for the positioner machine and the CNC moves backward for 40.00 mm. The reason
behind choosing 40 mm for this purpose is the program which was written based on Snell’s law

and the petri dish dimensions.

Besides, the program will be used to determine the printing space in the petri dish. Since
the acoustic beam is conically focused in the focal region, the movement of CNC must be in a way
that all acoustic waves penetrate from the surface of the petri dish. Otherwise, partial transmission
of waves would be through the petri dish edges and can change the magnitude and position of the

maximum pressure.

Taking together, the post-processor will be used in three ways, including referencing the
CNC machine, determining the printing space and converting the G-code obtained from the design

to the one in the printing path to achieve the desired layer thickness.
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5.2.2. HIFU thermal field characterization

In order to record the temperature rise in water an experiment was designed as illustrated
in Figure 5.6. The HIFU beam must be focused on the thermocouple to achieve the maximum
temperature rise in water. Therefore, the transducer at a power of 218 W and a frequency of 2.15
MHz was moved along the beam axis and in both orthogonal directions with a feed rate of 150
mm/min to find the exact location of the focal spot according to the maximum temperature. Then
the transducer started to sonicate for 1 second and temperature rise was acquired by the Data
acquisition system. This method for temperature measurement is subjected to several limitations

which will be discussed in Chapter 7.

Figure 5-6 Temperature measurement setup

This chapter provided a comprehensive description of the experimental setup and
procedures used in data acquisition and material characterization throughout the experiment.
However, the material characterization plays an important role in the printing process which will

be discussed in the next chapter.
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Chapter 6

6. Material selection

In this chapter, the material selection process is reviewed and the effect of different

parameters on the curing time is investigated. Selecting a proper thermoset material plays a key

role in rendering a 3D printed part with high resolution and accuracy.

6.1. Thermosetting polymers

Thermoset materials are used as the resin for the device. Thermosetting polymer is a

polymer that is irreversibly cured from a viscous liquid or soft solid resin. The process of curing

starts with heating the mixture of the resin and its curing agent. Thermoset resins are usually liquid

prior to curing and cannot be heated to reshape the cured part. These polymers usually consist of

a base material and their curing agent and are usually stronger than thermoplastic materials. Since

thermoset polymers have the three-dimensional network of bonds, they are stronger than

thermoplastic polymers and possess hardness, good rigidity, and high thermal stability [118].

(a)

(b)

Figure 6-1 Schematic diagram of the cross-linking steps; (a) unreacted monomers; (b) linear
branching and growth; (c) the gel point; (d) the cured, crosslinked polymer with some unreacted
groups [119].
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Curing a resin converts it into an elastomer or plastic by crosslinking of polymer chains
through the formation of covalent bonds among independent chains of the polymer. The curing
process initiates with a reduction in the resin viscosity upon the application of heat and the
viscosity starts to increase as the chemical reactions grow the length and the degree of cross-linking
between oligomers. The process resumes as far as an extended 3-dimensional network of oligomer
chains is formed. This stage is known as gelation. In order to obtain vitrification in the resin,

elevation in the process temperature usually is required following gelation [120].

6.2. Influence of time, temperature, and mass on the curing process
The ambient temperature highly impacts cross-linking rate. Since all thermosetting
reactions are exothermic, the rate of reaction is affected by a mass effect. Polymerizing mixture of
monomers can be traced by monitoring the viscosity alternation versus time at a particular
temperature. As it is illustrated in Figure 6.2, the curing process begins at to, and a mixture viscosity
of mo. The generated heat due to the exothermic reaction causes a viscosity reduction (no). The
increment in molecular weight of the mass leads to mixed viscosity increase. The molecular

enlargement resumes gradually until it reaches the gel point (tger).

T2>T1>T3> Ty

(a) (b)

n - Viscosity
1 - Viscosity

Mo
71

tgel
t-Time

Figure 6-2 (a) Viscosity versus time at constant temperature. (b) Effect of ambient temperature
on the gel time [118].

The viscosity goes to infinity from this point; more specifically, the polymeric mass turns

into a macroscopic solid.
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Temperature influences the cross-linking reaction. Basically, augmentation in the ambient
temperature leads to an elevation in the reaction rate. In addition, since thermosetting resin is
exothermic, the exothermic heat adds to the input heat. Figure 6.2 (b) shows the effect of the

ambient temperature on the curing time.

In addition, gelation is a factor of mass. A cross-linking mass increment leads to a drop in
the amount of heat transfer of the exothermically generated heat from the reaction site since

polymers are naturally thermally insulative materials [118], [121].

6.3. High and low exothermic resins

Resin generates exothermic heat that can affect the curing time. Thermoset resins may be
classified on the basis of the exothermic process to low exothermic resins and high exothermic
resins. High exothermic resins are also known as chemically dominant polymers can be
polymerized rapidly in the room temperature. The application of these polymers such as epoxies
is mostly in structural adhesives. In contrast to high exothermic resins, low exothermic or
thermally dominant resins require elevated temperature during the polymerization process. In our
application, low exothermic resins are preferred since more control can be achieved during the
printing process. Otherwise, chemically curing of the resin leads to low resolution and limited time
for printing. In addition, exothermic resins can deflect the resin container due to the exothermic

reaction.

6.4. Experiment materials
Five different thermoset polymers and their curing agent have been chosen and tested as

presented in Table 6.1.

Table 6-1 Selected polymers

Base polymer Curing agent Supplier Category
EPON™ 828 EPIKURE™ 3270 | Miller-Stephenson High exothermic
EPON™ 8021 EPIKURE™ 3271 | Miller-Stephenson High exothermic
XIA RTV-3481 XI14107138 Krayden Low exothermic
Proxima® HPR 2100 | Proxima® CT 722 Materia High exothermic
Sylgard® 184 Catalyst 87- RC DOW Low exothermic
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EPIKURE™ 3270 and EPIKURE™ 3271 are modified aliphatic amines. Aliphatic amines
are the largest group of epoxy curing agents and known as short lives and high exotherms [122].
Therefore, EPON™ 8§28 and EPON™ 8021 with their curing agents are characterized as exotherm

resins.

Sylgard® 184 or PDMS and XIA RTV-3481 are classified as silicone polymers. Silicones
are polymers including silicone and oxygen atoms covalently bonded as linear chains. Silicone
elastomers are classified as room-temperature-vulcanizing (RTV) and heat curing systems (HTV)
[123]. PDMS and XIA RTV-3481 are HTV and RTYV silicones, respectively. However, the
polymerization process for both polymers is a low exothermic process. Therefore, these material

are suitable for the application of 3D printing.

Proxima® HPR 2100 and Proxima® CT 722 consists of a two-part thermoset polymer
system that provides a superior toughness performance. This thermosetting system is created with
blends of dicyclopentadiene (DCPD) and other norbornene monomers which are thermally

activated by the catalyst [124].

In order to investigate the effect of the exothermic process on the curing time, one kind of
epoxy and PDMS were tested at room temperature. The curing time corresponding to each resin
was around 24 H and 10 min for PDMS and epoxy, respectively. It is apparent from Figure 6.3,
the exothermic polymerization process, distorted the resin container whereas PDMS could not

deform the container.

" i Deformation

e

EPON 828 PDMS

Figure 6-3 Deformation of the EPON 828 container
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In addition to the discussed parameters, viscosity and density of material have a significant
impact on the process. The material is ideally highly viscous and has an acoustic impedance close
to water. Silicone elastomers possess higher viscosity compared to other polymers. Due to the
acoustic streaming in the printing process, high viscosity can reduce the streaming and lead to a
higher resolution. In contrast, for material with lower viscosity, streaming impedes the process and

the whole container is heated by the heat induced by the ultrasound.

Physical properties of polymers are presented in Table 6.2 which shows higher viscosity

of the silicone elastomers.

Table 6-2 Properties of thermoset polymers

Polymer Viscosity (CP) Density at 25°C (g/cm?)
EPON™ 828 110-150 @ 25 °C 1.16
EPON™ 8021 85-115 @ 25 °C 1.10
XIA RTV-3481 (Mixed with curing agent) 20000 @ 25 °C 1.21
Proxima HPR 2100 250 @ 30 °C 1.03
Sylgard® (Mixed with curing agent) 3500 @ 25 °C 1.03

PDMS high viscosity and low exothermic curing process make it an ideal material for the
3D printer. Also, it is used in a variety of biomedical applications including lab-on-a-chip and
medical devices. In addition, it has been demonstrated as difficult to print with conventional 3D
printing methods due to its low modulus of elasticity and high curing time [42]. Therefore, in the

next chapter, two PDMS fluidic devices will be fabricated by the HIFU 3D printer.
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Chapter 7

7. Results and discussion

The aim of this chapter is to investigate and discuss the influence of different parameters
on the printing process. Also acoustic streaming a major phenomenon that affects the process will
be discussed. In addition, two fluidic channels will be printed by this method which present a huge
potential in the field of microfluidics. In the end, a new method of fabricating molds for circular

microfluidic channels will be presented.

7.1. Acoustic Streaming

Acoustic streaming was observed during the sonication in water and resin. A transfer of
energy between the propagation media and the acoustic wave was induced by wave propagation
in a viscous fluid, leading to acoustic streaming. Acoustic streaming was first investigated by
Eckart (1948), who developed an expression for the streaming velocity [125]. Many studies have
investigated the relationship between acoustic intensity and acoustic streaming by various
techniques including particle image velocimetry, Doppler ultrasound, and magnetic resonance
imaging methods [125]-[131]. Acoustic streaming generated using a HIFU transducer has been
reported in many studies using digital particle image velocimetry (DPIV). In our application, it is

essential to characterize and observe the fluid stream to predict the acoustic streaming field.

I ———

Water bath

Injection direction

Transducer

Figure 7-1 Setup for observing the acoustic streaming
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In order to observe fluid streaming conducted by the high pressure in the focal region two
experiments were designed. The experiments were carried out at room temperature with deionized
degassed water. As shown in Figure 7.1, the outlet of the tube was placed in a parallel manner to
the transducer surface in the focal region. Then deionized dyed water was injected generously in
the media and the pulse generator was turned on and off repeatedly. As can be seen in Figure 7.2,
when the input power was on, the dominant pressure moves the stream away from the transducer
surface and it stopped when the input power was off. This experiment indicated that the effect of

streaming is considerable on the printing process.

Another experiment was designed using acrylic particles to visualize the motion of the
particles in presence of an acoustic field. Particles were added to the resin prior to the experiment.
In addition to acoustic streaming, curing of the resin can be observed by this method, since the

particles ceased in the region that resin was cured.

S

flow direction

Figure 7-2 Acoustic streaming in the focal region, the transducer is placed on the left; (a) power
is off and flow is not injected; (b) power is on; (c) turning off the power; (d) power is off
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These experiments emphasize on the effect of streaming on the printing process. In order
to overcome the acoustic streaming, printing can start from a plate, so it could have a support to

prevent streaming to affect the resolution of the printing.

7.2. Simulation verification

7.2.1. Acoustic field
In order to verify the simulation results, the calculated pressure and the intensity obtained

by the simulation were compared to the device data sheet. The pressure at the focus obtained by

the simulation is presented in Figure 7.3.
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Figure 7-3 Acoustic pressure field obtained by the simulation at a power of 400W and a
frequency of 2 MHz

The pressure is in good agreement with the device datasheet which is 37.21 MPa.
However, there is a 6 percent error between the maximum intensity achieved by the simulation
and the device datasheet. The acoustic pressure and the velocity are not in the same phase for a
strongly focused beam. Therefore acoustic intensity is not proportional to the square of the pressure

field. This leads to an error in the calculation of the intensity of the transducer.
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7.2.2. Temperature rise
As discussed in Chapter 3, there is a temperature rise during the sonication period followed

by temperature decay after sonication. Results illustrated in Figure 7.4 show the characteristic
heating and cooling profiles. However, there is a significant difference between the simulation and
measured curves due to thermocouple limitations for HIFU experiments which have also been
reported by many researchers.

Temperature rise at water; Power=218 W, freg= 2.15 MHz
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Figure 7-4 Measured temperature profile with a thermocouple and the simulated profile in water

Several research groups have revealed that temperature recorded using thermocouple can
be imprecise due to the well-known “thermocouple artifact” effect. This imposes an extra
temperature rise over the temperature rise in the water generated by absorption of acoustic waves
[132]-[136]. Therefore, the measured temperature rise is higher than the computed temperature
rise due to additional heating by artifacts. A number of studies have indicated that thermocouple
artifact magnitude depends on the probe size, orientation, material and the operation power and
frequency [134], [137]. However, self-heating artifact is observed even for the smallest
thermocouples. In addition to aforementioned parameters, the difference between the thermal
conductivity between the thermocouple and the surrounding water is reported as another source of

thermocouple artifacts [138]. Thermocouples are made from metal with higher conductivity such
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as copper and cromega which lead to a distortion of the thermal field. In addition, there is an error
in cooling curves due to the acoustic streaming which leads to faster heat dissipation in the
experiment compared to the simulation . Taken together, it can be concluded that focusing of the
HIFU acoustic beam causes significant error in the measured temperature rise as a result of
thermocouple artifact effect. Alternative methods to characterize the thermal field such as
magnetic resonance imaging (MRI) method is suggested. However, this method is expensive and

not widely accessible.

7.3. Characterization of focal shape using a thermochromic liquid crystal sheet
The HIFU acoustic beam focuses energy on a small region with the size of a grain of rice.
The black thermochromic sheet responses to the acoustic energy as its temperature increases. The

focus is apparent as light spots on the liquid crystal sheet as it is illustrated in Figure 7.5.

Figure 7-5 Visible light spot at the focus; Transducer is radiating from the left

The measured focal width and length on the thermochromic sheet are approximately 7.18
mm and 0.95 mm, respectively. The thermochromic sheet assists to find the exact location and

shape of the physical focal.

7.4. Fabricated channels by acoustic-assisted printing
In this section, two printed models by PDMS will be presented. Since mixing ratio of 10:1
1s the most common ratio in fabrication of microfluidic devices, this ratio was chosen for
experiments. The second sample has a smaller feature compared to the first one. The resolution

and dimensions of models will be discussed.

75



The first model consists of a channel with a width of 4 mm. it was fabricated at the
frequency of 2.15 MHz and the input power of 170 W. The feed rate and layer thickness were set
to 300 mm/min and 0.25 mm in the G-code. The G-code including printing paths was obtained by
CATIA and was given to the CNC machine software. The tool size which is basically the spot size
was set to 2 mm. In order to increase the depth of the channel two layers were printed. The design

of the model and the printing paths are illustrated in Figure 7.6.

(a) R5.45 mm; (b)

4 mm
P 30 mm
X axis (mm)

Figure 7-6 First model; (a) design of the model (b) printing paths generated by a CAM software

The printed model is shown in Figure7.7 (a). As can be seen, polymer was not polymerized
in some regions, which can be a result of a minor misalignment of the resin container. However,
PDMS was completely polymerized in the inner printing paths. In addition, defining a large spot
size led to a gap between printing paths. The obtained spot size and channel width are 1.24 mm
and 4 mm respectively. The printed model was covered and bonded with a PDMS layer for closing
the channel as can be seen in Figure 7.7 (b). In order to achieve a conduit, a thin layer of PDMS
was poured into a petri dish and the model was placed on top of it. This leads to obtaining a channel
with a smaller aspect ratio. The input and output holes were drilled prior to bonding. No leakage

was observed during the testing process with dyed water.

Eilap

Figure 7-7 First model with a channel; (a) printed model; (b) fabricated chip covered with a
layer of PDMS during testing with dyed water
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The second printed channel comprises a smaller channel with a width of 2 mm. The spot
size was set to 1 mm to provide a better resolution compared to the first sample. The model was
fabricated with three layers at the feed rate of 300 mm/min. The input power was set to 170 W,
190 W and 218 W for the first, second and the third layer. The transducer was driven at the
frequency of 2.15 MHz and the duty cycle of 100%. The designed model and printing paths are

shown in Figure 7.8.

= e U
R4 mm M
5>—@ | oA
i g ]
W ¥ A ]
-~ 2275 mm— - W
45 W
-20 -15 -10 -5 0 5 10 15 20
x axis (mm)

Figure 7-8 Second model; (a) design of the model; (b) printing path generated by considering a
spot size of 1 mm.

The printed model is illustrated in Figure 7.9 (a). The channel width is 1.68 mm in the printed
model. The resolution of this model is significantly better due to smaller spot size which was set
in the G-code. However, the surface of the model is rough and nonuniform. In order to cover the
channel, a glass slide was covered with a thin layer of uncured PDMS and the printed model was
place on top of it. Then the part on the glass slide was placed into the oven at 40° C for 4 hours.
The fabricated device is illustrated in Figure 7.9 (b). Since the surface of the model was rough,
plasma bonding did not work. Then the model was tested with dyed water. These results suggest

that, fabrication of microfluidic devices is feasible by using a transducer with a smaller focal width.
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Figure 7-9 Second printed model with a smaller channel; (a) printed model; (b) fabricated chip
bonded with a glass slide during testing with dyed water

7.5. Mold fabrication on acrylic plates by a high intensity focused transducer
Another method in which HIFU transducers can be used is fabrication of an acrylic mold
for microfluidic applications. Despite the molds fabricated by SLA 3D printers as it is discussed
in Chapter 4, acrylic molds do not require post-processing. This can significantly facilitate

fabrication of PDMS-based microfluidic devices.

This method is based on focusing high-pressure amplitudes on an acrylic sheet which leads
fabrication of the mold for microfluidic channels on the acrylic sheet surface. The thickness of
the acrylic sheet is 2.8 mm. The main advantage of this method is achieving circular channels
compared to other methods such as 3D printing or soft lithography which are limited to the
construction of rectangular channels. Circular channels are of considerable attention for many
biomedical applications, since they mimic biological flow systems such as vein networks. In
addition, axis-symmetrical flow, and uniform shear form can be achieved by applying circular

channels.

Moreover, the time and cost required for this method are remarkably lower than that in 3D
printing methods. Required time for fabrication of each mold is less than a minute. In order to
present the potentials of this method a Y channel was designed with a length of 3 cm. The width
and height of the mold depend on the focal width, input power and the distance between the

transducer and the acrylic sheet. The designed Y Channel and fabricated molds are illustrated in
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Figure 7.10. As it can be seen in the figure, high power and low feed rate can lead to cavitation in
the acrylic part and decrease the smoothness of the mold. The three models on the right have better
surface roughnesses. These models were fabricated at DC of 60 %, feed rates of 100 mm/min, 80
mm/min and 90 mm/min, frequency of 2.15 MHz and input power of 218 W. The experiment was
performed at different feed rates and duty cycles. In addition, the distance from the transducer and
the acrylic plate have a significant impact on the channel width and height. The best channel size

achieved by fabricating 35 molds had a 1.05 mm width and a 47 um height.

30 mm

Figure 7-10 Mold fabrication by a HIFU transducer. (a) designed model (b) Fabricated acrylic
molds at a duty cycle of 60 % and with various feed rates; the second model from the left was
chosen for mold fabrication.

The cross-section of a channel fabricated by this method is presented in Figure 7.11. As
shown in Figure 7.11 (b), the width of the channels is considerably large compared to their height.

This is due to the beam diameter which is approximately 0.8 mm.
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Figure 7-11 Surface topography of the sample fabricated at DC of 60 % and feed rate of 150
mm/min obtained by confocal microscopy.

The fabricated mold with a duty cycle of 60 % and a feed rate of 80 mm/min was used as
a master mold for the Y channel. The surface of the acrylic part was washed with IPA and PDMS
at a mixing ratio of 10:1 was poured onto the mold and cured at 40 °C within 12 hours. Then, the
cured PDMS Y-channel was peeled off from the acrylic sheet. The PDMS chip was bonded to a
glass substrate with oxygen plasma treating. The PDMS chip and the fabricated chip are illustrated
in Figure 7.12.

Figure 7-12 fabrication of a microfluidic device by an acrylic mold. (a) the PDMS chip; holes
were punched to connect tubes; (b) the fabricated chip was tested with dyed water.
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Overall, these results indicate that this method can simplify fabrication of circular channels.
In addition, despite most fabrication methods, the surface of the mold does not require post-treating
and can be used directly as a master mold. Smaller channels can be obtained by using a transducer

with a higher frequency and a smaller focal size.

7.6. Conclusions
In this chapter, two polymer-based fluidic devices were fabricated by the acoustic-assisted
method which contain channels with widths of 4 mm and 1.68 mm. Time and cost required for
fabricating a part by this method is considerably low and no additional post processing is required
to turn the printed part to a functional part. In addition, a method for fabrication of acrylic molds
by a HIFU was suggested. This method can simplify fabrication of circular channels. Furthermore,

molds do not require post-processing and can directly be used as a mold.

81



Chapter 8

8. Conclusions and future work

8.1. Summary and conclusion
An additive manufacturing method is presented for fabrication of polymer-based
microfluidic devices. An acoustic-assisted 3D printer was designed, fabricated and developed
using a HIFU transducer in order to selectively solidify polymer by heat induced by focused
ultrasound. This fully automated rapid process can guide microfluidics towards the development
of low-cost commercially devices. In short, the key features of the different steps toward the design

and fabrication of the device are listed below:

e The acoustic pressure and heat transfer in the domain were simulated to study the
impacts of various parameters on the printing process. The results obtained by the
simulation were in good agreement with the device data sheet. The sensitivity of
the system to acoustic impedance, frequency, power and acoustic absorption were
investigated, and was found that these factors had a considerable effect on the
temperature rise. These models provided a valuable understanding of the
phenomena prior to the experiment, especially in selecting a proper transducer and
material for the resin tank.

e Fabrication of microfluidic devices with a commercial 3D printer was carried out
in order to investigate the limitation of using 3D printed molds for fabrication of
PDMS-based devices. Three microfluidic chips were fabricated and the roughness
and accuracy of the 3D printer in each model and configuration were analyzed. This
method significantly reduced the fabrication time and cost. However, the resolution
of the process is limited and the molding process is fully manual.

e A postprocessor was developed for the CNC machine that was used in three ways,
including referencing the CNC machine, determining the printing space and
converting the G-code obtained from the design to one in the printing path to

achieve the desired layer thickness. In addition, polystyrene was chosen as the
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material for the resin tank due to its transparency and higher deflection temperature
compared to ABS and LDPE.

Five different thermoset materials were tested and PDMS high viscosity, low
exothermic curing process and, biocompatibility made it an ideal material for the
3D printer.

Acoustic streaming; a major phenomenon that affects the process was discussed
and an experiment was designed to observe the streaming induced by the HIFU. In
addition, temperature rise obtained with the simulation were compared to the
experiment which showed a significant error due to the well-known “thermocouple-
artifact” effect. Focal shape was identified by a thermochromic liquid crystal sheet.
The focal length had a length of 7.18 mm.

The 3D printer was fabricated and two polymer-based fluidic devices were
fabricated by the acoustic-assisted method which contain channels with widths of
4 mm and 1.68 mm. PDMS was used as resin for these models. The printing spot
size was 1.24 mm for printed models. Dyed water was injected into the fabricated
devices and no leakage was observed.

A method for fabrication of acrylic molds by a HIFU was proposed. This method
can simplify fabrication of circular channels. In addition, molds do not require post-
processing and can directly be used as a mold. The smallest channel obtained by

this method had a 1.05 mm width and a 47 um height.

8.2. Future works

The objective of this thesis is to develop an additive manufacturing method to rapidly

fabricate 3D printed structures by a biocompatible material. Several steps have been performed

toward printing a polymer-based fluidic device. However, there are still a number of considerations

that can be implemented for the further improvement of the presented method. Such improvements

are suggested below:

Testing other biocompatible materials and investigating the effect of material

properties on the printing process

&3



Developing a software for acoustic-assisted 3D printing method that can generate
path lines according to the model, the input power and duty cycle and the layer
thickness

Conducting more experiments in order to determine the effects of various
parameters on the process

Performing image processing on images obtained by the SEM to characterize
number of bubbles and their size distribution

Using a transducer with smaller focal size and higher frequency to improve the 3D

printer resolution
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