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Abstract: Since the emergence of microfluidic devices, subtractive manufacturing techniques have
dominated their production. Although the conventional manufacturing processes are well estab-
lished, they come along with some disadvantages that limit the accessibility and hinder the further
development of microfluidics. With the rise of additive manufacturing, researchers are focused on
developing alternative fabrication methods to promote affordability and accessibility. This paper
presents the opportunities and challenges of laser-based stereolithography printers for the fabrication
of microfluidic equipment. Emphasis is put on the design and iterative prototyping process from the
initial design idea to the final device. To print with adequate and sufficient geometrical accuracy and
suitable material, the optimization of the printer’s performance is discussed. Regarding the design of
multiphase microfluidics and its complex fluid behavior, suitable surface treatments, including an
appropriate cleaning protocol, and coating strategies to make the printed channels either hydrophilic
or hydrophobic are presented to ensure applicability. With these fundamentals of additive manufac-
turing in microfluidic fabrication at hand, the second focus of this contribution is on the application
of a modular co-flow device and a monolithic flow-focusing device to generate droplets and slugs
in different multiphase flow applications. The presented co-flow setup features a tapered capillary
that affects the droplet and slug sizes due to differing diameters, with larger diameters leading to
larger droplets and slugs and vice versa. Several design parameters for the flow-focusing device were
evaluated to determine the influence of device design on multiphase flow formation. It was found
that the diameter of the inlet for the dispersed phase has the greatest effect on the size of the resulting
droplets and slugs and covers the largest range of adjustable sizes.

Keywords: microstructured devices; microfluidics; additive manufacturing; stereolithography;
droplets; design thinking; rapid prototyping

1. Introduction

Systems that process or manipulate small volumes of fluids, designated as microflu-
idics, have revolutionized various scientific fields such as biology, chemistry, and medicine
in the last decades [1-4]. The emergence of microfluidics can be traced back to the minia-
turization trend in analytical chemistry leading to micro total chemical analysis systems
(nTASs), which was mainly influenced by advances in micro-electromechanical systems
(MEMS) [5,6]. By manipulating fluids on the microscale, eminent control and precision
enable innovation in diagnostics, analytics, drug development, and life sciences [7-9].

The rise of microfluidics can be attributed to its potential to perform complex bio-
chemical and chemical processes with minimal sample volumes, reduced reagent con-
sumption, and faster reaction times [10,11]. Early microfluidic systems include inkjet
printheads and DNA chips, but they have quickly expanded to a wide range of applica-
tions. The great potential of microfluidics lies in its ability to integrate multiple laboratory
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functions on a single chip, often referred to as a lab-on-a-chip (LOC) [12]. The integra-
tion facilitates high-throughput screening, point-of-care diagnostics, and environmental
monitoring, among other applications [10,13,14].

An important field of microfluidics is the application of multiphase flows, which
involve the simultaneous flow of two or more immiscible fluids [15,16]. In microfluidic
systems, multiphase flows can be used to create droplets, bubbles, and emulsions with
highly controlled sizes and compositions, which offer unique opportunities for scientific
and technological progress [17]. These segmented flows can be achieved via different flow
devices that affect the flow formation due to their geometries and dimensions. The most
common ones are cross-flow, co-flow, and flow-focusing setups. Droplets or bubbles can
serve as individual microreactors, allowing for high-throughput screening and the study
of reactions under well-defined conditions [10,11,18]. Furthermore, the precise control of
droplet formation and manipulation simplifies the study of fluid dynamics, interfacial
phenomena, and the behavior of complex fluids at the microscale [19,20]. The capabilities
of controlled multiphase flows are particularly useful in applications such as drug delivery,
material synthesis, chemical reactions, and biological assays, enabling the compartmen-
talization and isolation of reactions in small volumes [21-23]. However, the difficulty of
manufacturing microfluidic devices prevented rapid development for a long time, as the
high costs and the required expertise limited the access to these devices to a select group
of people.

The manufacturing techniques for microfluidic devices have evolved significantly over
the past few years [24-27]. Initially, photolithography, with its origin in the semiconductor
industry, was the primary fabrication method [28]. However, the associated materials
feature some relevant drawbacks, as silicon is expensive and cannot be coupled to optical
microscopy because of its opaqueness, and both silicon and glass have low gas permeability,
which makes them inappropriate for its use in biotechnology. In the late 1980s, researchers
were devoted to expanding microscale production to transparent, flexible, cheap, and easy-
to-process materials. One of the influential accomplishments in the field of microfluidics
was the development of soft lithography and its application to polydimethylsiloxane
(PDMS) by Prof. G. M. Whitesides, to whom this Special Issue is dedicated, and his
laboratory at Harvard University in the late 1990s and early 2000s [29-32]. PDMS is a
silicon-based organic polymer that meets these requirements, making it ideal for a wide
range of microfluidic applications. This technique democratized the fabrication process
as it addressed some of the previous limitations, making it more accessible to researchers
worldwide and allowing for the rapid and cost-effective production of microfluidic devices,
leading to fast innovation [29]. As PDMS soft lithography is also capable of combining
multiple layers with more complex geometries and functionalities, it can also be considered
an early predecessor of layer-by-layer production as used in modern 3D printers [33-35].
Whitesides” work in soft lithography and microcontact printing laid the foundation for
many of the techniques and approaches used in microfluidic device fabrication today. His
emphasis on simplicity, affordability, and accessibility has guided much of the research and
development in this area.

In recent years, additive manufacturing, commonly known as 3D printing, has
been trending as a fabrication method to produce microfluidic systems [36-39]. Three-
dimensional printing techniques such as stereolithography (SLA), fused filament fabrication
(FFF), and digital light processing (DLP) offer several advantages over traditional fabrica-
tion methods, including the ability to create complex geometries, reduce material waste,
simplicity, and produce devices rapidly and cost-effectively. Besides the reduced material
costs, the acquisition costs of the necessary equipment are low as well. Furthermore, saving
the designs as computer-aided design (CAD) files and a fast-growing community allow
for cloud manufacturing. The improved accessibility provided by 3D printing is helping
microfluidics to find its way into more labs [40]. The state-of-the-art fabrication of 3D-
printed microfluidics is primarily focused on SLA and FFF fabrication, with both featuring
unique chances but also challenges, which include material compatibility, surface quality



Chemistry 2024, 6

1460

and properties, and the realization from initial idea to a functional device. The promising
trend requires the standardization of 3D printing methods and design guidelines that
are particularly suitable for researchers new to the field to further promote research in
microfluidics [40,41].

The layer-by-layer production enables the creation of entangled microfluidic channels
and components that would be challenging or impossible to fabricate using conventional
methods. The versatility of 3D printing also allows for the integration of multiple materials
and functionalities into a single device. For instance, researchers have developed 3D-
printed microfluidic systems with embedded sensors, valves, and other active components,
paving the way for more sophisticated and multifunctional LOC devices. The ability to
rapidly prototype and iterate designs using 3D printing accelerates the development cycle,
facilitating the exploration of new concepts and applications in microfluidics [39,42,43].

Rapid prototyping and design thinking are key components in the development of
microfluidic systems. Rapid prototyping, enabled by inexpensive and fast fabrication
techniques, allows researchers to quickly create and test new designs, identify potential
issues, and make necessary modifications. This iterative process is essential for enhancing
device performance, optimizing functionality, and reducing time to market [42—44]. De-
sign thinking is a systematic approach for innovation that emphasizes feasibility, viability,
and desirability [45]. In the context of microfluidics, design thinking involves understand-
ing the needs and constraints of end-users, whether they are researchers, users, or people in
need, and designing devices that effectively address those needs. This approach encourages
multidisciplinary collaboration, bringing together expertise from fields such as engineering,
biology, chemistry, and medicine to create integrated and purposefully microfluidic systems.
The combination of rapid prototyping and design thinking promotes the development and
innovation of microfluidic devices that are not only technically advanced but also suitable
for everyday use.

The rise and quick development of additive manufacturing techniques are currently
causing a paradigm shift in the state-of-the-art fabrication of microfluidics. The simplicity,
affordability, and accessibility promote the further and more rapid development of microflu-
idics and reduce the product cycle life time [46,47]. Ultimately, the chance of designing
innovative and true 3D structures and the material diversity are particularly attractive
in the field of microfluidics. In addition to monolithic, single-stage approaches, additive
manufacturing enables the design and realization of integrated, modular, or hybrid flow
systems to meet user-specific demands and combine several tasks on a small scale [48].
However, the huge potential is also accompanied by great complexity. With this article we
provide a further-growing community with a guide to catch up with the state-of-the-art
fabrication in microfluidics. The focus is on design, prototyping, fabrication, and post-
processing to create proper working multiphase flow systems that are printed using SLA.
The approach follows a typical workflow by considering the resin choice, increasing the
printer performance, and ultimately post-processing and surface treatment of the printed
microchannels. By addressing various challenges and providing a standardized design
and prototyping process, we aim to promote the accessibility of microfluidics. Finally,
the design methods presented are put into practice using the example of droplet formation
with a modular co-flow device and a monolithic flow-focusing device. The co-flow setup is
intended for continuous operation with constant fluid flows. With a tapered channel and
adaptive positioning of the cannula inside the capillary, it is possible to set different flow
regimes with the same device under the same process conditions. For the flow-focusing
device, the effects of the considered design options on multiphase flow formation are
highlighted. This enables the development of a suitable device in a very short time that
covers a wide range of flow regimes depending on the fluid flows.

2. Materials and Methods

The following subsections deal with the printer characterization and optimization
process, a general device design strategy, and surface treatment protocols to award the
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chosen material with the desired properties. In addition to cleaning, this includes treatments
to make 3D printable resins optically transparent and either hydrophobic or hydrophilic.

2.1. Printer Characterization

Since additive manufacturing revolutionizes the state-of-the-art fabrication of mi-
crofluidic devices, it is essential to characterize and optimize the 3D printing process and
the post-processing routine to obtain devices that are true to size and feature certain needs.
In general, there are two interdependent opportunities to optimize the printing process
as such. The first one is to optimize the printer settings that affect the quality and the
dimensions of the printed device. This should be the choice if commercially available
resins are suitable for the intended application. The other, more complex chance is to tune
available resins by blending or develop new resins from scratch that feature the desired
properties. For rather complex and demanding devices, both the printer and the resin may
be tuned simultaneously to achieve the best results. The blending and formulation process
for different resins is well described in the literature, so that the following chapter will
focus on tuning the printer at hand to enhance device quality [49-51].

As there are many different printers and printing techniques to fabricate microfluidic
devices, it needs to be mentioned that the focus of this contribution is on laser-based
SLA printers. The printer that was used for this study is a Formlabs Form 3+ (Formlabs,
Somerville, MA, USA) SLA printer, and the optimization was performed exemplarily for a
transparent resin that allows for optical analysis (Clear Resin v4, Formlabs, Somerville, MA,
USA). The printer is equipped with a 250 mW laser that has a spot size of 85 um. The lateral
resolution in the XY-plane is 25 pym. Consequently, under optimum conditions, positive
structures can be printed with a minimum lateral distance of 85 pm at a resolution of 25 pm.
The layer height is dependent on the material to be printed and the laser intensity.

2.2. Device Design

The development of new microfluidic devices by additive manufacturing requires
various design considerations. First, the requirements and necessary performance of the
device need to be clarified. Design parameters such as the geometry and the dimensions
of the device need to be defined to achieve the desired fluid flow. In addition, the capabil-
ities of the existing printer, the desired material, and the laboratory peripherals must be
determined. With this information, the design process starts, where the aim is to develop a
first printable CAD model. The design then goes through an iterative process consisting of
testing and validation, review, and prototyping to increase the device’s quality and perfor-
mance. Further post-processing that deals with cleaning, surface treatments or coatings,
and enhancing optical transparency is needed to enable the device’s actual applicability.
With all these considerations, the device is ready for final true-to-size fabrication and
performance optimization. Figure 1 provides an overview of the development process for
additively manufactured microfluidic devices. The process is examined in more detail in
the following subchapters.

&/modular\ applicability

define:
« requirements / tasks

« fluid flow

determine:
« printer capabilities
« geometry / dimensions * material choice
« periphery

post-processing: final device fabrication:
« cleaning « true-to-size prints

« surface treatment / coating  + performance tuning

« optical accesibility

monolithic
integrated
tolerances

printability accuracy

failure

Figure 1. This figure shows a guide through the development process of microfluidic devices
for multiphase flow applications, starting with the initial idea and needs, the design and rapid
prototyping process, and finally the finished product.
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2.2.1. Design Thinking

At the beginning of each design process for microfluidic devices, the user and the
developer need to define its designated features. The main task the device should be able
to perform and how this task is performed should be elaborated. Certain geometries and
dimensions represent essential design parameters as they affect the flow regime, flow be-
havior, mixing quality, and residence time of microfluidic devices. With complex tasks and
the urgency of innovation comes creativity, and associated to it is the question of whether
the desired device is printable. This is even more relevant as additive manufacturing
enables the fabrication of true 3D structures, and, hence, the printability in different spatial
orientations needs to be considered. Based on the complexity of the device or in the case
that several tasks need to be combined, either monolithic, integrated, or modular setups
can be beneficial. By determining the printer capabilities and choosing the desired material,
it becomes evident which design strategy should be pursued. Depending on whether it
is a single-purpose or multi-purpose application, it is essential to evaluate whether the
selected material is suitable for use with the desired liquids. The material should therefore
be subjected to a durability study, whereby particularly the continuous phase of the multi-
phase flow must be evaluated, as it is in constant contact with the material. If there are any
issues with the material compatibility but some features of the resin are essential for the
application, like optical accessibility or heat resistance, a surface coating might be suitable
to make the material compatible. Ultimately, the device must be designed in such a way
that fluidic connections can be integrated to ensure the leakage-free supply of fluids and to
enable inline analytics.

2.2.2. Rapid Prototyping

As a first step, the general printability of the designated prototype needs to be eval-
uated. The highest possible resolution of the printer at hand should be used, and it is
advisable to test different spatial orientations of the device on the build plate, as the print-
ing angle has a great influence on the quality of particularly closed channels, which is
emphasized in Figure 2. Internal supporting structures should be avoided as they cannot
be removed after printing and would affect the device’s performance. Another important
part during this stage is to evaluate if the necessary post-processing is applicable to the
printed part.

Figure 2. Various redirections of channels with an inner diameter of d; = 1 mm. (a—c) were printed in
an orientation that affects the printability of negative structures, and (d—f) were printed after rotation
by 180°, resulting in a structure where the printability of channels is not influenced. The direction of
gravitational force is indicated.

In the case that the desired design cannot be printed accurately, an iterative prototyping
process is necessary to make the prototype producible. The initial design is tested and
validated regarding its performance, applicability, and the chosen material. Based on
the results, the review phase begins, in which printing errors, printing accuracy, and
functionality are taken into account, among other things. For the next prototype, the general
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printability, the needed tolerances, and whether a monolithic, modular, or integrated setup
is the favorable choice.

Once the printing process provides sufficient results, the device should be tested and
evaluated regarding its applicability. If the device does not perform as desired, another
iteration process is necessary in order to optimize the post-processing or device design.
With regard to multiphase flows in capillaries, these can be leakage, flow disturbances,
irregular flow patterns, bad mixing, undesired droplet or slug size, or undesired wetting of
the dispersed phase, to name some of the most common. While bad mixing and undesired
droplet or slug sizes can be attributed to the dimensions and geometries of the device or
to the fluid velocities, flow disturbances, irregular flow patterns, and undesired wetting
behavior may be caused by insufficient post-processing.

The performance of the device can also be affected by the fact that the dimensions
after the printing and post-processing will most likely not be true to size due to swelling
or shrinking of the resin or uncured resin sticking to the device because of high capillary
forces. Consequently, another important fine-tuning iteration aims at achieving true-to-size
fabrication. This can be achieved either by redesigning the device with a certain factor
and iteration or by advancing the default parameters of the used printer. This iteration
step can be performed either before or after the applicability test. If the printer is intended
exclusively for printing microstructures, probably with a large number and fairly complex
geometries, it is advisable to change and advance the printer settings. In the case of laser-
based printers, such as the one used during this study, the most effective tuning parameters
can be seen in Table 1. For other printing techniques, such as light-emitting diode (LED)
screens or photon beams, the device quality can be enhanced by tuning similar parameters.

Table 1. The tested parameter, their default values, and the advanced values according to this study.

Printing Parameter

Reason to Modify * Default Value Advanced Value

Layer thickness

To adjust print speed, surface finish, or Z-axis fine
feature performance. Increasing this value can im-
prove print speed. Decreasing this value can improve
surface finish or fine feature resolution.

25 pm 25 pm

X, Y, Z correction factor

To adjust dimensional accuracy of large features
(larger than several millimeters) in the X, Y, or Z direc-
tion and compensate for the volumetric shrinkage of
each material.

1.005; 1.005; 1 111

Perimeter to nominal ge-
ometry spacing

To correct for cases where small features (millimeter

. . —0.05 mm 0 mm
scale) are undersized or oversized.

Perimeter fill exposure

To change the surface hardness and surface tackiness
of the model. Increase this value to make the print 31 mJcm™
surfaces harder and less tacky.

2 2

20mJ cm™

Model fill exposure

To change the green state strength and stiffness of the
model. In most cases, higher green strength results
in better print success rate, surface finish, and dimen-
sional accuracy.

31 mJ cm 2 20 mJ cm 2

TOp surface exposure

To change the surface tackiness or surface hardness of
any flat top surfaces on the print.

31 mJ cm 2 20 mJ cm 2

Operating temperature

To adjust the resin temperature that the printer main-

tains during printing. Higher resin temperatures usu-

ally increase resin reactivity and decrease resin viscos-

ity. Increased resin reactivity can impact print speed, 35 °C 35°C
dimensional accuracy, and surface finish. Decreased

resin viscosity can impact print speed, print success

rate, and print quality.

* The descriptions can be found in PreForm software 3.41 for Formlabs printers.
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A decrease in layer thickness had no positive effect on the fabrication of microfluidic
devices, as a decreased laser penetration depth automatically leads to less strongly cross-
linked layers and more printing errors. The reduction in the X and Y correction factors
has had a positive effect on the printer accuracy in the scale of microfluidic devices, as the
laser spot does not exceed the desired dimensions to counteract any shrinkage. This
correction is particularly useful for objects with a rather large volume, where shrinkage has
a greater effect. For small applications, especially those with negative structures inside, this
parameter has a negative effect, as capillary forces increase and more uncured resin remains
entrapped in the channels. The perimeter to nominal geometry spacing determines the
distance between the outermost perimeter laser path and the model’s nominal boundary.
The default negative value causes the laser perimeter to be inset larger than the model’s
nominal boundary, which results in negative features being smaller and positive features
being larger than intended in the CAD file. This effect is counteracted by adjusting this
parameter. All other parameters that are varied concern the exposure. As the laser spot has
no uniform intensity over its diameter of 85 pm, but features a circular normal distribution,
the decrease in this value reduces the laser spot size as the intensity at the marginal areas is
too low to harden any resin. A further decrease lower than 20 m] cm ™2, however, leads
to incorrect printing. The performance of the printer’s default settings and the advanced
settings are emphasized in the histograms in Figure 3. For quantification, the diameters
of the capillaries were measured using a micro-computed tomography scanner (Bruker
Skyscan 1275, RJL Micro & Analytic GmbH, Karlsdorf-Neuthard, Germany) featuring a
resolution of 15 pm. Some exemplary cross-sectional images for different settings and
intended diameters are given in Figure 3a. The diameters are evaluated at 500 different
positions for each capillary.

(a) default settings (b)
50
Advanced
Default
40
, 30+
advanced settings €
Y 820—
5 mm
10
0 : : . : . : T
0 005 010 015 020 025 030 035 040
d/mm
160
140
120
1004
S 80
Q
o
60 -
40
20
. . : : : 0 : : : :
0.70 0.75 0.80 0.85 0.90 0.95 1.00 175 1.80 1.85 1.90 1.95 2.00
d/ mm d/mm

Figure 3. (a) shows cross-sectional images of the CT scans, that were used for the quantification.
The top row represents the default settings and the bottom row the advanced settings for an intended
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diameter of 0.5, 1.0, and 2.0 mm (from left to right). (b—d) give the histograms of the diameter
distributions for all intended capillary diameters. The histograms of the advanced settings are given
in light blue, the histograms of the default settings are given in gray.

The histogram in Figure 3b demonstrates that an intended capillary diameter of
dcap. = 0.5 mm is not realizable with the default printer settings. Even for the advanced
settings, it is not possible to come close to the desired diameter as the histogram peaks
between 0.31 mm and 0.35 mm. The rather large deviation can be explained by the fact that
the material swelling is large in relation to the size of the negative structure. At this level,
further adjustments should consider the CAD modeling to improve the print accuracy.
For an intended diameter of 1.0 mm, the advanced settings show a better performance
than the default settings of the printer, as shown in Figure 3c. The bimodal distributions
can be attributed to the instability of the capillaries with increasing distance from the
build plate, which leads to a deterioration in print quality in both cases. In similar cases,
it is advisable to increase the material thickness to increase the stability. For increasing
negative structures, the distribution becomes more narrow, which emphasizes an increased
precision of the printer and negligible shrinkage or swelling of the material compared to
the capillaries dimensions. Figure 3d demonstrates that the advanced settings outperform
the default settings.

2.2.3. Periphery Interfaces

Although microfluidic devices themselves feature small dimensions and are space-
saving, the surrounding periphery for fluid supply and drainage and analytical tools is
rather macroscopic in most cases. Another benefit of additive manufacturing is that fluidic
connections and interfaces to integrate analytics can be customized easily to meet specific
needs. Consequently, it is possible to design and print a suitable connection for any type of
periphery. This not only promotes the further miniaturization of microfluidics, but also the
modular design in particular, as almost unlimited connection options are enabled. When
connecting tubes, sensors, or multiple parts of a modular design in series, it is essential
to ensure leakage-free connections that come along with tight and precise transitions and
only low pressure losses so the fluid flow is not disturbed. The most common types of
connectors include threaded connectors, hose nozzles, and bayonet connectors. Each of
them is scalable to fit specific demands and a variety of microfluidic devices.

2.3. Surface Treatment After Photopolymerization

Since in microfluidic multiphase applications small disturbances or surface irregu-
larities can have a major impact on flow stability and the prevailing flow regime, proper
surface cleaning is essential to achieve true-to-scale structures and smooth channels. After
the cleaning process, the channel or capillary surface can be treated so that its wetting
behavior becomes either hydrophobic or hydrophilic, depending on whether the organic
phase or the aqueous phase is intended as the continuous, wetting phase.

2.3.1. Surface Cleaning

After the desired device has been printed, thorough cleaning is required to obtain
a print that is as dimensionally accurate as possible. This is particularly necessary for
microfluidics with closed channels, as the capillary forces increase as the channel width
decreases, causing the uncured resin to stick to the capillary wall and block it. The different
cleaning methods are evaluated by comparing the inner diameter of equal channels with
an intended diameter of 4 = 1000 pm, which are cleaned using different cleaning schedules
as can be seen in Figure 4. All capillaries were printed orthogonally to the build plate.
Thereby the average diameter of the channel is the main characteristic for evaluating the
influence of a cleaning method on the print quality. Again, the diameters of the capillaries
were measured using micro-computed tomography for this purpose.
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Figure 4. Diameter distribution of 3D-printed capillaries with an intended diameter of 4 = 1000 pm
after the application of different cleaning protocols. The boxes give the mean diameter with standard
deviation, the whiskers are the minimum and maximum diameters, and the mean diameter is
emphasized by a horizontal line.

The standard cleaning schedule consisted of washing the device in the FormWash
(Formlabs, Somerville, MA, USA) for 20 min and subsequent flushing with fresh isopropyl
alcohol (IPA) (Sigma-Aldrich, St. Louis, MO, USA) in 3 runs with 5 mL each. This cleaning
procedure yielded an average diameter of 785 um. Based on this, it can be stated that
every cleaning mechanism causing a greater average diameter has a positive effect on the
overall quality of the cleaning schedule. Besides the average diameter, the distribution of
the measured diameters holds information about the quality of the cleaning schedule, as a
more narrow distribution implies a smoother surface and thereby a more effective cleaning
procedure. The possible cleaning steps considered are the washing in an ultrasonic bath
(Elmasonic S30 H, Elmasonic, Singen, Germany), mechanical cleaning with padded dental
floss (Oral-B, Northwich, Cheshire, UK) and a spring steel wire with a thickness of 500 pm,
and the application of centrifugal forces via a self-made attachment for drilling machines.

The mechanical cleaning results in an average diameter of 823 nm and has not shown
a recognizable effect on the surface roughness as the standard deviation is still low with
10.0 pm. The energy input of the ultrasonic bath into the liquid results in an increased
solubility of the residue resin in the IPA due to convective mass transfer even inside closed
channels, resulting in an average diameter of 846 pm. However, the standard deviation is
the highest when cleaning in an ultrasonic bath, which is due to the concentration gradients
of the IPA along the capillary axis. The greatest influence on the cleaning quality has
the usage of centrifugal force with an average diameter of 870 nm. This increase can be
explained by the fact that the rinsing with IPA only affects the surface of the resin, whereas
the centrifugal force acts on the whole mass of the uncured resin. Besides the most accurate
average diameter, this cleaning method also provides the narrowest distribution with a
standard deviation of 8.9 pm, which implies a smooth surface structure. Rinsing with a
syringe instead of washing the device in IPA first has no significant effect on cleaning if
the next steps are performed in the same way. For closed channels that are smaller than
500 pm or are of complex channel arrangement, the application of pressurized air has been
proven to be an efficient replacement for the mechanical cleaning. The optimized cleaning
protocol is as follows:

¢  C(leaning the outer surface of the printed device by rinsing it in a tank of IPA for 20 min.
*  Application of an ultrasonic bath at 37 kHz, 320 W, and 30 °C for 10 min.
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*  Flushing the channels 3 times with a syringe, which is filled with 5 mL of fresh IPA,
removing most of the resin from the inside of the channels.

¢ Placing the parts inside a centrifuge to remove the resin, which could not be affected
by the previous flushing process, with centrifugal force.

*  Removing the IPA and the least amount of resin using a spring steel wire and dental
floss, which not only removes the resin solved in the IPA, but also scrubs the inside
walls of the channels and clears it from resin that sticks to the surfaces.

¢  Flushing the channels again as explained in step 3.

¢ Drying the device with pressurized air before final UV radiation.

2.3.2. Optical Accessibility

As imaging is one major analysis tool in microfluidic applications, optical accessibility
is essential to evaluate the performance of many devices. For optical accessibility, it is
evident to choose a transparent resin for fabrication. Due to the layer-by-layer printing
process, however, optical accessibility can be limited, as individual layers interfere with the
beam path and impair the evaluation options. The optical transparency of resins can be
improved by using various fast auxiliaries or longer-lasting coatings.

The application of adhesive tape or clear coat is a quick aid to improve visual accessi-
bility. A single-step procedure for a robust and long-lasting transparency with a glass-like
surface is to apply a thin film of the same resin to the device. A glass object, such as a cover
glass or petri dish, is then placed on top of the applied resin to create a flat layer. The device
is then radiated with UV light to polymerize the resin film. A non-treated surface and a
surface after applying a thin resin film can be seen in Figure 5a-b.

natural optical increased optical
access access

@ |

3 L | ' ’ l

nétural wetting

' § B
hydrophilic hydrophobic
behavior coating coating

Figure 5. (a) shows a 3D-printed channel with an inner diameter of d; = 1 mm with the natural optical
access and the natural wetting behavior of the resin. (b—d) show a channel with increased optical
accessibility with (b) natural wetting behavior, (c) wetting after hydrophobic coating, and (d) wetting
after hydrophilic coating. The blue liquid is DI water with ink, and the transparent liquid is silicon oil.

2.3.3. Hydrophobic Coating

In multiphase flows, the fluid that is desired to be the continuous phase must wet
the channel wall, while the dispersed phase should have a rather high contact angle to
enable stable segmented flow regimes. However, it occasionally happens that the favored
resin for a particular application is not of hydrophilic or hydrophobic nature and limits the
applicability as no reliable multiphase flow can be established. In that case, it is possible to
treat the surface with certain protocols to give the capillaries the desired property regarding
the wetting behavior of the fluids involved. Although for open-channel structures the
surface coating can be achieved with well-established plasma treatments, closed channels,
especially with more complex geometries, need an alternative method. A suitable method
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is to perform a treatment with a liquid phase that is filled into the channel. The contact
angle of water with the resin surface can be increased by liquid-phase silanization, making
the surface hydrophobic, as reported by [52]. In two previous studies that deal with the 3D
evaluation of droplet formation [53] and continuous liquid-liquid phase separation in 3D-
printed devices [54], we applied the protocol to further UV-sensitive resins and extended
the feasibility of the treatment. During the treatment (tridecafluoro-1,1,2,2-tetrahydrooctyl-)
trichlorosilane is covalently bonded to the resin surface as its keto groups are oxidized
during the process. The effect of the treatment is shown in Figure 5¢. The protocol for the
hydrophobic coating is as follows:

. Fill the capillary or channel with a solution of 10 vol.-% of the silane (Thermoscientific,
Kandel, Germany) in FC-40 (Sigma-Aldrich, St. Louis, MO, USA) for 30 min at
room temperature. Ensure that all parts that get in contact with the liquids during
application are covered during the treatment.

*  Rinse the capillary or channel with a 95 vol.-% ethanol (Sigma-Aldrich, St. Louis, MO,
USA) in DI water solution to remove non reacted silane.

*  Dry the coated device with nitrogen.

2.3.4. Hydrophilic Coating

Vice versa, in the case that the aqueous phase is desired to be the wetting phase, a
different treatment is necessary to establish a hydrophilic coating of the resin. A liquid-
phase coating is also desired here to handle closed channels [55]. The effect of the treatment
is emphasized in Figure 5d. The protocol for hydrophilic surface coating is as follows:

e Dissolve 2 mol L~! metacrylic acid (Sigma-Aldrich, St. Louis, MO, USA) and
0.004 mol L1 bisphenol (Sigma-Aldrich, St. Louis, MO, USA) in a 20% ethanol
(Sigma-Aldrich, St. Louis, MO, USA)/DI water mixture.

¢ Fill the solution into the capillary or channel and expose it to UV light at 405 nm for
6 min.

*  Rinse capillary or channel with DI water after the reaction.

2.4. Final Device Fabrication and Experimental Setup

The final devices, the design and prototyping of which are discussed in this article,
were manufactured using the following process. They were made of Formlabs Clear resin v4
on a Formlabs Form 3+ printer. The selected layer thickness orthogonal to the printing
platform was 25 pm. The advanced printing settings to achieve true-to-size prints for the
used printer are listed in Table 1. After the printing process, the devices were cleaned
according to the previously elaborated cleaning protocol. After that, the liquid-phase
hydrophobic coating was applied to the channels. Optical accessibility was increased by
adding a thin resin film to the outer surface of the devices. The chosen periphery was 1/4"-
28 Unified National Fine Thread Series (UNF) IDEX fittings IDEX HS, Wertheim, Germany)
to connect fluoroethylene propylene (FEP) laboratory tubing with an inner diameter of
1.6 mm and an outer diameter of 3.2 mm. For fluid supply, two syringe pumps (VIT-FIT,
LAMBDA Laborgerite, Zurich, Switzerland) were used. Due to the hydrophobic coating,
PDMS (PDMDS-1cSt, ELBESIL-Ole B, L. Bowig GmbH, Hofheim, Germany) was used as
the wetting, continuous phase, and DI water was used as the dispersed phase. To enhance
the contrast between both phases, blue ink (4001, Pelikan Holding AG, Hanover, Germany)

was added to the DI water. Volumetric flow rates are in the range of 0.05-5 mL min .

3. Results

The most important opportunity to control the performance of multiphase flows is
during the emergence of the dispersed phase. There are several methods to control the
droplet size as the main influential parameter of flow chemistry processes, as it determines
the ratio of the interfacial area and its volume. In this part of the article, a monolithic
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approach and a modular approach are presented and discussed regarding their applicability
in microfluidic multiphase flows.

3.1. Adjustable Co-Flow Setup

The adjustable co-flow device is a modular setup that consists essentially of a cap-
illary and a cannula that are both 3D-printed. The setup and a close-up can be seen in
Figure 6a. Right at the t-junction of the co-flow setup, the capillary features a diameter of
deap,i = 2.5 mm that tapers over a distance of 5 mm until a diameter of dcap; = 1.8 mm is
reached. A thread is used to adjust how far the tip of the cannula, where the droplet forma-
tion happens, protrudes into the capillary. As the geometry and dimensions of the capillary
have a significant influence on droplet formation, this design can be used to control the en-
tire process without the need to change any process equipment or fluid flows. The cannula
has an inner diameter of d,n ; = 1 mm and an outer diameter of dcan o = 1.4 mm. The length
of the part of the cannula that penetrates the capillary can be varied from l¢an = 4.5-9.5 mm
to match the tapered distance of the capillary. To ensure a leakage-free process, a silicon
gasket is pressed onto the channel, which is used to insert the cannula into the capillary and
is punctuated by the cannula. A 3D-printed press-on ring that features a thread and a hole
for the cannula is used for this purpose. The thread behind determines the stroke distance
and hence the control path of the cannula. The design and dimensions of the device are
given in Appendix A.

(a)

tapered capillary
canula

conti. phase inlet
silicone gasket
press-on ring
control path

disp. phase inlet

Figure 6. (a) shows an adjustable co-flow setup and a close-up of the droplet formation area.
The adjustment is made by varying the distance by which the cannula protrudes into the capillary.
In the tapered section, the diameter of the capillary is reduced from 2.5 mm to 1.8 mm over a distance
of 5 mm. (b-d) show an emerging and a detached droplet for different cannula positions and capillary

diameters at Vogpii. = 0.25 mL min~! and Vdisp. =0.25 mL min—L.
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At rather low flow rates as present for the leaking and squeezing regime, the dimen-
sions of the emerging droplets depend on the diameter of the capillary. During the filling
stage, the droplet grows simultaneously in axial and radial directions until its diameter
comes close to the capillary diameter. The subsequent necking stage is characterized by
droplet growth in the axial direction and finally the pinch-off of the droplet. With a tapered
channel, the fluid velocity of the continuous phase at the cannula tip and hence the shear
forces acting on the emerging droplet are manipulated, so that the size of the droplet can
be controlled. For an increasing capillary diameter, larger droplets are formed, as can
be seen in Figure 6b—d at constant volumetric flow rates of Vion. = 0.25 mL min~! and
Vgisp. = 0.25 mL min~!. As a consequence, the droplet formation frequency, the droplet
size, and the distance between two droplets can be adjusted while keeping the throughput
and the volumetric flow rates of the fluids involved constant. The ability to manipulate the
droplet size in such a way is particularly important in processes where the ratio between
the surface area and the volume of the droplets is crucial.

3.2. Flow-Focusing Device

A flow-focusing device is the preferable choice when a monolithic setup should cover
a wide range of different droplet and slug sizes or when a high formation frequency of the
dispersed phase is required. Table 2 provides a basis for which design parameters should be
considered during prototyping and what influence they have on the dominant flow regime.
It is worth noting that all monolithic flow-focusing devices were printed with all channels
aligned at 45° to the build plate to achieve the best printing results. The considered design
parameters are the diameter of the inlet channels d; conti. and d;, gisp. and the opening angle
of the orifice 6yifice, While the orifice diameter was kept constant at dyifice = 1.0 mm and
the diameter outlet was kept constant at d, = 1.6 mm. The volumetric flow rates of both
phases were Veonti. = Vdisp. = 0.25 mL min ™~ for all experiments.

Table 2. History of the prototyping for the flow-focusing setup with a circular cross-section

and the effect on the droplet size for varied design parameters at constant volumetric flow rates

-1

Veonti. = 0.25 mL min~! and Vg;sp. = 0.25 mL min~!. The orifice diameter was kept constant at

doriﬁce =1.0mm;

Prototype Two-Phase Flow Changelog * Flow Regime
P1.0 i, conti. = i, disp. =01'6 iy stable and uniform slug flow
Borifice = 10
stable and uniform slug flow
P1.1 Oorifice = 20° with slightly smaller slugs;
high slug formation frequency
stable and uniform slug flow
P1.2 d;, disp. = 1.0 mm with larger slugs; low slug
formation frequency
P1.3 m_ cececcccccce d; conti, = 1.0 mm droplet flow; high drop
’ formation frequency
oo I‘ g o droplet flow; high drop
Pl4 i, disp. = i, conti. = 1.0 mm formation frequency

* Compared to prototype P1.0.
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The prototype P1.0 is considered the benchmark from which the influences of the
various design parameters are evaluated. At the given volumetric flow rates, stable and
uniform slug flow is present for P1.0. When increasing the opening angle of the orifice from
Borifice = 10° to Oppifice = 20° (P1.1), stable slug flow is achieved with only slightly smaller
slugs than for P1.0. As the dispersed phase protrudes into the main channel during slug
formation, the capillary dimensions determine the slug size, as described for the adjustable
co-flow setup. The larger the opening angle, the longer the distance required to reach the
main channel dimension. At the same fluid velocity at the orifice, the dispersed phase
protrudes the same distance into the main channel. Due to the smaller diameter at the point
where the dispersed phase is sheared off, the slugs formed are smaller than with P1.0.

For P1.2 the diameter of the inlet channel for the dispersed phase was changed from
d;, disp. = 1.6 mm to d; gisp. = 1.0 mm, which results in an acceleration of the dispersed phase.
Consequently, larger slugs form at the orifice, as the dispersed phase passes through with a
higher velocity than the continuous one that shears off the slug. Accordingly, the formation
frequency decreases and the distance between slugs increases if the volumetric flow rates
remain the same.

Vice versa, in case that the diameter of the inlet channels of the continuous phase are
decreased from d;, conti. = 1.6 mm to dj conti, = 1.0 mm, the predominant flow regime changes
from slug flow to droplet flow. Due to the increased velocity of the continuous phase the
dispersed phase is sheared of faster after passing through the orifice and the small volumes
lead to stable droplet flow. Consequently, the frequency of droplet formation is higher and
the distance between the droplets is smaller than with the previous prototypes.

For P1.4 both, the diameters of the inlet channels for the dispersed phase and for the
continuous phase were changed from d;, conti. = dj, disp. =1.6 mm to d; conti. = dj, disp. = 1.0 mm.
Accordingly, the velocity ratio of both phases is the same as for P1.0, and one would expect
that the same flow regime should be present in that case. However, it becomes evident
that P1.4 promotes the same flow regime as P1.3 for constant volumetric flow rates, which
suggests that the velocity of the continuous phase is the dominant factor influencing droplet
formation and has the greater influence on the present flow regime.

In addition to the design parameters presented in this paper, changing the orifice diam-
eter or the contact angle of the two phases involved could be considered as other options to
control the fluid flow. Ultimately, it can be said that the design and prototyping process for
flow-focusing devices is complex, as there are many parameters that have to be evaluated.
However, following the prototyping, a sufficient device that has a customized bandwidth
to effectively control the droplet size based on the involved fluid flows is obtained.

These geometrical influences are emphasized in Figure 7, where for each prototype the
droplet, slug length [ is plotted over the phase velocity ratio vdisp.vcfolnﬁl. With an increasing
phase velocity ratio, a transition from droplet flow to slug flow can be observed. While
there is only a small effect of the orifice opening angle, the steeper slope for P1.2 shows
that a smaller inlet channel of the dispersed phase promotes slug formation. The exact
opposite effect can be seen for P1.3 and P1.4, where the slope of the graph is much flatter
and droplets are generated over a wide range of phase velocity ratios.

The typical time during the prototyping process for the flow-focusing device takes 1 d
for the first design and the printing process; the cleaning and the surface treatments take
another 34 h. The time to test and evaluate the performance by image analysis depends
on the application the user is exactly looking for, but 1-2 d should be expected. After that
period, the review and redesign start before entering the same cycle again. It helps to design
and print several devices concerning the same design parameter at once to make even
faster progress.
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Figure 7. Droplet and slug length [ plotted over the phase velocity ratio vdisp_v;olnﬁ.. Graphs are
labeled for P1.0-P1.4.

4. Conclusions

The field of microfluidics has come a long way since its inception, driven by advance-
ments in manufacturing techniques and the visionary contributions, in particular by Prof.
G. M. Whitesides and his group. The integration of additive manufacturing has opened
new frontiers in the design and fabrication of microfluidic systems, offering increased
flexibility, true 3D structures, and rapid prototyping. As rapid prototyping and design
thinking continue to shape the state of the art in microfluidic fabrication, the potential for
innovation and application in this field remains at a high level. By embracing these mod-
ern fabrication techniques and approaches, researchers continue to improve microfluidic
technology, leading to new discoveries and solutions that address some of the most urgent
challenges in science and medicine.

With this contribution we aim at helping researchers, especially those new to the
field, to catch up to the state-of-the-art fabrication of microfluidics and at promoting
accessible and affordable fabrication methods to a steadily growing microfluidics commu-
nity. The article addresses the design and prototyping process of additive manufactured
microfluidics, their actual fabrication, and some necessary material treatments to make
the devices suitable for the application in multiphase flows. To achieve true-to-size
devices, a parameter tuning of commercially available laser-based SLA printers was
presented. It was determined that the X and Y correction factors, the perimeter to nominal
geometry spacing, and the exposure had the greatest influence for the present printer.
The orientation of the channels on the build plate during the printing process should
ideally be 90°. A suitable cleaning schedule was presented, showing the effects of mechan-
ical cleaning, cleaning with an ultrasonic bath, and cleaning with liquid flow. In order
to make SLA-printed microfluidics applicable for multiphase flows, a hydrophilic and
hydrophobic surface coating as well as a method to increase optical transparency were
presented. Ultimately, two design ideas were fabricated, and the impact of relevant
design features regarding their influence on droplet formation in liquid-liquid flows
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was evaluated. The modular co-flow setup has been proven to be a simple but effective
method to control the droplet dimensions and droplet spacing for constant fluid flow.
As the droplet or slug size depends on the dimensions of the capillary, a wider capillary
leads to larger segments of the dispersed phase and more space in between two ascending
droplets or slugs. Vice versa, a smaller capillary diameter leads to smaller segments with
a higher formation frequency and less spacing. The tapered channel enables infinitely
adjustable droplet and slug sizes at a given flow rate. For the monolithic flow-focusing
device, it became apparent that the fluid velocities have the greatest influence on droplet
or slug size and the formation frequency, whereas the velocity of the continuous phase
dominates. The velocity of both phases can be varied by the diameter of the inlet channel
if the flow rates are to be kept constant. To cover a wide range of different droplet and
slug sizes, the inlet for the dispersed phase is the most important design parameter and
should be smaller than the inlet channel for the continuous phase. This accelerates the
dispersed phase, resulting in stable slug flow formation. This was determined in an
iterative design and prototyping process in a short time. The finished devices cannot be
adjusted during a running process; the droplet size is controlled via the volumetric flow
rates of the fluids involved.
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Figure Al. Technical drawings and dimensions of the modular co-flow device. (a) shows the tapered
capillary with the Tjunction; (b) shows the canula that is inserted into the capillary; and (c) shows
the press-on ring for the silicone gasket, as shown in Figure 6.
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