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Abstract

Studying Droplet Behavior and Capillary flow in Open Microfluidic Channels

Jing Jei Lee

Chair of the Supervisory Committee:
Ashleigh Theberge, Ph.D.
Department of Chemistry

This dissertation discusses advancements in open channel microfluidics, the design and
fabrication of open channels and capillary pumps, and methods to manipulate open channels. An
open droplet-based microfluidics platform is demonstrated with promising future applications.
Additionally, an expression to measure the velocity of capillary flow in an open channel and
design guidelines for an efficient capillary pump are presented.

Chapter 1 discusses the field of microfluidics and the advantages of such platforms. The
fundamentals of open microfluidics is presented along with the benefits of open channel systems.
Capillary flow is discussed, and the necessary considerations for fabrication of channels to
ensure that the fluid in the system is driven by capillary means is provided. Droplet-based
microfluidics is a large subfield of microfluidics, which is briefly reviewed, and a need for

further fundamental and applied work using droplet-based systems which are completely driven



by capillary flow is discussed. Finally, capillary pumps provide a solution to the inherent
decrease of velocity (and flow rate) observed in channels driven by capillary flow.

Chapter 2 introduces droplet-based microfluidics where droplets are formed in an open
channel that is completely driven by capillary means. Our work represents the first time that this
phenomenon was observed and studied. The interaction that exists between a droplet and the
surrounding phase is described in detail.

Chapter 3 explores fundamental microfluidic features in open channels: droplet splitting,
multiple droplets, and droplet merging. An example of an open platform that enables users to
manipulate droplets on the same chip is presented.

Chapter 4 investigates capillary flow in an open channel, and an expression to measure
velocity derived from the Lucas-Washburn-Rideal law is presented. The capillary flow in
bifurcations and networks of open channels are studied.

Chapter 5 investigates the theory of open capillary pumps to alleviate the inherent
decrease of velocity and flow rate during capillary flow. Design guidelines of an efficient open
capillary pump are discussed.

Chapter 6 concludes the thesis with an overall perspective of the field and other
experimental proposals to improve the overall design of open channels and capillary pumps and

to enable applications with the platform.
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Chapter 1. INTRODUCTION

Parts of this chapter are excerpted and paraphrased from my published work in Chapters 2 — 5.

1.1  MICROFLUIDICS SYSTEMS

Microfluidics is the study of fluid flow confined in channels or networks where at least
one of the dimensions is on the micron scale?. Microfluidics has advanced the fields of
biochemistry, chemistry, engineering, physics, and technology since the 1980s. Applications of
microfluidics can be found in engineering, biology, diagnostics, and point of care testing?.
Microfluidic systems allow (1) rapid analysis; (2) use of small samples, thereby lowering cost
and consumption of reagents and generating less waste; and (3) increased sensitivity in
separations and detections of samples at high resolution?2. Microfluidics also enables
applications such as multiplexing, automation, and high throughput screening experiments, all of
which can be performed on a single chip.

Most microfluidic systems are closed-channel platforms, where the majority require
external pumps or syringes for fluid actuation and multi-step fabrication which can lead to
bubbles being trapped in the channel. Fabricating these channels may require complex designs,
and the equipment can be costly. These microfluidic systems are thus not applicable in
laboratory spaces that lack such equipment, and are not easy to translate to other laboratories that

lack such supplies or other low-resource settings*".



1.1.1 Open microfluidics systems

Recently, capillary-driven open microfluidic systems have gained popularity as they
alleviate some of the challenges of closed microfluidic systems. Open fluidic channels (e.g.,
channels devoid of a ceiling, devoid of a ceiling and floor, or devoid of lateral walls) have
emerged as alternatives to closed channel, pump-driven microfluidic platforms due to their
relative ease of design, fabrication, and use®®. In capillary-driven flow, channels can be filled
using a simple pipette, a tool that is available in most laboratory settings. Open microfluidic
systems offer many advantages for conducting life science experimentation including pipette
accessibility and independence from pumps and external flow generators, as the mechanism for
flow is built into the device®. Open channels do not require bonding and can be fabricated in a
single step using micromilling®*! or high-volume fabrication techniques such as injection
molding*213, Open channels also offer ease of accessibility and intervention to the flowing liquid
in the system at any time? so fluids, cells, or tissue can be added at any point along the channel
by simply pipetting from the top. Finally, open microfluidic systems are reliable as air-bubbles

and bonding-defects are alleviated.

1.2 DROPLET-BASED MICROFLUIDICS SYSTEMS

Droplet-based microfluidics advances the capabilities of traditional single-phase
microfluidic platforms by compartmentalizing chemical and biological experiments in
microfluidic channels. In such systems, immiscible fluids are introduced, allowing reagents to be
confined to droplets. Users can precisely form, manipulate, and transport small volumes (picoliter

to microliter droplets) for use in cell-based assays, chemical synthesis, and biochemical analyses*4.



Droplet-based platforms enable applications such as high throughput cell screening, DNA
sequencing, directed evolution, and chemical reactions®,

In addition to throughput, key advantages of droplet-based microfluidics include (1) the
ability to manipulate discrete volumes of fluid within microfluidic channels without dispersion,
(2) the ability to compartmentalize reagents into individual droplets with low or no chemical
crosstalk, and (3) the ability to miniaturize chemical and biological processes to reduce reagent
consumption and handle low volume samples.

Droplet-based systems for an extensive range of functions have been described!®, and
droplet manipulation methods such as incubation!®” | reagent addition®®, and splitting'®?° have
been developed. However, most current droplet-based microfluids systems still rely on complex
designs, a multistep fabrication method (e.g., photolithography, bonding) to create a closed system,
and the use of external pumps to manipulate the flow making it more challenging to use in labs

that lack such equipment.

1.2.1 Droplet-based open microfluidics systems

Alternatively, capillary-driven open microfluidics address many of the problems of
closed microfluidic systems as discussed earlier. In an open microfluidic platform, droplets can
be created by simply pipetting reagents in a channel. The behavior of droplets in a closed
channel is well studied, but droplet generation in an open channel remains largely unexplored. Li
et al. started to explore the creation of biphasic flows in syringe-pump driven, paper-based
systems?L. However, the physics of two-phase capillary flows as well as the behavior of
immiscible droplets or plugs in an open capillary flow remained unstudied, an important gap in

the literature that this dissertation fills.



The application of open capillary-driven systems for droplet microfluidics promises to
enable features including simplicity of manufacturing and access to droplets in real time.
However, multiple challenges such as droplet generation and droplet manipulation must be
overcome to create functional droplets in open microfluidics. Open microfluidics, biphasic
microfluidics, and fluid flow without external pressure offer many advantages as described
earlier, and a system that can combine these aspects could be beneficial to the field of

microfluidics and myriad downstream applications.

1.3  CAPILLARY-DRIVEN FLOW IN MICRO CHANNELS

The considerable development in understanding surface tension driven flows in open
channels and the development of applications of open microfluidic flows has driven a gain in
popularity in the field of open microfluidics. The use of passive capillary forces, also known as
spontaneous capillary flow (SCF), to drive fluids eliminates the need for external pumping
equipment, which is critical for applications in low resource settings??>2* and for easy translation
to laboratories?>26, Capillary flow is governed by the balance between capillary forces and wall
friction. This analysis was first done by Lucas, Washburn, and Rideal (LWR) for cylindrical tubes
in the 1920s%"-2°, Shortly after, Bosanquet® established the general equation of the motion of fluids
in capillary channels. They all show that velocity of capillary flow decreases as the inverse of the
square root of time or as the inverse of the travel distance.

While capillarity in closed, cylindrical tubes is well-known, the fundamentals of
capillarity in channels of arbitrary cross sections of closed?’-3° and open channels are more
recent. Rye, Yost, and Romero demonstrated that the open capillary flow of solder in V-grooves

followed the predictions of the LWR law where the square root of time is dependent on the travel



distance®-3, Sharp V-grooves have been shown to accommodate fast capillary flows3*. The
behavior of capillary flow in rectangular open channels and in open channels of non-uniform
cross-sections has been investigated3®27. Finally, suspended capillary flows, (i.e., open capillary
flows in channels devoid of bottom and ceiling) have been documented®=8,

The aforementioned studies have confirmed that the square root of time dependency of
the travel distance is valid except at the short initial phase where inertia plays a role3°4,
Capillary flow in bifurcations, bypasses and networks are still largely unexplored, except for the
numerical work of Mehrabian et al. for closed channels*!. Therefore, it is necessary to develop an
expression to measure the velocity of capillary flow in open channels with bifurcations and

bypasses.
1.3.1 Spontaneous capillary flow (SCF)

The conditions at which SCF occurs in different geometries have been well studied.
Casavant et al®. developed a condition to predict SCF flow in different geometries. For capillary
flow to occur in a channel, the dimensions of the channel has to satisfy the condition for open

flow:

p—<c059

Pw

where pw is the wetted perimeter (i.e., the sum of the solid-liquid interfaces from a cross-
sectional view); pr is the free perimeter (i.e., the sum of the air-liquid interfaces from a cross-

sectional view); and 0 is the contact angle of liquid on the channel surface given that the channel



surface is homogenous. In the case of non-homogenous channel surfaces the generalized Cassie

angle can be used in place of the contact angle.!

1.4 CAPILLARY PUMPING IN OPEN MICRO CHANNELS

To extend the applications of capillary-driven microfluidics, it is necessary to overcome a
fundamental limitation of capillary flow: the inherent decrease in flow rate as the flow advances
through a microfluidic channel. Capillary pumps have been designed to maintain a high enough
flow rate and to extend the duration of the flow. The design of capillary pumps mimic the structure
of paper or threads or the arborescence of a tree*-#4. These materials provide a large volume
available for wicking the liquids and maintain a significant flow rate in the root channel. Many
different designs of capillary pumps have been experimentally developed for closed systems, but
not for open systems. An efficient capillary pump can enhance open channel usability in both

biological and chemical applications.

1.5 SuUMMARY

This dissertation advances each of the areas described in this Introduction. Please refer to
the Abstract for a complete summary; briefly: Chapter 2 introduces the concept of open channel
droplet-based microfluidics for the first time and investigates the fundamentals of capillary flow
in the presence of an immiscible fluid plug (droplet). Chapter 3 advances the “tool box” for open
channel droplet-based microfluidics including modules for droplet splitting, manipulating multiple
droplets, and droplet merging. Chapter 4 investigates capillary flow in an open channel with
bifurcations and networks, and an expression to measure velocity derived from the Lucas-

Washburn-Rideal law is presented. Chapter 5 presents theory and design guidelines for the use of



open capillary pumps to alleviate the inherent decrease of velocity and flow rate during capillary

flow.
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Chapter 2. DROPLET BEHAVIOR IN OPEN BIPHASIC

MICROFLUIDICS

Reproduced in part from Lee, J.J.*; Berthier, J*.; Brakke, K.A.; Dostie, A.M.; Berthier, E.; Theberge,
A.B. Droplet Behavior in Open Biphasic Microfluidics. Langmuir 2018, 34, 5358—5366.
*denotes co-authorship. J.J.L contributed to the overall fabrication designs and experimental designs.

J.B. developed the analytical model and numerical simulation of this work.

2.1 ABSTRACT

Capillary open microsystems are attractive and increasingly used in biotechnology,
biology, and diagnostics as they allow simple and reliable control of fluid flows. In contrast to
closed microfluidic systems, however, two-phase capillary flows in open microfluidics have
remained largely unexplored. In this work, we present the theoretical basis and experimental
demonstration of spontaneous capillary flow of two-phase systems in open microchannels.
Analytical results show that an immiscible plug placed in an open channel can never stop the
spontaneous capillary flow of a fluid in a uniform cross section microchannel. Numerical
investigations of the morphologies of immiscible plugs in a capillary flow reveal three different
possible behaviors. Finally, the predicted behaviors of the plugs are demonstrated
experimentally, revealing an effect of inertial forces on the plug behavior. A model for predicting
plug behavior in spontaneous capillary flows is proposed, enabling the design of open
microfluidic droplet-based systems that are simple to fabricate and use. The open channel
approach to droplet-based microfluidics has the potential to enable applications in which each
drop can be accessed at any time and any location with simple pipettes or other fluid dispensing

systems.



2.2 INTRODUCTION

In this work, we establish the first model of the behavior of immiscible fluid plugs in
capillary-driven open microfluidic flows. We demonstrate, using numerical simulations and
experimental validation, that immiscible plugs display different behavior modes when placed in
a flow of carrier solvent driven by spontaneous capillary flow (SCF). The behavior of the plug is
controlled by interfacial tension forces at low velocities of the carrier fluid and is altered as the
velocities increase. The plug behavior modes enable different approaches to manipulating
aqueous plugs in open microfluidic channels, including using the solvent to move the aqueous
plug along the channel or flowing the solvent over a stationary aqueous plug. Methods for
manipulating immiscible plugs in open channels demonstrated here show promise for controlling
confined aqueous droplets without extraneous pumping equipment, bringing together some of the
benefits of droplet-based microfluidics and capillary-driven open microfluidics.

Droplet-based microfluidics is a powerful tool for compartmentalizing chemical and
biological experiments in microfluidic channels. In such platforms, picoliter to microliter
droplets are generated and manipulated in an immiscible phase, enabling applications such as
high throughput cell screening, DNA sequencing, directed evolution, and chemical reactions.! In
addition to throughput, key advantages of droplet-based microfluidics include (1) the ability to
manipulate discrete volumes of fluid within microfluidic channels without dispersion, (2) the
ability to compartmentalize reagents into individual droplets with low or no chemical cross-talk,
and (3) the ability to miniaturize chemical and biological processes to reduce reagent
consumption and handle low volume samples. However, droplet-based microfluidics has relied
on closed microfluidic systems, pumps, and actuators that make the development, fabrication,

and use of these systems more challenging.



Capillary-driven open microfluidic systems have gained popularity as they alleviate some
of the challenges of closed microfluidic systems. The considerable development in understanding
surface tension driven flows in open channels as well as filament flows,>* flows in fibrous
systems,'>-1” and the development of applications®-21 of open microfluidic flows has driven a
gain in popularity of the field of open microfluidics. The use of passive capillary forces to drive
fluids eliminates the need for external pumping equipment, which is critical for applications in
low resource settings?>% and for easy translation to biology laboratories.?6?” While capillary
flows in closed cylindrical tubes have been known since the first studies of Lucas, Washburn,
Rideal and Bosanquet,?®-3! the fundamentals of capillarity in closed channels of arbitrary shape is
more recent.3?-3* Moreover, the ability to use capillary flows in open channels, i.e., open
microfluidics, has uniquely enabled new applications.'-?* Open channels, which lack a ceiling or
both a floor and a ceiling,2%33 are fully accessible so fluids, cells, or tissue can be added at any
point along the channel by simply pipetting from the top. Further, open microfluidic devices can
be fabricated in a single step with methods such as micromilling and injection molding since
they do not require bonding of multiple layers. Finally, open microfluidic systems are reliable as
air-bubbles and bonding-defects are alleviated.

The physics of two-phase capillary flows as well as the behavior of immiscible droplets
or plugs in an open capillary flow, however, remains largely unexplored. Recent publications
have started to explore the creation of biphasic flows in syringe-pump driven, paper-based
systems.3* The application of open capillary-driven systems for droplet microfluidics promises to
yield enabling features including simplicity of manufacturing and access to droplets in real time.

However, multiple challenges must be overcome to create functional droplets in open

microfluidics specifically regarding droplet generation and droplet manipulation. As the open



systems are driven by surface tension forces, the question arises: how does a plug of aqueous
liquid behave in the presence of a solvent flowing via SCF in an open channel? We present an
analytical model for two-phase capillary flows based on the resulting capillary force deduced
from Young’s law. We further investigate the modes of fluid movement around a plug using
numerical simulations and experiments. We find conditions that enable the translation of an
aqueous plug along an open channel by an organic solvent carrier phase, analogous to prior work
in closed channel droplet-based microfluidics. Finally, we show droplet formation and reagent
addition based on simple pipetting steps, underscoring the accessibility of capillary driven

droplet-based microfluidics in open channels.

2.3 RESULTS AND DISCUSSION

References to Supporting information (SI) can be found in Appendix A

2.3.1 Analytical model of an immiscible plug in a spontaneous capillary flow.

Open microfluidics describes the flow of fluid in channels that have one or more open faces
and have demonstrated enabling properties in terms of increased reliability, accessibility, and ease
of fabrication.?® Previous work has determined design conditions to obtain passive surface tension
driven flow in open channels and named that type of capillary flow “spontaneous capillary flow”
(SCF). The nomenclature “spontaneous capillary flow” has been used to specify channels in which
typical capillary flow conditions (i.e., for closed channels) do not apply and with an inlet pressure
of zero. Specifically, the conditions for SCF to occur are based on the ratio of the cross-sectional
perimeter that is open to the air vs. perimeter comprised of solid material (channel walls), as well

as the contact angle of the fluid on the channel surface.?%



A generalized condition for SCF has been developed when the material properties of the
channel walls are not the same along the whole cross section (e.g., when the fluid contacts at least
two surfaces with different contact angles), called the generalized Cassie angle.%¢ Further, dynamic
analyses of fluids in open microfluidic channels have been developed to understand the velocity
of the fluid front in SCF flows, similar to the Lucas-Washburn-Rideal laws for velocities of
capillary flow in closed microfluidics.?”

While the conditions for SCF in single phase open microfluidic systems have been well
characterized,'+?° the effect of a plug of immiscible fluid placed in the path of the carrier fluid in
an open microchannel has not been studied to date. We developed an analytical model considering
a plug contacted by a spontaneous capillary flow (SCF) of an immiscible carrier liquid (detailed
in Section 1 of the SI). We performed an analysis of the resultant of the capillary forces on the
floor of the channel as the carrier fluid meets the plug, or when a plug is embedded in the carrier
fluid (based on the Young contact angles). We find that any two-phase configuration can be
simplified into an equivalent configuration containing a single phase (see Sl section 1). Thus, in
the case of a channel of constant cross section, the presence of the plug does not affect the
occurrence of SCF of the carrier fluid. Note that the analysis is based on a static or quasi-static
situation, which is valid for determination of a possible SCF. The dynamics of the flow, however,

may be affected by the presence of a plug.

2.3.2 Numerical simulations.

Numerical simulations reveal three characteristic behaviors of open biphasic flows. We
used 3D surface energy minimization software (Surface Evolver)3 to determine how the flow of
a carrier fluid would interact with an existing immiscible plug placed in an open microfluidic

channel. Note that Evolver does not account for the dynamics of the flow, but its use is valid to



determine a possible SCF.1436 Using Surface Evolver we modeled a rectangular open microchannel
containing a plug and added a carrier fluid flowing by SCF along the channel. The simulations
confirm that the plug does not prevent the flow from occurring and reveal three different behaviors
of the plug: (1) a ‘shift’ mode where the plug is horizontally displaced and translates in front of
the carrier fluid flow, (2) a ‘bridge’ mode where the plug stays in place on the floor of the channel
and the capillary flow of the carrier fluid flows above the plug, and (3) a ‘lift’ mode where the
plug is lifted but maintains contact with both sides of the channel and the carrier fluid flows
underneath. These simulations and corresponding schematics are detailed in Figure 2.1. The
parameter space to explore is large and based on five main variables, namely the contact angle of
the carrier fluid, 01, the contact angle of the plug fluid, 02, the surface tension between the carrier
fluid and air, yL1a, the surface tension between the plug fluid and air, yL2a, and the interfacial
tension between the two fluids, yLiL2. Note that the two-phase-wall contact angle 012 is deduced
from these five parameters (see Sl section 1). We attempt to identify here the general conditions
using these parameters that lead to the different modes.

Bridge mode is characterized by the plug maintaining contact on the bottom of the channel
while the carrier fluid flows above it. In the case of an aqueous plug, this mode occurs when the
plug surface tension yL2a is high compared to the oil surface tension and oil-water interfacial
tension, as shown in Table S2.1. Such configuration is usually accompanied by a high value of 012.
Lift mode is characterized by the plug maintaining contact on both sides of the channel but lifting
to the top of the groove allowing the carrier fluid to flow underneath. This behavior occurs in the
simulations at relatively large contact angles of the plug with the channel material 02, as shown in
Table S2.1. Shift mode is characterized by the plug remaining at the front of the advancing carrier

fluid and maintaining contact with the channel on all sides. Other behaviors of the plug might exist



as we have not performed an exhaustive search through the large parameter space. For example, a
condition in which the plug entirely detaches from walls of the channel, forming a raft mode, is

hypothesized to be possible via interfacial tension forces alone.

2.3.3 Experimental observations.

In order to characterize the behavior of a plug of aqueous fluid placed in an open
microfluidic channel while an immiscible solvent flows past it via capillary-driven flow, we
designed two channels to view the plug geometry from the top and the side (Figure 2.2Ai and
2.2A\i). Several design considerations were respected: (1) To minimize the potential for pressure-
driven artifacts (for example during additions of fluid by pipetting or due to Laplace pressure
created at the inlet®%49), the inlet was designed with a large radius, allowing the entire channel to
fill with a single pipetting step and minimizing Laplace pressure, which occurs when the surface
of the liquid in the reservoir is flat. (2) To make the flow of solvent more controllable and
predictable, the potential for Concus-Finn filament formation was removed by designing a channel
without angles in the cross section (in this case we used a rounded U-shaped cross section).?3
Concus-Finn filaments typically occur in the wedges of channels with a rectangular cross section
and their properties (velocity, length) can be challenging to predict.>® (3) In order to ensure that
the behavior of the plug in the immiscible solvent is dominated by interfacial tension forces instead
of gravitational forces, we selected channel dimensions (and in particular the width, w) such that
the Bond number would be lower than 1 for the fluids used in this work. The Bond number is a
dimensionless number that estimates the relative magnitude of the interfacial tension forces acting
on the surface of a droplet compared to the gravitational forces acting on the volume of the droplet
(the Bond number calculations can be found in section 5.1 of the SlI). (4) In order to view the

behavior of the plug, the channels were optimized for the imaging angle. The top view channel



(Figure 2.2Ai) was optimized to image a long section of the open channel, while the side view
channel (Figure 2.2Aii) was designed to have a thin transparent 2 mm wall allowing side-view
imaging.

We characterized the flow of the solvents in our open channels without the presence of an
immiscible plug and measured the rate of advancement of the fluid front in the channel (Figure
2.2C and 2.22D). The velocity of the solvent front decreases along the channel as would be
expected from a capillary-driven flow. Further, the velocity is decreased as a function of the
increasing viscosity of the carrier fluid. In order to reduce dynamic and inertial effects of the
solvent on a plug placed in the open microfluidic channel, we placed the aqueous plugs at a
sufficient distance from the inlet of the channel where the velocities of the solvent are decreased.
Shift mode was observed in cases where the interfacial tension between the carrier fluid and the
plug is relatively low (Table 2.1), such as the case of 1-nonanol and water (interfacial tension: 8.5
mN/m) shown in Figure 2.3. As shown in Figure 2.3, shift mode occurred as predicted by
numerical simulation with the plug being translated down the channel by the advancing solvent
front. In a subset of cases, we observed that shift mode displayed a non-continuous behavior, in
which the plug alternatively advances and stops (for example, when 1-pentanol is used as a carrier
phase (SI Figure S3.1). Bridge mode was observed experimentally in cases where the interfacial
tension between the carrier fluid and plug is relatively high (e.g., 52.8 mN/m for n-dodecane and
water, see other examples in Table 2.1). As shown in Figure 2.4, during bridge mode the plug
remained stationary within the channel, and the solvent flowed over the plug. Importantly, we
observed bridge mode irrespective of the density of the carrier phase relative to the plug (which is
to be expected given the low Bond number design of the open microfluidic channel); bridge mode

was observed with both n-dodecane (density = 0.75 g/mL) and FC-40 fluorinated oil (density =



1.85 g/mL) carrier fluids with an aqueous plug (density = 1.0 g/mL). Lift mode was not observed
for the solvents tested; as noted, numerical simulations predict the need for a high contact angle of
both the plug and carrier fluid which presents significant experimental challenges to implement.
Transition between interfacial tension dominated conditions to inertial conditions. The
numerical simulations provided an accurate representation of the behavior of the plug in low
velocity conditions where interfacial tension forces dominate. As velocities increase, different
behaviors are observed. We demonstrate the transition from low velocity (interfacial tension
dominant) to higher velocity behaviors (with significant contribution from inertial forces) by
placing a plug at different locations in the open microfluidic channel. Closer to the inlet, the plug
will experience higher velocities of the carrier fluid (Figure 2.2D).3" Further in the channel, the
plug will experience lower velocities of the carrier fluid due to the fluidic resistance of the channel
from the location of the plug to the inlet. The experiments performed in the previous section
(Figures 2.3 and 2.4; Table 2.1) occurred at low velocity regimes, close to the end of the channel.
We placed a plug of water at different locations in the channel and demonstrated new
behaviors of the plug in a flow of toluene (Figure 2.5). At low velocities, the plug typically displays
a static bridge behavior. When the aqueous plug is placed further upstream, the plug can be induced
to move downstream as the toluene solvent flows over it. This behavior is not observed every time
and can depend on the exact positioning of the plug in the channel as well as the precise volume
and spread of the droplet. We named this behavior “bridge-translate,” as the main characteristics
of bridge mode are maintained as the plug is displaced downstream. At even higher velocities,
when the plug is placed close to the inlet, the plug is detached from all surfaces of the channel and
forms a raft that moves rapidly with the carrier fluid. A similar phenomenon was observed with 1-

pentanol as the carrier fluid, which typically displays a shift behavior at low velocities and



transforms into raft behavior at higher velocities (Figure S4.1). Several forces on the plug may
explain these differences in behaviors, in particular (1) the inertia of the carrier fluid pushing the
plug as the flow lines deform to move around the plug and modifies the 612 contact angle, and (2)
the shear of the carrier fluid applying force on the plug as the two fluids flow simultaneously.

We extrapolate the observations made at different velocities to hypothesize a general rule
detailing the behavior of immiscible fluids in open microfluidic channels under SCF (Figure 2.6).
In interfacial tension dominated conditions, such as those occurring in low velocity regions of the
channel, four plug-behaviors are hypothesized / demonstrated: (1) shift (numerically and
experimentally demonstrated, Figures 2.1 and 2.3), (2) bridge (numerically and experimentally
demonstrated, Figures 2.1 and 2.4), (3) lift (determined numerically (Figure 2.1), not found
experimentally), and (4) raft (hypothesized in the case of interfacial tension dominant conditions).
As velocities and inertial forces of the carrier fluid on the plug increase, bridge and lift mode
display a translation movement downstream while maintaining their bridge or lift behavior
(observed experimentally for bridge mode (Figure 2.5B), hypothesized for lift mode). At even
higher velocities, all behaviors are replaced by a raft mode in which the plug detaches from the
walls of the channel and flow downstream with the carrier fluid (observed experimentally for shift
mode (Figure S4.1B) and bridge mode (Figure 2.5C).

In order to establish a semi-quantitative guideline to determine conditions in which the
inertial dominant modes occur, and to facilitate open microchannel design, we adapted the Weber
number characterizing the ratio between inertial and interfacial tension forces for open
microfluidic biphasic flows (see Sl section 5.3). Specifically, we wrote an expression of the
modified Weber number as a function of geometrical parameters (channel width, w, average

friction length, A, and position of the plug in the channel, z), properties of the carrier fluid (density,



p, interfacial tension, v, and viscosity, ), and the generalized Cassie angle for the fluid in the open
microfluidic channel (0*).3¢ We displayed the calculation of the modified Weber number for a
range of solvents used in this work (e.g., 1-pentanol, toluene, chloroform, FC-40) and found that
the inertial modes (translate and raft modes) observed had a good correlation with modified Weber
numbers greater than 1. Specifically, at locations in the channel of around 100 times the average
friction length (i.e., 15 mm from the inlet) the modified Weber number for chloroform and toluene
is approximately 3.28 and 1.77, respectively. Experimentally, both of these solvents placed
towards the inlet of the channel display raft mode (with chloroform displaying a transition to raft
mode more rapidly than toluene). Further down the channel at locations of around 1000 times the
average friction length (i.e., 150 mm from the inlet), the modified Weber numbers calculated are
lower, and we observe different degrees of influence of inertial forces (with toluene displaying a
bridge-translate mode, and chloroform displaying both a bridge-translate and raft behavior). In
general, the modified Weber number appears to be a good predictor of the behavior of immiscible
plugs in an SCF flow. Using this tool, it is possible to design SCF flows that maintain interfacial
tension dominated behaviors such as bridge or lift, or force modes in which the plugs are detached
from the wall.

Applying behaviors for compartmentalized flow applications. A key feature of droplet-
based microfluidics is the ability to create multiple droplets or plugs in sequence,
compartmentalized by an immiscible carrier phase. Here, we demonstrate for the first time that
capillary-driven flow in open microfluidic channels enables the creation and manipulation of
multiple plugs in sequence in an open microfluidic channel. First, an immiscible carrier phase, in
this case 1-pentanol, is pipetted into the device inlet. The 1-pentanol flows down the open channel

based on SCF. Plug formation is achieved by simply pipetting aqueous phase directly into a



capillary-driven flow of 1-pentanol (Figure 2.7B and C). In Figure 2.7, a repeat pipette is used to
create aqueous plugs. Since the system is fully open and accessible from the top, in the future it
could be coupled with any type of liquid handling system.

An important consequence of using open channels is that the plugs can be accessed directly
from the top at any location in the channel. In Figure 2.7E and F we demonstrate that reagents can
be selectively added to targeted plugs simply by pipetting into the plugs while they flow past. For
visualization, we formed yellow plugs and added red dye into every other plug, forming an
alternating train of yellow and orange plugs. In closed channel droplet-based microfluidics
numerous solutions have been developed to add reagents into droplets after formation, including
electrofusion® and picoinjection,*® however these require specific channel designs or the addition
of electronic components. With open microfluidics, it is not necessary to engineer new approaches
to add reagents; the accessibility of the open channel enables reagents to be added on demand
using existing pipettes or other liquid handlers. Interestingly, the open aspect of the channels not
only enables the addition or removal of fluids from the droplets, but also the addition of particles,
magnetic beads, or cells, opening a vast range of novel applications for compartmentalized

biphasic microfluidics.

2.4 MATERIALS AND METHODS

2.4.1 Numerical simulation.

Surface Evolver was utilized to perform simulations of surface energy minimization in the
presence of two immiscible fluids: a plug of aqueous fluid and an incoming solvent. A geometry
was generated displaying a section of an open microfluidic channel with a rectangular cross

section. The channel displayed in the simulation is 2.5 cm long, 0.8 mm wide, and 1.3 mm deep.



The cross section is a rectangular cross section for simplicity. The parameters of the fluids were
varied to observe different behaviors of the plug and defined as yL1a, the surface tension between
the carrier fluid and air; yL2a, the surface tension between the plug fluid and air; yLiLe, the
interfacial tension between the two fluids; 01, the contact angle of the carrier fluid on the channel

surface; 02, the contact angle of the plug on the channel surface (SI Table S2.1).

2.4.2 Channel fabrication.

In all experiments, the devices were fabricated using a Tormach PCNC 770 Mill (Tormach,
Waunakee, WI) on poly(methyl methacrylate) (PMMA) sheets with a thickness of 3.175 mm
(McMaster-Carr, Santa Fe Springs, CA). The design of the devices, as shown in Figure 2.2Ai-ii,
was created using the computer aided design (CAD) software Solidworks 2016 (Solidworks,
Waltham, MA). The CAD design files were converted to machine code, G-code, using the
computer aided manufacturing (CAM) software SprutCAM (SprutCAM, Naberezhnye Chelny,
Russia). Schematics of the designs are included in section 6 of the SI. The devices were rinsed
with deionized (DI) water and sonicated in 70% ethanol for 10 minutes, followed by a second rinse

with DI water. The channels were dried with compressed air and used immediately.

2.4.3 Channel dimensions.

Channels in all experiments were 1.5 mm deep and 0.8 mm wide, with a U-shaped cross
section (shown in Figure 2.2Bii) to avoid Concus-Finn capillary filaments. The channel for top
view imaging (Figure 2.2Ai, 2.3A, 2.4A, 2.7Ai, and 2.7Di) was 366 mm long; the circular inlet
reservoir had a diameter of 30 mm and depth of 1.0 mm. The channel for side view imaging (Figure
2.2Aii, 2.3B, and 2.4B) was 60 mm long; the circular inlet reservoir had a diameter of 10 mm and

depth of 1.0 mm. For the top view imaging experiment using toluene in Figure 2.5, the channel



was lengthened to 454 mm long. For side view imaging experiments in Figure 2.7Aii and Figure
2.7Dii, the channel was 205 mm long; the circular inlet reservoir had a diameter of 18 mm and

depth of 1.0 mm.

2.4.4 Materials.

DI water (Water Deionized Distilled Type Il (Harleco), chloroform, and toluene were
purchased from Fisher Scientific. FC-40, n-dodecane, and 1-nonanol were purchased from Sigma-
Aldrich. 1-Pentanol was purchased from Across Organics. DI water was colored with yellow dye
from Spice Supreme at a volume/volume percentage of 10%. For Figure 2.7D, DI water was
colored with red dye from Spice Supreme at a volume/volume percentage of 1%. The organic
solvents were colored with Qil Blue N from Sigma-Aldrich at concentrations of 1.43 mg/mL (n-
dodecane, 1-nonanol, and 1-pentanol) and 0.24 mg/mL (chloroform and toluene). FC-40 was not

colored and was used as purchased from the manufacturer.

2.4.5 Imaging.

Top view images were recorded using an Amscope MU1403B High Speed Microscope
Camera mounted on an Amscope SM-3TZ-80S stereoscope (Amscope, Irving, CA). Side view

images were recorded using a Nikon-D5300 Ultra-High-Resolution SLR camera.

2.4.6 Contact angle measurements.

The contact angles of solvents on PMMA (Table 2.1) were measured using a Kriiss DSA-
25 goniometer (Kriiss GmbH, Hamburg, Germany). The average measurement of 2.0 uL droplets
(n = 5) were made with Kriiss ADVANCE Software using an ellipse shape fitting method and an

automatic baseline generated by the software. The organic solvents were colored with Oil Blue N



from Sigma-Aldrich at concentrations of 1.43 mg/mL (n-dodecane, 1-nonanol, and 1-pentanol)
and 0.24 mg/mL (chloroform and toluene). FC-40 was not colored and was used as purchased from

the manufacturer.

2.4.7 Characterization.

For all experiments (excluding Figure 2.7) a 3.0 uL plug of DI water was placed in the
channel. The inlet reservoir was filled with 950 uL of organic solvent for the top view imaging
device (Figure 2.1Ai) and 150 pL for the side view imaging device (Figure 2.1Aii). In the toluene
experiment (Figure 2.5) the inlet reservoir was filled with 1000 uL of toluene.

Sequential plug formation experiment. The inlet reservoirs were filled with 950 puL and
300 uL of 1-pentanol for the top and side view imaging devices, respectively (Figure 2.7A),
followed by addition of droplets of 3.0 uLL DI water (with yellow dye) on top of the solvent as 1-
pentanol flowed along the channel. A repeat pipette was used to create additional drops at the
desired intervals. To add additional fluid to existing droplets, a second repeat pipette containing
DI water with red dye was used to pipette 3.0 uL of red dye into a yellow droplet as it was flowing

down the channel in the carrier fluid, 1-pentanol.

2.5 CONCLUSION

We demonstrate that open microfluidic channels allow the formation of capillary-driven
biphasic flows. We characterize the behavior of aqueous plugs in the presence of a capillary-
driven flow of immiscible solvent and demonstrate two plug behaviors: shift and bridge modes.
We further show that these interfacial tension dominated modes are affected by inertial forces of
the carrier fluid resulting in the emergence of new modes, such as raft mode, at higher velocities.

We show that these modes can be leveraged to create open droplet microfluidic systems in which



segregated plugs of aqueous fluid flow along an immiscible carrier solvent. We envision that
traditional closed-channel droplet-based microfluidics still offers significant advantages for high-
throughput applications due to the high droplet frequencies and small droplet volumes
achievable. However, advanced fluid handling systems such as acoustic droplet ejection may
offer volume controls for open biphasic applications on par with closed systems. Further, key
features of open droplet-based microfluidics such as a reduced set of equipment and fabrication
requirements and accessibility to the droplets at any point in the channel will be enabling in

chemistry, biology, and engineering applications.
2.6 FIGURES
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Figure 2.1 Theoretical interactions of a carrier fluid (blue) and an immiscible plug
(yellow) in an open microfluidic channel, characterized into three modes. Schematic
representations (i) and numerical simulations using the Surface Evolver software (ii) of shift,
bridge, and lift modes demonstrating interactions of the solvent and plug at initial contact, at
early interaction of the phases, and after extended contact between the two phases. The
parameters used for the Surface Evolver simulations are given in Table S2.1.
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Figure 2.2. (A) Experimental setup with the different devices for top view (i)
and side view (ii) imaging. (B) The bottom of the devices has a U-shaped cross section rather
than a rectangular cross section to avoid Concus-Finn flow2,3 of the solvent in the channel (i).
Cross section of the devices where H1 is 1.1 mm, H2 is 1.5 mm, and W is 0.80 mm (ii). (C) Top
view images of spontaneous capillary flow of toluene in an open microfluidic channel with a U-
shaped cross section at two different time points. The scale bar is 2 mm. (D) Measured values of
the location of toluene and dodecane solvent fronts in an open microfluidic channel as a function
of time. The plotted points are the average of three independent experiments, with error bars
representing the standard deviations.
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Figure 2.3. Experimental visualization of shift mode using an aqueous plug (yellow)
and 1-nonanol as the carrier phase (blue) from the top view (A) and side view (B). Images are
representative of three replicate experiments. The scale bar is 2 mm.
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Figure 2.4. Experimental visualization of bridge mode using an aqueous plug (yellow)
and n-dodecane as the carrier phase (blue) from the top view (A) and side view (B). Images are
representative of three replicate experiments. The scale bar is 2 mm.
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Figure 2.5. Experiment with toluene as the carrier fluid (blue) and an aqueous plug
(yellow) at three different locations in the channel. (A) Plug in a low velocity region showing
bridge mode. (B) Plug in a mid-velocity region showing bridge-translate mode. (C) Plug in a
high velocity region showing raft mode. Images are representative of three replicate experiments,
and scale bar is 2 mm.
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Figure 2.6. A model demonstrating the effect of velocity on the interaction between
a carrier fluid and an immiscible plug in an open microfluidic channel. At lower velocity, the
interactions are dominated by interfacial tension, and as velocity increases the interactions
become dominated by inertia. At mid-velocity regions, transitions between certain low velocity
modes and raft mode are observed. These modes are described as "translates” as they have not
fully detached from the walls of the channel (which defines raft mode) but are still moving down
the channel, which is uncharacteristic of the low velocity modes (excluding shift). Lift and lift-
translate modes have not been observed experimentally, and thus are boxed with dashed lines
and shown in yellow. Raft mode has been observed at high velocities, but has only been
hypothesized to occur under interfacial tension dominated regions.
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Figure 2.7. Sequential plug formation in an open microfluidic channel.
The carrier solvent is 1-pentanol with blue dye; the droplets are water with yellow or red dye.
Scale bars are 2 mm. (A-C) Schematic of the devices used for top and side view imaging and
images of the formation of sequential plugs in these devices. (D-F) Demonstration of the ability
to add fluid to a plug using a simple pipette. Every other yellow water droplet is selected, and a
bolus of red-colored water is added.



2.7 TABLES

Table 2.1. Surface tension between carrier fluid and air*° (yL1A),
interfacial tension between carrier fluid and water#® (yL1L2), contact angle of carrier fluid with
PMMA (01), and mode observed in open biphasic microfluidic experiments.

Carrier fluid ~ yL1a?  yL1L22 01° Modes observed
1-Pentanol 254 44 125+3.0 Shiftf
1-Nonanol  26.4° 8.5 170+16 Shift
Chloroform 27.5¢ 32.8° 17.3+1.1 Bridge'

Toluene 28.4 36.1 7.8+17 Bridge'
FC-40 16.0 52.1° 127+13 Bridge
n-Dodecane 25.4 52.8 26.7 £0.7 Bridge

3In units of mN/m at 25°C unless otherwise indicated. °In units of degrees (n=5), measured
experimentally (see Experimental section for details including concentration of dye added to the organic
solvents). ©4¢At 20°C, 27°C, and 23°C, respectively. TThese are the modes observed at low velo cities of
the carrier fluid. For these solvents different modes have been observed at higher velocities (Figure 2.5).
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Chapter 3. DROPLET INCUBATION AND SPLITTING IN OPEN

MICROFLUIDIC CHANNELS

Reproduced in part from Berry, S. B.*; Lee, J. J.*; Berthier, J.; Berthier, E.; Theberge, A. B. Open
Channel Droplet-Based Microfluidics. Anal. Methods 2019, 11, 4528-4536.

*denotes co-authorship.

3.1 ABSTRACT

Droplet-based microfluidics enables compartmentalization and controlled manipulation of
small volumes. Open microfluidics provides increased accessibility, adaptability, and ease of
manufacturing compared to closed microfluidic platforms. Here, we begin to build a toolbox for
the emerging field of open channel droplet-based microfluidics, combining the ease of use
associated with open microfluidic platforms with the benefits of compartmentalization afforded
by droplet-based microfluidics. We develop fundamental microfluidic features to control droplets
flowing in an immiscible carrier fluid within open microfluidic systems. Our systems use capillary
flow to move droplets and carrier fluid through open channels and are easily fabricated through
3D printing, micromilling, or injection molding; further, droplet generation can be accomplished
by simply pipetting an aqueous droplet into an empty open channel. We demonstrate on-chip
incubation of multiple droplets within an open channel and subsequent transport (using an
immiscible carrier phase) for downstream experimentation. We also present a method for tunable
droplet splitting in open channels driven by capillary flow. Additional future applications of our
toolbox for droplet manipulation in open channels include cell culture and analysis, on-chip

microscale reactions, and reagent delivery.



3.2 INTRODUCTION

Open microfluidic systems offer many advantages for conducting life science
experimentation including pipette accessibility, simple fabrication techniques with biocompatible
materials, independence from pumps and external flow generators, and customizability.* Here, we
describe a biphasic system driven by capillary forces that enables the control and manipulation of
multiple droplets within an open channel devoid of any electrical or pneumatic actuation systems,
in a fully open, pipette-accessible platform. We demonstrate a new open channel system for
prolonged static droplet incubation in channel followed by capillary-driven translation of discrete
droplets for downstream analysis, as well as tunable droplet splitting in open channels.

Droplet-based microfluidics advances the capabilities of traditional single-phase
microfluidic platforms through compartmentalization of reaction components into discrete micro-
to picoliter volumes, enabling decreased reagent consumption and use of valuable, low-volume
samples that may otherwise be expensive or difficult to obtain.?2 Translation of assays to droplet-
based platforms allows users to precisely form, manipulate, and transport small volumes for use
in cell-based assays, chemical synthesis, and biochemical analyses.? Droplet-based systems for an
extensive range of functions have been described?, and droplet manipulation methods such as
incubation*®, reagent addition®, and splitting’® have been developed. However, most current
droplet-based microfluidic approaches rely on complex designs and multistep fabrication methods
(e.g., photolithography, bonding) to create closed-channel platforms and often use external pumps
and actuators to manipulate flow, allowing them to perform specialized functions but limiting their
wide-spread adoption beyond engineering and physical science laboratories.® Recent work by Li
et al.® overcomes some of the fabrication challenges of traditional droplet systems by using an

open paper-based device, but the flow still requires external syringe pumps.



Systems utilizing open fluidic channels (e.g., channels devoid of a ceiling, devoid of a
ceiling and floor, or devoid of lateral walls) and surface tension driven flow have emerged as
alternatives to closed channel, pump-driven microfluidic platforms due to their relative ease of
design, fabrication, and use.}*® Open channel platforms do not require bonding and can be
fabricated in a single step using micromilling**-13 or high-volume fabrication techniques such as
injection molding.'**> Open platforms provide improved accessibility (e.g., pipette, automated
reagent delivery systems) to users to manipulate experimental conditions through direct addition
or removal of reagents at any point on the platform.® Additionally, open channel systems can be
driven by capillary flow in a manner similar to that of closed capillary systems. Capillary flow
removes the need for external flow drivers and improves the robustness and functionality of the
platform, as the mechanism for flow is built into the device.'® Recently, we presented an analytical
model, numerical simulations, and experimental validation that described the behavioral modes of
a single immiscible droplet placed in an open channel where a carrier flow occurs?’; we found that
an immiscible droplet can behave in a number of fundamentally different ways (remain static in
the channel, translate at the leading edge of the carrier fluid, or detach from the walls of the channel
and flow with the carrier fluid).

In our prior work?!’, we also showed that multiple aqueous droplets can be created and
transported by pipetting the aqueous phase into an oil carrier phase that is already flowing through
the device based on capillary flow. In the present manuscript, we developed a new capability,
which enables extended incubation of droplets within the channel in the absence of the carrier
phase, followed by introduction of the carrier phase in the channel using spontaneous capillary
flow, and subsequent movement of the droplets. In contrast to our prior work, the present

manuscript enables longer residence times of the droplets within the channels since they can be



incubated for multiple hours before the carrier phase is added. Pipetting multiple aqueous droplets
directly into an empty channel, incubating them, and then translating the train of droplets using a
capillary-driven immiscible phase presents further challenges, as conditions such as surface
wetting, evaporation, droplet merging, and satellite droplet formation all must be accounted for.
Here, we build a toolbox of droplet manipulation capabilities for open channel droplet-
based microfluidics. We describe new open channel systems in which multiple discrete droplets
can be placed into an open channel, incubated in situ, and then translated downstream either with
droplet merging or without droplet merging, depending on the desired application. We also
demonstrate an open microfluidic droplet splitting method to enable a parent droplet to be
aliquoted into tailored smaller droplets (equal or unequal volumes) for multiplexed processing and
readouts. Our open microfluidic systems rely on the surface interactions between the aqueous
droplets, organic carrier phase, and channel surface which can be altered to fit various experimental
needs; additionally, reliance on capillary-driven flow in an open channel removes the need for
flow-generation devices and enables direct user access to the system at any time point. These
platform functionalities (i.e., merging/splitting, incubation, user access) can help streamline large
and cumbersome screening experiments that rely on manual pipetting, mixing, and splitting for
sample generation, where manual processing can negatively contribute to assay time, sample loss,
and costs associated with instrument usage. In future applications, these functionalities can be

adapted and applied to array generation, sample preparation, and multiplexing.



3.3 RESULTS AND DISCUSSION

References to ESI can be found in Appendix B

3.3.1 Capillary-driven flow of droplets in an open channel

While the dynamics and behavior of single phase capillary flow within an open system
have been well characterized®®-2!, the interaction and behavior of multiple phases within an open
channel has been less extensively studied. Previously, in an open two-phase system driven by
spontaneous capillary flow (SCF), we found that a single agueous droplet within an open channel
demonstrates different behavioral modes (e.g., translation, displacement, remaining stationary)
largely governed by the interfacial tension between the droplet and the carrier phase, the contact
angle of the droplet and carrier phase on the channel surface, and the velocity of the carrier phase.’
In the present manuscript, we use two of these behavioral modes (Figure S1) to create open channel
manipulation modules driven by capillary flow: “shift mode”, in which an aqueous droplet wets
all sides of the open channel and is translated downstream by the carrier phase (Figure S1i-ii), and
“raft mode”, in which an aqueous droplet completely detaches from the channel and is displaced
downstream by the carrier phase (Figure Sliii-iv).” Shift mode occurs when an aqueous droplet
in the channel precedes the advancing front of the carrier fluid, and the carrier fluid does not pass
in front of the droplet; alternatively, raft mode occurs when the carrier fluid surrounds the droplet
and simultaneously flows in front of and behind the droplet. Notably, in the case of both behavioral
modes, the carrier fluid governs the overall dynamics of the system, as the pipetted droplets are
entrained by the carrier fluid and transported downstream.

Within our open-channel platforms, we designed channel dimensions to fall within the flow

regime governed by SCF1 to ensure capillary-driven flow, and incorporated a rounded channel



geometry to negate flow along a wedge (i.e., Concus-Finn flow)?’(Figure 3.1). Further, we
fabricated our platform with poly (methyl methacrylate) (PMMA) to provide the desired
wettability between droplets, the carrier phase, and the channel surface; specifically, with contact
angles of 78° between PMMA and the aqueous droplet, =~ 12.5° between PMMA and the organic
carrier phase, and 146.14° + 0.9° between the PMMA and the aqueous droplet when submerged
in the organic carrier phase (pentanol). Additionally, we did not use any surfactants in our platform.
To prevent evaporation of droplets from within the channels during prolonged incubation times
(i.e., hours), we enclosed our open channel platform within a humidified Omnitray™ (rectangular
petri dish) surrounded by sacrificial water (1.5 mL in = 50 uL droplets). Our open channel system
offers advantages to closed systems as we can add droplets directly to the channel with a pipette

and initiate flow of the carrier phase through simple pipetting into the inlet reservoir (Figure 3.1).

3.3.2 Open channel droplet incubation and transport

Inputting fluids into a typical microfluidic channel commonly requires dedicated ports and
connectors. Addition of droplets into an open microfluidic channel, on the other hand, can be
performed directly and at any location in the channel. Delivering small droplets (0.5-2.0 yL) with
a pipette is a common approach available to most laboratories; alternatively, smaller droplets can
be inputted through other approaches such as Acoustic Droplet Ejection methods.?32* While
depositing droplets on a surface is straightforward, removal or transfer of small droplets from a
surface at subsequent time points is challenging; for example, pipetting is unreliable and tedious,
as part of the droplet often remains behind on the surface. Digital microfluidics, also referred to as
Electrowetting on Dielectric (EWOD), provides a method to move small droplets, but requires the

use of electrical components.?5?” There is a need for simple systems in which droplets can be



pipetted onto an unmodified surface, incubated in situ for a desired period, and then passively
manipulated or transferred.

Previously, we demonstrated addition of droplets to an organic carrier phase as the carrier
fluid was flowing downstream, enabling droplet transport but limiting the incubation time of the
pipetted droplets to the time required to reach the outlet.'” Here, we present a different and
adaptable platform where we pipette multiple discrete droplets into an open channel (in the absence
of the organic carrier phase), incubate the droplets for a desired time, and then passively transport
the droplets to a different location on chip via capillary-driven flow of an organic carrier phase
(Figure 3.2). When multiple droplets are placed in series within an empty single open channel,
translation of the droplets in shift mode leads to coalescence, as they merge with each subsequent
droplet in the channel (Figure 3.2A). This functionality can be beneficial for analyses requiring
pooling of multiple samples (e.g., discovery assays). For applications where droplet coalescence
is not desired, we designed a separate flow path that we refer to as a ‘bypass channel’. The bypass
channel enables the immiscible carrier fluid to separate each discrete droplet (thereby preventing
coalescence) and transport the droplets downstream via raft mode (Figure 3.2B-C). When the
carrier phase reaches the bypass, which is positioned upstream of the droplet, part of the flow of
the carrier fluid diverts through the bypass, while the remainder of the carrier phase continues in
the main channel; the diverted flow fills the space between each droplet, while the nondiverted
flow continues to drive the droplets through the main channel (Figure 3.2B-C). Initially, we
observed droplet disruption (e.g., droplet breakup and/or flow through the bypass) and an increased
flow rate through the bypass, which resulted in stagnation of the carrier phase flow in the bends of
the main channel and prevented droplets from reaching the outlet (Figure 3.2B). To mitigate this

droplet disruption, we designed the bypass channels with a step (Figure 3.2C-D) to increase the



hydrodynamic resistance (and therefore decrease the flux) through the bypass and maintain a
sufficient flow rate in the main channel, ensuring that the droplets reached the outlet without
breaking apart.

It is important to have a generalizable set of rules for designing bypass channels, to enable
extension of our method to channels of different dimensions and geometries. We generated an
analytical model that describes the ratio of fluid fluxes through the main channel relative to the
bypass with respect to the fluidic resistance associated with each flow path. Deriving a model from
a generalized Lucas-Washburn-Rideal law for open channels® (SI), we found the relationship
between the fluidic resistances and flux to be:

AP = P, — P, ~ RQ; = R,Q; 1)

where P is the pressure drop across our bypass system (P1 and P2 refer to the pressure drops at the
nodes before and after the bypass, respectively), R1 and Rz are the resistances in the main channel
and bypass channel, respectively, and Q1 and Q2 are the flux through the main channel and the
bypass channel, respectively (SI). The fluidic resistance of the capillary-driven flow in our system

can be described by Equation 2:

Py

LL=R (2)

where S is the cross-sectional area, L is the channel length, p is the liquid viscosity, p is the total
perimeter, and ./ is the friction length.?® The resistance in our system inversely correlates to the
cross-sectional area and the flux of fluid through the channel (SI). Solving for the ratio of the fluxes

between the main channel and the bypass channel and then inserting the physical dimensions of



our system into Equation 2 (as detailed in the Sl) yielded a flux ratio of Q2/Q1 = 3.18 wherein the
flux through the bypass channel (Q2) is greater than the flux through the main channel (Qu).
However, through incorporation of a step, we are able to increase the resistance through the bypass
channel and ensure less diversion of flow from the main channel, altering the flux ratio to Q2/Q1 =
2.68. This relation demonstrates that the resistance through the bypass can be manipulated by
altering the geometry of the step (i.e., larger step, increased resistance and decreased flux),
enabling adaptation for different geometries and channel lengths. With different manufacturing
techniques, even greater ratios can be designed. Further, while the flux is still greater in the bypass
than the main channel, the decrease in the flux through the bypass afforded by the step enabled
sufficient flow in the main channel to drive droplets towards the outlet and prevent stagnation of
the carrier fluid in the channel curves (Figure 3.2C). The derived model provides a framework for
adapting the bypass system with different geometries and acts as a useful tool for quantification of
flow and hydrodynamic resistance in open channels, as well as for guiding optimization of droplet
flow in open channel systems.

The ability to transport small volumes with SCF lays the foundation for future open-
channel platforms that integrate processes such as cell culture or biochemical reactions with small-
volume readouts such as mass spectrometry and immunoassays. Overall, the bypass system is
designed to incubate and manipulate droplets without extensive user interaction or difficult
pipetting steps. Ease of use is demonstrated through a simple two-step process (droplet addition
followed by carrier fluid addition) without the need for adjusting flow rates and flow directions
for droplet manipulation. Due to the fabrication and droplet addition methods used, this technique
is currently limited to low-throughput applications and droplet volumes compatible with

micropipettes (= 0.2 puL). Additionally, droplet number is determined by the device footprint and



friction forces between the carrier phase and the channel (resulting in decreased flow rate with an
increased channel length) which restrict us from significantly extending the channel length;
however, the bypass platform can be expanded to include more droplets through the creation of
arrays of different geometries.

To demonstrate the expansion of this platform to incorporate more droplets, we fabricated
an array of 8 devices with aligned inlet reservoirs, channels, and outlet reservoirs that enables
sample loading, manipulation, and removal with a multichannel pipette. We present a potential
workflow for this platform by conducting a model colorimetric assay?® that consists of the
combination of potassium thiocyanate (KSCN) and ferric nitrate (Fe(NOs)s) to form the colored
complex Fe(SCN-)xGX* (Figure 3.3). We pipetted 64 droplets (1 pL in volume) containing KSCN,
Fe(NOs3)s, or H20 (negative control) into the channel and allowed the droplets to incubate for 30
min. at room temperature. Following incubation, we added a second 1 pL droplet containing
KSCN, Fe(NOgs)s, or H20 to the first droplet and then initiated flow with undyed carrier fluid,
coalescing the droplets within a single device and collecting them at each outlet reservoir. Once
flow ceased, the droplets were removed using a multichannel pipette and transferred to a 96 well
plate, where the absorbance of each combination was measured (Figure 3.3). Due to the formation
of the Fe(SCN")x®» * complex and the movement of the droplet in shift mode, some droplet residue
was observed in the channel after the addition of the carrier fluid. The ability to pipette droplets
into a channel, incubate them for a desired period of time, and then supplement those droplets or
manipulate them with flow through an open channel highlights the benefits of this open platform
for assays where access to reagents or samples at specific time points with minimal user interaction
is important. Further, compatibility of this platform with multichannel pipettes enables handling

of larger volumes of liquid and simple integration with established laboratory materials (i.e., well



plates) and readouts (i.e., plate reader). Oftentimes, researchers want to be able to screen multiple
conditions in an assay but then pool the samples together prior to analysis®®-3?; we envision that

this platform can fulfill this need in a simple and easily implemented manner.

3.3.3 Controlled and adjustable droplet splitting in open channels

Building upon the droplet handling capabilities described for incubation and transport of
multiple droplets, we demonstrate the ability to controllably split droplets within an open channel.
Droplet splitting is an important feature that can extend the use of valuable or small volume
samples by generating identical replicates and creating arrays for multiplexing. Using traditional
droplet splitting geometries previously developed for closed-channel droplet-based
microfluidics”®, we designed T junctions to split incoming droplets, where a droplet entering the
junction fills each branch of the junction until it is slowed down by an expansion in the geometry
of the channel (Figure 3.4A)%3*; once the junction is filled, the droplet splits relative to the length
of each branch (Figure 3.4B). By tuning the lengths of the left and right branches of the T junction,
we can generate symmetric or asymmetric droplets (Figure 3.4B-C), enabling users to generate
variable volume aliquots from an original sample simply by changing the device dimensions.
Further, the splitting of symmetric and asymmetric droplets was reproducible between devices
within an array (Figure 3.4D). Some variability was observed between multiple arrays due to
manual micromilling artifacts, but inter-array variability can be alleviated through fabrication with
more consistent methods such as injection molding and advanced automated milling.1%4
Currently, the platform is capable of splitting a single droplet in shift mode; devices can also be

reused following washing and drying with reproducible results (Figure S5).



To demonstrate the workflow for a potential application of the open channel droplet
splitting platform, we present a model experimental system for on-chip reagent delivery and
reactions. We pipetted aqueous droplets tinted with yellow dye (to model primary reagents)
upstream of a T junction and aqueous droplets tinted with green dye (to model secondary reagents)
downstream of the T junction. We then loaded the inlet reservoir with carrier fluid to initiate flow.
The carrier fluid flow drove the yellow droplet through the T junction, wherein the droplet split
and its components were delivered to multiple samples (green droplets) downstream of the junction
(Figure 3.5). The ability to preload the platform with reaction reagents allows users to generate
multiplexed arrays for subsequent passive reagent delivery with minimal user handling;
additionally, altering the channel distance and geometry after mixing can be used to adjust the

incubation time of the reaction.®

3.4 MATERIALS AND METHODS

3.4.1 Materials.

Droplets were created with deionized (DI) water (Type Il, Harleco; Fisher Scientific,
Hampton, NH) tinted with either yellow or green dye (Spice Supreme; Gel Spice Company,
Bayonne, NJ) at a concentration of 10% or 1% (v/v), respectively. The carrier fluids were: toluene
(Fisher Scientific, Figure 3.1) or 1-pentanol (Acros Organics, Thermo Fisher Scientific, Waltham,
MA, Figures 3.1, 3.2, 3.3, 3.4, and 3.5). All carrier fluids solvents were tinted with Solvent Green

3 (Sigma-Aldrich, St. Louis, MO) at a concentration of 0.50 mg/mL.



3.4.2 Device fabrication

Devices were designed with Solidworks 2017 (Solidworks, Waltham, MA) and converted
to .TAP files with SprutCam 10 (SprutCam, Naberezhnye Chelny, Russia). The devices were
milled on poly(methyl methacrylate) (PMMA) sheets of 3.175 mm thickness (McMaster-Carr,
Santa Fe Springs, CA) using a Tormach PCNC 770 mill (Tormach, Waunakee, WI). All device
channels were milled with ball endmills (Performance Micro Tool, Janesville, WI) with a cutter
diameter of 1/32” (TR-2-0313-BN) or 1/64” (TR-2-0150-BN) to create round-bottom channels.
After milling, the devices were rinsed with DI water, sonicated in 70% (v/v) ethanol, and rinsed

again with DI water. The devices were then dried with compressed air prior to use.

3.4.3 Device design and testing

The main device dimensions are a channel width of 0.90 mm and a channel depth of 1.0
mm, with smaller channels included for carrier fluid bypass (0.5 mm wide, 1.0 mm length, 0.2 mm
step height) (Figure 3.2D) and splitting (1.0 mm branch length, 0.45 mm channel width); the
detailed dimensions of the devices and features are included in the SI (Figure S2). Computer aided
design (CAD) files (.STEP) are also included in the SI. Aqueous droplets with a volume of 1.0 pL.
(Figures 3.1 and 3.2) or 3.0 uL (Figures 3.3 and 3.4) were generated in the channel with a pipette.
Carrier fluids with a volume of 240 pL were dispensed in the inlet reservoir of the channel.
Droplets were imaged and analyzed with ImageJ (National Institutes of Health, MD) for
quantification (Figure 3.3 and S3). To prevent evaporation, devices were placed inside of a
humidified Nunc™ Omnitray™ (Thermo Fisher, Frederick, MD) surrounded by 1.5 mL of

sacrificial water droplets (= 50 uL/droplet), and the Omnitray was then placed inside a secondary



humidified bioassay dish (#240835, Thermo Fisher) containing 100 mL of sacrificial water for
extended incubations.

For the arrayed colorimetric analysis system, 1 pL droplets containing 0.1 N potassium
thiocyanate (KSCN) (Fisher Scientific), 0.067 M ferric nitrate (Fe(NO3)s) (Fisher Scientific), or
DI water were added to the open channel device (Figure 3.3) and allowed to incubate at room
temperature for 30 minutes. Following incubation, a second 1 pL droplet containing KSCN,
Fe(NOs)s, or H20 was added directly to the incubating droplet for a final volume of 2 pL. 150 uL
of undyed 1-pentanol was then added to the inlet reservoir to initiate flow. Once the coalesced
droplets reached the outlet reservoir, they were removed using a multichannel pipette (16 puL) and
added to a 96 well plate; each sample was diluted with DI water up to 50 pL to ensure accurate
absorbance measurements. The absorbance of the plate was then measured at 450 nm using a
Multiskan Spectrum UV/visible Microplate Reader (Thermo Labsystems, Waltham, MA). The
experiment was repeated three times using three independent arrays of devices; each array
contained two replicate devices per condition. Plotted points represent the average of the two
replicate devices. All images were analyzed using ImageJ and visualized using Prism (GraphPad

Software, San Diego, CA).

3.4.4 Imaging

Images and videos were acquired using a MU1403B High Speed Microscope Camera
mounted on an Amscope SM-3TZ-80S stereoscope (Amscope, Irvine, CA) unless otherwise noted.
For Figure 3.1B, 3.4C and 3.5, images and videos were obtained with a Nikon-D5300 ultra-high

resolution SLR camera (Tokyo, Japan).



3.5 CONCLUSION

In this work, we develop essential features for immiscible droplet manipulation in
capillary-driven open systems. Open channels offer several advantages over closed channels
including pipette accessibility, manufacturability, customizability, and ease of use. Using these
features, we created a generalized open channel platform for addition, incubation, and translation
of multiple droplets and an open channel platform for droplet splitting and delivery. These
platforms build upon prior work describing the fundamental behavior of single droplets in open
biphasic systems by providing previously unavailable user functionalities (e.g., incubation of
multiple droplets within a channel, droplet splitting) and creating foundational systems that can be
customized and adapted for a range of experimental needs. Traditional closed-channel droplet
microfluidics provides high throughput capabilities that can accommodate >10 samples with
droplet volumes reaching 10-%° L and can integrate with large-capacity screening instrumentation
(LC/MS, high speed microscopy, etc.), greatly increasing the abilities of researchers to perform
high throughput experimentation.® Open-channel droplet microfluidics aims to address a different
scale and set of experimental applications for researchers performing smaller screening studies
(tens or hundreds of samples) with higher volumes (uL-nL) that do not require the extensive
infrastructure nor cost associated with high throughput droplet microfluidics; further, we anticipate
that our platform offers increased user accessibility, tractability, streamlining, and ease of use that
allows for easy integration with existing experimental protocols and sample generation tools (e.g.,
pipettes, liquid handling robot). Future work with these platforms will include increasing the
capacity of the bypass system for larger droplet arrays, expanding the droplet splitting capabilities
to accommodate a wider range of splitting ratios, and studying the dynamics of mixing in open

channels. Further, in future investigations our platforms could be extended to smaller scales with



the use of high resolution fabrication techniques and lower-volume liquid handlers or dispensers.
In the future, we envision adaptation of these foundational platforms will enable users to expand
and customize their current experimental toolbox for studies relating to drug screening, microscale

reactions, and the “-omics” fields (e.g., metabolomics, proteomics).

3.6 FIGURES

Immiscible
carrier phase

Figure 3.1. General platform design and modes of operation for translating aqueous
droplets via capillary flow of an organic carrier phase. A) Schematic representation of open
channel platform illustrating addition of organic carrier fluid (blue) with aqueous droplets
(yellow) present in the channel; B) image of open channel platform; C) cross sectional schematic
of channel (w =0.90 mm and h = 1.0 mm).
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Figure 3.2. Open channel droplet incubation and transport.

Droplets (alternating yellow and green for visualization) are incubated in an open channel
without (A) or with (B-C) bypass channels (red circles); i-v) carrier fluid (blue) is pipetted in the
inlet and flows down the channel via capillary flow, translating the droplets down the channel to
the outlet reservoir. Bypass channels (B-C) prevent coalescence of preincubated droplets by
inserting immiscible carrier fluid between aqueous droplets as they flow downstream. C)
Incorporation of stepped bypass improves flow in the main channel and prevents formation of
satellite droplets and droplet stagnation. D) Schematic of stepped bypass showing an isometric
and cross-sectional view of the step in the bypass. Scale bar: 2 mm. Timestamps correspond to
the addition of the carrier fluid (0.0 s) and not total droplet incubation time.
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Figure 3.3. Workflow schematic and results for model colorimetric assay.
A) Using a multichannel pipette, eight 1 pL droplets of KSCN (first and second channel),
Fe(NO3)s3 (third through sixth channel) or H20 (seventh and eighth channel) are added to their
respective open channel in each device of the array and allowed to incubate for 30 minutes at
room temperature. B) After incubation, 1 uL droplets of KSCN, Fe(NOs)s, or H20 are added to
the incubating droplets with the following combinations: KSCN + KSCN, Fe(NO3)s + Fe(NO3)s,
KSCN + Fe(NOs3)s, and H20 + H20 (negative control). C) Colorless carrier fluid was then added
to the inlet to coalesce and flow all the droplets to the outlet. D) Droplets are removed from the
outlet reservoir using a multichannel pipette and transferred to a 96 well plate. E) The
absorbance of the droplets is measured at 450 nm and a color change is observed in the droplet
containing KSCN + Fe(NOs3)s, indicating the presence of the colored compound Fe(SCN- )« *,



A) Schematic of open T junction B) Symmetric droplet splitting
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Figure 3.4. Controlled and adjustable droplet splitting in open channels with SCF.
A) Schematic of T junction showing branches (L1 and Lz2) within the junction; B-C) i-ii) a droplet
in the channel above a T junction with symmetric (B) or asymmetric (C) branch lengths is
translated toward the junction via SCF; iii) the droplet fills both branches in the junction and
slows upon reaching the channel expansion after the junction due to temporary pinning; iv) the
droplet splits into two discrete droplets dependent upon the branch length; D) quantification of
daughter droplet sizes after splitting in T junctions with symmetric (i) or asymmetric (ii) branch
ratios (data points represent a single droplet split in three different devices within an array of
devices, mean and standard deviation are indicated). Scale bar: 2 mm.
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Figure 3.5. Workflow for droplet splitting and merging with downstream droplets to
model reagent delivery. A yellow droplet (representing a primary reagent) was pipetted above
the T junction while green droplets (representing secondary reagents) were added after the
junction. A-B) Carrier fluid translates the yellow droplet via SCF into the junction; C) the droplet
splits equally and is delivered (D) to the secondary reagents in the channel; E) the droplet and
reagent mix as the droplet flows down the channel. Scale bar: 2 mm.
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Chapter 4. CAPILLARY FLOW IN OPEN MICROGROOVES:

BIFURCATIONS AND NETWORKS

Reproduced in part from Lee, J. J."; Berthier, J."; Theberge, A. B.; Berthier, E. Capillary Flow in Open
Microgrooves: Bifurcations and Networks. Langmuir 2019, 35 (32), 10667-10675.
*denotes co-authorship. J.J.L contributed to the overall fabrication designs and experimental designs.

J.B. developed the analytical model and numerical simulation of this work.

4.1 ABSTRACT

Open capillary flows are increasingly used in biotechnology, biology, thermics, and space
science. So far, the dynamics of capillary flows has been studied mostly for confined channels.
However, the theory of open microfluidics has considerably progressed during the last years, and
an expression for the travel distance has been derived, generalizing the well-known theory of
Lucas, Washburn, and Rideal. This generalization is based on the use of the average friction length
and generalized Cassie angle. In this work, we successively study the spontaneous capillary flow
in uniform cross-section open rounded U-grooves—for which methods to determine the friction
lengths are proposed—the flow behavior at a bifurcation, and finally in a simple-loop network.
We show that after a bifurcation, the Lucas-Washburn-Rideal law needs to be adapted and the
relation between the travel distance and time is more complicated than the square root of time

dependency.



4.2 INTRODUCTION

The science of capillary flows or “capillarics” has seen considerable development
recently®2. This field of science intervenes in different domains such as biology, biotechnology,
materials, thermics, and space science. While capillarity in closed, cylindrical tubes is well-known
from the first studies of Lucas®, Wasburn?*, Rideal®, and Bosanquet®, fundamentals of capillarity in
channels of arbitrary cross sections—including open channels—are more recent. In closed,
homogeneous channels, spontaneous capillary flow (SCF) occurs when the liquid-wall contact
angle is less than 90°. Concerning the dynamics of the flow in cylindrical channels, the Lucas-
Washburn-Rideal (LWR) law governs the travel distance and velocity of the flow (except for the
area close to the entry of the channel where inertial effects are not negligible)’.

Investigation of open capillary flow is more recent. Mann, Rye, Yost, and Romero
demonstrated that the open capillary flow of solder in V-grooves, followed the predictions of the
LWR law where the square root of time is dependent on the travel distance® . Sharp V-grooves
have been shown to accommodate fast capillary flows!?.

More recently, the behavior of capillary flow in rectangular open channels has been
investigated'?-14. Finally, suspended capillary flows—i.e., open capillary flows in channels devoid
of bottom and ceiling—have been recently documented®®>6, All these studies have confirmed that
the square root time dependency of the travel distance is respected—with the exception of the short
initial phase where inertia plays a role”*’—and the coefficient in front of the temporal term
depends on the geometry and liquid properties 1819,

Additionally, the behavior of capillary flow in open channels of non-uniform cross-sections

has been recently investigated'®?°. But bifurcations, bypasses and networks are still largely



unexplored, except for the numerical work of Mehrabian et al. for closed channels?! and the
experimental investigations by Berry et al.?>23,

In this work, we first analyzed the behavior of an open capillary flow in an open rounded
U-groove, then the flow separation at a bifurcation, and finally the flow repartition in bypasses and
networks were determined. We show that the square root time dependency of the travel distance
does not apply after a bifurcation, confirming the numerical approach of Mehrabian and
coworkers?!, We demonstrated that the travel distances after a bifurcation are solutions of coupled
quadratic equations. The approach constitutes a first step in the understanding of open channel

capillary pumping.

4.3 RESULTS AND DISCUSSION

References to Supporting Information can be found in Appendix C

4.3.1 Analysis of the SCF in the uniform cross-section channel.

It has been established that the dynamics of the capillary flow in an open channel is
determined by two parameters: the generalized Cassie angle and the average friction length®!. The

generalized Cassie angle, 8™ is defined by

—-PF+Yi= ic0s0;
cosf* = PF+Yi 1,;1pw,l l’ (1)

where pr and pw,i are, respectively, the free perimeter (in contact with air) and wetted perimeters
(in contact with the liquid) in a cross section of the open channel. In the present case of a U-shaped

channel with a semi-circular section in the bottom part (see Figure 4.2), we can write, p = w and

pw = 2h+ n%. Then relation (1) yields equation 2.



2
1+m/2+2h/w

cosf* = cosf — (2)
The values of the Cassie angles are listed in Table 4.2. The presence of the air boundary
considerably increases the average (Cassie) contact angle. The second parameter of the equation

is the average friction length A183%, Let us recall that the average friction length is defined as the

average friction 7

F=1 =yl ar=ut
T_pfrrdl_pf[‘/l/ldl_luzv (3)

where 7 is the local friction, 4 the local friction length, T = u;—/, H is the liquid viscosity, and V the

average velocity. The determination of the average friction length is not straightforward. A closed
form expression for the average friction length does not exist for complicated geometries. A
numerical approach can be utilized to find this parameter. Here we have used the finite element
software COMSOL. The geometry considered in the computation is that of the rounded groove,
with a friction condition on the bottom and side walls and a symmetry condition on the top surface
mimicking the free surface condition (Figure 4.3). This condition introduces an approximation
since the real open surface is not flat but slightly bent inwards; the symmetry condition is however
justified by the zero shear rate at the free surface, as shown by Brackbill and coworkers.3?This no-
shear condition at the free surface is also used by Kolliopoulos and coworkers® for the
determination of the flow in open rectangular microchannels. An arbitrary average velocity is
imposed in the inlet cross section while a zero-pressure condition is set up in the outlet cross

section. The shear rate at the wall is deduced from the derivative of the calculated velocities in a



cross section, at the nodes of the geometrical meshes close to the solid wall. The shear rate is then
averaged along the perimeter of the cross section in order to obtain the averaged shear rate %

In the case of the channel depicted in Figure 4.2, the calculated value for the average wall
shear rate is y" ~ 5.2 s for an average velocity of the carrier liquid of V = 1 mm/s. Using (3), we
find 2 ~ 192 um (see Sl Section 2 for the derivation of the friction length). Note that the viscosity
does not affect the value of the friction length, which is only geometrical and linked to the velocity
profile in a cross section. The value 2 ~ 192 pm is consistent with the values found using

approximations for simple geometries of similar dimensions. First, consider a suspended channel

ww+6

of width w = 0.8 mm. An approximation of the average friction length is 1 ~ T T 229 pum.

Second, a rectangular U-groove of depth h = 1.1 mm would have an average friction length

EZWJ;Q =182 um. Finally, a rectangular U-groove of depthh=1.1+ 0.4 = 1.5 mm would have

w

A~

w
h

w+h
w  2h
wtw

an average friction length A ~ g =179 pm.

Finally, the following analysis of the experimental results for the travel distance vs. time
indicates that the value A ~ 200 pm is a good approximation of the average friction length. Using
the definitions of the generalized Cassie angle and the average friction length, the travel distance

for an open capillary flow as a function of the time is given by the general expression?8.

&)

2 A cos@*+t, 4)

7 =

T IR

where z is the travel distance, t the time, u the viscosity, and y the surface tension. Time derivation

of (4) yields the capillary velocity



cosf*

N | >

()

-

Finally, eliminating the time between (4) and (5) yields the relation between the velocity and travel

distance
V=Y Tcosg" %, (6)
u z

The travel distance is measured by following the location of the front end of the capillary flow
which is colored by a blue dye (Figure 4.4).

In Figure 4.5, the measured travel distance vs. time is plotted for the six different liquids
and compared to the theoretical results (eg. 4) using the value 2 = 195 um and the physical
properties of the liquids at a temperature of 20°C (Table 4.1). The data follow a linear trend. The
slopes were calculated using a least squares approach (R? > 0.99), and the comparison between the
experimental determinations of the slopes (time coefficient) and theoretical results is shown in
Table 4.3.

Theoretical versus experimental data of Table 4.3 are plotted in Figure 4.6. They align well
along the diagonal (y = x), indicating close correspondence between theoretical and experimental

data across all solvents.

4.3.2 Bifurcations.

We then investigated the behavior of the capillary flow at a bifurcation (Figure 4.7). As
Mehrabian and coworkers?! pointed out, the flows in the two daughter branches are coupled via

the pressure at the fork.



Using the notations of Figure 4.7, where the index j stands for the “junction”, the pressure

at the junction is given by the pressure drop due to friction between reservoir (P = 0) and junction

(Py)

_p. = LN Yol

P =2z, po So Zy Po 'uioSo’ (7)
where So is the cross-sectional area, 7o the average wall friction, and po the total channel perimeter
Do = Pwo + Dro, M the viscosity of the liquid and 1 o the average friction length in the root channel.
Note that, by convention, we have subtracted the atmospheric pressure to all pressures in the
channels. We can write the pressure drop in each daughter channel which includes the friction and

capillary forces

_ Vi 1 | ¥ (Pwi1cosO-pr1) _ Vi 1
p; = le1u1151+ = le1.uzlsl+

Y p1 cos 6]
- rpicosti (8)

S1

where p1 is the total perimeter in branch 1: p; = py + Pr1, and

_p o _ V2 1 Y pz cos 65
P] = —Z P MIZ S, + S, ' (9)

for branch 2. The contact angle 6 is the same everywhere, but the generalized Cassie angle 6* is
not the same if the shape of each daughter channel is different after the bifurcation. In addition,

the mass conservation imposes

SO VO = Sl V1 + Sz V2 . (10)



Using (10), relation (7) can be rewritten

—P; =z, po #A 7 (51V1 + S;V3). (11)

Taking in consideration that V; = dz;/dt for each branch the system of equations (8), (9),
and (11) is a system with three unknowns {Pj, z1,z2}. We first eliminate P;. Subtracting (8) from

(9)

1 1 1dz? 1 1 1dzZ ypicosf; ypycosbs;

PLHT S ar ~ 2R2P By T s, S, (12)
On the other hand, adding (8) and (9) produces 2Pjwhich can be injected in (11)
1 1 1dz? 1 11 dz2 __ypicosb; , ypcoso, dzq dﬁ
pl'u/ls o T 2P el s ar Sy + S, Zzopo,ul s2 (Sl +5; dt)'
(13)

For simplicity let us note Ay, = po u/Ay , Ay =ps /Ay, A, =p, /2, and B; =

¥ p, cos 07, B, = y p, cos 6. Addition and subtraction of (12) and (13) yield the two equations

i _ Si (g dn | g dz

Ay = 2By~ 220 Ao 3 (5.2 +5,%2) (14)
and

AZ de = 2B2 — 220 AO 2 (Sl az; + 52 %) (15)

Integration of (14) and (15), taking into account that z1 = z2= 0 when t = to, yields



Ao S1 2B,

z{ + 2z 20 5 52

and

Ao S2
Ay 52

2B
z2 + 2z =2 -

by (5121 + 5222) = _T.
1

(5121 + 5222) - _T.

(16)

(17)

where T =t — t,. In the general case, because of their coupling, the solution of the system of

equations (16) and (17) requires the help of numerical methods. Symmetrical bifurcation—

identical cross section of the daughter channels—is an exception for which a closed form solution

exists.

4.3.3 Symmetrical bifurcation.

Let us analyze the simplest case where the two daughter branches have identical cross

sections S= S1 = Sz. Then it is easy to show that A = A1 = Az and B = B1 = Ba. Substituting these

values in (16) and (17) and subtracting the two equations yield z ;= z,. This agrees with the

experimental results of Figure 4.8, where a flow of nonanol—stained in blue—divides

symmetrically at a bifurcation.

We are left with a unique equation

+(4 Zo A§2)2=%T'

(18)

If the length of the root channel zo is small (and at the limit zo= 0), we retrieve the solution

given by the generalized Lucas-Washburn-Rideal model (z?= —t=

2B

ﬁzicos 0%t ). However, if



Zo0 is not small, the solution is not z2 ~ t anymore because of the first order term at the left-hand side

2
of (18). For simplicity, we note K; = 4z, %i—z and K, = %, and equation (18) becomes
0

z> + K,z — K,T = 0. (19)

Relation (19) is quadratic in z. The solution can be written as
—Ki+ /Kf+41(zr
z(t) = — (20)

If we denote by the index “0” the characteristics of the root channel, and by the index “a” the
characteristics of the channels after the symmetrical bifurcation, two constants appear K, , =

2By/Agand K, , = 2B, /A, . The total travel distance at time t is

Z(t) = Z(t) = dKz'Ot fOf t<to

-Ki+ /Kf+4K2,a(t—to)
Z(t) =zy+ . for t>to (21)

2

The capillary flow velocity is then

V(t) =% /% for t<to

Ko q

/Kf+41<2,a(t—to)

V(t) = . for t>to (22)



Figure 4.9 shows a comparison between experimental and theoretical results for a capillary
flow of nonanol in the channels depicted in Figure 4.8. All the channels (root and daughter
channels) are identical and have the dimensions indicated in Figure 4.2.

Note that the velocities in the daughter channels are less than that corresponding to the
undivided channel, because the local slope is smaller after the bifurcation. However, the flow rate
is larger when adding the contributions of the two channels. Figure 4.10 compares the flow rates
in the case of the unique channel and the case of the bifurcation. The flow rate is nearly doubled

by the presence of the bifurcation.

4.3.4 Asymmetrical bifurcation.

The solution of the system (16) and (17) for asymmetrical bifurcations is more complicated

. . . . . . Ag 52 Ay 52
to obtain. A numerical approach is required. Using the notations K; = z, 7"5—12 K, = z, 7"5—22 and
0 0
Ag S1S;3 .
K1z = 220 —>=5" we set up the numerical scheme
0
_ 2 2B,
Zyi41 = —Ki + \[K1 + Ki225; — A_1T
=K, + |[K2+K A 23
Z2i+1 = 2t 2 T K127 441 4, T, (23)

where i is the iteration index (see Sl section 2.2 for more details). Using an initial value z1,0 = 0,
22,1 is obtained by solving the second quadratic equation. Inserting z21 in the first quadratic
equation one obtains z11. The process is repeated until convergence. It was observed that
convergence is fast (6 iterations approximately to reach stabilization at less than 5 pm) if the seed

(z1,0 Or z2,0) corresponds to the “slowest” channel. Divergence may occur if the seed is that of the



“fastest” channel. At the present time, we do not have a mathematical explanation for this behavior.
Upon convergence of the coupled numerical equations, one finds the travel distances at time z. An
example is shown in Figure 4.11. In this example the root channel has a length of zo = 98 mm,
and its geometry is indicated in Figure 4.2. The first daughter is geometrically identical to the root
channel, while the second daughter channel cross section is homothetic with a ratio of %2. In such
a case, it can be shown that the average friction length in the small channel is half that of the large
channel: 12 = % Z1. On the other hand, the Cassie angle does not change 62" = 61". Hence the
characteristic expression of eq (4) is A,cos6; = 1/2A,cos8;. A comparison of the travel
distances is shown in Figure 4.12.

The tip of the flow in the smaller channel (w = 0.4 mm) is first ahead of that in the larger
channel (w = 0.8 mm), but the situation reverses after t = 80 s. In fact, the travel distance in the
channel with the largest value of Zcos®” is always ahead after a certain time. This observation
rejoins that of Mehrabian et al.?%. The progression in the smaller channel is faster at the beginning
because of the sudden increase in the capillary pressure due to the restriction. However, as shown
by Berthier et al.3! the increase of the wall friction in the small channel overcomes the increase of
the capillary pressure and results in a decrease of the velocity of the flow. The flow in the largest

channel regains its primacy.
4.3.5 Simple networks.

In this section we analyze the capillary flow in the open network schematized in Figure
4.13. The capillary flow is decomposed in four steps: (1) flow in the root channel, which has been
studied in the first section of this study (uniform cross-section channels); (2) flow at the first

bifurcation, which has been studied in the section “bifurcations”; (3) flow at the channel merging



which separates in two between the exit channel and a reverse flow in the “slow” channel; (4)
finally once the flows joined in the slow channel and the network is filled, flow in the exit channel.
We also investigated the division of the flow at the second intersection, where the two daughter
branches connect.

At first sight, it can be treated as a second bifurcation, with the introduction of the travel
distance in the exit channel (denoted z3) and the backwards flow in the “slow” channel (denoted z-
2). However, the additional effect of the advancing flow in the “slow” channel must be considered
(denoted z2). The pressure Py (first fork) can be expressed as a pressure drop from the entrance,

and as a balance between friction and capillary pressure in the “slow” branch (index 2)

i Vo1 V, 1 Y D2 cosb;
—Py=Lopolt s —=—Z Pyt

2 5_2 S2 (24)

Similarly, the pressure Pa (second intersection) can be expressed as a combined pressure drop

between the root channel and the “fast” channel

1

Vo 1 V.
_Pa=LoP0HﬁS_O+L1P1HZ_15_1’ (25)

or as the balance between capillary pressure and pressure drop in either the exit channel of the

“slow” channel

Vs 1 Y p3 cos63 V_y 1 Y D2 cosB;
—P, =—z S IB T8 = —_—— 4 —=
a 3P3ﬂ1353 s 2P2 1 1, S, s,

: (26)

where z-2 and V-2 are respectively the reverse travel distance and velocity in the daughter (branch

2). Note that z3 and z-2 are counted from point a, while z2 is counted from point b.



Mass conservation equations —at nodes a and b—can be added to the system (24), (25)

and (26) resulting in

50V0 = 51V1 + 52V2, (27)
and
SlVl = Szv_z + S3V3. (28)

The system comprises 7 equations (7 equal signs in eqgs 24 to 28), and 7 unknowns Pa, Pb,
Vo, V1, V2, V2 and Vs (because V; = dz;/dt). In order to make it tractable, we first simplify the
notations, using 4; = u p;/4; fori=1,2,3,-2, B; = y p; cos 8; and K; = 2 B;/A;.

The derivation of a tractable system of three equations with the three unknowns z2, z-2 and
z3 is lengthy, and here we present the result (see Sl section 3 for additional information). If

denotes the time counted after the second fork, we obtain first a relation between zz and z2

A A 2B; 2B
z2 5—3—23 =2 = (—3 — 2) T, (29)
3

and then a relation between z2 and z-2

2 A S
(22 — Zzla) -z, =21, A—:é(SZZ_Z + S323), (30)

where 22,4 is the location of the flow in the “slow” channel at time za. Finally, the third relation

between the three unknowns is
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0. (31)

The solution of the system requires a numerical approach. In the following we give the
example of a network where all the cross sections are identical but where the length of the two
branches are different L, # L,. In this case, we have So= S1= Sz = Ss, and Ao = A1= A= As, and
Bo = B1= B2= B3 (Fig. 14). The bifurcation at node a being symmetrical, gives the relation z; =
Z_2

The system then reduces to

(z, — ZZ,Q)Z —(z2+4L,z3)=0
ng + 4’(L0 + Ll)Z3 + 2 LO(ZZ - Zz'a) - KTa = 0 (32)

The solution is obtained by the numerical scheme

Zsie = —2(Lo+ L) + J4 (Lo +L1)? + Ktg — 2 Lo(20s — 22,0)

ZZ,i+1 - Zz}a = —ZLO + \/4‘ L%) — 4 LO Z3,j+1 + KTa (33)

In the case of channels of cross section described in Figure 4.2, and using the lengths shown
in Figure 4.15, the travel distances in the network are shown in Figure 4.16.

Four sequences are observed (see Figure S4.1 for sequences of images taken). First the
capillary flow in the root channel. Second, the bifurcating flows in the two daughter channels

(referred to by their travel distances z1 and z2). The flow in the two identical daughter branches



progresses at the same speed as long as the channel junction (@) is not reached (z1= z2). Third, when
the flow in the shorter daughter branch reaches the junction (a), this flow separates in a backflow
(z-2) and an exit flow (z3), while the flow continues in the long daughter branch (z2).

Note the slow velocity of the flow in the exit channel. Finally, the fourth sequence
corresponds to a unique flow in the exit channel (z3); after that, all the daughter branches are filled
(the forward and backflows in the long channel have merged). Note the acceleration of the exit

flow in this last sequence.

4.4  MATERIALS AND METHODS

441 Channels.

The devices comprise an inlet port in which the liquid is fed from a pipette, one or two long
winding channels, and outlet ports at the extremity of the channels (Figure 4.1). The use of winding
channels is required by the dimensions of the solid plate. Previous studies have shown that the
turns do not affect the capillary flow in the absence of capillary filaments, as is the case in our
study.?* The cross section of the channel is a vertical groove with a rounded bottom (Figure 4.2).
The channels were designed using computer-aided design (CAD) software (Solidworks 2017,
Waltham, MA). The design files were converted to G-code using CAM (computer aided
manufacturing) software (Sprutcam 10, Naberezhnye Chelny, Russia) for micromilling. Channels
were milled in PMMA (Poly(methyl methacrylate) plates of 3.175 mm thickness (#8560K239;
McMaster-Carr, Sante Fe Springs, CA) using a 2 flute ball endmill with cutter diameter of 1/32”
(TR-2-0313-BN), or a 2 flute square endmill with cutter diameter of 1/16” (TR-0625-S) purchased
from Performance Micro Tool, Janesville, WI. The devices were fabricated using a Tormarch

PCNC 770 mill (Tormarch, Waunakee, WI1).



4.4.2 Materials.

In the first part—analysis of the flow in a uniform cross-section rounded U-grooves—
different organic liquids were used: pentanol, chloroform, toluene, dodecane, nonanol, and FC-40.
Only nonanol was used for the study of the flow behavior at bifurcations and through bypasses.
The different physical properties of the five liquids are indicated in Table 4.1.

Chloroform and toluene were purchased from Fisher Scientific. FC-40, dodecane, and
nonanol were purchased from Sigma-Aldrich, St. Louis, MO. Pentanol was purchased from Acros
Organics (Thermo Fisher Scientific, Waltham, MA). The organic solvents were colored with
Solvent Green 3 from Sigma-Aldrich at concentrations of 1.43 mg/mL (dodecane, nonanol, and
pentanol) and 0.24 mg/mL (chloroform and toluene). This very low concentration of dye added to
the solvents does not seem to affect the values of the liquid properties. FC-40 was not colored and

was used as purchased from the manufacturer.

4.4.3 Imaging.

Top-view images were recorded using a Nikon-D5300, ultra-high resolution SLR camera.
A sheet of millimetric paper was placed under the devices, and the travel distance of the fluid front

was measured over time.

45 CONCLUSION

In this work, the dynamics of capillary flow in open rounded grooves has been investigated.
It is shown that the notions of average friction length and generalized Cassie angle are pertinent to
predict the dynamics of the flow. We demonstrated that the product of these two quantities should

replace the product of the radius by the cosine of the contact angle in the Lucas-Washburn-Rideal



law. Next, the behavior of the flow at a bifurcation has been studied. The travel distances in the
two daughter channels are solutions of two quadratic coupled equations. In the case of an
asymmetrical bifurcation, the travel distance of the flow in the narrow channel is first ahead, then

behind that in the larger channel. Narrow and large channels are determined by the product of the

average friction length by the cosine of the Cassie angle 2 cos6". Itis shown that well dimensioned
bifurcations increase the flow rate in the device.In this perspective, the present study can contribute
to the understanding and design of open capillary pumps. Such pumps are usually designed by
using ramifications of the main channel. The presented model could then be used to optimize the
morphology of capillary pumps. Finally, the flow behavior in simple networks and through
bypasses was investigated. It has been shown that the three travel distances after the passage of
the flow at the second node (junction) are solutions of three quadratic coupled equations. The
coupling of the flows is imposed by the pressures at the nodes (bifurcation or junction). This
approach enables the dimensioning of bypasses in capillary networks, which has been found useful
for two-phase capillary flows??23, We envision this work will have application in the ongoing field
of open microfluidics to create devices to for sample preparation, space science, and biological

and chemical analysis.
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a)

Winding
open channel
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Outlet port

Figure 4.1. Schematic of the open devices:
(a) Simple open-channel. (b). Channel with a bifurcation. (c) Simple network. See Sl section 1
for detailed schematics.

Figure 4.2. Perspective view of the rounded channel and detail of the cross-section.
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Figure 4.3. (a) View of the channel (the top boundary has a symmetry condition to
account for the free surface. (b) Contour plot of the shear rate in a cross section. Blue color
represents 0 s%, green is 5 %, and red is 7 s*. (c) Shear rate profile at the walls.
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Figure 4.4. Schematic of the measurement of the travel distance of the advancing
capillary flow.
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Figure 4.5. Travel distance of the different organic liquids in PMMA channels
Vvs. square



root of time. The dots correspond to the experiments and the continuous lines to theory.
Experiments have been done in triplicate, and in all cases, the standard error of the mean was
smaller than the symbol plotted.

5
£ e
= 120 + -
(0]

-g- 100 F " Toluene
C /
Q o]
g 80+ - Chloroform
@ ./
8 60 r - Dodecane
©
2 40 ./Pentanol
o FC-40
S 20}
g e Nonanol
l— i 1 1 1 1 i

0 20 40 60 80 100 120

Experimental coefficient [mm/s'?]

Figure 4.6. Theoretical vs. experimental time coefficient for the six liquids.
The diagonal orange dotted line indicates the y = x function, and the circles correspond to the
data of Table 4.3.

Figure 4.7. Schematic of a bifurcation. The index 0 characterizes the root channel,
while indices 1 and 2 refers to the two daughter branches.

Figure 4.8. The capillary flow of nonanol has the same velocity in each daughter
Branches in the case of a symmetrical bifurcation. Scale bar at 5 mm.



3]
w
(=]

200

150 f

100 f

Travel distance [mm]
(>3

o
o

100 150 200
Time [s]
Figure 4.9. Travel distance of nonanol in the open channel with a symmetrical
bifurcation: green dots correspond to experiments and yellow triangles to the theory. The red
dotted line is the LWR law for the root channel. The root channel length is zo= 98 mm and the
time at which the flow reaches the bifurcation is to = 20 s. Experiments have been done in

triplicate, and in all cases, the standard error of the mean was smaller than the symbol plotted.
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Figure 4.10. Comparison of the flow rates between a single channel and the channel
With the bifurcation. The green dots are based on the experimental velocities and the yellow
triangles are the model results. The continuous orange line is the flow rate before the bifurcation.
The red line corresponds to the flow rate in a single channel after the bifurcation. The dotted
orange line corresponds to the flow rate that would exist in the absence of bifurcation. The

bifurcation contributes to increase the total flow rate.
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Figure 4.11. Example of asymmetrical bifurcation where the first daughter channel
cross section is identical to the root channel cross section and the second daughter channel cross
section is homothetical in a ratio ¥z (the length of the root channel is zo = 90 mm).
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Figure 4.12. Comparison of travel distances in the two daughter channels: the green
circles and orange squares correspond respectively to the larger (w = 0.8 mm) and smaller (w =
0.4 mm) channels. The green and orange lines are the results of the numerical approach (eq. 23).
The red dotted line represents the LWR law. Experiments have been done in triplicate, and in all
cases, the standard error of the mean was smaller than the symbol plotted.

Figure 4.13. Capillary flow in a simple network:



(a) flow in the root channel; (b) the flow separates at the fork; (c) the flow in the faster channel
reaches the channel merging point and divides between the exit channel and a back flow in the
second branch; (d) both branches are filled and the flow continues in the exit channel.

Figure 4.14. Sketch of the network with identical cross sections.
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Figure 4.15. View of the network with identical cross sections, and L; # L,.
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Figure 4.16. The different sequences of the filling of the network: comparison
between experiments (dots) and model (continuous lines). Experiments have been done in
triplicate, and in all cases, the standard error of the mean was smaller than the symbol plotted.



477 TABLES

Table 4.1. Physical properties of the liquids used herein.

Liquid A S '
Pentanol 814 375 254 6.8
Chloroform 1490 0.60 27.6° 45.8
Toluene 867 059 285 483
Dodecane 750 120 254 210
FC-40 1850° 45 16.0 6.0
Nonanol 827 115 2957 26

aDensity in kg/m? at 20°C%%6, PAt 25°C. “Vscosity in mPa-s?°. Some of the viscosity values were
estimated. “Surface tension in mN/m at 25°C. 22 €At 27°C. fAt 20°C. 9Units of m/s.

Table 4.2. Contact angles with PMMA walls.

Liguid 02 0"
Pentanol 12.5°+ 3.0 52.8°
Chloroform 17.3°+1.1 54.0°
Toluene 7.8°+1.7 51.9°
Dodecane 26.7° £ 0.7 57.5°
FC-40 12.7°+1.3 52.8°
Nonanol 17.0°+ 1.6 52.9°

3contact angles of liquids containing dye®. "generalized Cassie angles

Table 4.3. Experimental and theoretical time coefficients

Solvent Experimental time Theoretical time
coefficient [mm/s?]  coefficient [mm/s'?]
Pentanol 39.5 41.1
Chloroform 88.0 86.3
Toluene 104.4 110.5
Dodecane 60.0 67.5
FC-40 35.0 34.0

Nonanol 23.0 24.7
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Chapter 5. OPEN-CHANNEL CAPILLARY TREES AND

CAPILLARY PUMPING

Reproduced in part from Lee, J. J."; Berthier, J."; Kearney, K. E.; Berthier, E.; Theberge, A. B. Open-
channel Capillary Trees and Capillary Pumping. Langmuir 2020, 36, 12795-12803.
*denotes co-authorship. J.J.L contributed to the overall fabrication designs and experimental designs.

J.B. developed the analytical model and numerical simulation of this work.

5.1 ABSTRACT

Velocity of capillary flow in closed or open channels decreases as the flow proceeds down
the length of the channel, varying as the inverse of the square root of time or as the inverse of
travel distance. In order to increase the flow rate—and extend the duration of the flow—capillary
pumps have been designed by mimicking the pumping principle of paper or cotton fibers. These
designs provide a larger volume available for the wicking of the liquids.

In microsystems for biotechnology, different designs have been developed based on
experimental observation. In the present manuscript, the mechanisms at the basis of capillary
pumping are investigated using a theoretical model for the flow in an open-channel “capillary tree”
(i.e., an ensemble of channels with bifurcations mimicking the shape of a tree). The model is
checked against experiments. Rules for obtaining better designs of capillary pumps are proposed—
specifically we find: (1) when using a capillary tree with identical channel cross-sectional areas
throughout, it is possible to maintain nearly constant flow rates throughout the channel network,
(2) flow rate can be increased at each branch point of a capillary tree by slightly decreasing the

areas of the channel cross section and decreasing the channel lengths at each level of ramification



within the tree, and (3) higher order branching (trifurcations vs. bifurcations) amplify the flow rate
effect. This work lays the foundation for increasing the flow rate in open microfluidic channels
driven by capillary flow; we expect this to have broad impact across open microfluidics for
biological and chemical applications such as cell culture, sample preparation, separations, and on-

chip reactions.

5.2 INTRODUCTION

Microfluidic capillary systems use passive capillary forces, rather than traditional active
pumping methods, eliminating bulky peripheral equipment and enabling autonomous device
operation for field-based applications.> Open microfluidic capillary systems remove at least one
‘wall’ of the microfluidic channel, further extending usability and manufacturability;®’ these
systems have burgeoned in use in diverse fields including cell signaling, organotypic models,
metabolomics, sample preparation, diagnostics and bioassays, chemical reactions, and space
research.81? To extend the applications of capillary-driven microfluidics, it is necessary to
overcome a fundamental limitation of capillary flow—the inherent decrease in flow rate as the
flow advances in a microfluidic channel. In this manuscript, we build on prior capillary pumping
systems,**2 by developing the general theory for velocity (and flow rate) enhancements achievable
in capillary pumping systems that mimic the branches of a tree, providing a physical solution that
can be applied to wide-ranging biological and chemical applications in both open- and closed-
channel microfluidics.

After an evanescent initial inertial phase, a capillary flow is governed by the balance
between capillary force and wall friction. This analysis was first done by Lucas, Washburn, and

Rideal for cylindrical tubes in the 1920s.1315 Shortly after, Bosanquet established the general



equation of the motion of fluids in capillary channels.'® Capillary flow in open grooves is more
recent, with the investigation of the capillary flow in V-grooves for solder flow for
microelectronics'?° and for space “plumbing”.??> Recently, it was shown that the Lucas-
Washburn-Rideal (LWR) law should be modified to account for arbitrary shaped closed channels
and open channels.?*-?" It was shown that, for an arbitrary morphology, closed or open, provided
that the cross-sectional area is uniform, the velocity of capillary flow decreases as the inverse of
the square root of time or as the inverse of the travel distance, using an adapted generalized Lucas-
Washburn law.5728

This dependency indicates that the capillary flow rate decreases rapidly. In order to
maintain an enough flow rate—and at the same time, extend the duration of the flow—capillary
pumps have been conceived. Their design mimics the structure of paper or threads or the
arborescence of a tree.?%3! These materials provide a large volume available for the wicking of the
liquids and maintain a significant flow rate in the root channel.

In microsystems for biotechnology, many different designs have been experimentally
developed for closed systems.3%? Figure 5.1 shows two designs having the shape of a tree.

Here, the mechanisms at the basis of capillary pumping in open channels are investigated
based on the analysis of the flow in a “capillary tree” (i.e., an ensemble of channels with
bifurcations mimicking the shape of a tree). Shou et al. have theoretically studied closed cylindrical
networks, however they did not include experiments).3? As Shou, we conclude that LWR law must
be modified to account for the ramifications.

Velocity (and flow rate) decreases steadily in uniform cross section open channels. If one
wants to avoid this decrease in the “root channel” i.e., the channel of interest for biological or

chemical applications, a capillary pumping device should be added behind the root channel (Figure



5.2). We first show that a capillary tree with identical cross section provides a nearly constant flow
rate in the root channel. It is assumed that the capillary tree is “symmetrical”, i.e., all branches at
the same level of ramification are identical. Then, the travel distance is the same for each path, and
is obtained by writing the balance between the capillary force on the advancing meniscus and the
wall friction along the path. Second, we show that an improved capillary tree (with decreasing
cross-sectional areas and small lengths) may even increase the flow rate in the root channel. The
approach is done considering an open system, but readily applies to closed systems. The model is
checked against experiments performed with nonanol flowing in open microfluidic channels (U-
grooves) milled in poly(methyl methacrylate). Our approach unveils a path for designing efficient

capillary pumps with marked flow rate enhancements.
5.3 THEORY

We first examine the case of a simple capillary network, which has the shape of a tree
(Figure 5.4). In order to simplify the first algebraic developments, all the channels are assumed to
have the same cross section. In such a case, the flow is “symmetrical”, i.e., the advancing menisci
of the flow are theoretically located at the same place in all daughter channels of each level.

Starting with the root channel: The travel distance zo in the root channel is given by the

balance between friction and capillary force®

P2T =12 (u%) =py cost’ (1)

where 7 is the average friction, p the channel perimeter in a cross section, Vo the average velocity

(which is a function of time and/or travel distance), 4 the average friction length,® u the viscosity,



y the surface tension, and 6 the generalized Cassie angle (in order to take into account the free
surface of the open channel®® and accommodate for the potential of non-monolithic channels
comprising different materials on the floor and walls; see Sl section 1 for definition of generalized

Cassie angle). Then we have the relation between travel distance and time

dz§ _ 21y cosé*
dt - U ’ (2)
And finally

zy = ’2&?:059*\/?. 3)

Note that the time at which the flow reaches the bifurcation at a distance Lo from entrance, is

_ B g2 _ 13
to 21y cos@* Lo c’ (4)

21y cos6*

where C = . After the first bifurcation, we must use a formulation that uses the pressures

and write the pressure equilibrium along a fluidic path.3>38

Vo1 i1 0%
pLourc+pz s =" ©)

where z1 here is the travel distance in the first ramification, S the cross-sectional area and V1 the
velocity in the daughter branch (V; = %). Note that because of the assumption that the daughter

branches have the same cross section as the root channel, S simplifies in (5), and there is a unique



friction length A and a unique Cassie angle 6*. Integrating (5) with the condition t=to, z2=0, and

considering the mass conservation SV, = 2 S V,, yields

Z%+4‘LOZ1_C(t_t0)=0 (6)

And the solution is simply

71 =—2Lg++J4 12+ C(t—tp) . (7)

Note that the total travel distance is

Z=Ly+z =—-Ly+3L5+Ct. (8)

The time t1 at which the flow reaches the end of the first branches (second bifurcations) along a

distance L1, is

(L1+4Lg) _ (L1+Lg)?+2LoL, (9)

t1:t0+L1 C

Let us proceed to the next level of ramification. The capillary pressure is still the same

(since the channel cross section is uniform) but the wall friction increases.

Vo1 Vi1 V1 0
pLopurc+pliptctpzurs =" (10)

Integration of (10) with the condition



t =t1, z2= 0, considering the mass conservation SV, =2 SV; = 4 SV, yields

2242 (4Ly+ 2Lz, —C (t—1t;) =0, (11)
and
z, = —(4Ly + 2Ly) + V&L +2L)2 + C(t — ty). (12)

Note that the total travel distance is

Z = LO + L1 + ZZ == _3L0 - L1 + '\/(4L0 + 2L1)2 + C(t - tl) (13)

The time t2 at which the flow reaches the end of the second branches (third bifurcations) is

(Lp+4L1+8Lg)

t, —t; =1L, C

(14)

An approach using recurrence leads to the general formula for the daughter branch number n

Zn=—("Lg+ 2" Ly + -+ 2 Ly_1) + /(2" Lo + 2 Ly 4+ 2 Ly )2 + C(t — tpq)

(15)

and



L (Lp+22Lp_q++2"1L)
n .

) (16)

th —thr =

In the following sections, we use the theoretical model to determine the travel distances and flow

rates for three different capillary trees and compare the model with experimental results.
5.4 RESULTS AND DISCUSSION

References to SI can be found in Appendix B
5.4.1 Comparison with experiments.

Figure 5.5 shows still images taken from a video of the open-channel capillary flow
progressing in the capillary tree (See Sl Figure S4 for the device design). The plot of the travel
distances versus time is shown in Figure 5.6a. The travel distance — theoretically identical in all
subchannels due to the symmetry of the tree — is calculated from equation (15) using Excel
software. Elapsed time is incremented stepwise starting at time 0 seconds where the flow enters
the root channel. First, using equation (3) for the root channel, the time to when the flow exits the
root channel is determined. Then, using equation (15) for n = 1, the time t1 where the flow exits
the first daughter branches, is determined, and so on, until the last ramifications. Derivation of the
travel distance versus time then yields the velocities in the capillary tree. Note that after the first
bifurcation, the velocities are nearly constant in the device. The analytical form of the velocity in

the capillary tree is given by derivation of (15)

C

)
/A%+C(t—tn_1)

Vo =7 (17)



where An is a constant depending on the daughter channels lengths and ramification level.
At each bifurcation, there is a negative jump of velocity. It is similar to what is observed
with a widening of a unique channel.3*-#! On the other hand, the total flow rate is nearly constant

after the second level of bifurcations, as shown in Figure 5.6b. Using (17), flow rates are given by

C

Qn=———
AZ+C(t—tpn_1)

2D g, (18)

The velocity of the tip of the flow is the time derivative of the travel distance given by
equation (15) where Vn = dzn/dt. Denoting An = 2"Lo + --- + 2 ™Ln.1, we obtain equation (17) for
the velocity at the tip of the flow. The flow rate at the tip of the flow is obtained by multiplying
the velocity by the cross-sectional area. Finally, the total flow rate (in the root channel) is obtained
by adding the contribution of all the flow tips, resulting in equation (18). The term 2™ accounts
for the summation for the bifurcating trees. For trifurcating trees, this would be 32,

In the following section, we investigate the effect of a progressive decrease of the cross-

sectional areas of the channels.
5.4.2 Decreasing cross-sectional areas and capillary pumping.

Let us now consider a capillary tree where the cross sections decrease by a homothetic ratio

(i.e., channel width and height decrease by the same factor) from one level to the next.



5.4.3 Bifurcating capillary trees.

In a first step, we investigate capillary trees where channels divisions are bifurcations (two
daughter channels for one mother channel), as shown in Figure 5.7. In such a case the cross-

sectional perimeters are

Pn = APp_q = =a" 'p; = a"py, (19)

and the cross-sectional areas are

S, = a’S, 4 = - = a?™ Vg, = a?"s,. (20)

Moreover, the friction lengths are homothetic because they are proportional to the hydraulic

diameter of the channel

Ay = adpq = =a" A = aml,. (21)

Hence the ratio % is constant, equal to Z—". Moreover, the Cassie angles are everywhere the
20

same, i.e., 8" = 67 = --- = 6,,. Generalizing (10), considering the change of the cross section at

each ramification level, we obtain

a®Ly Vo + a?™ D L Vi+. 4+a?L, V1 + 2z, V, = z—"iio cosf* = an%io cosf* = ang.
0

(22)

The mass conservation equation yields



VO = (2 az)Vl = (2 0(2)2 V2 = = (2 dz)n I[Il’ (23)
We then can integrate (22) under the form of a quadratic polynomial in zn
z2+42[2"a* Ly + 2" a* D L+ 4 2%, 4]z, = a™C (E — tyoy), (24)

And the solution is

Zy = —[2"a*™ Ly + 27 @D L+ 4 204 L, | + {[2"a4"L0 + 2t gt L 4t

1

20 Lyy] +@"C (t =t} (25)

It is easily verified that, for « = 1, equation (25) reduces to equation (15). Figure 5.8 shows the

results for the device shown in Figure 5.7 (a = 0.85).
5.4.4 Trifurcating capillary trees.

In this section, the flow behavior in a trifurcating capillary tree is investigated. Figure 5.9
shows the device used for performing the experiments. Here, the capillary flow first divides in the
two “exterior” channels because of the immediate presence of the walls, but the flow equilibrates
somewhat later (sometimes a small delay in the middle channel can be observed). In the case of
trifurcating devices, the approach is like that of the preceding section. However, the mass

conservation equation (23) becomes

Vo = (3a®)V; = (3a?)?V, = -+ = (3a®)" V. (26)



Then, in a similar integration as for equation (22), we obtain the solution

zy = —[3"a* Ly + 3" @V Ly 4 4 3¢ L] + {[30a* Ly + 3 @D Ly 4t

1

3a4Ln_1]2+anC (t— tn_l)}E : (27)

Using the geometrical data of Figure 5.9, we obtain the travel distances vs. time shown in Figure

5.10.
5.4.5 Discussion

In the preceding sections, we have shown that the theoretical model reproduces well

experimental travel distances in capillary trees. Moreover, it has been shown that the travel
distances in the different branches of the tree are not of the form z = VA t, but of the form z =

A ++/B + Ct. Asimilar relation was also obtained in the case of networks.3®

Let us now consider the flow rates. A comparison between all the cases studied here is
shown in Figure 5.11. As expected, the trifurcating capillary tree with decreasing cross sections
produces the highest flow rates.

Let us now consider the question: what morphology of the capillary tree produces the
highest flow rate? In other words, what morphology corresponds to the best pumping efficiency?
In the following, we do not consider the feasibility of the fabrication, but only the theoretical
optimum.

The parameters of the geometry of the capillary tree are (1) the number of divisions at each

ramification, (2) the lengths of the flow channels, and (3) the homothetic ratio for the cross sections



of the flow channels between each ramification. Note that relations (25) and (27) can be
generalized to a higher number of divisions at each ramification. In such case, the coefficients 2
in (25) and 3 in (27) are replaced by the number of divisions. The number of parameters is large,
making it difficult to detail the influence of each parameters. In the simplified case of daughter
channels of equal length, a mathematical approach can be done and is presented in Sl section 2-4.
The approach concludes that short channels lengths, large number of sub-channels at a division
(node) and homothetic ratios of the order of 0.7 - 0.8 produce the highest flow rate. In the
following, we use our model to analyze more concretely the influence of the parameters.

In order to answer these questions, let us consider a two capillary trees with 4 ramification
levels and a homothetic ratio « = 0.8 between each level. These capillary trees have flow segments
of much shorter lengths than that considered before, of the order of 10 to 20 mm only. The different
lengths and cross sections are listed in Table 5.3.

The calculated travel distances and flow rates are shown in Figure 5.12 and 5.13 for cases
#1 and #2 respectively.

Clearly, the shorter channels lengths associated to the progressive reduction of the cross-
sectional areas have the effect to bring the travel distances closer with that of the
generalized/modified LWR (Lucas-Washburn-Rideal) law for the case of the single channel.
Homothetically decreasing the channel cross-sectional areas increases the total flow rate, as shown
in Figure 5.13. Even if the flow velocity suddenly decreases at each bifurcation, the total flow rate
increases because of the contribution of the additional daughter branches. Hence, an important
increase of flow rates is obtained by the reduction of the channel lengths and of the cross sections

at each bifurcation, when the length of the branches is sufficiently small.



5.5 MATERIALS AND METHODS

5.5.1 Capillary tree channels.

The devices comprise a wide inlet port in which the liquid is fed from a pipette, and outlet
ports at the extremity of the channels (see Sl section 5 for the schematic of the devices). In this
work, open rounded channels of different lengths, widths and depths have been used (dimensions
given in Figures 5.6, 5.8, and S4 and S5).

The use of winding channels is required due to the dimensions of the solid plate. Previous
studies have shown that the turns do not affect the capillary flow in the absence of capillary
filaments, as is the case in our study due to the U-shaped channel cross section.®® A typical channel
cross section is shown in Figure 5.3. The cross section of the channel is a vertical groove with a
rounded bottom, which avoids the formation of filaments observed in channels of rectangular cross
section.

We investigate first the flow behavior in capillary trees with the same cross section as that
of Figure 5.3 in the whole tree. The average friction length (we will see later the use of the friction
length) was estimated to be 1~200 um (calculated using COMSOL34) for the homothetic channel
of 0.80 mm of width, in our preceding study.® The friction length was defined in an early
publication® (and included again here in Sl section 6) Using an approximate homothetic ratio, an
estimate of the friction length in the root channel of 1.06 mm of width is 259 um.

Secondly, we investigate the case of capillary trees with homothetically decreasing channel
cross sections. The different characteristics of the cross sections are given in the Table 5.1.

The channels were designed using computer-aided design (CAD) software (Solidworks

2017, Waltham, MA). The design files were converted to G-code using CAM (computer aided



manufacturing) software (Fusion 350) for micromilling. Channels were milled in PMMA
(poly(methyl methacrylate) plates of 3.175 mm thickness (#8560K239; McMaster-Carr, Santa Fe
Springs, CA) using a 2 flute ball endmill with cutter diameter of 1/32” (TR-2-0313-BN), or a 2
flute square endmill with cutter diameter of 1/16” (TR-0625-S) purchased from Performance
Micro Tool, Janesville, WI. The devices were fabricated using a Datron Neo computer numerical
control (CNC) mill (Datron, Germany). Roughness of the channel bottom is of the order of a few
microns, one order of magnitude less than the values that would produce velocity fluctuations as

observed by Lade.?’

5.5.2 Materials.

Nonanol was used for the study as it is a low-volatility solvent (boiling point 213 °C),
mitigating evaporation. The physical properties of nonanol are indicated in Table 5.2.367 Nonanol
has been colored with Solvent Green 3 from Sigma-Aldrich at concentrations of 1.43 mg/mL. The
volume of nonanol added to the inlet channel was ~ 1.2 mL. Additional nonanol was added, once

fluid reached third branch in the bifurcation device. This is to maintain a flat meniscus in the inlet.

5.5.3 Imaging.

Top-view images were recorded using a Nikon-D5300, ultra-high resolution SLR camera.

5.6 CONCLUSION

The present analysis demonstrates the possibility of obtaining nearly constant flow rates
by using a capillary tree of same cross-sectional areas. Once the flow has invaded the root channel

and is divided in the daughter branches, the fluid velocity is nearly constant in the wetted channels.



This solves a significant problem in capillary-driven microfluidics: decrease in fluid flow rate
along the length of the channel that is observed in simple non-bifurcating channels.

Moreover, it is shown that decreasing the channel lengths and slightly decreasing the areas
of the channel cross section at each level of the tree has the effect to stepwise increase the flow
rate each time that the tip of the flow passes a bifurcation. A more pronounced effect is obtained
with trifurcations. Hence, this work provides insight into the physics of capillary pumping: in order
to obtain efficient pumping, the capillary network should be constituted of channels of small
lengths and of (slightly) decreasing cross sections. We expect this insight to be useful when
designing capillary-driven microfluidic systems for applications requiring efficient flow of a
volume of fluid that would be challenging to deliver with non-bifurcating channels. Potential
applications include sample preparation, cell culture, assay workflows (reagent delivery, washing,
etc.), and chemical reactions.

A limitation to flow rate amplification stems from geometrical and fabrication
considerations. For example, the reduction of the dimensions of the cross section with a homothetic
factor of 0.8 results in channel widths of 1000, 800, 640, 512, 410, 328 and 262 um for a six-level
capillary tree. One reaches quickly the limits of milling channels in a plastic plate, first because of
the smaller dimensions of the endmill, and second, because of the steric arrangement of the tree in
the substrate (the overall device footprint).

However, methods other than milling are commonly used in microfluidic device
fabrication, and our work here provides a general framework for evaluating flow rate gain in
capillary trees with channels of any dimension.

Finally, we remark that the most efficient pumping—obtained by using very short channels

with many divisions—has a morphology resembling that of fibrous media. In order to have a



pumping efficiency similar to that of a fibrous media, the characteristic length of the capillary tree
should be of the same order of the characteristic dimension of the fibrous media. We assume this
is the reason why it is found impossible to extract by capillary means liquid from a fibrous media
towards open channels provided that the open channel has a radius larger than the effective

capillary radius in the pore space.

5.7 FIGURES
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Figure 5.1. Tree-line capillary pump designs from Zimmermann et al.*2
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Figure 5.2. Schematic showing a capillary pump (in the form of a tree-like structure).
Capillary pump can be placed downstream of any channel of interest. We included a small
winding channel labelled root channel as an example channel of interest where biological or
chemical applications could take place.

Figure 5.3. (a) Detail of the cross section.
(b) Perspective view of the rounded channel.



Figure 5.4. Schematic of the capillary tree with the inlet port (left) and the four
outlet ports.

Figure 5.5. Progression of the nonanol (dyed blue for visualization) in the capillary
tree at (a) the first bifurcation, (b) the second bifurcation, (c) the third bifurcation and in (d)
almost reaching the end of the channel. Scale bar =1 cm.
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Figure 5.6. (a) Travel distances in the bifurcating capillary tree vs. time
(corresponding to the design shown in Figure 5.5). The green dots correspond to the
experimental travel distances (average of three replicates and error bars are standard deviation of
the mean), and the black line to the theoretical model (equation 15). (b) Comparison between the
flow rate in the root channel in the bifurcating capillary tree (black line) and in a single channel
(red line) based on the theoretical model (equation18). The shading in the figure only applies to
the black line and indicates the position of the fluid front within the capillary tree corresponding
to the flow rate in the root channel (black line).
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Figure 5.7. View of the capillary tree with homothetically decreasing cross sections.
The homothetic ratio is o = 0.85. Units in mm, and L is length of the respective channel part in
the device.
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Figure 5.8. (a) Travel distances in the homothetic bifurcating capillary tree vs. time
(corresponding to equation 25 and to the design shown in Figure 5.7). The green dots correspond
to the experimental travel distances (average of three replicates and error bars are standard
deviation of the mean), and the black line to the theoretical model (equation 25). (b) Comparison
between the flow rate in the root channel in the homothetic bifurcating capillary tree (black line)
and in a single channel (red line) based on the theoretical model (equation 18 modified for 25).
The shading in the figure only applies to the black line and indicates the position of the fluid
front within the capillary tree corresponding to the flow rate in the root channel (black line).
Jumps in the flow rate are due to the crossing of the flow through bifurcations. These jumps are
nearly instantaneous, but the time step of the calculation smears somewhat the jumps.



Figure 5.9. Trifurcating capillary tree with homothetically decreasing cross sections.
The homothetic ratio is o = 0.85. Units in mm, and L is length of the respective channel part in
the device (see Sl Figure S5 for additional dimensions).

V)

(

) 200 T T T T T T T

150 L -
100- - -

50—

Travel distance [mm]

v
e
¥
0
I 1 I L I I I I
0\10 20 30 40 50 60 70 80
root Time [s]

level 1 level 2

—_—
(o))
—

14

-
i

10

Flow rate [mm?/s]

level 1 level 2

. 1 I I 1 I 1 I
0 \ 10 20 30 40 50 60 70 80
root Time [s]

Figure 5.10. (a) Travel distances in the homothetic trifurcating capillary tree vs. time
(corresponding to equation 27 and to the design shown in Figure 5.9). The green dots correspond
to the experimental travel distances (average of three replicates and error bars are standard
deviation of the mean), and the black line to the theoretical model (equation 27). (b) Comparison
between the flow rate in the root channel in the homothetic trifurcating capillary tree (black line)



and in a single channel (red line) based on the theoretical model (equation 18 modified for 27).
The shading in the figure only applies to the black line and indicates the position of the fluid
front within the capillary tree corresponding to the flow rate in the root channel (black line).
Jumps in the flow rate are due to the crossing of the flow through bifurcations. These jumps are
nearly instantaneous, but the time step of the calculation smears somewhat the jumps.
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Figure 5.11. Comparison of the flow rates in the capillary trees:
Flow rates vs. travel distance. The largest flow rates are associated to the trifurcating devices
with decreasing cross sections. Flow rates are calculated with LWR equation (single channel),
equation 18 (bifurcating, identical), equation 25 (bifurcating, homothetic), and equation 27
(trifurcating, homothetic).
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sections. (a) Travel distance in the successive channels (with the homothetic ratio 0.8) as a
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Figure 5.13. Case #2. The case of the single channel (red line) is compared to that
of the bifurcating and trifurcating capillary trees. The flow rate increases when the channel cross
sections are homothetically reduced (green and orange line), resulting in a pumping effect.
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5.9

TABLES

Table 5.1. Characteristic dimensions of the channels
Level 0 Levell Level2 Level3
Width [mm] 1.06 0.90 0.77 0.65
Depth [mm] 1.76 1.50 1.28 1.08
Wetted perimeter [mm] 4.13 3.51 3.00 2.53
Friction length [um] 259 220 187 159
Cross sectional area [mm?] 1.75 1.26 0.92 0.66

Table 5.2. Physical properties of nonanol (in the PMMA channel) at 20°C.

Physical properties Value
Viscosity u 11.2 Pass
Surface tension y 28.5 mN/m
Young contact angle 0 13°

Cassie contact angle 6* 53°
Coefficient C (relation (4)) | 794 mm?/s

Table 5.3. Geometrical characteristics of the tree

Length Case #1

Length Case #2

Cross section

Friction length

[mm] [mm] [mm?] [um]
Root 100 100 1 200
Level #1 50 20 0.8 160
Level #2 20 10 0.64 128
Level #3 20 10 0.51 102.4
Level #4 20 10 0.41 81.9
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Chapter 6. SUMMARY AND FUTURE WORK

In conclusion, this dissertation covers the fundamentals of open microfluidics focusing
new platforms, theory, design, fabrication, and experimental setups. The overarching goal of the
projects was to further develop open channel systems, manipulation methods, and capillary pump
designs to maintain capillary flow in an open system.

In chapter 2, we showed for the first time the behavior of two immiscible phases in an
open channel platform. We showed that droplets can be simply created by pipetting liquids in the
channel while an immiscible phase flows based on passive capillary forces. The channels were
easy to fabricate in one step by milling, and the setup is minimal requiring only a pipette for fluid
actuation. For larger quantities of devices, channels can be fabricated by injection molding.

In chapter 3, we showed examples of manipulation methods that can be created in an
open system such as droplet transportation, incubation, and splitting. All the manipulation
methods can be incorporated on one chip. We also showed an example of multiplexing by
placing multiple devices in parallel with each other and showed an example of a chemical
reaction in open droplet-based microfluidics.

In chapter 4, we derived an expression to calculate the velocity of the fluid in an open
channel with a rounded cross section. We also investigated capillary flow in the case of
bifurcations and networks.

In chapter 5, we demonstrated the ability of maintaining a constant flow rate or
increasing the flow rate in the open channel by adding a capillary pump at the end of the channel.
We showed designs of a bifurcation and trifurcation capillary system.

For future directions, a more efficient capillary pump could be developed by using paper

as a pump in addition to the bifurcations/trifurcations presented in Chapter 5. Paper has high



wicking power compared to plastic channels and is widely used in microfluidic systems. A
hybrid pump consisting of capillary tree like channels with paper pads could produce even higher
velocities in an open system for a longer duration of time without the limitation of fabrication or
adding a larger platform structure to the overall channel design. Further, given the promising
work of an open channel capillary pump presented in this dissertation, the pump can be
integrated in later channel manipulation designs to alleviate other challenges such as a longer
duration of fluid flow in the channel. Another open channel design that can be incorporated is a
droplet generator to create multiple droplets on a chip without using multiple pipetting steps as
shown in Chapter 2 and 3. In summary, this dissertation establishes the foundation for several
areas of exciting future work. We anticipate broad applications in chemical synthesis, analysis,

and biological experiments using the open microfluidic tools described in this dissertation.
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APPENDIX A
Chapter 2. Droplet Behavior in Open Biphasic Microfluidics

Supporting Information (SI) references

Reproduced in part from Lee, J.J.*; Berthier, J*.; Brakke, K.A.; Dostie, A.M.; Berthier, E.; Theberge,
A.B. Droplet Behavior in Open Biphasic Microfluidics. Langmuir 2018, 34, 5358—5366.

*denotes co-authorship. J.J.L contributed to the overall fabrication designs and experimental designs.

J.B. developed the analytical model and numerical simulation of this work.

1. Analytical analysis of the effect of an immiscible plug in a spontaneous capillary flow
Let us consider first a plug contacted by a spontaneous capillary flow (SCF) of an

immiscible liquid, which we denote as the primary or carrier liquid. In the present case the

carrier liquid is an organic liquid, and the plug is aqueous. This situation is sketched in Figure

S1.1A. Figure S1.1B represents the SCF of the primary liquid alone.

Air

5L1 58

Figure S1.1. Sketch of the capillary forces. Configuration (A): the plug is delimited by the
orange line and the carrier liquid is painted in blue. Configuration (B): sketch of the SCF of the
primary liquid. The yellow line represents the solid wall. Note that the contact angles are not the
same in (A) and (B).



We denote by indices S, A, L1 and L2 respectively the solid wall, air, carrier liquid and
plug. In the following we show that the balances of the capillary forces are the same in the two
configurations A and B.

Let us analyze the capillary forces on the floor of the channel. The resultant of the capillary
forces is the sum of the capillary force at the first and second interfaces (Figure S1.1A)
R=¢,,,,C08¢,+4,,,C08q, . (1.1)

In the case of static or quasi-static contact angles, the relation between the different contact

angles ist

Y1112 COSOip =y 15 COSO; =¥ o5 COSO, . (1.2)

Substitution of (1.2) in (1.1) yields
R=g,,,c0s¢q, (1.3)
which is simply the capillary force for liquid 1 alone (Figure S1.1B). Hence the two-phase
configuration (A) is equivalent to the single-phase configuration (B).

This reasoning still applies for a plug embedded in the carrier fluid, as shown in Figure
S1.2. In this case, and assuming that the contact angles are static ones, the resultant of the forces

in configuration (A) is

R=9,,,,C08G, - 9,1,,€08G;, +g,,,€0Sq, , (1.4)

which is the same as the resultant in configuration (B).
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Figure S1.2. Sketch of the capillary forces. Configuration (A): the plug is delimited by the
orange line and the carrier liquid is painted in blue. Configuration (B): sketch of the SCF of the
primary liquid. The yellow line represents the solid wall.

In conclusion, in the case of a channel of constant cross section, the presence of the plug

does not affect the occurrence of the SCF.

2. Numerical simulation of the behavior of an immiscible plug in an SCF flow

The software Surface Evolver? has been conventionally used with success to predict SCF
conditions.1*- It is emphasized that Evolver cannot treat the dynamic of the flow, but it iteratively
relocates the interface to lower the energy taking into account constraints such as contact angles
and liquid weight. In the case of SCF no equilibrium location exists, but we can still use Evolver
to predict if the fluid moves and the direction of motion because the onset of SCF is quasi-static.
Note that when inertia and viscous forces are negligible in front of surface tension and capillary
forces which is often the case in open microfluidic. Evolver results are close to the reality of the

flow.3



The Evolver data file for this type of problem requires the specification of the different
surface tensions (yLia, yL2a, yL1L2) and the two contact angles 61 and 6 2. For this study of the SCF
condition with Evolver, many different values of these data have been used. In all cases a two-
phase SCF is observed as soon as the main liquid satisfies the SCF condition.

Let us consider the case of a rectangular open groove: Three different flow modes, i.e.,
three different flow morphologies, have been found: (1) a shift mode where the plug is horizontally
displaced and translates in front of the flow; (2) a lift mode where the plug is lifted and the main
liquid flows underneath; (3) a bridge mode where the plug sticks to the floor of the channel and
the capillary flow of the main liquid flows above. In the following we detail each of these modes.
2.1 Shift mode

A shift mode occurs when the plug is translated down the channel by the action of the
carrier fluid. Upon initial contact, the plug shape changes. After the contact, the shape of the plug
remains unchanged. Figure S2.1. shows a typical shift mode. This mode occurs principally when

the two liquids wet the walls.

Figure S2.1. Shift mode: A and B, shift motion of the plug upon arrival of the carrier
capillary flow; C, detail of the shape of the plug. (yL1a 20 mN/m, yL2a= 72 mN/m, y 1.2 = 30
mN/m, 0 1=50°, 62=90°). D and E, shift motion of the plug; F, detail of the shape of the plug
(yL1a= 30 mN/m, yLea = 42 mN/m, yLi2 = 16 mN/m, 61 = 40°, 6 2= 55°).



2.2. Lift mode
In the case where the liquid-liquid contact angle 012 is small, the carrier liquid (liquid 1)
slips below the plug and progressively lifts the plug. The liquid 1 SCF continues with the plug of

liquid 2 on top of it (Figure S2.2).

Figure S2.2. Lift mode: A and B, the main liquid uplifts the plug and continues to flow
beneath (yLia =72 mN/m, yL2a = 36 mN/m, yLi2 = 60 mN/m, 61=50°, 62=110°).
2.3. Bridge mode

In the case where the plug has a small contact angle with the walls, and its surface tension
is sufficiently high, the plug forms a bridge and the carrier fluid flows above this bridge (Figure
S2.3). In the Evolver quasi-static approach, the bridge remains immobile. However, experiments

show that the bridge may or may not move depending on the plug-carrier liquid surface tension.



Figure S2.3. Bridge mode: A and B, the primary liquid (yL1a= 72 mN/m, yL2a = 36 mN/m,
yL1L2=60 mN/m, 61= 50°, 62=110°).

Table S2.1. Parameter space tested on surface evolver and resulting mode numerically
observed.

Mode 012 022 y1 y2 12 cos (012) 0122

Bridge 15 80 22 65 30 0.3 70.6
Bridge 15 80 22 65 30 0.3 70.6
Bridge® 15 60 22 65 30 -0.4 112.0
Bridge 15 30 22 65 30 -1.0 180.0
Bridge 15 40 22 65 35 -0.8 144.6
Shift 15 40 22 45 35 -0.4 112.2
Shift 15 30 22 45 35 -0.5 120.4
Shift 10 20 22 45 35 -0.6 126.1
Shift 10 90 22 45 35 0.6 51.8
Shift 30 90 22 55 35 0.5 57.0
Shift 30 90 42 35 55 0.7 48.6
Shift 50 70 42 35 55 0.3 74.1
Shift 50 70 40 35 40 0.3 69.9
Shift 10 80 40 35 40 0.8 33.6
Lift 10 90 45 30 40 1.0 0.0
Lift 10 90 45 20 30 1.0 0.0
Liftd 10 80 45 20 30 1.0 0.0
Lift 10 60 45 20 30 1.0 0.0
Shift 10 25 35 50 30 -0.4 111.2
Shift 5 15 35 50 30 -0.4 116.6
Bridge 5 15 35 50 10 -1.0 180.0
Lift 5 15 50 35 10 1.0 0.0

acontact angle in units of degrees
bFigure 1Bii, Figure 1Aii, “Figure 1Cii, respectively



3. Open biphasic flows in poly-methyl-methacrylate (PMMA) channels
In this section we display inserts of top and side view movies that were obtained for a

number of solvents contacting an aqueous plug placed in an open microfluidic channel.

A) Top view B) Side view
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Figure S3.1. Experimental visualization of shift mode using an aqueous plug (yellow) and
pentanol as the carrier phase (blue) from the top view (A) and side view (B). The plug advances
and stops as it travels down the channel with the carrier fluid. Images are representative of 3
three replicate experiments. The scale bar is 2 mm.

A) Top view B) Side view
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Figure S3.2. Experimental visualization of raft mode using an aqueous plug (yellow) and
chloroform as the carrier phase (blue) from the top view (A) and side view (B). Images are
representative of 3 three replicate experiments. The scale bar is 2 mm.



A) Top view B) Side view
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Figure S3.3. Experimental visualization of bridge mode using an aqueous plug (yellow) and
toluene as the carrier phase (blue) from the top view (A) and side view (B). Images are
representative of 3 three replicate experiments. The scale bar is 2 mm.

A) Top view B) Side view
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Figure S3.4. FC-40 top view k(A) and side view (B) showing bridge mode. FC-40 is not
tinted because it is challenging to find dyes that are soluble in fluorinated oil. Red dotted lines in
(B) have been added to visualize the FC-40 fluid front at 1.0 s and 2.0 s. At 8.0 s, the channel is
full with FC-40. Images are representative of 3 replicate experiments. The scale bar is 2 mm.

4. Transition between surface-tension dominated and inertial conditions

In this section we display additional inserts of top view movies displaying transitions in

behavior as inertial effects are increased.
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Figure S4.1. Experiment with pentanol as the carrier fluid (blue) and an aqueous plug
(yellow) at 2 different locations in the channel. (A) Plug in a low velocity region showing shift
mode. (B) Plug at a high velocity region showing raft mode. Images are representative of 3 three
replicate experiments, and scale bar is 2 mm.

5. Development of the Weber number for open biphasic flows

Gravitational, inertial, viscous, and surface tension forces are the main forces acting on a
plug/drop in a two-phase flow. These forces are associated with three dimensionless numbers: the
Bond (or E6tvés) number, the capillary number, and the Weber number.® In this section these
numbers are expressed for our two-phase capillary flows.

5.1 Bond number

For a droplet or a plug, the Bond number characterizes the ratio between gravitational and

surface tension forces.® The expression for the Bond number is

2
Bo = APz 9 (5.1)
Y12

where Ap,, is the difference of density between carrier liquid and water, g the gravitational
constant, h the height of the channel, and y,, the surface tension between carrier liquid and water.

The values of the Bond number for the different carrier liquids is indicated in table S5.1.



Table S5.1. Bond numbers (Bo) calculated for the channel geometry used in the experiments.

Liquid Density?’ Surface tension?® Bo Capillary length

[kg/m?3] w. water [mm]
[MmN/m]

1-pentanol 814.0 4.4° 0.95 1.54
chloroform 1490.0 32.82 0.34 2.59
toluene 867.0 36.1° 0.08 5.21
n-dodecane 750.0 52.8P 0.11 4.60
FC-40 1850.0° 52.0¢° 0.37 2.47
1-nonanol 827.0 8.5 0.24 2.24

abeat 20°C, 25°C, and 23°C, respectively

All Bond numbers are less than 1, but not necessarily markedly lower than 1 in some cases. Some
slight gravity effects might occur, especially in the case of pentanol since its Bond number is close
to 1.

Another approach to gravity effects consists in calculating the capillary length | defined by
| = Apylﬁ . (5.2)
Gravity effects are negligible when the characteristic dimensions of the channel are small
compared to the capillary length ( h <« [). The values of | are indicated in table S5.1. We observe

that this statement is only approximately true. Some gravity effects may be present.

5.2 Capillary number
Let us first derive the capillary number for the carrier fluid alone. From a general
standpoint, the capillary number characterizes the ratio between viscous and surface tension forces.

The expression for the capillary number is



_vu
Ca= ot (5.3)

where p is the liquid viscosity, vy, the surface tension, and V the average velocity. The average
velocity V is a function of the time or the travel distance. In the following we replace V by its
expression using the travel distance z.

The travel distance for an open capillary flow as a function of the time is given by the

general expressiont0:t

z= / 2 A cos* 't , (5.4)

where t is the time, A the average friction length, and 6* the average Cassie angle.1°

® IR

The average Cassie angle is the average value of the contact angle alongside the contour

of a cross section of the channel (Figure S5.1), i.e.

cos0* =Y, f; cosb; , (5.5)

where fi is the length fraction of each contour i: Y; f; = 1. In the case of a single contour (closed

channel with a unique wall) relation (5.5) reduces to the usual contact angle. A spontaneous

capillary flow occurs when cos 8* > 0, or 8* < 90°.
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Organic liquids have a hydrophilic contact angle with PMMA walls. Contact angles have
been measured using a Kruss device (Kruss GmBH, Germany). These angles are reported in table
S5.2.

The average contact angle (Cassie generalized contact angle) can be derived from (5.5) for

the rounded U-groove. If w denotes the channel width and h the vertical channel height, we find

—-w+2 hcosf+m % cosO

cosf* = (5.6)

w+2 h+ n?

The generalized Cassie angles are indicated in table S5.2.

Table S5.2. Contact angles with PMMA walls and generalized Cassie angles.

Liquid Contact angle cos0*
1-pentanol 12.5° 0.60
chloroform 17.3° 0.59

toluene 7.8° 0.62
n-dodecane 26.7° 0.54
FC-40 12.7° 0.60

1-nonanol 17.0° 0.60




For a confined channel of arbitrary shape, the average friction length Ahas been

demonstrated to be®

> _ 8Dy
f Re

, (5.8)

where Dw is the hydraulic diameter, f the Fanning factor and Re the Reynolds number. In the case
of a cylindrical tube, the average friction length is simply 2 = R /4, and (5.4) reduces to the Lucas-
Washburn-Rideal law.1>-15

The situation is more complex in the case of open channels. One must approximate the
shear rate in a cross section. Depending on the channel geometry, different expressions have been
reported in the literature depending on the geometry of the channel (rectangular U-groove,
suspended channel, sharp V-groove, etc.).316 Some values of 1 are indicated in Figure S5.2. In our
case of a rounded U-groove, a COMSOL calculation has produced the value 2 = 151 um. The
value A~151 pm is consistent with the values found using the approximation in Figure S5.2. First

a suspended channel of width w = 0.8 mm, would have an average friction length 7L~% =133 um.

Second a rectangular U-groove of depth h=1.1 mm would have an average friction length

1w+2h

A~ Cw.zh = 143 pm. Finally, a rectangular U-groove of depthn h=1.1 + 0.4 = 1.5 mm would have
_+_
h w
an average friction length /T~%VVVV+—§,'Z = 148 pm.
_+_

h w
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Figure S5.2. Expressions of the average friction length for four different geometries.

Time derivation of (5.4) yields the capillary velocity

cosf* —. (5.9)

Eliminating the time between (5.4) and (5.9) yields the relation between the velocity and travel

distance
%4 =£ A cos6* i . (5.10)

The capillary number is expressed by’

Ca = "7 =2 cos* . (5.11)

N>

A and cos@* being constant, the capillary number is merely a function of the travel distance.
Now consider a two-phase capillary flow. The plug capillary number (two-phase) is the
ratio between the viscous force exerted by the carrier fluid and the surface tension of the plug

liquid, hence



YE = Cq L = (— cos@*)L.

Y12 Y12 (5.12)

Ca12 =

In conclusion, at a given location in the channel, for a given travel distance, the ratio y /y,,
characterizes the difference between the liquids. This ratio is indicated in Table S5.3 for the six

liquids.

Table S5.3. Ratio y/y;, and capillary numbers for the different liquids at distances 1004

Liquid Surface tension w.  Surface tension w. v/ y12 Cai2 Cai2
aird’ ty) [mN/m] water® (y12) Distance Distance
[mN/m] z=1001 z=10001
1-pentanol 26.00 4.4b 5.9 3.72x 102 3.72x 103
chloroform 26.70 32.82 0.8 5.13 x 1073 5.13 x 10*
toluene 28.40 36.1° 0.8 4.96 x 10" 4.96 x 10
n-dodecane 25.30 52.8° 0.5 3.02x 103 3.02x 10*
FC-40 16.00'8 52.0¢9 0.3 1.94 x 103 1.94 x 10
1-nonanol 28.00P 8.5 3.3 1.94 x 102 1.94 x 103

abcat 20°C, 25°C, and 23°C, respectively

The capillary numbers are small even at the channel entrance. Note that for chloroform and
toluene, the plug capillary number is nearly identical to the carrier liquid capillary number. When
the ratio y /y,, is small (as is the case of n-dodecane and FC-40), the plug/carrier surface tension
dominates the carrier/air surface tension, and the plug wants to occupy the largest width possible.
The entrainment of the plug by the carrier flow has been found impossible in the case of n-

dodecane and FC-40.

5.3 Weber number
From a general standpoint, the Weber number characterizes the ratio between inertial and

surface tension forces



_pVZ _pViZw _pVw

w
€ v/w y u

% = Re Ca, (5.13)

where p is the density of the liquid and Re the Reynolds number characterizing the ratio between
inertia and viscous forces. For the two-phase flow, the ratio between inertial forces of the carrier

liquid and the surface tension between the two fluids (oil and water) is

pViw _ pvwVpu

We,, = - v Re Ca4, . (5.14)
Using (5.12), we derive
We,, = [(% cosH*) (%)] [(% cosH*)y]l/—Z] = (% cosH*) (p:;y) Caq, . (5.15)

Remark that a secondary dimensionless number appears

Br=(p$y). (5.16)

This number is constant during the duration of the capillary flow and depends only on the liquid

properties. If we denote

G =1, (5.17)

the Weber number can be expressed by

2 —

Wey, =Br G @ cos@*) = Br (i cos@*) Cay, . (5.18)

zZ



In table S5.4, the capillary and Weber numbers for each liquid are indicated for travel

distance z = 100 A (approximately 1.5 cm in the channel).

Table S5.4. Capillary and Weber numbers

Liquid Distance z = 1004 Distance z = 10004
Caw Wei2 Can Wez2

1-pentanol 3.72x10% 032 3.72x10% 3.2x10°
chloroform 5.13x 103 3.28 5.13x10% 3.3x10%?
toluene 4,96 x 1072 1.77 496x10* 1.8x10°
n-dodecane 3.02x 103 0.17 3.02x10% 1.7x10°%
FC40 1.94 x 103 0.06 1.94x10* 6.0x10*
1-nonanol 1.94 x 102 0.02 1.94x10°% 22x10*

n-Dodecane and FC-40 have small capillary and Weber numbers everywhere in the channel. The
behavior of the plug is governed by the two-phase surface tension y,,which is relatively high (of
the order of 50 mN/m, as indicated in table S5.1). Hence the water plug remains immaobile in bridge
mode.

At the channel entrance, chloroform and toluene have Weber numbers larger than 1 and
moderate capillary numbers. The water plug may be removed from entrance by inertial forces.
This is the case of chloroform and sometimes toluene.

Pentanol has a relatively large capillary number at the entrance and the plug is entrained

by viscous forces in raft mode.



6. Device schematics

Table S6. Device schematics and their associated figures

Device Schematic in Sl
Figure 2Ai, 2C, 3A, 4A, 7Ai, 7B, 7Di, Figure S6.1

TE

Figure 2Aii, 3B, 4B Figure S6.2
Figure 5 Figure S6.3
Figure 7Aii, 7C, 7Dii, 7F Figure S6.4

Top view
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Figure S6.1. Schematic of top view imaging device. Units in mm.
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Figure S6.2. Schematic of side view imaging device. Units in mm.
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Figure S6.3. Schematic of device used in Figure 5. Units in mm.
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Figure S6.4. Schematic of side view imaging device used in Figure 7. Units in mm
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APPENDIX B
Chapter 3. Droplet Incubation and Splitting in Open Microfluidic Channels

Sl references

Reproduced in part from Berry, S. B.*; Lee, J. J.*; Berthier, J.; Berthier, E.; Theberge, A. B. Open
Channel Droplet-Based Microfluidics. Anal. Methods 2019, 11, 4528-4536.

*denotes co-authorship.

The supporting information for “Droplet Incubation and Splitting in Open Microfluidic
Channels” includes additional information that readers might find useful for adapting the open
channel systems presented here for their own work; this includes detailed schematics and
dimensions of each platform described in this work and corresponding computer aided design
(CAD) files, a derivation of the analytical model used to describe flow in the bypass system, an
illustrated workflow of the droplet length measuring protocol used for Figure 3D, results
demonstrating the reproducibility of droplet splitting in one device, and videos showing the use

and function of each platform in this work.

S1. Droplet Behavior Modes in Open Channel Platform

Shift mode Raft mode
i) 02.9s ; iii) ‘

iv)




Figure S1. A single static aqueous droplet (yellow) is pipetted into the channel and can
display either shift mode ((i) and (ii)) or raft mode ((iii) and (iv)) as carrier fluid (blue) moves the
aqueous droplet down channel.! For shift mode, the carrier phase is 1-pentanol; for raft mode, the
carrier phase is toluene. Scale bar: 2 mm. Schematics in (ii) and (iv) are reproduced from Lee et
al.t

S2. Detailed Device Schematics and Dimensions

7.50
R1.40
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SECTION A-A

Figure S2i. Detailed device schematics illustrating device dimensions for the Coalescence
Device (Figure 2A). Units in mm.
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Figure S2ii. Detailed device schematics illustrating device dimensions for the Bypass Device
without a step (Figure 2B). Units in mm.
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Figure S2iii. Detailed device schematics illustrating device dimensions for the Bypass Device
with a step (Figure 2C). Units in mm.
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Figure S2iv. Detailed device schematics illustrating device dimensions for the symmetric

splitting T junction device (Figure 4B). Units in mm.

S3. Derivation of Analytical Model for Resistance and Flux
In this model, we considered an open channel system with a bifurcation and two nodes,

where the flows partition at the first node (green dot) and join at the second (red dot). Between the



two nodes are two different branches (blue and yellow outlines); Branch 1 is an extension of the

main channel, and Branch 2 is the bypass channel with a step in the middle (Figure S3i).

® node Branch 1
® node?2 Branch 2

Figure S3i. Labeled top view image of open channel system.

Based on previous work? on the creation of a generalized Lucas-Washburn law for varying shapes

driven by capillary flow and application of the analogy of an electric circuit, we can write:

AP=P1—P2zﬁ1Q1z§2Q2 (1)
uimL =R 2

Where P1and P2 are the pressures at node 1 and node 2, respectively, R is the resistance, L is the

length, Q is the flux, S is the channel cross sectional area, p is the liquid viscosity, p is the total
perimeter, and A is the friction length.?

Solving equation 1 for Q:

(2‘) - (S—) ©)



From Equation 3, we have a relation that describes the flow rate in terms of the resistance and can
be used to calculate the specific resistance for each channel with physical parameters from the
system. However, Branch 2 has a heterogenous cross section due to the step; therefore, the
resistances of each section of the bypass channel must be considered to find the total resistance

through Branch 2:

@)= =3 (4a)

And plugging in Equation 2:

( Kapsth ) - (%) (4b)
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Figure S3ii. Isometric view of cross section of Branch 2 (Bypass)



Where i, ii, and iii represent the separate sections within the bypass channel (Figure S3ii). Plugging
in the physical parameters into Equation 4b provides the ratio of the fluxes between the bypass

channel and the main channel. For our specific stepped bypass platform:

% =2.68 (5a)

1

And without a step in the bypass channel:

% _ 318 (5b)
Q1

These calculations demonstrate that incorporation of the step into the bypass decreases the flux
through the bypass by increasing the resistance through the bypass channel. The decreased flux
through the bypass (Branch 2) corresponds to an increased flux through the main channel (Branch
1), which drives the droplets completely through the curves in the channels and allows them to

flow to the outlet.

S4. Workflow for Droplet Length Measurements

To measure the length of the aqueous droplets in our channels, we designed and fabricated
T junction platforms without outlet reservoirs. As with the devices with the outlet reservoir, we
pipetted a 3 pL droplet upstream of the T junction and the added carrier fluid to the inlet reservoir.
After initiation of spontaneous capillary flow (SCF) and splitting of the droplet, daughter droplets
flowed to the end of the channel, where they stopped and were compressed as the device filled
with carrier fluid. Once the device was completely filled and flow had completely ceased, the

daughter droplets at the end of the channel were imaged. Images of droplets were then analyzed



with ImageJ. Specifically, A-B) images were opened (symmetric droplet image) and scaled
(Analyze, set scale); C) the “Segmented Line” tool was then selected and a vertical line was drawn
from the top of each droplet to the bottom. D) The segmented line was measured (Analyze,

measure) and droplet lengths were recorded.

Figure S4. Workflow for droplet length measurement. A) The image to be measured is
opened using ImagelJ; B) to set the scale, we selected “Analyze, set scale” and changed the scale
from pixels to pm; C) the Segmented Line tool is selected, and a line is draw from one end of the
droplet to the other (interface of droplet and carrier phase and boundary of droplet and end of
channel); D) zoomed-in image illustrating the line drawn on the droplet.

S5. Droplet splitting reproducibility within a single device
To demonstrate the reproducibility of droplet splitting within a single device, we measured
the droplet area and perimeter after splitting in one device. After flowing the droplet through the

1:1 T-junction (Fig. 4B) and measuring droplet area and perimeter once it reached the outlet



reservoir, the device was washed with 70% ethanol, rinsed with water, dried with compressed air,
and then reused. Images were analyzed using ImagelJ and the “circle” drawing tool to encapsulate

the droplet prior to measurement and recording.

Droplet:Area Droplet Perimeter
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Ll T
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Figure S5. Reproducibility of droplet splitting within one device. Daughter droplet area (A)
and perimeter (B) were measured using ImageJ for one droplet split using the 1:1 T-junction
device in n=3 independent experiments. After splitting and droplet quantification, the same
device was cleaned, dried, and used for the subsequent independent experiment. Mean and
standard deviation are indicated for n=3 droplets across n=3 independent experiments.
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APPENDIX C

Chapter 4. Capillary Flow in Open microgrooves: bifurcations and networks

Supporting Information (SI) references
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Microgrooves: Bifurcations and Networks. Langmuir 2019, 35 (32), 10667-10675.

*denotes co-authorship. J.J.L contributed to the overall fabrication designs and experimental designs.

J.B. developed the analytical model and numerical simulation of this work.

1. Design schematics

Figure S1.1. Schematic of a simple open-channel. Units in mm.



R16

Figure S1.3. Schematic of a simple network channel. Units in mm.




2. Numerical models
2.1: COMSOL model for the friction length

A closed form expression for the average friction length does not exist for complicated
geometries. A numerical approach can be utilized to find this parameter. Here we use the finite

element software COMSOL (www.COMSOL.com).

First a geometry similar to that of the channel is set up. Note that we perform a closed
channel calculation with COMSOL. The open surface is then simulated by a solid surface without
friction (symmetry condition). This condition introduces an approximation since the real open
surface is not flat but slightly bent inwards. The symmetry condition is however justified by the
zero shear rate at the free surface, as shown by Brackbill and coworkers. This no-shear condition
at the free surface is also used by Koliopoulos and coworkers? for the determination of the flow in
open rectangular microchannels. An arbitrary average velocity is imposed in the inlet cross section
while a zero-pressure condition is set up in the outlet cross section. We emphasize that the inlet
velocity can be arbitrary since the friction length does not depend on the average velocity. The
shear rate at the wall is deduced from the derivative of the calculated velocities in a cross section,

at the nodes of the geometrical meshes close to the solid wall. The shear rate y is then averaged
along the perimeter of the cross section in order to obtain the averaged shear rate % .

Figure S2.1 shows the approach for the rounded open channel. The input average velocity
is 1 mm/s, and the shear rate averaged from pointa to b is (V_')a,b = 6.8 s'1. The whole perimeter

averaged shear rate is then

@) = Pap —= (S1.2.1)

pwtbF



http://www.comsol.com/

In the present case, the form factor ppTWp is equal to 0.77. Then, using the relation
w F

-
1= (S1.2.2)

where V=1 mm/s, we find a friction length of 192 um.
Figure S2.2 shows the same approach for a double cylindrical open channel. In such a case, we

find ()~0.6 (), ,=26.4 5. The friction length is then 38.8 um. Of course, the approach can also

be used for closed channels, as shown in Figure S2.3.

Figure S2.1. COMSOL model for the calculation of the shear rate in a cross section of a
rounded open channel. A) The cover plate (green parallelogram in the figure), the cross section
where the velocity profile is considered for the shear rate calculation is defined by the plane
perpendicular to the channel. B) Shear rate profile at the wall in curvilinear coordinates system.
The points denoted a,b,c are reported from A to B.
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Figure S2.2. COMSOL model for the calculation of the shear rate in a cross section of a
double half cylindrical open channel. A) The cover plate (green parallelogram in the figure), the
cross section where the velocity profile is considered for the shear rate calculation is defined by
the plane perpendicular to the channel. B) Shear rate profile at the wall in curvilinear coordinates
system. The points denoted a,b,c,d,e are reported from A to B.
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Figure S2.3. COMSOL model for the calculation of the shear rate in a cross section of a
double cylindrical closed channel. A) The cross section where the velocity profile is considered
for the shear rate calculation is defined by the plane perpendicular to the channel. B) Shear rate
profile at the wall in curvilinear coordinates system. The points denoted a,b,c,d,e,f,g,h are
reported from A to B.

2.2 Iterative solution of system (23)
The system (23), corresponding to the travel distances after an asymmetrical bifurcation,

is a system of two fully coupled quadratic equations. We recall that this system is



Z1i+1 =

Zi+1 =

_Kl + \[K:lz + Klzzzi - ZAﬂT
1

2B
—K; + \/Kzz + Ki1221i41 — AZT

(S1.2.3)

where i is the iteration index. Using an initial value z1,0= 0, z21 is obtained by solving the second

quadratic equation. Inserting zz1 in the first quadratic equation one obtains zi,1. The process is

repeated until convergence.

In Table S2.1, (obtained with Excel) we give an example of an asymmetrical bifurcation,

starting at time 27 s, at a distance of 90 mm from inlet. At each time (z in our text), we indicate the

different values of the iterations (successive columns zij and zzj). It was observed that convergence

is fast (columns pasted in green). Here we show only 5 iterations. After 6 iterations approximately

stabilization is reached within 5 pm. The “real” travel distances are obtained by adding 90 mm to

the converged values (columns pasted in blue): Upon convergence of the coupled numerical

equations, one obtains the total travel distances at time z.

Time

Table S2.1. Example of iterations to obtain the solution of the system (SI.2.3).

Zyj

23

Z3j

23

Zij

23

Zyj

23

Zjj

23

Z; real

Z real

28,00
38,00
48,00
58,00
68,00
78,00
88,00
98,00
108,00
118,00

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

56,02
77,61
94,89
109,72
122,92
134,93
146,02
156,38
166,13
175,38

15,36
32,99
49,65
65,17
79,66
93,28
106,15
118,36
130,01
141,17

50,04
67,78
82,47
95,41
107,16
118,01
128,15
137,70
146,77
155,42

17,60
36,14
53,16
68,81
83,34
96,94
109,76
121,92
133,51
144,60

49,11
66,78
81,53
94,55
106,38
117,30
127,50
137,11
146,22
154,91

17,94
36,46
53,42
69,03
83,52
97,09
109,89
122,04
133,61
144,69

48,97
66,68
81,46
94,50
106,34
117,27
127,47
137,09
146,20
154,89

17,99
36,49
53,44
69,04
83,53
97,10
109,90
122,04
133,61
144,69

48,95
66,67
81,45
94,50
106,34
117,27
127,47
137,09
146,20
154,89

107,99
126,49
143,44
159,04
173,53
187,10
199,90
212,04
223,61
234,69

138,95
156,67
171,45
184,50
196,34
207,27
217,47
227,09
236,20
244,89



128,00
138,00
148,00
158,00
168,00
178,00
188,00

0,00
0,00
0,00
0,00
0,00
0,00
0,00

184,18
192,61
200,70
208,49
216,02
223,30
230,37

151,89
162,21
172,18
181,83
191,19
200,28
209,13

163,71 | 155,26 163,23 | 155,34 163,21 | 155,34
171,67 | 165,52 171,22 | 165,59 171,21 | 165,59
179,34 | 175,43 178,92 | 175,49 178,91 | 175,49
186,76 | 185,02 186,36 | 185,08 186,35 | 185,08
193,95 | 194,32 193,57 | 194,37 193,56 | 194,38
200,92 | 203,36 200,56 | 203,41 200,55 |203,41
207,70 | 212,15 207,36 | 212,20 207,35 | 212,20

163,21
171,21
178,91
186,35
193,56
200,55
207,35

245,34
255,59
265,49
275,08
284,38
293,41
302,20

253,21
261,21
268,91
276,35
283,56
290,55
297,35

We have remarked that, when the seed (z10 or z2,0) corresponds to the “slowest” channel,

the

convergence is fast. In the opposite case, we have sometimes observed oscillations of the solution.

In general, it is best to use the “slowest” channel at the beginning, i.e. the largest channel, for the

seed of the iterations. We don’t have an explanation for this behavior yet. Figure S2.4 shows the

travel distances vs. time indicated in Table S2.1.

Travel distance [mm]

350

250

200

smaller channel

\

bifurcation

Larger channel

20 4 60 80 100 120 140 160 180 200

Time [s]

Figure S2.4. Travel distances in the two channels after an asymmetrical bifurcation, obtained
by iteration of system SI.2.3.



3. Calculation of the different flows past the second junction
In general, one of the flows in the two daughter branches arrives first at the second fork
(confluence). It may be because one of the forks has a shorter length than the other (Figure S3.1

showing a bypass), or it can be due to the uneven velocity in the branches (Figure S3.2 showing

different cross-sectional branches).

Figure S3.1. Capillary flow in a bypass preceding the flow in the root channel, after the
bypass confluence. Scale bat at 1 mm.

Figure S3.2. Sketch of the capillary flow after the arrival at the second fork (case of different
cross sections of the two daughter branches). The indices a and b stand for “before the network”
and “after the network”.

We derive the system of equations governing the motion of the three capillary flows: (1)

21 the capillary flow in the “slower” daughter channel, (2) z-1 the reverse capillary flow in the same

daughter channel, and (3) zs the capillary flow in the reunited root channel.

The pressure Py can be expressed as a pressure drop from the entrance, and as a balance

between friction and capillary pressure



Vo 1 V, 1 Y P2 cosB;
—Pp = Lo po 1 Z_Zs_oz —Z3 P2 K ﬁ;{"% (S1.3.1)

Similarly, the pressure Pa can be expressed as a pressure drop
Vo 1 Vi1
—Fy = Lopo 1t I—ZS—O+L1 P1#Z—115—1, (S1.3.2)

or as the balance between capillary pressure and pressure drop

1 cos0; Ve, 1 cos0,
+Vp3 3 2_+Vp2 2 (S|33)

V-
a 3 p3 M /13 53 53 -2 p2 :u' AZ 52 SZ 1

where z2 and V-2 are respectively the reverse travel distance and velocity in the incomplete
daughter branch 2.

Mass conservation equations —at nodes a and b—can be added to the system (S1.3.1), (S1.3.2)

and (S1.3.3)

50V0 = 51V1 + 52V2, (SI.3.4)
and

51V1 = Szv_z + S3V3. (SI.3.55)

The system comprises 7 equations (7 equal signs), and 7 unknowns Pa, Py, Vo, V1, V2, V-2 and V3

(because V; = dz;/dt). In order to make it tractable, we first simplify the notations, using A; =



1 p;/A; fori=1,2,3,-2, B; = y p; cos ; and K; = 2 B,/ A;. First consider Pa and equation (SI.3.3).

We can write

A A B B
Z3 V3—3—Z_2 V_Z_Z — _3__2,
S3 Sz S3 Sz

(S1.3.6)

which can be integrated in function of the time t, counted after the second fork as

A A 2B 2B
z2 S—:—ZE =2 = (—3——2) T, (S1.3.7)

Note that zs and z-» are counted from point a. Second, consider Pa-Po. We can express this

difference in two ways

A A A A
Pb - Pa = _Z_2 V_ZS_;-I_ Zz st_j = L1 Vls_i = Lls_%-(SZV—Z + S3V3), (SI.3.8)

and we can integrate

2 A S
(ZZ - ZZ,a) - ZEZ = 2 Ll A_:é (522_2 + S3Z3), (S|.3.9)

remarking that z2. is the travel distance zz when the flow in branch 1 reaches the second fork.

Finally, we make use of the whole chain of capillary segments and derive from (S1.3.2) and (S1.3.3)

_ S A3 L Bs 42 L B2 _ 4o 4

Using (S1.3.4) and (S1.3.5), we can rewrite (S1.3.10) under the form



—Z3 V3%+%_Z_2 V_z%'{'BS_Z: 2L0(52V2 +52V_2 +S3V3) +2L1(52V +S3V3)Sz,
3 3 2 2 1
(S1.3.11)
which can be integrated as
A A 2B 2B A
70422 2= (22 )1~ 4 LSy -2 @) 55— 48272+ S325) (LO + 1, 5—1;) .
(S1.3.12)

The system (S1.3.7), (S1.3.9) and (S1.3.12) is a system of three quadratic equations with three
unknowns (z,, z_,, z3). We can slightly simplify it by adding (SI1.3.7) and (S1.3.12), to obtain a

replacement for (S1.3.12)

23 +2 LS, (2, — zz,a)AOSS + 2(Syz_y + S323) ( 203 S+ L2 e ) Kit, =0, (S1.3.13)

or

Z3 + 2 (LO + Ll ) —Z3 + 2 LO AZS;§3 (ZZ — ZZ,a) + 2 (LO A::§§3 + Ll A;S;S3) Z_op — K3Ta =
0.

(S1.3.14)



4. Top view images of sequences of fluidic flow in a network

186s

Figure S4.1. Top view images showing sequence of flow of carrier fluid (blue) in the
network channel. a) Before filling the channel with carrier fluid. b) Carrier fluid flow in the main
channel. c) Carrier fluid reaching the first bifurcation fork then reaching the daughter channel. d)
Carrier fluid reaching the second bifurcation fork. e) Backflow of the carrier fluid in the daughter
channel. f) Fluid merges in the channel.
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APPENDIX D
Chapter 5. Open-Channel Capillary Trees and Capillary Pumping

References to SI

Reproduced in part from Lee, J. J."; Berthier, J."; Kearney, K. E.; Berthier, E.; Theberge, A. B. Open-
channel Capillary Trees and Capillary Pumping. Langmuir 2020, 36, 12795-12803.

*denotes co-authorship. J.J.L contributed to the overall fabrication designs and experimental designs.

J.B. developed the analytical model and numerical simulation of this work.

1. Definition of the generalized Cassie angle

The generalized Cassie angle, 0! is defined by

—DF+ X =1,n Pw,i cos 0;
14

cos 9" =

(S1)

where pr and pw,i are, respectively, the free perimeter (in contact with air) and wetted perimeters

(in contact with the liquid walls) in a cross section of the open channel.

Influence of the parameters

The theoretical developments have shown that there are 3 main groups of parameters: the
sub-channel lengths, the cross section decreasing ratio, and the number of daughter channels at
each division. A mathematical approach can be done assuming that all sub-channels have the same

length.



2. Flow rate as a function of the sub-channel length

The dependency of the flow rate as a function of the lengths of the sub-channels of the
capillary tree can be done relatively easily if one considers segments (sub-channel length) of same
length, i.e. Lo=L1=...=Ln=L.

In such a case, for bifurcating trees, the time derivative of relation (25) yields the total flow

rate

Qn = 2lanc - (S2)

) 1
{[2ratniy+2n-t @* =D Ly 4t2atly ] +anC (t-ty_p)f’

and, considering that the all segments have the same length L, we can write

2Ma* Ly + 2M @t D L e+ 20t L,y = 2a*L(1 + 20t + - + 2771 g (7D)

= 2a*L(1 - 2"a*)/(1 — 2a*). (S3)
Then
2n-1gnc
Qn = T, (S4)
{L2[g(@)]?+a™C (t—tp_1)}2
where
2a*[1-(2a*)"]
gl@)=——"—7— (S5)

1-2 a*



Hence, because L is on the denominator of (S4), reducing L results in an increase of the total flow
rate Qn. In Figure S1, we have plotted the flow rate as a function of the segment length, for a tree
comprising 5 levels (n = 5), a coefficient C = 800 mm?/s, a time interval A t=5s, and two values

of o a=1and ¢=0.9.
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Figure S1. Flow rate as a function of the length of the segments (sub-channels); the green
line corresponds to « =1, and the orange lineto « =0.9.
3. Flow rate as a function of the division numbers
Again, for tractability, we assume that all the tree branches have the same length. Let us
note m the number of sub-channels at every channel node. For bifurcation m = 2, for trifurcation

m = 3. Then it is shown from (25) and (27) that

mtaC

Qn = I (S6)
5 {LZ [m at [1—(ma4) ]

1-ma*

2
+anc (t—tn_l)}

For a number of divisions (nodes) n sufficiently high, the numerator of (S6) varies as m™. On the
other hand, the first term of the denominator varies as m™~1. Hence Qn increases with m. Figure

S2 represents the flow rate (S6) for n =5, L =20 mm, C = 800 mm?/s, At =5s and =1 and 0.9.
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Figure S2. Flow rate as a function of the number of daughter channels at a division m (green

line corresponds to « = 1, and orange line to « = 0.9), m = 2 for a bifurcation and m = 3 for a
trifurcation).

4. Flow rate as a function of the homothetic coefficient a
The influence of « (in equation S4) is difficult to apprehend. The values of the flow rate
as a function of « have been numerically calculated and plotted in Figure S3, for L =20 mm, At =

55, 10s,and 20 s, m =2, n =5 and 10. The flow rate increases first with a decrease of the

coefficient ¢, then reaches a maximum.
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Figure S3. Flow rate as a function of the homothetic coefficient & where At =5 s (circle),
10s (triangle), and 20 s (square) for the orange lines (n = 10) and green lines (n = 5).



5. Schematic of devices

Figure S4. Schematic of bifurcation device with identical cross sections, where L = length,
and R = radius. Width of channels are 1.06 mm and depth are 1.76 mm. Units in mm.

Figure S5. Schematic of trifurcation device with decreasing cross sections where L = length,
H = height, and R = radius. Units in mm.



6. Calculation of the friction length using COMSOL

Part of this has been reproduced from the SI from an earlier publication by Lee et al.?

A closed form expression for the average friction length does not exist for complicated
geometries. A numerical approach can be utilized to find this parameter. Here we use the finite

element software COMSOL (www.COMSOL.com).

First a geometry similar to that of the channel is set up. Note that we perform a closed
channel calculation with COMSOL. The open surface is then simulated by a solid surface without
friction (symmetry condition). This condition introduces an approximation since the real open
surface is not flat but slightly bent inwards. The symmetry condition is however justified by the
zero shear rate at the free surface, as shown by Brackbill and coworkers.? This no-shear condition
at the free surface is also used by Koliopoulos and coworkers* for the determination of the flow in
open rectangular microchannels. An arbitrary average velocity is imposed in the inlet cross section
while a zero-pressure condition is set up in the outlet cross section. We emphasize that the inlet
velocity can be arbitrary since the friction length does not depend on the average velocity. The
shear rate at the wall is deduced from the derivative of the calculated velocities in a cross section,

at the nodes of the geometrical meshes close to the solid wall. The shear rate y is then averaged
along the perimeter of the cross section in order to obtain the averaged shear rate % .

Figure S6 shows the approach for the rounded open channel (where width (w) = 0.80 mm and

height (h) = 1.1 mm). The input average velocity is 1 mm/s, and the shear rate averaged from point

atobis (7')an = 6.8 s. The whole perimeter averaged shear rate is then

G) =gy =22 (S7)

PwtDbF


http://www.comsol.com/

In the present case, the form factor —2— is equal to 0.77. Then, using the relation

pwtDbF

7V
)L—m, (S8)

where V = 1 mm/s, we find a friction length of 192 um.
Figure S7 shows the same approach for a double cylindrical open channel. In such a case, we find

(G)~0.6 ()4, = 26.4 5. The friction length is then 38.8 um. Of course, the approach can also be

used for closed channels, as shown in Figure S8.

Figure S6. COMSOL model for the calculation of the shear rate in a cross section of a
rounded open channel. A) The cover plate (green parallelogram in the figure), the cross section
where the velocity profile is considered for the shear rate calculation is defined by the plane
perpendicular to the channel. B) Shear rate profile at the wall in curvilinear coordinates system.
The points denoted a, b, ¢ are reported from A to B.
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Figure S7. COMSOL model for the calculation of the shear rate in a cross section of a double
half cylindrical open channel. A) The cover plate (green parallelogram in the figure), the cross
section where the velocity profile is considered for the shear rate calculation is defined by the
plane perpendicular to the channel. B) Shear rate profile at the wall in curvilinear coordinates
system. The points denoted a, b, ¢, d, e are reported from A to B.

Figure S8. COMSOL model for the calculation of the shear rate in a cross section of a double
cylindrical closed channel. A) The cross section where the velocity profile is considered for the
shear rate calculation is defined by the plane perpendicular to the channel. B) Shear rate profile
at the wall in curvilinear coordinates system. The points denoted a, b, ¢, d, e, f, g, h are reported
from A to B.
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