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Abstract

Two-phase flow microfluidics is a promising platform for realizing Lab-on-a-
Chip (LoC) devices, that perform different laboratory functions on a single chip.
This is accomplished by processing droplets, containing biological /chemical sam-
ples, by different elements each performing specific operations. Usually, the
sequence of elements in which droplets are processed is fixed, which limits the
flexibility, effectiveness and reusability of such LoC devices. Recently, microflu-
idic networks for two-phase flow microfluidics have been introduced with the
aim of realizing programmable and flexible LoC devices. In particular, the goal
is to dynamically and passively assign the droplets’ path through a microfluidc
network, which enables to reuse the LoC devices for different laboratory func-
tions. This paper presents the state-of-the-art and discusses various aspects on
the practical realization. First, we provide a survey on microfluidic network-
ing, including passive switching, network topologies and validation methods.
Second, we propose a simple Droplet-on-Demand (DoD) system, which allows
generating droplets at prescribed times and with prescribed volumes — a cru-
cial accomplishment in order to exploit the potential of microfluidic networks
for practical purposes. We verify its functionality through experimental results.
Third, we describe two promising applications for microfluidic networks, namely
fast and flexible drug screening and screening of waterborne pathogens. Finally,
we discuss future research opportunities and challenges.
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1. Introduction

Two-phase flow microfluidics, where the droplets flow in closed microchan-
nels, is a promising platform for the realization of Labs-on-Chips (LoCs) devices,
that perform different laboratory functions on a single chip [1, 2]. The devices
are usually fabricated in glass, plastic or various polymers and extend in only
a few square centimeters in size [3, 4]. In order to perform complex laboratory
functions, a single LoC device integrates several microfluidic elements of which
each element performs specific laboratory operations.

However, most of the corresponding microfluidic elements are, thus far, in-
terconnected in a predefined order, which means that biological samples carried
within the droplets always pass the same sequence of processing elements. This
clearly limits the flexibility, effectiveness and reusability of LoC devices.

The flexibility of LoCs could be significantly increased if samples could se-
lectively perform laboratory operations. This means that the sequence of mi-
crofluidic elements to be involved in the processing of droplets is in some way
programmable, flexible and adaptive. In that case, it is possible to use the same
LoC platform to perform different microfluidic operations.

While, in conventional microfluidic systems, this flexibility could not easily
be achieved since microfluidic elements are interconnected and built into a fixed,
static chip topology, a recently introduced concept called microfluidic networks
offers a promising solution to this problem (cf. [5, 6] and references therein).

In particular, microfluidic networking targets to dynamically assign the
droplets’ path through a microfluidic network in order to perform specific analy-
ses [5, 7]. Here, several microfluidic characteristics such that the droplets within
a fluidic flow will always take the path with the smallest fluidic resistance and
that positions, as well as sizes, of droplets may affect those resistances, are ex-
ploited. This allows for employing networking technologies which, in turn, allow
for the realization of programmable and flexible LoC devices.

The key element in microfluidic networks is the microfluidic switch — the
element inherited from conventional ICT systems [8]. Microfluidic switches in-
terconnect microfluidic elements within the network and direct/control the path
of a single or multiple droplets, just like switches in a computer network connect
devices and forward the data to the destination device. This is accomplished
by sending a controlling, so-called header droplet, in front of the droplet con-
taining the biological /chemical samples, the so-called payload droplet. Just like
in ICT terminology, header droplets are only used for signalling and switching
of the payload droplet, and contains no sample [5, 9]. The targeted location
of the payload droplet can be either encoded in the distance between payload
and header droplet, yielding a so-called droplet by distance (DbD) switching
[5], or in the size of the header droplet [10], a so-called droplet by size (DbS)
switching. Translating principles from computer networks to the microfluidic
domain by introducing microfluidic networks and microfluidic switches, enables
realizing flexible LoC devices with improved effectiveness and reusability.

However, while those concepts have already been investigated (cf. [5, 6, 9, 11]
and references therein), and even first methods towards the automatic design
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of those microfluidic networks were proposed [12, 13, 14], rather few experi-
mental works on microfluidic networks exists yet. This is mainly caused by the
fact that experimental investigation of microfluidic networks, and concepts pre-
sented therein, requires a precise, passive, controllable and automated droplet
generation element, which to this point has been poorly investigated element
in microfluidics. Here, so called Droplet-on-Demand (DoD) element plays an
important role.

Most of the reported DoD systems rely on active droplet control [15]. These
systems require complex multilayer fabrication and introduce limitations in
terms of biochemical compatibility of the device due to the effect of the electri-
cal signals on biological samples, which leads to its limited applicability. Over
the years, only a few passive DoD systems have been proposed [16, 17]. In this
paper, we introduce a robust and simple passive DoD system, which is able to
perform arbitrary protocols of droplet formation.

1.1. Contributions

The contribution of this paper can be summarized as follows:

1. We provide a comprehensive overview of state-of-the-art microfluidic net-
works for two-phase flow microfluidics, including switching principles, net-
work topologies and simulation methods.

2. We propose a robust, simple and bio-compatible DoD system, which al-
lows to generate droplets at the prescribed time and with prescribed vol-
ume, which is a crucial accomplishment in order to exploit the potential
of microfluidic networks for practical purposes. Moreover, we verify its
functionality by providing proof-of-concept experimental results.

3. We propose two promising applications for microfluidic networks: Fast
and flexible drug screening and screening of waterborne pathogens.

1.2. Organization

The rest of the paper is organized as follows: In Sec. 2 we briefly review
the basics of droplet-based microfluidics. In Sec. 3 we discuss various switch-
ing principles, and in Sec. 4 we introduce state-of-the art network topologies.
Different methods for validating microfluidic networks are introduced in Sec. 5.
In Sec. 6 we provide an overview of state-of-the-art DoD systems and propose
a new DoD method. Some promising applications for microfluidic networks are
presented in Sec. 7. In Sec. 8 we summarize the main results and discuss future
research opportunities and challenges.

2. Basics of Two-Phase Flow Microfluidics

In this section, we briefly review the main principles in droplet-based mi-
crofluidics. We present requirements and limitations of the stable droplet forma-
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tion process'. Moreover, we introduce hydrodynamic resistance principle used
to design ufSwitches.

In order to create droplets (microliter to picoliter volumes of fluids), nu-
merous droplet generation mechanism have been introduced [18]. Two most
common geometries are the T-junction and the flow focusing geometry [19].
Although both geometries allow producing droplets in a controllable and repro-
ducible manner with high frequencies, in this work, a T-junction configuration
is used as it offers simplicity in its design.

In a typical T-junction configuration, as shown in Fig. 1la, two phases (con-
tinuous and dispersed phase) are brought into the system by externally con-
trolled devices (usually pressure or syringe pump) [19]. There, the droplets
are formed through a breakup of the dispersed phase, due to the competition
between viscous shear stress and interfacial tension. Droplets are then carried
throughout the microfluidic network by the continuous phase. Fig. 1b shows a
practical realization of the T-junction geometry and droplet formation process.

The process of droplet formation depends on the geometry of the T-junction
(width and height of channels, and volume of the junction), relative viscosities
between the two phases, and flow rates of the two fluids [18, 19]. The influence
of all these parameters is described with a Capillary number, Ca, that describes
the relative effect of viscous shear forces versus interfacial tension, and can be
calculated as [10]

_ peQc (1)

owh’

a

where Q¢ and p. are the input flow rate and the dynamic viscosity of the
continuous phase, respectively. The interfacial tension coefficient between dis-
persed and continuous phase is denoted by ¢ and w and h are the width and
height of the continuous phase channel. In order to enable precise and control-
lable droplet formation, the droplet generator needs to work in the squeezing
regime, which requires C, < 1072.

As droplets flow across the microfluidic networks, they encounter various
physical obstacles (mostly due to fabrication defects, e.g., partly blocked /damaged
channels) and channel junctions where the behaviour of the droplets may de-
viate from that expected [20]. In those cases, events such as droplet collision,
coalescence or splitting can occur. In this work, we focus on microfluidic sys-
tems that preserve droplet integrity throughout the network. This is achieved
by maintaining the droplets in the non-breakup regime 2 that limits maximum
droplet length to

Lp < xwCa %! (2)
where x is a dimensionless parameter depending on the viscosity ration between

dispersed and continuous phase (£¢).

c

IPlease refer to [18] and [19] for more information.
2More details on non-breakup regime can be found in [21].
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(a) Schematic illustration (b) Practical realization

Figure 1: Droplet generation with a T junction

When arriving at a junction, a droplet will follow the branch with maximum
volumetric flow rate, or a minimum hydrodynamic resistance. For a microchan-
nel with a rectangular cross-section of length L, height h, and width w, the
resistance can be calculated as [5]

12puL L
R= o6~ “w ®)
where, 1 denotes the dynamic viscosity of the fluid passing the channel. It
follows that daughter channels of different lengths L < Ly, will have different
hydrodynamic resistances where Ry < Ry. Therefore, the first droplet entering
and passing the T-junction will be steered to the channel of length L;. Presence
of the droplet in the channel of the length L; and corresponding resistance, Ry,
increases the resistance of the channel by a factor Rp [5], making the total
resistance of the channel Ry + Rp. Once the next droplet arrives at the T-
junction, it will flow to the channel with lower hydrodynamic resistance. If
the increased resistance R; + Rp is now greater than the resistance Rs, the
payload droplet will be directed to the second daughter channel. Otherwise,
if the header droplet has already left the daughter channel, there will be no
increase in resistance Rp, and the payload droplet will also follow the path of
lower resistance, L.
In the following section, we exploit the hydrodynamic resistance principles
to introduce a device that is able to control the droplets’ path at the junction-
microfluidic switch.

3. Microfluidic Switches

In this section, we present the principle of microfluidic switches (ufSwitches),
which are the main building blocks in microfluidic networks (cf. [5, 6] and ref-
erences therein). Microfluidic switches control the path of a single, or multiple,
droplets containing biological/chemical samples (payload droplet) by sending
a controlling (header) droplet in front, or after, the payload droplet. We in-
vestigate the switching principle by means of a bus network?, since only this
architecture supports all switching mechanisms presented in the following.

3Please refer to Sec. 4 for more details on the topology of microfluidic networks.
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8.1. Basic Switching Principle

As shown in Fig. 2, ufSwitches are realized as a T-junction where a central
channel branches into two daughter channels [8]. The ends of the two daughter
channels are connected through a bypass channel, used as a pressure shunt
to equalize the pressure between the junction point and the two ends of the
daughter channels [9]. Due to the pressure equalization, controlling (switching)
of the droplets’ path inside the T-junction is simplified and dependent only on
the geometric characteristics of the two daughter channels.

The basic switching principle is based on the previously introduced hydro-
dynamic control of droplets’ path (cf. Sec. 2). The principle states that, when
arriving at the junction, a droplet will follow the branch with the maximum
volumetric flow rate, or the minimum hydrodynamic resistance. For this rea-
son, pufSwitch shown in Fig. 2 has two asymetric branches of lengths, L; and Lo
where L1 < Ly and consequently, R; < Rs.

It is important that Lo is greater than L; in order to satisfy the switching
principle. However, for the switching principle to hold, the limits for Ly in terms
of Ly can be expressed as follows [22]:

O<L2—L1<LD(lljd—1>, (4)

where, Lp = w(1 + Qq4/Q.) denotes the droplet length, Q4 and Q. correspond
to the input flow rates for the droplet generation and pg and p. (pg > pe) are
dynamic viscosities of dispersed and continuous phase.

Therefore, under these geometry limitations, it is possible to design a pufSwitch
that enables controlling the path of a single payload droplet. As shown in Fig. 2,
header droplet arrives at the junction before the payload droplet. Having no
droplets ahead of it, the header droplet is always steered to the branch 1, as
it offers lower hydrodynamic resistance. The direction of the next, payload,
droplet will depend on the position of the previous, header, droplet. If the
header droplet is still in branch 1 once the payload droplet arrives, increase
in resistance of the branch 1 will direct the payload droplet into the branch
2. However, if the header droplet has already left branch 1 (passed the bypass
opening) once the payload droplet arrives at the junction, payload droplet will
also flow along the branch 1.

3.2. Single Droplet Switching

For single droplet switching, the path of a single payload droplet is con-
trolled by sending a signaling/control droplet (header droplet) in front of the
payload droplet. Two promising approaches have been proposed in the liter-
ature: Droplet by Distance [7] microfluidic switching and Droplet by Size [10]
microfluidic switching. In the following we review these concepts.

8.2.1. Droplet by Distance Switching

The principle of the droplet by distance (DbD) switching was first introduced
in [7]. For the purpose of DbD switching the previously introduced pfSwitch,
shown in Fig. 3, is used.
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Figure 2: A microfluidic switch for single droplet switching

190 In DbD switching, the header droplet arriving at the junction will always
flow into branch 1, due to the lower hydrodynamic resistance. If the distance
between the payload and header droplet (Dgp) is such that Dyp < Ly, the
header droplet is still in branch 1, when the payload droplet arrives at the
junction. Due to the presence of the header droplet in branch 1, the payload

15 droplet will be directed to branch 2. However, if the distance between the two
droplets is Dyp > L1, the header droplet has already left branch 1 once the
payload droplets arrives at the junction, and thus, the payload droplet flows
into the branch 1.
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Figure 3: Droplet by distance switching. All droplets are of the same size, while the distance
between header (black) and payload (white) droplet decides on the path of the payload droplet

Fig. 3, demonstrates droplet by distance switching. As it can be seen,
ufSwitch; directs the payload droplet to the next switch since DHSJD > L.

In contrast, for droplets arriving at the N—th pfSwitch, D HSDN) < Ly, due to
the distance reduction along the main bus, and payload droplet is directed to
the LoC for processing. Therefore, in order to route the payload droplet to
the nth LoC, the distance at the input must be set so that droplets arriving at
the nth pfswitch satisfy Dgp < L.

8.2.2. Droplet by Size Switching

The droplet by size (DbS) switching principle was introduced in [10]. In con-
trast to DbD switching, DbS utilizes different sizes of header droplets to control
the path of the payload droplet, while keeping the distance between header and
payload fixed. Therefore, for every header-payload pair of droplets, the distance
is a fixed parameter, while variable header size carries the information about
the destination address of the payload droplet.

Fig. 4, shows the working principle of the DbS switching. In contrast to
DbD switching, ufSwitches are no longer of the same geometrical characteristics.
Here, the asymmetry between the branches is reduced when moving from the
first to the last switch (left to right). This is because branch 2 of the ufSwitch
needs to offer comparable resistance to branch 1 when there is a header droplet
present in branch 1. In order to guarantee the correct switching functionality,
the geometry of the droplet by size ufSwitch needs to satisfy [10]

Lyp—Li < %RD,n < Lop—1— L1, (5)

L2,n > le (6)

for n = 1,..., N and Rp, being an increment in the resistance due to the
presence of the header droplet in the nth channel.
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Figure 4: Droplet by size switching. Between all droplets there is the same distance, while
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3.8. Multiple Droplets Switching

In Sec. 3.2, we have introduced the principle of single droplet switching,
where a single payload droplet is routed to the target destination by means
of a header droplet. However, some laboratory experiments require delivering
multiple samples to a connected LoC [23] [24]. For those applications, single
droplet switching would be time- and resource inefficient, since the large signal
overhead of 50% would be present as a consequence of being able to route only
one payload droplet per one header droplet.

Thus, a multidroplet switch (a pfSwitch for multiple droplets switching) was
proposed in [6], which enables routing of multiple payload droplets using only a
one controling droplet. The microfluidic multidroplet switch is shown in Fig. 5.

The switch utilizes DbD switching to control the droplets’ path and has two
important regions: control region and switching region. The basic idea is that
a droplet in the control region controls the path of a droplet currently in the
switching region by interrupting the flow through the control channel. If there
is a droplet present in the control region, the switch is working in ON state.
If there is no droplet present in the control region, the switch is in the OFF
state. Assuming an asymmetric junction in the switching region (L4 < L3), the
droplet flows into branch 3 or 4 if the switch is in OFF or ON state, respectively.

We consider a microfluidic bus network with a cascade of multidroplet switches,
as shown in Fig. 6. To route multiple payload droplets to the nth LoC, a train
of payload droplets and a single trailer droplet must be generated, where the
distance between droplets must be set so that the nth switch is in the ON state
for each droplet arriving at its switching region. The last payload droplet will
be routed by the trailer droplet, and the trailer droplet will traverses through
the cascaded switches to the output.

It is important to note that the proposed switch can also be used to route
multiple payload droplets to different LoC devices. This can be accomplished
through different distances between the individual droplets, where each distance
indicates the address of the targeted LoC device.
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Figure 5: A microfluidic switch for multiple droplets switching

4. Microfluidic Networks

In this section, we provide an overview of network topologies used to design

microfluidic networks. Three main network topologies can be identified: bus,

»s  ring and application specific network topologies. In this work, we focus on the

bus and ring networks as most promising architectures for microfluidic networks.

This is because the ring and bus networks are simple and generic topologies that

can offer high scalability and flexibility and thus can be used as a basic physical

template for any microfluidic application. On the other hand, the application

x0  specific network topology does not offer a generic microfluidic platform, but is
designed to fit, and optimize, specific applications or experiments .

4Please refer to [12] for more details on application specific networks.
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4.1. Network topologies

In this section we discuss the bus and ring network topology, and introduce
their basic working principles.

4.1.1. Bus network

The microfluidic bus topology was first introduced in [25]. The basic network
consists of a cascade of ufSwitches interconnected on the main channel, where
each pfSwitch connects one LoC device to the main channel (cf. Fig. 7).

The droplet flow in a bus network starts on the droplet generator site, where
header-payload droplet pair is generated by the DoD system. Then, the droplets
are injected into the network and carried further for processing by a continu-
ous phase that is constantly supplied from the source (eg. pressure pump).
Traversing the main bus, the droplets arrive at the microfluidic switch, where
the payload droplet can be directed to the connected LoC or forwarded to the
next switch, depending on the destination address encoded using the header
droplet. If the ufSwitch recognizes the encoded address as the address of the
connected LoC, the payload droplet is forwarded to the LoC for further pro-
cessing, otherwise, the payload droplet is forwarded to the next ufSwitch where
the address recognition process repeats. At the end of the experiment, payload
and header droplet are delivered to the sink.

It is important to note that the pfSwitch used in the bus network can be
either a single droplet switch (cf. Sec. 3.2) or a multiple droplet switch (cf.
Sec. 3.3). Thus, the bus network allows for multiple payload switching.

11
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Figure 7: Microfluidic network with bus topology. Header (green) droplets are used to control
the path of the payload (orange) droplets

4.1.2. Ring network

The basic ring network was first introduced in [7]. Here, the droplet flow
throughout the network is different compared to the bus networks. However,
similar to the bus network, the process starts by injecting a payload and header
droplet. When droplets traverse the ring, they pass multiple ufSwitches in
order to reach targeted LoCs and execute desired operations. Once the ufSwitch
recognizes the destination address of the payload droplet, it delivers the payload
droplet to the connected LoC for further processing and forwards the header
droplet to the next ufSwitch. Once processed by an LoC, the payload droplet
flows back to the ring. Finally, both header and payload droplets are delivered to
the sink and forwarded to the DoD system where payload droplet, together with
new header droplet, can be re-injected into the network for further processing,
if needed. Therefore, unlike bus networks, in ring networks payload droplets
can cyclically traverse the network depending on the application requirements.

Figure 8: Microfluidic network with a ring topology. Header (green) droplet is used to control
the path of the payload (orange) droplet. Once payload droplet is processed by LoC it is
returned to the ring

12
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It is important to note that the ring network does not support switching of
multiple payload droplets, therefore the pufSwitch shown in Fig. 8 can only be
single droplet switch.

4.2. Advanced network topologies

In the following, we present some extensions for the ring and bus network in
order to increase their flexibility.

4.2.1. Advanced Bus Network

As discussed in Sec. 4.1.1, in a basic bus network, the droplets flow from the
droplet generator, over a series of pufSwitches to the targeted LoCs or to the sink.
Although the basic bus network offers simplicity in its architecture, it lacks the
possibility to reuse the payload droplets that have already been procssed.

In order to increase reusability of reagents (droplets), an extended bus net-
work was introduced in [5]. As shown in Fig. 9, it is possible to create a
response channel, which allows the payload droplets to flow back to the droplet
generator after bein processed by the LoC, in order to re-inject payload droplets
back into the network at the source. For the system to work, it is necessary to
ensure positive pressure difference between the main and response bus in order
to initate the flow through LoCs.

Similar to the basic bus network, the advanced bus network supports switch-
ing of single and multiple payload droplets.

4.2.2. Advanced Ring Network

As discussed in Sec. 4.1.2, basic ring network already allows droplet re-
injection. Once the payload droplet is processed by an LoC, it can be reinjected
by the DoD module, together with a new header droplet. This means that in
a basic ring architecture, the payload droplet can only be sent to a single LoC
at a time and if payload droplet needs to be processed by multiple LoCs, it is
re-injected multiple times at the source. The re-injection of droplets into the
system can be a time demanding and complex task that potentially increases
the risk of degrading the sample.

Main bus_—>
DoD —I pfSwitch, |-.-| ufSwitch, I— e ufSwitcth -.l Sink |
Sink ' !

|
T [Toc, | [ToG | Elg
| |

-<— Response bus

Figure 9: Advanced microfluidic bus network. Response bus is introduced to re-injected the
payload (orange) droplets back into the network
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The advanced ring network was introduced in [26] where an addressing
scheme for targeting multiple LoCs without payload re-injection, and with us-
ing a small number of header droplets, is proposed. For this purpose, a new
network switch (a combination of a single droplet switching and droplet by size
sorter [27]) that allows payload droplets to execute or skip a specific LoC is
introduced ®. The idea is that for every LoC that the droplet needs to skip,
new header droplet is inserted in front of the payload droplet. Since the header
droplets carry no sample, generating multiple header droplets is a rather cheap
and simple process compared to the payload re-injection.

The addressing scheme relies on the distance between header and payload
droplet in order to address specific LoC, while newly introduced module for
skipping specific LoC requires fine tuning and control over droplet size.

5. Validation of Microfluidic Networks

Microfluidic networks for two-phase flow microfluidics is a rather new re-
search field. In order to establish this research it is necessary to validate the
practicability of existing concepts (cf. Sec. 3 and 4). Two common ways of val-
idating concepts in microfluidic networks involve simulations and experimental
validation. Usually, simulations are used as a validation if system behaves as
desired. The fabrication of the microfluidic system is carried out in order to
obtain practical validation, demonstrating the realistic behavior of the system.
Unfortunately, to this date, experimental validation of the microfluidic network
concepts, and relevant switching mechanisms, is largely unexplored due to the
lack of required passive DoD systems (cf. Sec 6).

In this section we first provide an overview of the state-of-the-art simulation
tools available for modelling and simulating microfluidic networks on different
levels of abstractions. We then present first steps towards the experimental
validation of switching principles and required DoD mechanisms.

5.1. Simulations

In order to validate whether the respective microfluidic design works as in-
tended, it can be fabricated and tested. However, as this usually is a costly
process (which additionally has to be repeated in case of errors in the design),
checking the design beforehand using simulations prior to first fabrications seems
reasonable. For example, simulations can be used to validate designs even be-
fore the first prototype is fabricated. If, for example, a simulation predicts an
unintended behavior, it is very likely that the fabricated prototype shows that
behavior as well. Furthermore, simulations can also help to explore further de-
sign alternatives e.g. in order to make the design most robust, more efficient, etc.
More precisely, with simulations a huge number of design variations/alternatives
can be tested, which would be impossible using fabricated prototypes as they
would cause too high costs (with respect to time as well as money).

5More details on the proposed module can be found in [26].
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In principle two simulation approaches (conducted at different abstraction
levels) can be applied in order to test the proposed design: Computational
Fluid Dynamics (CFD) Simulations and simulations on the 1D Circuit Analysis
Model.

5.1.1. Computational Fluid Dynamics Simulations

Tools like Comsol Multiphysics, Ansys, and OpenFoam provide algorithms
for CFD simulations. Detailed reviews of these tools and also their algorithms
are provided in [28, 29]. CFD simulations describe the fluid flow in the most ac-
curate way % and hence, allow to simulate effects like droplet formation, droplet
deformation, and coalescing of droplets. However, accounting for this high level
of physical details requires a complex setup (e.g. generation of a simulation
mesh) and results in high computational costs. For example, simulations of
simple microfluidic chips can even take hours on typical computing hardware
[30]. Therefore, this kind of simulation is most useful for simulating particularly
complex subparts of a microfluidic network.

5.1.2. Simulations on the 1D Clircuit Analysis Model

On this level, a microfluidic circuit is abstracted to 1D values (i.e. the dual-
ity between microfluidic networks and electrical circuits is employed [10]). For
applying this model, the flow has to be laminar, viscous, and incompressible
[31]. Furthermore, on this level the effects of droplets are modeled as additional
resistances, which constantly change by their flow through the microfluidic net-
work the flow rates and pressure gradients. Hence, this level allows for deter-
mining the path, position, and speeds of droplets as well as allows for design
explorations (i.e. a parametric analysis). Furthermore, due to the applied ab-
stractions, simulations can efficiently be conducted and enable the designer to
simulate large-scale microfluidic networks as reviewed above (i.e. the bus, ring
and application-specific architectures). Methods and algorithms used for 1D
circuit analysis model can be found in [31]-[32].

(a) Multidroplet switch working in ON (b) Multidroplet switch working in OFF
state state

Figure 10: Multidroplet switch simulation using 1D Circuit Analysis Model

SCFD methods partition the simulation region in a dense volume grid which allows to solve
systems of differential equations that express the interaction of liquids/gases with surfaces
defined by boundary conditions.
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Due to the low computation costs and high efficiency of 1D Circuit Analysis
Model, we have employed an in-house developed 1D Circuit Analysis Simula-
tor to verify the behaviour of the multidroplet ufSwitch. Using the developed
simulator, we were able to verify the path, position and speed of droplets in a
multidroplet switch. The results of a simulation are presented in Fig. 10.

Depending on the need of the designer, the respective simulation approach
should be chosen. For example, to validate whether the droplets indeed take
the intended paths and/or arrive on certain positions at the expected time,
simulations based on the 1D model provide an efficient and fast method. If
in contrast e.g. the deformation or stability of the droplets is of interest, the
CFD approach is suitable at the expense that the simulation takes significantly
longer and/or can only be conducted on parts of the design due to the resulting
complexity.

5.2. Experimental Validation

In order to obtain a practical validation, that demonstrates the realistic
behavior of the system, microfluidic designs are fabricated using one of the
many available microfabrication techniques (e.g., [3, 4]). The most common
method is microfabrication using a combination of photolithography and soft
lithography in the polymer, often in PDMS
((Poly)dimethylsiloxane) [33].

: pfSwitch

Figure 11: Simple microfluidic network design. The network consists of a droplet generator
and one pufSwitch

4 cm
— - =
T-junction 5] - I
=) | |
I ! | | o
| | 2
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| | Pl S
e ufSwitch
< —
R : e

Figure 12: Physical realization of of the microfluidic design in Fig. 11
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The design process starts by creating the footprint of microfluidic chip using
one of the many drawing software applications (e.g., AutoCAD), as shown in
Fig. 11. The design can then be realized using any fabrication technique and
turned into a physical device, as shown in Fig. 12.

The device shown in Fig. 12, can then be used to practically verify basic
mirofluidic switching principles (c.f. Sec 3). To this date, only one work reports
on a practical investigation of microfluidic networks [9]. There, a similar design
is reported where the microfluidic network, consisting of one droplet generator
and one pfSwitch, was designed and experimentally tested. However, the be-
haviour of a ufSwitch was investigated using a train of droplets. Due to the
coupling effects of droplets within the train, the reported work is not sufficient
to truly validate the principles of microfluidic networks.

Therefore, prior to investigating practicability of ufSwitches and microflu-
idic networks, we focus our experimental validation on a droplet generation and
delivering efficient, passive DoD system- a crucial element in microfluidic net-
works. Only once DoD method is introduced and experimentaly verified, it is
possible to further investigate microfluidic networks.

6. Droplet-on-Demand Systems

To date, the true potential of microfluidic networks for two-phase microflu-
idics is largely unexplored, since it requires droplet generation at a prescribed
time and with prescribed volume. Systems performing arbitrary protocols of
droplet formation are referred to as Droplet-on-Demand systems [17]. Although,
the necessity of DoD systems for microfludic networks was noticed [9], it was
never truly investigated. Thus, experimental results on the concepts proposed
for microfluidic networks (cf. Sec. 3 and 4) are lacking.

So far, droplets’ routing, and proposed switching mechanisms [10, 9, 22],
have been a strong focus of research on microfluidic networks. Here, as pre-
sented in Section 4, various switching mechanisms for controlling droplets’ path
have been proposed. However, a DoD, a crucial feature required for the desired
functionality of the proposed switching mechanisms, was mentioned as a neces-
sity for microfluidic networks but never truly investigated. Therefore, passive
DoD systems are essential for practical investigation and further development
of microfluidic networks and exploring the adaptation of these networks for nu-
merous microfluidic applications e.g. high throughput drug screening systems
[34].

Droplet-on-Demand systems have been reported in the literature and most of
them focus on active control of the flow of the fluids on the chip[15, 35, 36, 37].
For this purpose, common solutions utilize integrated microvalves [15, 38] or
electrowetting [39, 40]. Although active DoD systems enable high precision over
the droplet generation process, the applicability of such systems is limited due
to [17]: i) complex, multilevel fabrication, ii) external active equipment needed
to control the valves; iii) negative impact of the electric fields on biological
samples, iv) lower biocompatibility of the device. Due to the limitations of
active DoD systems, we focus on investigating passive DoD systems that surpass
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the limitations of active DoD systems and offer simplicity in their design and
higher biocompatibility.

In this section, we review two promising passive DoD methods, introduce
their basic functionalities, and address their applicability to microfluidic net-
works. Then, we present simple, passive DoD method and verify its functionality
by providing proof-of-the-concept experimental results.

6.1. Passive DoD System using Negative Pressure

The work in [16], demonstrates an effective method to perform DoD using
a flow-focusing droplet generator. The method utilizes a completely passive
microfluidic chip with the flow-focusing droplet generator, connected to an ex-
ternal pressure controller. Since the flow-focusing geometry is used as droplet
generator, the method requires three control channels, namely two input and
one outlet channel, that are connected to the external pressure controller (cf.
Fig.13).

The process of droplet generation starts by balancing the pressures of the
dispersed and continuous phase to obtain a stable interface. Once the two
phases are balanced, a negative pressure pulse is applied from the input pressure
pump ’ at the outlet of the droplet generator to induce the droplet formation.
Increasing the magnitude and time period of the negative pulse increases the size
of the generated droplets, while applying the series of pulses enables generating
multiple droplets of arbitrary sizes and interdroplet distances.

Although the method meets the main requirements for a DoD system in
microfluidic networks (passive DoD generation, where individual and multiple
droplets of various sizes and inter-droplet distances can be generated), it has
limited applicability for microfluidic networks. This is due to the unpredictable
flow distributions that would appear in the network due to the negative pressure
applied at the outlet. However, the precision and simplicity of the technique
make this method a promising candidate for many other microfluidic platforms
(e.g., biochemical applications where arbitrary compartmentalizing of samples
is of crucial importance [41]).

6.2. Passive DoD System using Fxternal Valves

The work presented in [17, 42] investigates a passive DoD method that uti-
lizes a T-junction as a droplet generation mechanism. Here, two input channels
are connected to two external valves that control the flow of the dispersed and
continuous phase (cf. Fig. 14). Utilizing external, rather than integrated (on
the chip) valves reduces the design and fabrication complexity and enables in-
terfacing this DoD system with any microfluidic chip [17].

In this method, two external valves are used to switch on and off the flow of
the dispersed and continuous phase. As shown in Fig. 14, a protocol where the
flow of the continuous phase is normally open, and flow of the dispersed phase

"Pressure pump contains piezoelectric regulators and valves.
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Figure 13: Passive DoD system using negative pressure method

4. Droplet generator

is normally closed, is applied. Then, during the time period #open, the dispersed
phase is opened and continuous phase flow is closed. During this period droplet
formation is induced and the droplet is growing in size. At the end of the time
period topen, the droplet breaks-off and is carried further downstream by the
continuous phase which after ¢,,en is again turned on while the dispersed phase
is turned off.

Mutually switching on and off the two phases surpasses the limitation of
conventional T-junction generators where droplet size/volume is limited by the
mechanism of droplet formation. In a conventional T-junction generator, intro-
duced in Sec. 2, both continuous and dispersed phase are constantly turned on.
Once the dispersed phase obstructs the continuous phase, pressure builds up and
eventually breaks-off the droplet after the time period that is proportional to
the ration of the volumetric flow rate of the continuous phase and the volume of
the junction [17]. Therefore, the break-off moment limits the volume of droplets
generated by conventional T-junction generator. In this method, this limitation
is surpassed by switching off the continuous phase during the period of droplet
generation which reduces the pressure build-up inside the T-junction, allowing
for bigger droplets to be generated. In order to generate bigger droplets, it is
only necessary to increase the time period topen, Where the droplet size linearly
increases when increasing topen [42].

The method enables accurate and passive DoD technique that allows gen-
erating droplets of arbitrary volumes and inter-droplet distances using simple
T-junction geometry. Moreover, the linear dependency between the time period
topen and droplet size enables easy control and fine tuning of the droplet size
during the droplet formation process- a critical feature for employing this DoD
method for microfluidic networks. Thus, this method can then be employed for
practical realization of microfluidic networks.
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Figure 14: Passive DoD system using external valves

6.3. Low-Complexity Passive DoD System

Previously, we have introduced two promising passive DoD systems: DoD
using negative pressure and DoD using external valves. Due to the unpredictable
flow distributions caused by the negative pressure applied at the output of flow-
focusing generator, the first method is not applicable for microfluidic networks.
The second method, using two external valves, seems to be promising choice for
microfluidic networks. However, the method requires two external valves for reg-
ulating both dispersed and continuous phase. This implies that synchronization
between two valves is a crucial, and demanding, task.

In this work, we propose an alternative DoD system, which surpasses limi-
tations of both previous methods. As shown in Fig. 15, the DoD system utilizes
a simple T-junction geometry and applies a series of positive pulses on the dis-
persed phase, in order to generate droplets, while maintaining the continuous
phase at constant input pressure. As the method applies positive pulses solely
at dispersed phase input, the microfluidic network remains stable during the
droplet formation process. Moreover, as the method utilizes solely one phase
as a control phase, no synchronization issues need to be solved. Additionally,
it is not necessary to have two high-precision devices with short response time,
such as external valves, to obtain DoD. In this case, it is possible to connect the
continuous phase to a simpler controller, such as a syringe pump, while using
a high-precision device to control the dispersed phase. This can significantly
reduce the total cost of laboratory equipment needed to carry out DoD.

The working principle of the proposed DoD system is as follows: during the
initial stage of the DoD method, the system enters the equilibrium state (cf.
Fig. 16a). In this state, the input pressure of the dispersed phase, Pp 4, is
finely tuned by the pressure pump to form a stable, equilibrium, interface with
the continuous phase. Here, no droplets are formed due to the accurate balance
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Figure 15: Proposed passive DoD system

8

of input pressures®. Once the system is in an equilibrium state, the droplet
generation is initiated on demand by rapidly overcoming the equilibrium forces,
i.e. applying the positive pressure pulse of the duration 7" on the dispersed phase
input and therefore increasing the dispersed phase pressure to Pp > Pp ¢4 . At
this stage, during the period T', pressure of the dispersed phase is large enough
to enable the dispersed phase to penetrate and obstruct the continuous phase
channel. Depending on the required droplet parameters (droplet size and inter-
droplet distances), the droplet is released at the end of period T' (cf. Fig. 16b),
simply by taking the system back to the equilibrium state, i.e. instantly reducing
the dispersed phase pressure to Pp = Pp ¢q.

Using this method, it is possible to create droplets of various sizes where the
volume/size of generated droplets is proportional to the duration of the applied
pulse, T', while the distance between consecutive droplets is proportional to the
time between consecutive pulses, ¢, as shown in Fig. 17.

6.4. Practical validation of the proposed DoD method

We have fabricated the microfluidic chip with the proposed DoD system in
polydimethylsiloxane (PDMS) polymer using standard soft lithography methods.
We have used a pressure controller (Elveflow®, OB1IMK3) to induce pressure to
the continuous and dispersed phase. Moreover, the pressure controller is able to
apply a sequence of positive pressure pulses either through the Elveflow® Smart
Interface or by using the provided Matlab libraries. For the evaluation of the
DoD system we have used a high-speed camera and an optical microscope. The
geometry of the T-junction was chosen of wp = 150 pym and wp /we = 0.5 with
rectangular cross-sections of the channels with a uniform height of A = 40 p and

8The derivation of the equilibrium state is left for future work.
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applying positive pulse to initiate droplet
generation (right)

(b) Droplet grows in size during the period
T (left) and breaks-off at the end of this
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Figure 16: Droplet formation process in DoD method

PD>Beq t,
P R=P
PC T D™ Deq
—— ) (V1) C )
d~t,
"

Figure 17: Working principle of the low-complexity passive DoD system

h < we [43]. Moreover, we have ensured that C, << 0.01. The experimental
setup is shown in Fig. 18.

Fig. 19 shows the experimental results that verify the proposed DoD method.
Here, duration of the positive pulse, applied on the dispersed phase, is reduced
from T'=1.75s to T = 0.75 s with 0.25 s step, causing the droplet diameter to
reduce linearly from D = 400 ym to D = 170 um, with the period reduction.
The period between individual pulses was kept constant at 3 s which resulted
in the same distance between all droplets. Moreover, we observe from Fig. 19,
that between the applied pulses, the system returns to, and remains in, the
equilibrium state.

The proposed method offers simplicity in design and reduces laboratory
equipment needed to carry out DoD generation to a minimum. Moreover,
applying positive pulses at only one inlet of the DoD system, maintains the
network stability and eliminates the need for synchronization between the input
channels.
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Figure 18: Experimental setup used for validating the proposed DoD method

(a) T=1.5s (left) and T=1.75s (right)

(b) T=1.25s (left) and T=1.5s (right)

(c) T=1s (left) and T=1.25s (right)

(d) T=0.75s (left) and T=1s (right)

Figure 19: Proposed DoD method: Applying positive pulses of various durations results in
droplets of different sizes and inter-droplet distances
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7. Applications of Microfluidic Networks

Enabling the integration of multiple LoCs on a single platform (i.e., microflu-
idic network) can offer parallelization, high throughput, increased efficiency and
flexibility in performing laboratory experiments. Moreover, realizing DoD allows
performing arbitrary protocols of droplet formations which is a critical feature
in a number of microfluidic applications, such as, medical and pharmaceutical
diagnostics, chemical synthesis/analysis and molecular biology [44, 45, 46].

In the following, we introduce two promising applications of microfluidic
networks. First, we present microfluidic networks as a powerful tool for phar-
maceutical diagnostics to perform fast and flexible drug screening[34]. Second,
we investigate microfluidic networks in clinical pathology for the purpose of
screening waterborne pathogens [47, 48].

7.1. Fast and Flexible Drug Screening

The pharmaceutical industry lacks insight into which bacteria are antibi-
otic resistant, or what exact amount of antibiotics is required for treating spe-
cific bacteria [49, 50]. Standard laboratory procedures are time demanding,
expensive and lack of flexibility. For this reason, it is essential to have a plat-
form, which allows fast delivery of different antibiotics and concentrations to
the infected cells and allows to observe the reaction [51][52]. The concept of
microfluidic networks allows realizing a microfluidic design, which serves as a
disease model for human infections and is able to perform fast and flexible drug
screening.

A concept of a microfluidic device realizing such a fast and flexible drug
screening is shown in Fig. 20. It uses a microfluidic bus network as introduced
in Sec. 4.1.1, with the DoD system proposed in Sec. 6.3. Either single or multiple
droplet switching, as presented in Sec. 3.1 and Sec. 3.3, can be applied.

The droplet generator is able to generate droplets at the desired frequency,
with desired size and interdroplet distances. For the purpose of drug screening,
different antibiotics, or different antibiotic concentrations, are isolated inside the
payload droplet (e.g., water droplet), which are carried throughout the network
by a continuous phase (e.g., oil). The microfluidic switch directs single/multiple
payload droplets to different microreactors for processing. Although it is pos-
sible to realize the design with both single- and multidroplet switching, it is
recommended to use multidroplet switch in order to enable fast delivery and
increase parallelism.

As shown in Fig. 21, microreactors incubate infected human cells (e.g., Hu-
man Lung Epithelial cells (HPAEpiC) infected by bacteria (e.g.,Acinetobacter
baumanii bacteria) that are held in place by electrospun polymer nanofibers
[63, 54]. Once a payload droplet enters the microreactor, the antibiotics in-
side the droplet initiate a biochemical reaction with the infected cells incubated
inside the microreactor. Since the droplet volume is very small, antibiotics in-
side the droplets are able to initiate the reaction with lung cells and bacteria
quickly and efficiently. The result of this reaction can be either observed inside
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&35 the microreactor or at the analysis stage, using, for example high-resolution
microscopy tools.

Utilizing microfluidic networks, together with DoD, it is possible to carry
out a large number of biochemical reactions for different types of infected hu-
man cells and for different types/concentrations of antibiotics in a short time.

sa0  Moreover, the proposed microfluidic design can be fabricated at low cost, since
no active elements are required on the chip. Such microfluidic design can enable
gaining more insights into the behaviour of antibiotic resistant bacteria, which
will ultimately help to produce more efficient drugs, in much shorter time and
at much smaller costs.

DOD System
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Figure 20: Microfluidic network design for fast and flexible drug screening [34]

pfSwitch
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Figure 21: Inside of microreactor for fast and flexible drug screening
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7.2. Screening of Waterborne Pathogens

Despite having modern water purification systems in place, waterborne patho—
gens are still a big threat to humans and livestock, especially in underdeveloped
countries [47, 48, 55]. Being responsible for an estimated 1.9 million human
deaths each year, protozoan parasites, such as Cryptosporidium parvum, are
still one of the most important environmental concerns [55]. Such parasites are
robust and highly resistant to commercial water disinfectants and filtration sys-
tems [55]. For this reason, recent research in the field of clinical pathology is
focusing on finding new means of inactivating the water parasites.

Conventional water purification systems require extremely high concentra-
tion of pathogens in order to examine to which disinfectants are pathogens
resistant, which disinfectants are effective and what is the precise dose of disin-
fectants needed to inactivate pathogen. However, some water pathogens, such as
Cryptosporidium parvum, are of extremely small size (having only 5 pm diame-
ter), are very difficult to detect and often not present in required concentrations
[47][48]. For this reason, conventional water purification systems are limited in
detecting these pathogens and finding efficient disinfectants to treat them.

For examining pathogens such as Cryptosporidium parvum, droplet-based
platforms, such as microfluidic networks, seem to be a promising candidate for
faster and more efficient detection. Due to their small size, droplets can serve as
efficient microreactors for pathogens. Encapsulating pathogens, together with
targeted disinfectants, inside these small droplets, it is possible to efficiently ini-
tiate a biochemical reaction between two the samples. This enables to quickly
obtain first insights into behaviour and robustness of a specific pathogen. More-
over, employing microfluidic networks enables the parallelization of the experi-
ments.

The proposed microfluidic design for the fast and efficient screening of wa-
terborne pathogens is shown in Fig. 22. The system utilizes two DoD generators
that work on the principle proposed in Sec. 6.3. The first DoD system is used to
create droplets that precisely encapsulate desired concentrations of pathogens.
The second DoD system is used to generate droplets with disinfectants. These
two types of droplets flow down to targeted LoC where they merge insite the
LoC and initiate the lysis process. The lysis process is carried out in order
to break down the membrane of the pathogen and release the pathogen DNA
[47, 48]. At the last stage, the Polymerase Chain Reaction (PCR) is carried out
in order to amplify the released DNA. After the PCR stage, the droplets flow
to the analysis stage where interaction between disinfectant and pathogen DNA
can be observed using, for example phase-contrast light microscopy.

The proposed microfluidic design enables investigating the robustness of
pathogens, such as Cryptosporidium parvum, which cannot be detected or de-
activated using commercial water purification systems. Employing microfluidic
networks, such pathogens can be tested for a number of disinfectants in a short
time on a single microfluidic device. Moreover, since microfluidic networks are
passive systems, the viability of pathogens during testing is not compromised.
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Figure 22: Proposed microfluidic networks for performing high screening of waterborne
pathogens

8. Summary and Research Opportunities

In this work, we first provided a survey of the state-of-the-art in microflu-
idic networking: We presented different principles for passive switching of sin-
gle/multiple payload droplets and discussed various network topologies and their
applicability for microfluidic networks. We introduced various methods for vali-
dating microfluidic networks, including simulation at different abstraction levels
and experimental validation. Second, we identified DoD as a crucial component
in order to practically exploit the full potential of microfluidic networks. We
proposed a simple and passive DoD system that meets all requirements of a
DoD system for microfluidic networks and verified its functionality through ex-
perimental results. Finally, we discussed two promising applications, namely
fast and flexible drug screening and screening of waterborne pathogens, which
allows a faster analysis compared to conventional methods.

Although, various works have been devoted to microfluidic networking in the
past, this research field is still in its infancy. Please find below a list of possible
research opportunities:

e Experiments: Most of the theoretical work on microfluidic networking
has only been validated through simulations (CFD or 1D circuit analysis),
and, thus experimental validation is lacking®. With DoD systems (cf.
Sec. 6) it is possible to experimentally validate the theoretical concepts
(e.g., single/multiple droplet switching). Experimental work is a crucial
step in order to fully exploit the potential of microfluidic networks for

9In [9], experimental results on the behavior of a single switch using a train of droplets have
been presented. However, this is not sufficient to truly validate the principles of microfluidic
networks due to the coupling effects of the droplets within the train.
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practical purposes and to establish the research field.

Applications: Since microfluidic networking aims at realizing programmable

and flexibile LoC devices for chemical or biological analysis it is impor-
tant to identify applications in these disciplines (cf. Sec. 7). Moreover,
it is important to show that using microfluidic networking outperforms
conventional methods (e.g., faster analysis).

Simulations: Simulations based on the 1D circuit analysis model are a
promising approach for simulating large microfluidic networks. However,
the development of such simulation tools is still in its infancy, so far,
only supporting a very limited number of components (e.g., trapping).
Thus, the first step towards a more practical simulation tool would be
to include many different components (e.g., mixing, splitting, ...) with
different realizations. Moreover, it would be good to provide a graphical
user interface for such simulation tools in order to increase their usage also
from researchers without computer science background.

Fault-Tolerance: The main source of failures on microfluidic chips are
fabrication failures, resulting for example in blocked channels. This may
lead to an undesired behavior of the microfluidic network. Thus, it is
important to investigate the fault-tolerance of microfluidic networks and
develop techniques to overcome this issue. Here, maybe techniques origi-
nating from conventional network theory can be used.[56].

Capacity: So far, only the capacity of linear microfluidic channels [57]
(channel without branches and section variations) was derived. Thus,
a capacity analysis of more practical non-linear microfluidic channels is
lacking in the literature. Such an investigation would be important in
order to find the theoretical limits of microfluidic networks.
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