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Abstract—Microfluidic networks for droplet-based microflu-
idics have been recently introduced with the aim of realizing
flexible Lab-on-Chip devices. In this paper, we investigate, for
the first time, a two-dimensional network topology, in which
biological samples, embodied in so-called payload droplets, are
delivered to a specific destination. Two-dimensional networks
can be useful in many applications, such as the automation
of laboratory experiments on microwell plates. The path of the
payload droplet is determined by the network geometry and the
distance to so-called control droplets (i.e., passive droplet control).
In order to route single or multiple payload droplets to a specific
destination, we introduce droplet frames that include single or
multiple payload droplets and several control droplets for their
path control. We derive closed-form expressions for the droplet
distances within the frame to realize the desired droplet routing.
These expressions are solely based on the network geometry
and fluid properties. Computer simulations based on the analogy
between microfluidic networks and electrical circuits verified the
proposed routing scheme.

Index Terms—Droplet-based microfluidics, lab-on-chip

I. INTRODUCTION

Molecular communication (MC) is an emerging field that
broadly defines information transmission using molecules
and provides the basis for various future healthcare applica-
tions [[1]]. In recent years, most of the research has been devoted
to diffusive MC, where the information-bearing molecules are
subject to Brownian motion [1]. However, since diffusion is a
very slow process, such systems suffer from high attenuation
and delay. This limitation can be overcome by exploiting fluid
flow, which is present in many envisioned MC environments,
such as blood vessels and microfluidic chips. In [2], [3],
[4]], [5], [6l, [7], concentration propagation models were pre-
sented where the information-bearing molecules are dispersed
into a continuous fluid flowing in microchannels. Instead of
concentration of molecules, droplets that flow in an immis-
cible continuous fluid have been proposed for information
transmission in [8]. Various information encoding schemes
and the corresponding achievable information rates have been
presented for such droplet-based microfluidic systems [9],
[1O], [11]. Moreover, this approach paves the way for new
computing and networking paradigms, since the droplets can
be independently controlled [8]], [12].

Microfluidic networks are microfluidic systems that inter-
connect multiple microfluidic devices (e.g., mixing, sorting)
on a single microfluidic chip [8]]. The aim of droplet-based
networking is to deliver biological samples, embodied in the
droplet, to a specific destination in the network [8]], [9], [13],
[14]. Moreover, in order to keep the microfluidic chip as

simple as possible no active control of the droplets using
micro-valves or externally applied forces is used. Instead,
the droplet’s path is controlled by only exploiting passive
hydrodynamic principles. This approach is an important step
towards the next generation of Lab-on-Chip (LoC) devices,
enabling more flexibility, bio-compatibility and low-cost fab-
rication [15], [16l]. In order to realize the passive droplet
control, two key elements are required: microfluidic switches
and addressing schemes.

Microfluidic switches make it possible to control the path
of the droplets containing biological samples by using an
additional droplet that contains no biological samples. Fol-
lowing the information and communications technology (ICT)
terminology, we refer to the former as payload and to the latter
as control droplet. Two different types of microfluidic switches
have been proposed so far: ¢) Single-Droplet-Switches (SDS)
control the path of a single payload droplet using a single
control droplet [9]; 4i) Multi-Droplet-Switches (MDS) control
the path of multiple payload droplets using only a single
control droplet [17].

The addressing scheme drives the switching process at a
bifurcation. For example, in size-based switching [18]] the size
of the control droplet changes the switching behavior, while in
distance-based switching [13] the payload path is controlled
by its distance to the control droplet. It is important to note
that in droplet-based networking we distinguish between two
types of information. Biological information that is included in
the payload droplets, and digital information that corresponds
to the destination address and is included either in the control
droplets size or in the distance between control and payload
droplets.

Based on the aforementioned switching devices and address-
ing schemes, three different topologies have been proposed for
microfluidic networks so far: ¢) ring networks can be used to
route a single payload droplet through the network and enables
to execute the operations of multiple microfluidic devices in
a row [9]], [14]], [19]; i7) application-specific architectures are
designed for a pre-defined set of experiments to be conducted
and are able to deliver a single payload droplet to a single
or multiple microfluidic devices [20]; 7i4) bus networks can
guide single and multiple payload droplets to a specific
destination [13]], [L7]. The bus topology offers the highest
flexibility and scalability and enables parallel processing of
payload droplets.

However, there are various practical scenarios where the
one-dimensional (1D) bus network proposed in [13], [17]
is not suitable. For example, a microfluidic chip with a



microfluidic network structure mounted on a microwell plate
can be used to automatically deliver biological samples to the
individual wells. In this case, due to the typical arrangement
of the wells on the microwell plate, it is preferable to use a
microfluidic network with a two-dimensional (2D) topology.
Another potential application would be a DNA-based archival
storage system [21]], [22]. This paper extends the investigations
on 1D bus networks [13]], [[17]] to 2D-networks. In particular,
this paper, for the first time, investigates passive control of
single and multiple payload droplets in a 2D-network. The
main contributions of this paper can be summarized as follows:

¢ We propose a 2D microfluidic network in which single or
multiple payload droplets can be delivered to a specific
destination.

o We propose a novel droplet frame that consists of sin-
gle or multiple payload droplets and the corresponding
control droplets for their path control.

e We derive closed-form analytical expressions for the
droplets’ distances within the droplet frame to enable the
desired routing.

o We verify the proposed addressing schemes through a
recently proposed simulation tool for microfluidic net-
works [23]], [24], which is based on the analogy between
microfluidic and electrical circuits.

The rest of the paper is organized as follows: In Section
we introduce the physical model of droplet-based microfluidic
systems. The principles of Single- and Multi-Droplet-Switches
are presented in Section In Section the addressing
scheme for the path control of a single and multiple payload
droplets in the 2D-network is introduced. The validation of
the droplet routing is validated by computer simulations in
Section{V] Finally, Section [V]] provides concluding remarks.

II. PHYSICAL MODEL

In order to design a 2D-network, specific flow rates inside
the network must satisfy certain conditions, which are derived
in later sections. Therefore, a physical model is required,
which describes the behavior of microfluidic systems. To
this end, the one-dimensional (1D) analysis model proposed
in [25], [26] can be utilized. This model assumes that pumps
produce a fully developed and laminar flow (usually at low
Reynolds numbers) — a property which is satisfied in the
case considered here. Then, the flow inside a channel can be
described by Hagen-Poiseuille’s law [27] as

where () is the volumetric flow rate, AP the pressure drop
along the channel, and R the hydrodynamic resistance of the
channel. This hydrodynamic resistance depends on the channel
geometry (i.e., length [, width w, and height h) as well as the
dynamic viscosity of the continuous phase .. More precisely,
for rectangular channels with a section ratio h/w < 1, the
hydrodynamic resistance can be determined by [28]]

R = Ol )
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where a denotes a dimensionless parameter defined as
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Moreover, droplets also increase the resistance of a channel.
As proposed in [29], a droplet with the length Ipgpie; increases
the resistance of the segment it occupies inside the channel by
2 — 5 times. As a rule of thumb, we will use the factor 3 in
this work, i.e.,
3aNcZDroplet (4)
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This 1D analysis model can now be used to describe
the behavior of a microfluidic network. In order to realize
this, the channels of such networks can be represented by
their hydrodynamic resistances, which leads to the so-called
equivalent electrical network [25ﬂ This equivalent electrical
network can then be used to compute the volumetric flow rates
inside the channels.

RDroplet =

III. BUILDING BLOCKS

As described above, a 2D-network is used to route one or
more payload droplets towards a specific destination, which is
usually a particular output channel of the network. Moreover,
it should be controllable towards which destination these
droplets are routed. Therefore, special building blocks are
required, which are able to guide droplets towards a desired
path — a so-called microfluidic switch. With these building
blocks it is then possible to build a complete 2D-network. In
the following we discuss such building blocks in more detail
and derive conditions which are important for the construction
of a 2D-network.

A. Single-Droplet-Switch

The first building block we are investigating is the so-called
Single-Droplet-Switch (SDS), which refers to a T-Junction
with bypass channel and is shown in Fig. [I} The first idea
of this concept was proposed in [30] and was later improved
by [31] [18]. As Fig. E]illustrates, a SDS consists of one input
channel and two output channels (Outl and Out2), where the
two output channels are additionally connected by the bypass
channel By. This bypass channel cannot be entered by droplets,
due to the barriers at the entrances of the bypass channel, and
is used to make the switching mechanism of the SDS more
stable [32]].

A single droplet which flows inside the input channel and
reaches the bifurcation point B;, is always routed towards
the channel with the lowest hydrodynamic resistance, or in
other words, with the highest instantaneous flow rate. Since
a SDS is designed in such a way that the volumetric flow
rate of channel Inl/ is larger than the flow rate of channel
In2, ie., Qm > Qu, the droplet is routed through the
channel Inl towards the channel Outl (cf. Fig. [2a). This
path is also called the default path, whereas the path towards
channel Out2 is called the non-default path. As described in

't is called equivalent electrical network, because the representation is
equivalent to an electrical resistor network.
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Fig. 1. Design of a Single-Droplet-Switch
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Fig. 2. Droplet path control inside a SDS based on hydrodynamic principles.

Section a droplet increases the hydrodynamic resistance
of the channel it occupies (cf. @)). Hence, when a droplet
is present inside the channel In/ it increases the channel’s
hydrodynamic resistance, so that the channel’s volumetric
flow rate is now lower than the flow rate of channel In2. In
other words, the condition Q1" < Q" now holds, where
the superscript indicates, that a droplet is present inside the
channel Inl. Therefore, a second droplet closely following the
first one is guided towards the channel Our2 (cf. Fig. [2b),
i.e., into the non-default path. In contrast, if the distance
between the two droplets was so large, that the first droplet is
already in the output channel Outl when the second droplet
arrives at the bifurcation point, then Qr,; > Qp holds again
and the second droplet follows the first one into the default
path (cf. Fig. 2¢).

As a result, this switching mechanism allows to define the
path of the second droplet, only by controlling the distance
between the two droplets before they reach the SDS. Since
only the path of the second droplet can be controlled, it is
usually a payload droplet, while the first droplet is a control
droplet, which is only used for addressing purposes.

1) Switching Conditions: In order to realize the correct
behavior of the SDS, certain conditions need to be satisfied,
otherwise the switching mechanism would not work. As
already mentioned, the volumetric flow rates are crucial for the
correct behavior of the SDS. These volumetric flow rates can
be determined by applying the 1D-model on the design of the
SDS (cf. Fig. [I), resulting in the equivalent electrical network
shown in Fig. 3] With this equivalent electrical network it
is then possible to obtain the required volumetric flow rate
inside a channel, by applying Kirchhoff’s current and voltage
law. More precisely, we determine the normalized volumetric
flow rate, which describes the flow rate inside a channel

normalized to the flow rate of the input channel, Qupu.
Hence, a normalized volumetric flow rate is a dimensionless
parameter, where the absolute value of the flow rate can always
be obtained, by multiplying the normalized flow rate with the
flow rate of the input channel Qpu. For the channel In/, this
normalized volumetric flow rate can be computed as follows

Qui_ Rey (Rimz + Rouwz) + Rina Rou
anput RBy (Rln + ROH[) + RInROut
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where the hydrodynamic resistances Rln and ROM can be
expressed as

Ry = Rini + B, Row = Rows + Roue - (6)
As described before, a single droplet which flows towards the
bifurcation point B; should be routed into the channel In/
and, thus, g1 > qmp must hold. By considering Kirchhoff’s

current law, i.e., Quput = Qm1 + Qm2z — 1 = g1 + gme, this
condition can be reformulated as

qm > 0.5, 7)

and represents the first condition which has to be satisfied, in
order to get a correct working SDS. That is, the normalized
volumetric flow rate q,; has to be greater than 0.5. In the
following, we call this specific state of the switch, where no
droplet is present inside the channel In/, the OFF-State.

When a droplet occupies the channel In/, a second droplet
closely following the first one, should be routed into the
non-default path, i.e., the condition ql(jrlll) < ql(sgl) must hold,
where the superscript indicates that the additional hydrody-
namic resistance of the droplet has to be considered inside
the channel Inl. Hence, the normalized volumetric flow rate
ql(;];l) can be computed identically to @ but Rp,; has to
be substituted by Ry — R + Rproplet. Again, due to
Kirchhoft’s current law, this condition can be reformulated
and yielding the second condition to be satisfied

(Inl)

g <05 . ®)

This state, where a droplet is present in the channel Inl, is
called the ON-State of the switch. Moreover, in the remainder
of this work, we use the term “triggered” in order to indicate,
that the state of the switch changed from the OFF- to the
ON-State.

Overall, when the conditions in (7), and (8) are fulfilled,
the SDS satisfies the desired switching behavior.

2) Droplet Distances: If two droplets flow towards a SDS,
the distance between them decides if the second droplet is
routed into the default or non-default path. More precisely, if
the distance is shorter than a specific threshold doy, the first
droplet is still present inside the channel In/ (i.e., the switch is
in the ON-State) when the second droplet arrives at the switch
and, thus, the second droplet is routed into the non-default path
(cf. Fig. 2b). In contrast, the switch is not triggered (i.e. the
switch is in the OFF-Sate), when the distance is longer than
the threshold dogr and, therefore, the second droplet follows
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Fig. 3. Equivalent electrical network of a SDS

the first one into the default path (cf. Fig. [2c). These two
thresholds can be determined by the equations (cf. App.|VII-A)

1

don = D) (lm1 — Ipropiet) + IDropler  and 9
Inl
1

dorr = mllnl + Ibroplet (10)
Gni

where ljn; and Ipropler are the lengths of the channel /n/ and the
droplet, respectively. Note that, if the actual droplet distance
lies between the thresholds don and dogg, it is hard to predict
which path the second droplet takes. This is due to the fact,
that in this case the first droplet lies neither completely in the
channel /n/ nor in the channel Outl when the second droplet
reaches the bifurcation point B;. As a result, it cannot be
predicted if the flow rate of channel Inl is larger or smaller
than the flow rate inside the channel /n2 and, thus, it is not
possible to safely determine the path of the second droplet.
Hence, droplet distances which lie in this particular range
should be avoided.

Overall, the second droplet can be routed into the default
or non-default path, when the distance between the first
and second droplet (in the following denoted by d) satisfies
d > dogr or d < don, respectively.

3) Droplet Distance Reduction: An important characteristic
of a SDS is, that the distance between two droplets changes,
when they pass a SDS and are routed into the same output
channel. More precisely, the distance between these two
droplets after the SDS is shorter than the distance before the
SDS. This is due to the fact, that the volumetric flow rate of
the continuous phase (coming from the input channel) splits
into the two output channels. Hence, a part of the continuous
phase between the droplets flows into the other output channel,
which reduces the volume of the continuous phase between the
droplets and, thus, reduces the distance of the two droplets.
When both droplets flow towards the output channel Outl,
i.e., the default path, this distance reduction can be described
by the reduction factor r; (11 < 1)

dV =ry d® | (11)
where d) and d(® are the distances before and after the
SDS, respectively. The exact value of the reduction factor rq
depends on the ratio between the volumetric flow rate of the
output channel Out! and the input channel, or in other words

on the normalized volumetric flow rate gou, Which can be
calculated as

Rgy (Rm2 + Rowz) + Rowz Rin
Rgy (ffln + ROut) + Rin Rou

T1 = qoutl = (12)

Similar to the reduction factor for the output channel Out/,
it is also possible to define the reduction factor for the output
channel Our2

T2 = qouz = 1 — qouu , (13)

where Kirchhoff’s current law (qou + qouz = 1) was utilized
again. For a detailed derivation of the two reduction factors,
please see App. The reduction factors become very im-
portant when multiple SDSs are connected within a network,
as described in Section [[V]

B. Multi-Droplet-Switches

In this section, we describe the so-called Multi-Droplet-
Switch (MDS), which was first proposed in [[17]. In this work,
we will consider a slightly modified version, that simplifies the
analysis. More precisely, we omitted the bypass channel in the
control region of the original design, which was initially used
to increase the time the switch stays in a particular state. In
this state, the switch is able to route a droplet towards an
output channel which is usually not the default path (similar
to a SDS). While the adapted design makes many derivations
far easier, it is more sensitive against uncertainties of the
switching distance, i.e., the distance the droplets must have
in order to activate the switching mechanism. However, the
obtained droplet distances can also be applied to the original
design and, thus, it is recommended to use the original design
during the fabrication process, since it reduces these sensitivity
issues.

In comparison to the SDS, the MDS can route multiple
payload droplets into a desired output channel only with the
use of one control droplet. This means, while a SDS always
has an overhead of 50%, the overhead of a MDS gets reduced
with each additional payload droplet and, thus, allows for a
much higher throughput [17]].

The design of the MDS, shown in Fig. f] consists of
a control and a switching region. These two regions are
connected by the channel C/ and the control channel Ctrl,
where only channel C/ can be passed by a droplet. This is
due to the geometrical constraints of the MDS design, which
does not allow a droplet to enter the control channel Ctri.

Control region: As the name indicates, this region is used
to control the flow rate of the control channel Ctrl. If we
assume a droplet is present at the bifurcation point B, then
the entrance of the control channel Ctrl is blocked (cf. Fig. [5b).
As a result, the continuous phase cannot flow into the channel
Ctrl and the flow rate qcy becomes zero. We call this special
condition, the ON-State. In the OFF-State on the other hand,
no droplet blocks the entrance to the control channel Ctrl
(cf. Fig. @]) and, thus, the continuous phase flows into the
channel.

Switching region: In the switching region the droplet is
routed into the desired output channel. The destination of the
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Fig. 5. Droplet gets routed into different output channels.

droplet depends on the current state (i.e., ON- or OFF-State),
when it reaches the bifurcation point Bs. In the ON-State, the
switching region has basically the same structure as a SDS. At
the point By the channel CI splits into two branches, where
the branch between By and By, i.e., In2 and In3, has a lower
hydrodynamic resistance than channel Inl, i.e., the channel is
shorter. Therefore, the flow rate gy, is smaller than the flow
rates of g and qr3. Hence, if a droplet reaches the point Bo
during the ON-State, it is routed through the channels /n2 and
In3 towards the output channel Ouz2. In the OFF-State there
is still a flow rate entering the switching region at point Bs.
With an appropriate design of the MDS it is possible to obtain
a flow rate of the Ctrl channel, which changes the condition
of the flow rates to g1 > qma- As a result, a droplet arriving
at the bifurcation point By gets directed through the channel
Inl towards the output channel Outl.

If a droplet should be routed into the output channel Ouz2, a
droplet must block the channel Ctrl, otherwise it gets directed
into the output channel Out/. To accomplish this, the two
droplets must have an appropriate distance before they arrive
at the MDS. If we now assume that we inject multiple droplets
into the input channel, which all have this appropriate distance,
then each droplet is routed into the output channel Ouz2,
because the control channel Ctrl always gets blocked by the
previous droplet. However, the last droplet will be directed
into the channel Outl, because it has no other droplet which
blocks the channel Ctrl. Therefore, the last droplet always has
to be a control droplet, if all payload droplets should be routed
into the output channel Ouz2.

1) Switching Conditions: Similar to Section certain
conditions have to be satisfied, in order to get a MDS which
works as described above. Again, the normalized volumetric
flow rates inside the channels play an important role and
can be obtained by applying the 1D-model on the design of
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Fig. 6. Equivalent electrical network of a MDS.

the MDS (cf. Fig. [), resulting in the equivalent electrical
network shown in Fig. [6] In order to compute the normalized
volumetric flow rates in the channels during the OFF-State,
Kirchhoff’s current and voltage laws can be utilized, resulting
in the following linear equation system

Aorrq=Db, (14)
with the matrix
11 0 0 0 0 0 0
1 0 1 -1 0 0 0 0
0 1 -1 0 -1 0 0 0
0 0 o 1 0 1 -1 0
Aorr=| 0 0o 0o o 1 -1 o0 -1 (15)
Rcwt —Rcr —Rm 0 0 0 0 0
0 0 Rm Rm3 —Rm —Rsy O 0
0 0 0 0 0 Ry Rouw —Rou
and the vector
b"'=[1 000000 0. (16)

When solving the equation system (I4) the vector g contains
the normalized volumetric flow rates

qT = [qcm qcl qm2 g3 gl 9By gour qom] .

(17)

A droplet, which flows towards the bifurcation point Bg
during the OFF-State, should be routed into the channel Ini.
Hence, the volumetric flow rate of channel /n/ must be larger
than the flow rate of channel In2, resulting in the first condition
which has to be satisfied in order to realize the correct behavior
of a MDS

(C1), OFF

(C1), OFF
Ay

> i ; (18)

where the superscript C/ indicates, that a droplet is present
inside the channel CI/. Hence, when computing these flow
rates, the resistance Rc; in the matrix must be substituted
by RC] — RC] + RDroplet-

During the ON-State a droplet blocks the entrance of the
control channel Ctrl at the bifurcation point B; and, thus,
the volumetric flow rate inside the control channel becomes
zero. In the equivalent electrical network (cf. Fig. [6) this can
be considered by removing the resistance Rcy or in other
words, by setting the value of Rcy; against infinity. Therefore,
the normalized volumetric flow rates in the ON-State can be



computed using (T4) and replacing Aorr by Aon, which is
defined by

o 1 0 0 0 0 0 0
o 0 1 -1 0 0 0 0
o 1 -1 0 -1 0 0 0
o 0 O 1 0 1 -1 0
AON = o 0 O 0 1 -1 0 -1 . ( 19)
1 0 0 O 0 0 0 0
0 0 R[nZ Rln} - Rlnl - RBy 0 0
0O 0 0 O 0 Rpy Rouw —Rou

When a droplet flows towards the bifurcation point By during
the ON-State, it should be routed into the channel In2.
Therefore, the flow rate of channel In/ must be smaller than
the flow rate of channel In2 this time, ie., ¢OY < %,
yielding the second condition which has to be satisfied in
order to get a MDS which works as expected. Since the flow
rate of the control channel is zero, Kirchhoff’s current law
(@2 + ¢ = 1) can be utilized to reformulate the condition

@Y <05 . (20)

Overall, the conditions (I8) and (20) have to be satisfied,
in order to get a MDS realizing the correct behavior.

2) Droplet Distances: When two droplets arrive at a MDS,
the distance d between these droplets decides, if the switching
process of the MDS is triggered or not. That is, when d lies
between the thresholds donmin < d < doNmax, the switching
process of the MDS is triggered and therefore, the first droplet
is routed into the output channel Ouz2. If the switching process
should not be triggered, so both droplets flow towards the
channel Outl, the distance must be longer than the threshold
dopr. For an appropriate design of a MDS the following
condition always holds

dON,min < dON,max < dOFF . (21)

The thresholds can be computed as follows, where the detailed
derivation of the thresholds can be found in App. [VII-A]

1
dON,min = W (lCl - 2lDroplet) + lDroplet (22)
de1

1
dON,max = ~(C1), OFF (ZCI - lDroplet) + lDroplet (23)
c1 "
l lin
dorr = (CSIOFF + (InlI).]OFF + Iproptet - 24)
der '

Q1

Again, the superscript indicates, that a droplet is present in the
corresgc;glcggpg channel, e.g., the normalized volumetric flow
rate ¢} '~ has to be computed by substituting the resistance
Ry, in the matrix Ao with Ry — Ry + RDroplet-

The MDS is designed in such a way, that it only works
properly, when the distance between the droplets d lies in a
particular range, i.e., donmin < d < doNmax and dopr < d.
However, if the droplet distance is shorter than don min Or lies
between the thresholds donmax and dogr it is hard to predict
in which output channel the two droplets will flow. This is
due to the complexity of the MDS, since the flow rates inside
the channels depend on many factors, such as the position of
the droplets or the channel geometries, which affect the droplet
paths. Hence, distances which do not lie in the specified range
of the thresholds should be avoided, when the MDS should
work as expected.

3) Droplet Distance Reduction: If two droplets flow to-
wards a MDS and the switching process is not triggered
(OFF-State), both droplets are routed into the output channel
Outl. Similar to the droplet distance reduction of a SDS, the
distance of these droplets before and after the MDS is not
identical. This is because the volume of the continuous phase
between the droplets gets smaller, since a part of the volume
flows into the output channel Our2 (cf. Section [[II-A3). The
distance reduction can be calculated exactly the same way
as for the SDS in @) Hence, the reduction factor is the
ratio between the volumetric flow rate of the output channel
Outl and the input channel or in other words, the normalized
volumetric flow rate goy

1= 0w (25)

which can be computed by solving (T4).

IV. 2D-NETWORK

Basically, microfluidic 2D-networks are networks, which
consist of a single input channel and multiple output channels,
which lead the payload droplets towards a specific destination.
The network in Fig. [/| shows the general design of such a
2D-network with a 2 x 3 structure, where the first number
indicates the amount of branches in the network, and the
second number specifies the amount of output channels in
each branch. Therefore this 2D-network has 2 x 3 = 6 output
channels, which are denoted by Out; ;, where 1 is the index of
the branch and j the index of the output channel of the branch.
The other output channels are connected to the reservoir and
are used to collect the control droplets. Hence, only payload
droplets and no control droplets are routed into the output
channels Out; ;. As indicated in Fig. [7} each branch consists
of several switches in a row (denoted by S; ;), where all
switches are either SDSs or MDSs. Moreover, each branch is
connected to an output channel of another SDS. These SDSs
form the so-called splitter, since it divides the input channel
into several branches. If the switches of the branches consist of
SDSs we call the network a Single-Payload-Droplet-Network,
which can only handle one payload droplet per addressing
process. Otherwise, the network is called a Multi-Payload-
Droplet-Network, if the branches only consist of MDSs. Such
a network is able to route multiple payload droplets during an
addressing process to a single output channel.

A. ID-Network

As we can see in Fig. the splitter as well as the
branches consist of several switches in a row and, thus, form
a one-dimensional (1D) or bus network. Therefore, we will
first discuss the properties and the addressing process of such
a ID-network as shown in Fig. 0] before we discuss the
2D-network. The switches in the 1D-network only consists of
either SDSs or MDSs and, thus, each switch is characterized
by the parameters dogr, 71, don (SDS), and dofg, 71, dON,min»
and donmax (MDS), which were derived in Secs. and
Furthermore, we assume, that these parameter values
are identical for all switches.
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in the 1D-network shown in Fig. E|, where all the switches in the network
consists either of (a) SDSs or (b) MDSs. Blue indicates control droplets and
red payload droplets.
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1) Addressing Scheme & Droplet Frame: When a single
payload droplet should be routed into a particular output
channel of the 1D-network then the network only consists of
SDSs, and the droplet frame illustrated in Fig. [8a] must be
injected into the input channel of the network. In contrast,
when multiple payload droplets should be routed into one
output channel, the network only consists of MDSs and the
droplet frame shown in Fig. [8b] must be used.

Once the droplet frame is injected into the input channel
of the network, the droplets flow towards the first switch.
Unless the output channel of the first switch should be
addressed, the droplets pass this switch without triggering its
switching mechanism. However, when they pass the switch,
their distance reduces accordingly to the reduction factor (12)
or (23) (cf. Fig. [9). This happens at each passed switch, until
their distance has an appropriate length in order to trigger
the switching process of the next switch. Hence, the distance
between the droplets do,; at the input channel (cf. Fig.
and Fig. [8b) decides which switch is addressed and, thus, into
which output channel of the 1D-network the payload droplets
are routed. The derivation of the required distance dgy is
discussed next.

2) Droplet Distance Computation: In order to compute
the correct droplet distance do, of the droplet frames at
the input channel, we assume, that the it output channel of
the 1D-network, i.e., Out;, should be addressed (cf. Fig. E)
Therefore, the switching mechanism of the ith switch S; must

d(2) = 7"1dOut d(l) = 7ﬂiildOut = dSWitCh

dV = dout dt=1 = r172d011t
e T e B e & Y o2 T S
Input
Outy Outsg Out;_4 Out;

Fig. 9. Basic structure of a 1D network.

be triggered, which is only possible if the droplet distance d(*)
in front of the i switch has an appropriate value. We refer to
this special distance as switching distance

dD = dgyiren - (26)

If two droplets pass the (i — 1)™ switch, their distance before
the switch d=1) is longer than the distance after the switch
d® according to the reduction factor 7

d® =py @01 | (27)

Hence, when utilizing recursively, the droplet distance
dM) = doy, at the input channel can be easily computed with
respect to the switching distance and yields (cf. Fig. [9)

4D = doy = T
.

1

(28)

The switching distance dsyich depends on the used switches
in the network, i.e., SDSs or MDSs. Hence, in a 1D-network,
which only consists of MDSs, the switching distance dgwitch
before the i™ MDS can be computed as follows

dON,min + dON,max
— s -
Please note, that the thresholds donmin and donmax are min-
imal and maximal limits, which should not be exceeded and,
thus, the “optimal” switching distance for a MDS is the mean
value of these two thresholds. The output channel of the i
switch can only be addressed, if the switching mechanism of
the (i —1)™ switch is not triggered, which yields the following
condition for dswitcn

dor < d07V @ & dorr 71 < dswitch -

dswiich = (29)

(30)

As a result, a 1D-network, solely consisting of MDSs, must
be designed in such a way, that

dON,min + dON,max
2

is fulfilled. If this is not the case, the network would not work

as intended, because not all output channels of the switches

would be addressable—in fact only the first switch could be

addressed, since it has no previous switch.

For a 1D-network, which only consists of SDSs, the switch-
ing distance dgwicn before the i SDS must be smaller than
don (cf. Section [[-A2). Again, dsyich must be large enough,
that the switching mechanism of the (i — 1)™ switch is not
triggered, yielding

dOFF ry < (31)

dorr 71 < dswitch < don - (32)



However, (32) also implies, that an appropriate droplet dis-
tance can only exist, when the network is designed in such a
way, that

dorr 71 < doN (33)

is satisfied. As described before, the network would not work
properly, if this condition is not satisfied. Since the thresholds
don, and dopr are minimal or maximal limits, which should
not be exceeded, a good choice for the switching distance can
be determined by

don + dorr ™1
—

Overall, when designing a 1D-network, the designer has to
make sure, that or is fulfilled for a network which
only consists of MDSs or SDSs, respectively. Afterwards, the
switching distance dgyiin can be computed for MDSs or SDSs,
according to (29) or (34), respectively. Finally, the droplet
distance doy at the input channel can be obtained with (28],
in order to address the i output channel of the network.

dswitch = (34

B. Single-Payload-Droplet-Network

The Single-Payload-Droplet-Network (SPDN) only consists
of SDSs and is able to route a single payload droplet per ad-
dressing process into a specific output channel of the network.

1) Addressing Scheme & Droplet Frame: In order to route
a payload droplet into a specific output channel of the network,
the droplet frame shown in Fig. [10| has to be injected into the
input channel of the SPDN, which consists of four droplets. As
the figure illustrates, the first three droplets of this frame are
control droplets, while the last one (D) is the payload droplet,
which should be routed into the corresponding output channel.
Moreover, the frame consists of two smaller droplet pairs,
namely Pair; (droplets Dy and D-) and Pair, (droplets D3 and
D,). Each of these pairs is used to route the respective second
droplet (droplets D2 and D,) into the desired branch. Since the
splitter is a 1D-network, the addressing scheme of each droplet
pair is identical to the scheme described in Section [V-AT]
i.e., the initial droplet distance gets reduced with every passed
SDS, until the switching mechanism of the correct SDS is
triggered. Therefore, the addressed branch can be controlled
with the distance between the droplets inside the droplet pairs,
i.e., dpranch- Once the droplets Dy and Dy are in the correct
branch, they have a certain droplet distance, which depends
on the distance do, between the two droplet pairs at the
input channel. This droplet distance inside the actual branch
now decides which output channel of the branch is addressed,
which, again, works identical to the addressing scheme of
a 1D-network. Hence, with the distance between the droplet
pairs doy, it is possible to control which output channel of the
branch is addressed and, thus, in which channel the payload
droplet D, is routed. In other words, the addressing scheme
of the SPDN (or a 2D-network in general) is in principle the
cascading of the addressing scheme of two 1D-networks. Of
course, the distances dppanen and doy must be chosen in such
a way, that the correct output channel is addressed. How to
accomplish this is described next.

Pairy Pair
A A
( A [ A
dBranch dBranch

dout

Fig. 10. Droplet frame which is needed to address a desired output channel
in a SPDN. Blue indicates control droplets and red payload droplets.

2) Computation of Droplet Distances: The addressing
scheme of a 2D-network is basically the addressing scheme of
two 1D-networks in a row. Therefore, we can utilize the results
derived in Section in order to compute the required
droplet distances dgranen and doy of the droplet frame shown
in Fig. [0} To accomplish this, we assume that we want to
address the j™ output channel inside the i branch, i.e., Out; ;.

First, we want to derive the distance dgpncn inside the
droplet pairs, which controls the addressed branch. Since the
splitter is a 1D-network consisting of SDSs, the distance
dpranch at the input channel of the network can be easily
computed by combining (34) and 28)), which yields
don + dorr 71,5 1

2 (7‘1,5
where 7 g indicates the reduction factor of the SDSs inside
the splitter. Hence, dpranch 1S the “optimal” switching length
of a SDS enlarged by the reduction factors r; of the switches,
which have to be passed by the droplets.

In order to derive the distance dgoy, we first compute the
droplet distance dg,, (between the droplets Do and D,) at the
beginning of the branch, which is required to route the payload
droplet into the j output channel. Since the branch is also a
1D-network consisting of SDSs, the distance can be derived
identical to @ where 1 p indicates the reduction factor of
the SDSs inside the branches this time
don + dorr T1,B 1

2 (7’1, B)J_l .
The next step is to use dg,, and compute the required distance
doy at the input channel of the network. Again, this can be
achieved similar to (33)), since the splitter is a 1D-network
consisting of SDSs. However, we have to consider, that the
droplets Do and D, pass the i SDS of the splitter through
the non-default path and, thus, an additional distance reduction
of the two droplets must be considered by the reduction factor
ro (cf. Section [[TI-A3))

dBranch = )i—l ) (35)

Aou = (36)

d*
dOut: Out i—1
T2,8 (7“1,5)
_ don + dorr T1,B 1 37
- 2 i—1 j—1 ° (37
2,8 (7“1,5) (Tl,B)

The expression seems reasonable, since the “optimal”
distance between the droplets D, and Dy is enlarged by the
reduction factors of the switches they pass, i.e., the first (i —1)
SDSs of the splitter through the default path, the i SDS of
the splitter through the non-default path and finally the first
(j — 1) SDSs of the i branch through the default path.
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Fig. 11. Required droplet distance doys for each output channel of the first
branch as a function of the reduction factor r1 . Please note, that only values
with 71 g < 0.78 (green line) are possible, since the design criterion
has to be satisfied.

How the droplet distance dg, depends on the reduction
factor 1, p can be seen in Fig. E For this purpose, the other
parameters in (37) are set to proper constant values, namely
ri,s = r2.s = 0.5, doxn = 1147um and dorr = 1479 pm
(these values are taken from the SPDN discussed in Sec-
tion [V-C). Moreover, Fig. [1] illustrates the corresponding
distance for the first three output channels (5 = 1,2, 3) inside
the first branch (z = 1) of a SPDN with a 2 x 3 structure (cf.
Fig. . It can be observed that, besides the droplet distance for
the first output channel Out; ;, the distance increases with a
lower reduction factor, where the rate of growth of each curve
depends on the corresponding index of the output channel.
Since a smaller droplet distance do,; means higher throughput
of the droplets, the network should be designed in such a way,
that the reduction factor 71 g is not too small. The droplet
distance for the first output channel Out, ; is nearly constant,
because the droplets do not have to pass the first switch in
the branch when this output channel is addressed and, thus,
douw does not have to be enlarged by the reduction factor
of the first switch. Please note, that not all values for the
reduction factor would result in a working network, since also
the design criterion @]) has to be satisfied, i.e., only values
with 1 g < jg:F = (.78 are possible as indicated in Fig

C. Multi-Payload-Droplet-Network

In contrast to the SPDN, the branches of the Multi-Payload-
Droplet-Network (MPDN) consist only of MDSs and, thus, it
is possible to route multiple payload droplets per addressing
process into a specific output channel of the network.

1) Addressing Scheme & Droplet Frame: We first want
to discuss the addressing scheme and the needed droplet
frame, when several payload droplets should be routed into
a specific output channel. Fortunately, the addressing scheme
of the MPDN share many similarities with the addressing
scheme of the SPDN. The required droplet frame is shown
in Fig. [I2] which consists of N droplets, where every second

Pairn
2

dpranch

dout (5 —3) - dout dout ‘

Fig. 12. Droplet frame at the input channel of a MPDN. Blue indicates control
droplets and red payload droplets.

Fig. 13. Droplet frame inside a branch of a MPDN. Blue indicates control
droplets and red payload droplets.

droplet is a payload droplet, except the last one, which is
a control droplet like the rest of the droplets. Furthermore,
the frame consists of N/2 droplet pairs, where each pair is a
combination of a control and payload droplet, except the last
pair, which solely consists of control droplets. Identical to the
addressing scheme of the SPDN, each droplet pair is used to
route the respective second droplet into the desired branch. As
a result, the distance between the droplets inside the droplet
pairs, i.e., dpranch, controls which branch is addressed. Once
every second droplet is in the correct branch, they form a new
droplet frame shown in Fig. where the distance between
two adjacent droplets is always the same and depends on the
distance do,; between the droplet pairs at the input channel.
Since a single branch of a MPDN only consists of MDSs, the
addressing scheme of such branch is identical to the addressing
scheme of a 1D-network with MDSs (cf. Section [[V-AT).
Hence, the distance between the droplets in the new droplet
frame decides which output channel of the actual branch is
addressed. Therefore, the distance dp, between the droplet
pairs at the input channel, controls which output channel
of the branch is addressed and, thus, in which channel the
payload droplets are routed. Again, the distances dgunen and
doy must be chosen in such a way, that the correct output
channel is addressed. The detailed derivation of these distances
is described next.

2) Computation of Droplet Distances: Since the addressing
scheme of a MPDN is still an addressing scheme of two
1D-networks in a row, we can derive the correct droplet
distances dpanch and doy of the droplet frame shown in Fig.
similar to the derivation we did for the SPDN in Section

The only difference is, that the branches of a MPDN solely
consists of MDSs. Hence, we have to utilize the derivations
from Section [[V-A2] in order to get the correct droplet dis-
tances dpranen and doy. Again, we assume that the 4 output
channel inside the i™ branch should be addressed, i.c., Out; ;.

Because the splitters of a SPDN and MPDN are identical,
the distance dpanch inside the droplet pairs, which controls the
addressed branch, can also be computed identical, i.e., @])
must be used.

Similar to Section [[V-B| we first derive the droplet distance
dg,. (cf. Fig. at the beginning of the branch, which
is required to route the payload droplet into the jM output
channel. This time we have to consider, that the branches are
1D-networks solely consisting of MDSs. Thus, we have to



x10*
4 — , , ,
\ \_ OlltLl
\ \. _ Outl_'z
3L \ \‘ —-—-Outy 3 |
\ \
\ \
| \ \
g ol \ \ ]
1 2 \ \
S \
= \\ \
N N
1t S o P i
~ ~ b ~.
0 L L L L
0 0.2 0.4 0.6 0.8 1

T1,B

Fig. 14. Required droplet distance doys for each output channel of the first
branch as a function of the reduction factor r1 . Please note, that only values
with 71 g < 0.5 (green line) are possible, since the design criterion has
to be satisfied.

combine (28) with the “optimal” switching distance of a MDS
represented by (29), which yields

_ doNmin + dON,max 1

dOul - 9 (T’LB (38)

Yo

Now we can derive the required distance dg, at the input
channel of the network identical to Section Again, we
have to consider that all droplets inside the branch pass the
i" SDS of the splitter through the non-default path and, thus,
the distance reduction of the droplets must be considered by
the reduction factor 75 (cf. Section [[II-A3)

*
dOut
i—1
ro.s (r1,8)
o dON,min + dON,max 1

2 T2,9 (Tl,s)i_l (r1,B)

Similar to the SPDN, Fig.|14|illustrates the droplet distance
dou: as a function of the reduction factor r; p. To this end,
all other parameters in (39) are set to proper constant values,
namely 71,5 = r2,5 = 0.5, donmin = 1239 um and doNmax =
1472 um (these values are taken from the MPDN discussed
in Section [V-D). Again, the figure shows the corresponding
distance for the first three output channels (5 = 1,2,3) and
the first branch (z = 1) of a MPDN with a 2 x 3 structure (cf.
Fig. [7). While the droplet distance for the first output channel
Outy; is constant, the distance becomes larger with lower
values for the reduction factor and also increases faster with
a higher index of the corresponding output channel. Hence,
for smaller values of the distance doy and, thus, for higher
throughput of the droplets, the reduction factor r; g should not
be too small. Please note, that not all values for the reduction
factor would be possible, since the design criterion (31)) must
also be fulfilled, i.e., when assuming dopg = 2707 um then
only values for 1 p < jﬂ = (0.5 are suitable as indicated in

Fig. @ OFF

dOut =

(39)

-1 -

Overall, in order to design a 2D-network which works
as intended, all aforementioned design conditions for the
network/switches have to be satisfied and the correct droplet
distances for a particular output channel must be accordingly
computed. However, if these conditions are violated or the
droplet distances are not properly chosen, then the network
would not work as expected.

For example, when the design conditions and (@) for
SDSs or (I8) and (20) for MDSs are not satisfied, then the
network would not work at all, because the switches would
lose their ability to route droplets towards different paths. On
the other hand, when only the design conditions (31 and (33)
for cascaded switches in a 1D-network are violated, then not
all output channels of the network would be addressable (or
in the worst case, not even a single output channel at all),
regardless of the applied droplet distances at the input channel.

If all design conditions for the network/switches are ful-
filled, but the correct droplet distances are not properly chosen,
then the droplets would be routed towards a wrong output
channel. The severity of this failure would depend on the
individual application of the network and might be negligible
or could even destroy the whole experiment.

V. SIMULATION & VALIDATION

In order to validate the concept of the addressing scheme
and its derivations for the required droplet distances, we
simulate a SPDN and a MPDN in the following. In particular,
we first provide a brief overview on the simulation process and
then define the initial simulation setup as well as the channel
dimensions of the two networks. Based on these values, we
determine the required droplet distances with the derivations
made in the previous sections, in order to route payload
droplets into particular output channels of the networks. A
guideline which summarizes the required design steps is
shown in Fig. [I3]

A. Simulator

In order to make this work self contained, we will briefly
discuss the working principles of the utilized simulator pro-
posed in [24]. However, for a more detailed explanation
we refer to [24] and [33]. The simulator is based on the
1D-analysis model described in Section |lIf and captures the
behavior of a microfluidic network in the following five steps:

1) Initialization: Before the actual simulation can start, the
designer has to initialize the simulator first, i.e., speci-
fications such as the used fluids, the dimensions of the
channels, etc. have to be defined. After the initialization,
the simulator basically performs the following steps in
a loop, until a termination conditions is reached.

2) Compute flow state: Based on the equivalent hydro-
dynamic resistances of the channels and droplets of
the network, the simulator establishes a linear equation
system. Afterwards, the equations system is solved in
order to determine the instantaneous flow state (i.e. pres-
sure drops and flow rates in all channels) inside the
microfluidic network. This flow state allows to compute



Generating the Network Design:
o Define initial parameters:
— Used fluids
— Channel width and height
— Droplet volume/length
— Volumetric flow rate of the pump
— Structure of the 2D-network (amount of branches
and output channels)
e Determine the dimensions of the switches/network,
while considering the corresponding design conditions
For SDSs: (7) and ()
For MDSs: (18) and (20)
For cascaded SDSs:
For cascaded MDSs:

Generating Droplet Sequences:

« Compute the required droplet distances for each output
channel

— For a SPDN:
- For a MPDN:

Fig. 15. Guidelines for designing a 2D-network and determining the corre-
sponding droplet distances.

the velocities of the droplets, which are required in the
next step.

3) Compute next event-time: The previously obtained
droplet velocities allow to determine at which time
the next event is happening. Such an event basically
happens, when the current flow state of the microfluidic
network changes and can be triggered for example by

« injecting a new droplet into the network,
« a droplet flowing into another channel, or
« a droplet leaving the network.

4) Update system state: The simulator updates the system
state (i.e. droplet positions and their resistances in the
channels) accordingly to the occurred events. Here the
droplet velocities and the time interval between the
current and last event are used to update the position
of all droplets.

5) Termination condition: If a termination condition is
reached (e.g., all droplets left the network), the simula-
tion stops, otherwise, the simulator continues with Step 2
and computes the flow state again.

Overall, after initializing the simulator, it always re-calculates
the flow state of the network, when the old one becomes
invalid due to an occurrence of an event and accordingly
updates the droplet positions and the corresponding channel
resistances. This allows to trace the droplet paths and, thus,
the behavior of the microfluidic network.

B. Simulation Setup

Before we are able to simulate a network, we first have
to define some basic parameters, like the fluid properties,
pressure/flow rate of the pump, etc. (cf. Table [[). Additionally,
we assume that these parameters are the same for both
networks. The parameters p. and pg indicate the dynamic

TABLE I
SIMULATION PARAMETERS

He Hd QInpul VDroplel h w leplet
mPas mPas pLmin~! uL pm  um pm
1 4 2.15 0.000495 33 100 150
TABLE II

CHANNEL DIMENSIONS IN ym OF THE SDSS INSIDE THE SPLITTER.

I lm2 lownr  lowe  way

SDS, 300 490 3396 3000 150
SDS» 300 490 7139 3000 150
SDS1,1, SDS1 2 600 800 4000 7418 150
SDS2 1, SDS2 2 600 800 4000 6255 150
SDS3,1, SDS3,2 600 800 4000 3927 150

viscosities of the continuous and dispersed phase, respectively.
Furthermore, we assume, that each input channel of the two
networks has a constant volumetric flow rate, which is given
by the parameter ()npu. Another important value is the volume
of the droplets, which is the same for all droplets and is
indicated by the parameter Vpopler. Moreover, we define that
all channels inside the networks have the same height h and
that all channels, which can be passed by a droplet, have
a width of w. As a result, the length of the droplets can
be computed by Iproplet = Vbroplet/ (w h). Please note, that
the parameters used in Table |l] represent a common setup
for microfluidic devices, for example parameters in a similar
range have been used in [9], [34]. However, it is important to
note that of course also other simulation parameters can be
applied. For a properly working network only the conditions
established throughout this work must hold.

Once we defined the simulation parameters, we can now
define the geometry of the two networks.

C. Single-Payload-Droplet-Network

In order to obtain the required droplet distances at the
input channel and to simulate the SPDN, we have to define
the structure and the channel dimensions of the network.
Therefore, we assume that the SPDN has a 2 x 3 structure
like the 2D-network in Fig. [/] i.e., 2 branches and 3 output
channels per branch. All channel dimensions of the SDSs in
the splitter and the SDSs in the branches can be found in
Table [l Moreover, Table [ITI] represents all parameters of the
switches, which are relevant for the computation of the correct
droplet distances (cf. Section [[lI-A)). The table also shows that
the switching conditions (7) and (§) as well as the condition
for an appropriate design are satisfied. Please note, that
the dimensions of the switches (cf. Table are choosen in
such a way, that all switches in the splitter and all switches in
the branches have the same parameters, as shown in Table

With these parameters it is now possible to obtain the
required droplet distances of the droplet frame shown in
Fig. i.e., dpranch and doy, according to and (37). The
resulting distances for each branch and output channel are
summarized in Table



TABLE III
PARAMETERS OF THE SDSS USED IN THE SPDN, WITH ¢ = {1, 2} AND
i=A{1,2,3}.
(Inl)
Gm1 Gy r1  r2  don (um)  dorr (Um)
SDS; 0578 0421 05 05 507 863
SDS; ; 0546 0451 05 05 1147 1479

TABLE IV
DROPLET DISTANCES dpgancu AND doyr IN pm.

=1 =2

dBranch: ~ Branch; 469 938
dout: Out; 1 1887 3773
Out; 2 3773 7547
Out; 3 7547 15094

In order to validate the addressing scheme and the obtained
distances, we simulate the case, where the second output
channel of the second branch gets addressed, i.e., Outs s.
According to Table the droplet frame shown in Fig. [I0]
has to be injected into the input channel of the network with
the distances dppnch = 938 um and doy = 7547 pm.

The derived parameters are now fed to the simulator pro-
posed in [24]. A video of the simulation results can be found
here https://www.youtube.com/watch?v=vwI30E6pYkc, which
demonstrates, that the addressing scheme works as proposed
and that the presented droplet distance computation is correct.

Moreover, a screenshot of the simulation is illustrated in
Fig. which shows the SPDN with the corresponding SDSs
and output channels. The screenshot captured the moment,
where the header droplet Do and the payload droplet Dy
have already been routed into the correct branch through the
two header droplets D; and Djs, respectively. Therefore, the
droplets D5 and D, currently have a distance of d,, according
to @ and will both flow through the SDS, ; towards the
SDS; o, where the switching mechanism gets triggered and
where the payload droplet D, gets routed into the desired
output channel Outs .

Please note, that the channel dimensions of the switches in
Table|[ll|are chosen in such a way, that the proposed addressing
scheme can be easily validated. More precisely, these small
dimensions allow to smoothly monitor the paths of the droplets
as well as the switching processes in the network during the
simulation video. However, the lengths of the channels could
be easily adapted to meet the requirements of a practical use
case, e.g., microfluidic chip with a 2D-network that is able
to distribute droplets on a microwell plate. This can be done
by adapting the lengths of the channels Out!/ and Out2 of
each switch, while the lengths of the channels In/ and In2
can remain the same. When also the same droplet distances
(cf. Table [TV) should be used to address the corresponding
output channels, then it only has to be ensured, that the lengths
of these channels are adapted in such a way, that the reduction
factors r; and r, stay the same.

SDS] SDSQ D:s Dl
Input == 7 7 - -
B —'_I) n
dt)ut
t s Dy
Outy ; Outy
SDSLl SDSZ.l
Outy o Outg o
SDS[_Q SDS‘Z,Z

Fig. 16. Simulation screenshot of the SPDN.

TABLE V
CHANNEL DIMENSIONS IN um OF THE SDSS INSIDE THE SPLITTER.

lm1 Il lownr  lowe way
SDS4 300 490 6206 6000 150
SDSs 300 490 12760 6000 150

D. Multi-Payload-Droplet-Network

For the MPDN we, again, assume that the network has a
2 X 3 structure, i.e., 2 branches and 3 output channels per
branch. The channel dimensions of the SDSs in the splitter and
the MDSs in the branches are shown in Table [V] and Table [V]]
respectively. The MPDN is designed in such a way, that the
SDSs in the splitter have the same parameters as the ones
from the splitter of the SPDN, and, thus can be, again, found
in Table The parameters of the MDSs are represented in
Table where it can be seen, that the switching conditions
(T8)) and (20) as well as the condition for an appropriate design
@ are satisfied. Please note, that the dimensions of the MDSs
(cf. Table [VI) are chosen in such a way, that the parameters
of all the MDSs are identical, as shown in Table

Again, we can utilize these parameters in order to obtain
the required droplet distances of the droplet frame shown in
Fig. i.e., dpranch and doy, according to (33) and (39). The
resulting distances for each branch and output channel are
presented in Table[VIII} As it can be seen, the droplet distances
for each branch dgnen are identical to the one in the SPDN,
since all parameters of the SDSs in the splitter are also the
same.

As in Section we validate the addressing scheme and
the obtained distances, for the case, where the second output


https://www.youtube.com/watch?v=vwl30E6pYkc

TABLE VI
CHANNEL DIMENSIONS IN um OF THE MDSS IN THE BRANCHES.

lci Imi lm2 s low lowe  wcwl Wy
MDS; 1 1000 250 100 100 6000 11771 50 150
MDS; 2 1000 250 100 100 6000 11771 50 150
MDS3 1 1000 250 100 100 6000 9859 50 150
MDS; 2 1000 250 100 100 6000 9859 50 150
MDS3,1 1000 250 100 100 6000 6034 50 150
MDS3 2 1000 250 100 100 6000 6034 50 150
TABLE VII
PARAMETERS OF ALL MDSS IN THE MPDN.
I(nC11>Y orF I<nC21)’ OFF q?N r1 dON,min dON,max dOFF
0.42 0.3 046 0.5 1239 1472 2707

channel of the second branch gets addressed, i.e., Outa ».
Hence, the droplet frame shown in Fig. [I2] has to be injected
into the input channel of the network with the distances
dBranch = 938pum and doy = 10846 um, accordingly to
Table As an example we want to route 5 payload
droplets into the output channel and, thus, we have to inject
6 droplet pairs respectively 12 droplets into the input channel
(cf. Fig. [12).

A video of the simulation results can be found here
https://www.youtube.com/watch?v=SGv9t2PRToU, which
confirms, that the addressing scheme of the MPDN works as
expected and that the computation of the droplet distances
were correct.

Furthermore, Fig. shows a simulation screenshot of the
MPDN with the corresponding switches and output channels.
The screenshot illustrates the moment, where the payload
droplets Do, Dy, Dg, and Dg have already been routed into
the second branch, while the payload droplet D,y and the
header droplet D;, are still in the splitter and will be routed
into the second branch by the header droplets Dy and D;;,
respectively. All payload droplets and the header droplet D12
will pass the MDS; ; and will flow towards the MDS, o, where
the payload droplets will then be routed into the desired output
channel Outs 5.

Similar to the SPDN, the channel dimensions of the
switches in Table [V| and Table are chosen in such a way,
that the switching processes in the network can be easily
observed in the simulation video. Nevertheless, the channel
lengths can be easily adapted to fulfill the requirements of
practical uses cases, e.g., for microwell plates.

TABLE VIII
DROPLET DISTANCES dBrancu AND doyr IN pm.

=1 i =2

dBranch: ~ Branch; 469 938
dout: Out; 1 2711 5423
Out; 2 5423 10846

Out; 3 10846 21691

D12 D11 SDS; Dip D9 SDS,
Input 1 0 4 D7
dBran(zh D«\'
d*Out D-
Dg
dz)ut I)3
Dy
1\"IDS1_1 k’lDSzyl‘
) DZ D1
Outq 1 Olltz’l
1\’/IDSI_2 I\IDSQQ
OutLg Outg_yg
Outq 3 Outa 3

Fig. 17. Simulation screenshot of the MPDN.

VI. CONCLUSIONS

In this work, we proposed, for the first time, a passive
droplet control scheme for two-dimensional microfluidic net-
works. In particular, we presented Single- and Multi-Payload-
Droplet-Networks, which can route single and multiple pay-
load droplets through distance-based addressing towards a spe-
cific destination, respectively. For both networks we specified
the design conditions for the microfluidic switches, which
were used to control the payload droplet path. Moreover, we
characterized these switches by specific parameters, which
were used to derive the required droplet distances that ensure
the desired routing. Finally, we validated the proposed design
of a Single- and Multi-Payload-Droplet-Network, using a
simulator that is based on the analogy between microfluidic
and electrical circuits.

VII. APPENDIX
A. Droplet Distances

As described in Section [[II-A2] and Section the
distance between two droplets (which flow towards a SDS or
MDS) decides if the corresponding switching mechanism gets
triggered or not. More precisely, if two droplets flow towards a
SDS and their distance is shorter than a specific threshold doy,
then the second droplet is routed into the non-default path of
the SDS. In contrast, if the distance is longer than the threshold
dorr, the second droplet follows the first one into the default
path. For a MDS, the distance must lie between the thresholds


https://www.youtube.com/watch?v=SGv9t2PRToU

doNmin and donmax, if the switching mechanism should be
triggered. If this should not happen, then the distance must be
above the threshold dogg. In order to simplify the derivation
of these thresholds, we first introduce a unified notation and
some common parameters.

Basically, the thresholds can be derived by computing
specific time intervals during the corresponding switching pro-
cess, which depend on the passed distances and the velocities
of the droplets. For example, the time interval At; g = t; — 1o
can be determined by

d(AtLo)

_ D1
Atl,o - (Atl,o) )
Upi

(40)

where d]()?tl’o) is the passed distance and v](ﬁtl‘o) the velocity

of the droplet D, during the time interval At; . Additionally,
such a droplet velocity can always be described by a fraction
of the input velocity

anpul

Ulnput = A

(41)

where Qnpu is the volumetric flow rate and A the cross section
of the input channel. Furthermore, we assume, that all droplets
have the same volume and, thus, the same length Ipopie;-

1) Threshold don for a SDS: In order to derive the thresh-
old don for a SDS, we first look at Fig. which shows
the moment ¢y, when the first droplet D; has just entered the
channel Inl completely, while the second droplet D5 still flows
towards the SDS. Furthermore, we assume that the droplet
distance at this time is d = don, i.e. the value we want to
derive. Since in this case the second droplet Dy should be
routed into the non-default path, the first droplet D1 must still
occupy the channel Inl, when the second droplet arrives at the
bifurcation point Bj. This particular moment is illustrated in
Fig. and represented by the time t(10N). The corresponding

time interval Aty o = t§ON) — to can be formulated as
g
Aty = Bhy = ah (42)
Upy Up2

During this time interval the passed distances and the velocities
of the two droplets can be described by

(Ati,0) _ (Inl)

A

d(D] f1.0) = lInl - lDroplet Up, = Qpn1 ~Vinput (43)
A A

d](:)ztl"O) = don — lDroplet U](jthO) = Vlnput (44)

where [, is the length and ql(ﬁl) the normalized volumetric

flow rate of the channel Inl (the superscript indicates, that
a droplet is present inside the channel Inl, as described
in Section [[II-AT). When inserting @3) and @4) into @2)
and rearranging the equation, the desired threshold can be

computed as follows
don = % (llnl - ZDroplet) + lDroplet .

Inl

2) Threshold dopg for a SDS: For the derivation of the
threshold dogr, we look at the initial moment ¢y again, which
is sketched in Fig. However, this time we assume, that
the droplet distance is d = dopg. In this scenario, the first

(45)

1 — Ibroplet

ON
() £V

Fig. 18. Different time instances during the switching process.

OFF
(©) t(1 )

(@) to

droplet D; should not occupy the channel In/ anymore, when
the second droplet D5 arrives at the bifurcation point B; and,
thus, the second droplet should follow the first one into the
default path. This specific moment is indicated by the time
thFF) and sketched in Fig. While the new time interval
Atig= thFF) — tg can be formulated identical to , the
passed distances and velocities of the two droplets change
accordingly to

A A n
d](DltlYO) =l U]E)l o) — ql(rill)vlnput (46)
d](Jgtl,O) = dOFF - lDroplet U]()ﬁtl’()) = VUlnput - (47)

Again, we can insert and 7)) into and rearrange the
equation, in order to get the desired threshold
dorr = mllnl + Iproplet - (48)
Inl

3) Threshold donmax for a MDS: In order to derive the
threshold donmax for a MDS, we first look at Fig. which
represents the initial moment ¢y. That is, the first droplet D
has just entered the channel C/, while the second droplet D5
still flows inside the input channel towards the MDS. Since we
are searching the threshold don max, We assume, that the droplet
distance at this time is d = donmax. Because, in this scenario
the MDS should be in the ON-State, the second droplet Do
must block the control channel Ctrl when the first droplet
D, arrives at the bifurcation point By. This is sketched in
Fig. (time #{°%™)), where the second droplet just starts
to block the control channel. The corresponding time interval
Aty o= t§°N"““> —tg can then be formulated identical to (@2),
with the following velocities and passed distances of the two

droplets

A A
d]()l f1.0) = lCl - lDroplet U](jl f1.0) = Q((j(;l)7OFFUInput (49)
A A
dl()thO) = d/ON,max - lDroplet U]()thO) = Vlnput (50
. (C1), OFF . .
where [c; is the length and q; the normalized volumetric

flow rate of the channel C/ during the OFF-State (again,
the superscript indicates, that a droplet is present inside the
channel C/, as described in Section [[II-BI)). After, inserting
(#9) and (B0) into (@2) and rearrange the equation, the desired
threshold can be computed as follows
ﬁ (ZCI - lDroplet) + lDroplel .
dci

4) Threshold doNmin for a MDS: For the derivation of the
threshold don min, We look, again, at Fig. (time %), but this
time, we assume, that the droplet distance is d = doNmin- In

dON,max = (51)



this scenario, the second droplet Dy starts to block the control
channel Ctrl (cf. Fig. at time thN’mm)) and, afterwards,
just ends the clogging in the moment, when the first droplet

D, arrives at the bifurcation point By (cf. Fig. at time
t(QON’mm)). While the fist time interval Aty o = ¢; g

can be formulated identical to @2), the second time interval
yields

(Atg‘l) (At2 1)
_ ,(ON.min)  ,(ON.min) _ dpy, _dp
At2,1 = tg -t - (Atz 1) (Atz,l) ’ (52)
Upy Upy

Moreover, the corresponding droplet velocities and the passed
droplet distances can be formulated by

(At1 o) _ (Cl),OFF

d]()?t1 o = ? Upy = {qc Ulnput (53)
d]()%tLO) = dON,min - lDroplet rU]()?tl ) = Ulnput (54)
d]()?tQ,l) _ 9 (Atz,l) = Vnput (55)
d]()%tzl) = lDroplet ](ng ) - 'UInput . (56)

Please note, that the velocities of the two droplets during the
time interval At,; is the input velocity vy, because the
second droplet Dy blocks the control channel Ctrl during this
time interval and, thus, the total flow rate flows inside the
channel CI. As indicated, the values for d]()Altl’O), d]()?t“) are
not known, but we know the sum of these two values, which
is the total traveled distance of the first droplet D, yielding

the following equation

3 e

=lc 57

Now (53), (54), (53), and (56) can be inserted into (42) and
(32). Afterwards, the three equations [#2)), (52), and can
be solved to get the desired threshold

- lDroplet .

dON,min = - 2lDroplet) + lDroplet . (58)

—cn o e
4ci

5) Threshold dorr for a MDS: We first consider Fig.
for the derivation of the threshold dopr and assume, that the
distance between the droplets is now d = dogg. In this scenario
the first droplet D; completely passes the MDS, before the
first droplet arrives at the bifurcation point B;. Thus, the
droplet D; flows through the channel C/ until it arrives at
the channel Inl, as illustrated in Fig. at time thFF).
Afterwards, the droplet also passes the channel In/ completely,
before the second droplet arrives at the MDS (cf. Fig. [T9f] at
time t(OFF ). While the time intervals Aty o = t(OFF) to and
Aty = thFF) thFF) can be formulated identical to (#2)) and
(32), the passed distances and velocities of the two droplets
change accordingly to

(C1), OFF

d](D?tIVO) = lci Ué?tl o) = C1 Ulnput (59)
diy ) =7 vy = Viapu (60)
d(Atm) = I U(D?tz 1) _ I(i?]),OFFvIHput 61)
d}(ﬁ.m 1) — é§t2 1) = Vlnput - (62)

Similar to before, the two distances d]()%tl’o) nd dé%tz’l) of the

second droplet D, during the corresponding time intervals are

Ic1 — Iproplet

. @
N 11
Mo

ON,
() tg max)

o
=

e

© t(ONmm) () t(ON ,min)
J_‘—‘ t 1)_, \
© t(OFF ® thFF)

Fig. 19. Different time instances during the switching process

not available, however, the total passed distance of the second
droplet is known

d]%%tl © d(At2 Y = dorr — lproplet - (63)

Hence, after inserting (39), (60, (61), and (62) into (@2) and

(32), the three equations [@2)), (52)), and (63) can be used again
to determine the searched threshold

ZCI lInl
(C1), OFF + (Inl), OFF + lDroplet .
Cl Gin1

dorr = (64)

B. Droplet Distance Reduction

As mentioned in Section [I[II-A3} if two droplets pass a SDS
and flow into the same output channel, the distance between
these droplets before and after the SDS is not identical,
but reduces itself accordingly to the reduction factors 7
or ro for the output channels Outl or Out2, respectively.
The same scenario happens, when two droplets pass a MDS
and flow towards the output channel Outl, as discussed in
Section [[II-B3]

1) Reduction Factor ri: In order to derive the reduction
factor r; for the SDS and MDS (both denoted as switch in
the following), we first look at Fig. 20] which shows four
different time steps during this scenario. More precisely, the
two droplets arrive at the switch with an initial distance of
do (cf. Fig. @ at time tg), then the first droplet D; passes
the switch completely before the second droplet Do arrives at
the switch (cf. Fig. @ at time t1). Afterwards, the second
droplet also reaches the switch (cf. Fig. at time t5) and
flows through it, until both droplets are present inside the
output channel Out/ and now have a droplet distance of ds
(cf. Fig. @ at time t3). The reduction factor r; can then be
described as 1 = ds/dp.

As indicated in Fig. 20} the second droplet D, passes the
distance dy during the time interval Aty ¢ = to — ¢y, whereas
the first droplet D; travels the distance dz during the time
interval Ats; = t3 — t;. Moreover, the velocities of the
droplets D and D5 during the corresponding time intervals
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Fig. 20. Different time instances during the switching process

are A/ (qout1 Qumpue) and A/ Qput, respectively, where A is the
channel cross-section, Qmpu the volumetric flow rate of the
input channel, and qoy; the normalized volumetric flow rate
of the output channel Outl. As a result, the two time intervals
can be formulated as

A
At270 =ty —tg = doi

, 65
anput ( )
A
At371 = t3 — tl = dgi . (66)
qOutlQInpul

Furthermore, we assume that the hydrodynamic resistances
of the output channels are much larger than the other re-
sistances, i.e, Roui, Rouwr > Rmni, Rmo, RBy, RDrOplC[’ which
implies that the normalized volumetric flow rates of the output
channels qou; and gou are nearly constant. As a result, we
can also assume, that both droplets need the same time to pass
the switch, which leads to the following equation

AtLO =11 —tg=1t3 —ty = At372 . 67)
After rearranging into the following form
Atgg =1ty —tg =13 —t1 = At3 1 , (68)

and inserting (63) and (66) we get
A A
d =d . (69)
0 anput °

qOutlQInpul
With this equation, the reduction factor can now be easily
computed by

(70)

That is, the reduction factor r; is just the value of the nor-
malized volumetric flow rate goy, Which, of course, depends
on the used switch and can be found in the corresponding
Secs. (for the SDS) and (for the MDS).

2) Reduction Factor ro: The reduction factor ro for a SDS
can be derived similar to the reduction factor r{, however,
since this time two droplets must be routed into the channel
Out2, two additional droplets are needed to trigger the switch-
ing process of the SDS. Hence, as indicated in Fig. 21] the
droplets D; and D3 are responsible to route the corresponding
droplets Dy and Dy into the non-default path. Therefore, we
assume, that the distance between the droplets D and Dy and
between the droplets D3 and D, is identical, namely dgswich,
and has such a value, that the switching mechanism of the
SDS gets triggered. In contrast, the initial distance between
the droplets D, and Dy is dy (cf. Fig. at time tg). After
the droplets D; and D» have passed the switch (cf. Fig. at
time ¢1), the droplets D3 and D, arrive at the entrance of the
switch (cf. Fig. at time t5). At time ¢3, all droplets have
already passed the switch, where the droplets D, and Dj are

dswitch
Ds.| Dy

dswitch

Input Out; Input

Outy

(a) to (b) t1

D,

Input Out; Input

Ds
Outy

(©) t2

d) t3

Fig. 21. Different moments during the switching process.

present inside the output channel Outl, while the droplets Do
and D, flow inside the channel Out2 and now have a reduced
distance of ds. Hence, the reduction factor o can, again, be
formulated by o = d3/dy.

Like above, the time intervals Aty o and Ats; can be de-
scribed with the help of the passed distances and the velocities
of the droplets D, (distance dy and velocity A/ Qmput) and Do
(distance ds and velocity A/ (gourQmput))

A
Atgg =ty —tg = dOQTput ,
A

qout2 anpul

(71)

At371 =13 —1t1 = d3 (72)
Again, we assume that the hydrodynamic resistances of the
output channels are much larger than the other resistances,
resulting in nearly constant values of qoy; and goun- As a
result, the droplet pair D; and D5y and the droplet pair Ds
and D, need the same time to pass the SDS, which yields the
same equation as (67) and can also be rearranged to match
(68). Hence, after inserting and into (68)), we get
A A

d =d
0 anput ?

This equation can then be used to derive the desired reduction
factor

. (73)
qout2 QInpul

ds3
T2 = = = qouw2 = 1 — qoun1
do

(74)
where the last simplification can be made due to Kirchhoff’s
current law (gou + qourz = 1). How to compute the value for
gout1 can be found in Section

Please note, that the reduction factor 75 for a MDS is not
needed in this work and, thus, its derivation is not discussed
here. However, it would also be possible to determine this
factor, despite the fact, that a few more aspects have to be
considered due to the working principles of the MDS.
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