IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS 1

Automatic Design of
Droplet-Based Microfluidic Ring Networks

Gerold Fink Student Member, IEEE,, Medina Hamidovié,
Werner Haselmayr Member, IEEE, and Robert Wille Senior Member, IEEE

Abstract—Droplet-based microfluidic networks allow to pro-
cess biological or medical samples by standard unit operations
such as mixing, incubating, sorting, or sensing. However, many of
these networks usually perform such operations in a pre-defined
way and, thus, lack in their flexibility. To overcome this problem,
ring networks are used, since they allow to execute multiple
operations in a row. But while several concepts and also pro-
totypical implementations exist that realize such ring networks,
the design process for them is still mainly conducted manually
thus far. This is a severe drawback since various aspects such as
the dimensions of the channels, the effects of droplets, the used
fluids, the volumetric flow rates inside the channels, etc. have
to be considered for this purpose. In this work, we propose
design automation methods which address this problem. The
proposed solution will automatically generate a proper design
as well as correspondingly needed droplet sequences. A case
study demonstrates the applicability of the resulting methods
and simulations confirm the validity of the proposed approach.

Index Terms—droplet microfluidics, microfluidic networks,
ring networks, design automation

I. INTRODUCTION

Microfluidic devices have been proposed in order to deal
with the manipulation of small amounts of fluids [1]. They
are used to realize experiments or operations in domains
such as medicine, (bio-)chemistry, biology, pharmacology,
etc., where tasks usually conducted in bulky and expensive
laboratories should be minimized, integrated, and automated
on a single device—often also called Lab-on-a-Chip (LoC) [2],
[3]. Droplet-based microfluidics [4] provide a particular form
of devices in which droplets of one fluid flow inside closed
micro-channels and are transported by a second immiscible
fluid, which acts as a carrier fluid for the droplets. This
allows to process biological or medical samples (encapsulated
within a so-called payload droplet) by routing this payload
droplet through different modules that realize standard unit
operations such as mixing, incubating, sorting, or sensing. This
concept found great applications, e.g., for DNA sequencing,
cell analysis, organism analysis, and drug screening [4].

However, most droplet-based microfluidic devices process
the available operations in a pre-defined way [4]. This obvi-
ously limits its flexibility. Hence, in order to allow for a more
flexible use, the concept of microfluidic networking has been
proposed in [S]—leading to droplet-based microfluidic net-
works. This allows to route the payload droplet through differ-
ent sequences of modules in an order which is not pre-defined
but rather can be adjusted for a particular application and/or
experiment. Moreover, only passive hydrodynamic effects are
utilized in such droplet-based microfluidic networks, i.e., no

active and error-prone components such as valves are needed.
Following this scheme, the design and realization of several
microfluidic topologies have been investigated in the recent
past.

For example, in its most specific form, application-specific
networks have been proposed in [6], where the correspond-
ing network topology is adjusted to a pre-defined (and
application-specific) set of experiments. Although correspond-
ing design methods for that are already available (see, e.g., [7],
[8]]), physical realizations for those networks are still in its
infancy. Furthermore, application-specific networks are, by
definition, focused on dedicated applications and are not
suitable if a payload droplet should be processed by various
different sequences of modules. Also other topologies such
as bus networks [9], [L0] would be possible. However, since
each output channel of a bus network leads only to a single
module, the payload droplet always has to be re-injected into
the network again, once it was processed by a module — a
rather crucial and erroneous step. Therefore, bus networks are
typically used when only a single module should be addressed.

In fact, in order to realize a network which is flexible
and allows the payload droplet to get processed by different
sequences of modules, a ring network as originally introduced
in [5)], [11] is a more suitable topology. Here, (1) multiple
nodes are connected in series, (2) each node contains a module
realizing a different operation, and (3) a switching mechanism
(based on passive hydrodynamic effects) controls whether the
payload is processed by the module of that node or not. This
eventually allows to execute arbitrary sequences of operations.

Moreover, the ring network also belongs to the most ad-
vanced topologies with respect to its conceptual and techno-
logical maturity. In fact, while the original concepts proposed
in [5] only covered the execution of a single module per
droplet injection, the solution proposed in [[12]] extended this
concept to address multiple modules—significantly improving
the performance. However, the approach in [12] uses a very
complex droplet-by-size sorter, which needs different droplet
sizes in order to work as expected. While precise but still
distinct droplet volumes are rather hard to produce during
the droplet injection, the sorter is also much more sensitive
and error-prone; as compared to a simple T-Junction with
bypass channel used in the approach presented in this work.
Furthermore, sophisticated solutions for simulating droplet-
based microfluidic networks [13]], [14]], [15] are available
which confirmed the plausibility and general functionality of
the ring network. Finally, also schemes for the prototypi-
cal implementations of the respectively required switching
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mechanisms [[16], [[17] and droplet-on-demand generation [[18]],
[19] (needed to inject droplets with a particular pre-defined
distance) have been proposed.

However, despite these accomplishments, the design process
for droplet-based microfluidic ring networks is still mainly
conducted manually thus far. This is a severe drawback since
the respective design tasks are highly non-trivial. In fact, to
route a payload droplet so that only the intended modules are
executed, further droplets called header droplets are needed.
These droplets do not contain any biological/chemical sample
and are only used for routing purposes. But their routing
behavior significantly depends, e.g., on the their distance to
the payload droplet and the sizes of corresponding channels
within the network. Determining a proper design together
with corresponding sequences of payload and header droplets
requires the consideration of various aspects such as the
dimensions of the channels, the effects of droplets, the used
fluids, the volumetric flow rates inside the channels, etc.—
infeasible to handle manually anymore.

In this work, we close this gap by providing automatic
design methods for droplet-based microfluidic ring networks.
To this end, we first define the considered problem and
sketch the general idea of the ring network in Section
Then, a comprehensive description of the proposed solutions
is provided in Section This includes a review of the
physical model which is used to derive corresponding design
conditions that need to be satisfied in order to realize the
desired behavior. Based on that, methods are proposed that
automatically generate designs of droplet-based microfluidic
ring networks as well as corresponding droplet sequences re-
alizing arbitrary experiments on those networks. All resulting
methods have been evaluated and validated using state-of-the-
art simulation engines. The results of those evaluations are
reported in Section By this, first comprehensive solutions
for the design automation of droplet-based microfluidic ring
networks become available.

II. MOTIVATION

This section describes and illustrates the considered problem
in more detail and provides the general idea of the proposed
solution.

A. Considered Problem

Microfluidic networks allow to process so-called payload
droplets (i.e., droplets containing a biological sample) through
different components (called modules in the following) real-
izing standard unit operations like mixing, incubating, sort-
ing, or sensing. In order to allow for a flexible use of
the device and its components, the network should support
the execution of different sequences of modules—defining
different experiments. More formally, given a set of modules
M ={mq,ma,...,my}, different experiments £ = M" =
Mx - x M={m®, .. o mM)m® eMi=1,...n}
shall be realized through the microfluidic network.

Example 1. Let’s assume that realizations of modules
M ={mq,ma, ..., mg} are available.

Then, possible experiments to realize through a mi-
crofluidic network could be Ey = (mz,ms,ms,mg) or
E2 - (mla ma,mMe, M1, 14, M5, m?)'

In order to realize such experiments, a variety of different
network topologies can be used (e.g., bus, star, and ring
networks). Bus and star networks have usually one input
channel and multiple output channels, where each output
channel leads to a single module. Hence, once the payload
droplet is routed towards such a module and gets processed,
it must be re-injected into the input channel of the network
again in order to address the next module. Unfortunately, such
re-injections are very crucial and erroneous steps which can
even lead to the destruction of the sample inside the payload
droplet. As a result, bus and star networks are not suited when
mainly experiments are considered, where multiple modules
should be addressed in a row. In fact, a much more appropriate
choice for such experiments are ring networks [5], [11], since
their modules are arranged in series and, thus, allow to address
multiple modules without re-injecting the payload droplet after
it was processed by a single module. Therefore, such ring
networks are considered in the followin

The basic structure of a ring network is shown in Fig. [T}
where the control unit is responsible for the injection of
droplets into the network as well as for their removal.
Moreover, the ring network consists of N nodes, which are
connected in series and where each node contains a different
module m; € M. A payload droplet which is injected into the
network flows through all nodes, until it reaches the control
unit again. In each node and depending on the correspondingly
considered experiment, the payload droplet should either be
processed by the module m; of this node or should pass
the node unchanged. Therefore, an effective realization of a
node is needed, which allows to control the payload droplet
accordingly. Since additionally a droplet can only flow into one
direction (i.e., from Node; towards Nodep ), this leads to the
following two approaches to realize a particular experiment:

e Single-Node Approach, i.e., only the module of one node

is addressed per injection process [S]].
o Multi-Node Approach, i.e., modules of multiple nodes are
addressed per injection process [12].
As a result, the payload droplet may have to be injected several
times into the network, depending on the particular experiment
and if a single-node or multi-node approach is used.

Example 2. Consider the two experiments E1 and Es in-
troduced in Example [I} Following the single-node approach,
a total of four and seven injection cycles are needed for
FEy and Es, respectively. Following the multi-node approach,
FE1 can be realized with a single cycle, while Es requires
a total of three cycles (the first one executing mq, ma, Mg
followed by another one executing m1, my, ms and the final
one executing ms).

When multiple modules should be addressed in a row and
when a high flexibility of the used modules is desired, a
ring network provides an appropriate solution in order to

'Note that the solutions proposed here can, in general, also be applied to
other topologies.
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Fig. 1: Structure of a ring network.

address these desires. However, how to efficiently design and
realize such microfluidic networks has not been addressed yet,
because the addressing process of the nodes (especially for the
multi-node approach) as well as their design are non-trivial
problems. In this work, we investigate these problems and
propose automatic solutions for them.

B. General Idea

In order to realize a ring network with the abilities described
in the previous section, a suited concept for the nodes has to
be established first. Since the nodes should be as simple as
possible, no active mechanisms like valves should be used
and only passive hydrodynamic effects should be utilized.

As mentioned before, a node must have the ability to route
a payload droplet through itself, without directing the droplet
through the module. As a result, it is essential for a node
to have at least two different paths, where only one of them
contains the module, i.e., a module path and a non-module
path (as sketched in Fig. [2a). Furthermore, it is necessary
for the node to have some kind of switching mechanism
which controls whether the payload droplet is either routed
into the module path or into the non-module path. These
two requirements can be achieved by the microfluidic design
shown in Fig. [2b]

As requested, the design connects the input and output
channel of the node by a module path (channels c2 and c5)
and a non-module path (channels cl and c4). Moreover,
the switching mechanism is accomplished by exploiting only
passive hydrodynamic effects and is realized with a bifurcation
(channels cl and c2) and an additional bypass channel c3.
This switching mechanism is based on the concepts described
e.g., in [16], [17] and works as follows:

Each channel of the network has a certain hydrodynamic
resistance, which mainly depends on the channel geometry
(i.e., the smaller the diameter and/or the longer the channel,
the higher the resistance) and the viscosity of the continuous
phase, i.e., the phase which acts as a carrier fluid for the
droplets. As indicated in Fig. the length of channel cl is
shorter than the length of channel c2, resulting in a smaller hy-
drodynamic resistance of channel cl compared to channel c2.
The bypass channel c3 is used to make the switching process
only dependent on the resistances of the two channels cl
and c2 and independent of the subsequent channels c4 and c5.
Furthermore, the bypass channel c3 cannot be entered by any
droplet and only lets the continuous phase flow through it (cf.
barriers in Fig. [2b).

Having this setup, a droplet which reaches the bifurcation
point B will always enter the channel with the lowest hy-
drodynamic resistance (in other words, the channel with the

Module

module

path

switching
mechanism

Qout
N ]

non-
module
path

Rc4

(b) Design (c) Eq. elect. network

(a) Concept

Fig. 2: Realization of a node.

highest volumetric flow rate), i.e., channel cl in this case.
This behavior makes the channel cl, i.e., the non-module path,
the default path. Therefore, a single payload droplet which
flows through the ring network will always enter the default
path, i.e., the non-module path, of each node and never gets
processed by any module.

However, in order to route the payload droplet into the
module path, passive hydrodynamic effects can be utilized as
well. This is, because a droplet increases the hydrodynamic
resistance of the channel in which it is contained through
its viscosity and volume (as studied in [20]). Hence, by
injecting an additional droplet into the node before the payload
droplet, it can be arranged that the hydrodynamic resistance of
channel c1 becomes larger than the resistance of channel c2—
eventually making the payload droplet entering the module
path. Those additional droplets are called header droplets,
do not contain any biological samples, and are only used to
route the payload droplet into the desired module. Overall,
this allows, in principle, for a realization of a microfluidic
ring network as discussed in the previous section.

III. AUTOMATIC DESIGN OF RING NETWORKS

The general idea sketched above is an obvious way to
realize a microfluidic device that allows the execution of
different sequences of modules. However, in order to route
the payload droplet along the module path (or the non-module
path), a header droplet must occupy (must not occupy) channel
cl exactly at the time, when the payload droplet reaches
the bifurcation point B. That is, the distances between the
respective droplets play an important role and need to be
properly defined so that the payload is indeed routed as
intended. Additionally, those distances heavily depend on the
precise dimensions (e.g., lengths) of the respectively involved
channels. On top of that, all that does not only need to
be considered for a single node, but throughout the entire
network, e.g., the droplet distance must be small enough in
one node (to get the module of this node executed), but large
enough in another node (to avoid the execution of the module
of this node). Overall, this yields a highly non-trivial design
task which hardly can be addressed manually.

In this section, we propose an automatic method that
addresses this task and automatically generates precise designs
(i.e., precise dimensionings for different sets of modules) as
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well as droplet sequences (with proper distances between
droplets so that the payload is indeed routed through the
desired modules). To this end, we first provide

« a physical model that allows to describe the behavior of
microfluidic systems in general,

e a definition of conditions for the channel dimensions
that need to be satisfied in order to realize the desired
behavior, and

 a definition of conditions for the droplet distances that
need to be satisfied in order to realize the desired behav-
ior.

Afterwards, we describe how the desired routing behavior can
be automatically realized for both, the single-node approach
and the multi-node approach.

A. Physical Model

The proposed solution requires a formal basis describ-
ing the behavior of microfluidic systems. To this end, the
one-dimensional (1D) analysis model proposed in [21]] can be
utilized. This model assumes that pumps produce a fully devel-
oped and laminar flow (usually at low Reynolds numbers)—
a property which is clearly satisfied in the case considered
here. Then, the flow inside a channel can be described by
Hagen-Poiseuille’s law [22]], [23]

AP=Q-R, 6]

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 %) as well as the
dynamic viscosity of the continuous phase u.. More precisely,
for rectangular channels with a section ratio h/w < 1, the
hydrodynamic resistance can be determined by

a el
= —F 2
g )
where a denotes a dimensionless parameter defined as
192 h rwy] ™!
—12|1- —lanh (T2)] 3
“ { w2 } )

As already mentioned in Section [[I-B] droplets also increase
the resistance of a channel. As proposed in [20], a droplet
with the length lgopler increases the resistance of the segment
it occupies inside the channel by 2 — 5 times. In this work,
the factor 3 is assumed, i.e.,

3 a ,ucldroplet (4)
w h3

Please note that designers can always adjust this factor in order

to meet their particular requirements of their experimental

settings, when the used factor and the hydrodynamic droplet

resistance of an actual physical realization do not properly

match.

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 equiv-
alent electrical network [23]]. Note that the term of electrical

Rdroplet =

network is used, because the representation is equivalent to an
electrical resistor network. The equivalent electrical network
of a node (cf. Fig. is shown in Fig. 2c/and can be used to
compute the volumetric flow rates inside the channels. Please
note that, for sake of simplicity, the module is also represented
as a simple channel and its resistance is already included into
the resistance of channel c5.

B. Conditions for Channel Dimensions

The 1D analysis model provides the basis for formulating
the conditions that need to be satisfied in order to realize
the behavior sketched in Section In fact, certain flow
rates need to be realized to route a droplet by default to
the non-module path and, with an additional header droplet,
to the module path. Thanks to the 1D-model, corresponding
formulations are available. More precisely, the normalized
volumetric flow rate of the channel cl (which describes the
flow rate of that channel normalized to the flow rate of the
input channel Qjpy) can be determined by

ch RCZ + Rﬁ

= = ) 4)
Qinput Rcl + Ra + RCZ + RB

where the hydrodynamic resistances IR, and Rg are obtained
with the help of a delta-star-transformation of the resistances
Re3, R, and Rs (cf. Fig. [2¢), and yield
R. = Rc3 Rc4 Ry = Rc3 RC5 (6)
“ Rc3 + Rc4 + RCS ’ p RC3 + Rc4 + RCS ’
A single droplet which reaches the node should be routed into
the non-module path, i.e., into channel cl. Since a droplet
always flows inside the channel with the lowest hydrodynamic
resistance, or in other words, with the highest instantaneous
flow rate, the flow rate of channel cl has to be higher than
the flow rate of channel c2. Therefore, the first condition to
be satisfied by a design realizing the desired behavior is

gel

Ge1tqo2=1

qc1 > 4c2 — qc1 > 0.5 . (7)

That is, g.; has to be greater than ¢.. Since the equation
Qc1 + Q2 = Qin and, hence, also the equation g¢; + g = 1
hold (due to Kirchhoff’s current law), this means that the
normalized volumetric flow rate g.; for channel cl needs to
be greater than 0.5.

Furthermore, a second droplet, i.e., the payload droplet,
closely following the first one, should be routed into the
module path, i.e., into channel c2. This implies that, when
a droplet is present inside c1, the flow rate of channel c2 has
to be larger than the flow rate of channel cl—yielding the
second condition to be satisfied, namely

4 +a5=1

g1 < 4o g <05, ¥

where the *-sign indicates that a droplet is present inside the
channel cl, i.e., the resistance of cl has to be substituted with
R¢i — Rei + Ryropler, When g¢ is computed.

Finally, another issue which has to be considered is that
the module path has to be longer (by a certain value) than
the non-module path. This is because, once a header droplet
has triggered the switching mechanism of a node and routed
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the payload droplet into the module path (cf. Fig. Ba)), the
header droplet must not trigger the switching mechanism of
a subsequent node. Hence, the header droplet must pass the
node much faster than the payload droplet, so that the header
droplet is able to “escape” the payload droplet and does not
trigger the switching mechanism of an undesired node. This is
important, because otherwise every time this particular node
gets addressed it would unavoidably lead to the case that also
the corresponding subsequent node gets addressed — resulting
in an undesired behavior, when the payload droplet should not
be processed by the module of the subsequent node (which
is certainly the case in several experiments). Therefore, the
module path has to be designed in such a way that it is longer
than the non-module path, like it is indicated in Fig. More
precisely, the time ., the payload droplet needs to pass a node
through the module path should be at least twice as much
as the time t,, the header droplet needs to pass the node
through the non-module path, i.e., t, = b -ty with b > 2.
With this assumption, it is ensured that the header droplet
already passed the subsequent node, before the payload droplet
arrives at it. As a result, the two droplets cannot influence
each other anymore and, thus, it is not possible that the
switching mechanism of a subsequent node gets triggered. In
other words, the header droplet is able to pass two nodes in the
same time as the payload droplet passes a single node, which
is illustrated by Fig. [3b] These times can be approximated by
the following two equations

. InA lamA

" meinput Qaninput ’
where A is the cross-section of the channels, Qinpu the volu-
metric flow rate of the input channel, and where [;;, and [, are
the lengths of the module and non-module paths, respectively.
Moreover, g, and g,y are the normalized volumetric flow rates

of the module respectively non-module paths which can also
be approximated by

€))

tnm

lnm

N — ~—0 10
Gdm I+ L Gnm o+ 1 (10)

Inserting these equations into t, = b - £,y yields
2=bl2, (11)

which can then be reorganized with b > 2 to obtain the
following condition
In

However, this approach only works properly, when all nodes
in the ring network share the same length for the module
respectively non-module path. More precisely, the length [, =
leo + lcs must be identically throughout all nodes as well as
the length I,y = leq + leg.

12)

Overall, this leads to conditions in terms of Egs. (/),
(8), and (12) which, if satisfied, yield a valid realization of
the nodes employing the desired behavior. Moreover, these
conditions allow for an automatic generation of nodes (and,
hence, the ring network), by solving simple equation systems

t

m>y ‘m

P
H
Ne—
ll]l]]? tnm
(a) H routes P into the module path
Path of P
P H
— —a,— —a»
R
Qpa‘th of H

(b) H already passed the subsequent node
Fig. 3: A header (H) and payload droplet (P) pass a node.

which are based on these conditions and just require some
certain predefined parameters such as the channel widths and
heights, the viscosity of the continuous phase, etc.

C. Conditions for Droplet Distances

Once a ring network satisfying the conditions from above,
i.e., Egs. (7), (B), and (12), has been realized, the payload
droplet will by default enter the non-module path of a node.
The module path will be entered when a header droplet
precedes the payload droplet. However, this only works, if
channel cl is still occupied by the header droplet, when the
payload droplet reaches the bifurcation point B (cf. Fig. [2b).
As already mentioned in Section this can be controlled
by the distances between the two droplets.

More precisely, if the payload is supposed to be executed
by a module (denoted by ON in the following), the distance
between the header and the payload dyp when arriving at
a node should be shorter than a certain threshold 7on (cf.
Fig. Aa). In contrast, if the payload is nor supposed to be
executed by a module (denoted by OFF in the following),
this distance needs to be longer than a certain threshold Toggp
(cf. Fig. @4b)). These two thresholds can be determined by the
equation%@

1
e (lcl - ldroplet) + ldmplet and (13)

cl

TON =

1
Tlcl + ldroplel ) (14)

cl

TOFF =

where I.; and lgropler are the lengths of the channel cl and
the droplet, respectively. Hence, when injecting the respective

2Note that the condition Ton < TopF is always satisfied for a single node.
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dy,p < T
H,P < TON dip > TorE

(a) P is executed (b) P is not executed

Fig. 4: Executing a payload droplet (P) by a module.

droplets, it should be made sure that, when both droplets
eventually arrive at the node, their distance is below or above
those thresholds. Note that, if the actual droplet distance is in
between Ton and Topr, no safe statement about the path of the
payload droplet can be made and, therefore, such distances
should be avoided.

Overall, the payload droplet can be routed into the mod-
ule path or non-module path, when the distance between
the header droplet H and the payload droplet P satisfies
dup < 7o~ Or dup > Torr, respectively. This can be
used to generate droplet sequences with proper distances that
eventually execute the desired experiment.

D. Generalization for Single-Node Approach

The conditions defined above describe the dimensioning and
distances needed to realize the desired behavior with respect
to a single node only. In a next step, they now have to be
generalized for an entire network composed of several nodes.
In the following, this is first described for the single-node
approach, where only the module of one node is executed
per injection process as illustrated in Example [2] Therefore,
e.g., the experiment Fy = (ma, mg, ms, mg) must be split
into four sub-experiments, ie., E11 = (m2), E1 2 = (mg3),
Ey 3= (ms), and Ey1 4 = (mg). In each of these experiments,
a particular module respectively node (denoted by the index
in the following) has to be addressed.

At a first glance, the realization of the single-node approach
looks simple. The network simply has to be dimensioned
and realized so that the conditions stated in Egs. (7, (8),
and (12)) are satisfied. Then, a header droplet H, and a payload
droplet P have to be injected so that they eventually arrive the
i node with a distance of dup (as sketched in Fig. @) that
satisfies the condition dy p < Ton. However, a problem is that,
if both droplets always take the same path, i.e., the non-module
path, the distances between them before and after a node are
nearly identical. When now all nodes would share the same
channel dimensions, the thresholds 7on and 7opg would also
be identical for all nodes. This would lead to the effect that
solely the first node can be addressed, while all other nodes
would not be addressable.

In order to overcome this problem, the thresholds 7Ton
and Topr have to be different for each node. Accordingly,

2 F 22 2®)
~ -

/ L
c1®

[Rp—

1
|
|
]
|
! P

a® c1®
- J

1) (1) (2) _(2) (3) _(3)
ToN» TOFF ToN» TOFF ToNs TOFF

Fig. 5: Nodes with increasing dimensions for c1 and c2

the dimensions of the channels of each node (in particular
the channels cl and c2 of each node) have to be different
(cf. Fig. . More precisely, the channel cl of the i node
needs to be longer than the channel c1 of the (i — 1) node
(since additionally the conditions stated in Eq. (7) and Eq.
still have to hold, this also requires longer dimensions for
channel c2). The precise difference in dimension is determined
through the thresholds of each node, i.e., the equation

1 1 2 2 N N
TC()N) < 7'c()F)F < TC()N) < T(()F)F << T(()N) < TC()FF)

15)
has to be satisfied, where the superscript indicates the cor-
responding node in the network (cf. Fig. [I). By consider-
ing Eq. (I3) and the design conditions from Section [[II-B]
i.e., Eqs. (7, @), and (12), a realization of a ring network
which satisfies these conditions can be easily obtained. Again,
this can be done in an automatic fashion, where simple
equation systems, based on these conditions, have to be solved.

When such a realization of a ring network is obtained,
the next step is to determine the corresponding distance dy p
between the two droplets. If the i™ node should be addressed,
this distance must satisfy the condition T(g;;l) <dup < Té?l in
front of the i node. However, the thresholds 7on and Topr are
upper respectively lower bounds which should not be exceeded
and, thus, it would be less error-prone, if the droplet distance
dy,p has the value

i i—1
IO R T(()I\)I + T(()FF :
Process — 2

(16)
in front of the ™ nodd’

Since the droplet distance stays nearly the same, when both
droplets flow through the non-module path of a node, it is
possible to inject the droplets exactly with this distance into
the input channel of the ring network and, therefore, only the
switching mechanism of the i node is triggered.

Overall, if the module m; should be addressed, a payload
and a header droplet have to be injected into the ring network
which have a droplet distance of duyp = dp, defined by

Process
Eq. (T16).

3When the first node (i = 1) should be addressed, the distance can be
simply set to 4

— 1) . .
Process — TON » SINCE Topp does not exist.
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dup

(a) For the single-node approach

O & O
du, p

D

dn, |, dp n,

(b) For the multi-node approach

Fig. 6: Distances between payload and header droplets.

E. Generalization for Multi-Node Approach

In the previously described single-node approach, a payload
droplet can only be processed by one module per injection
process and has to be re-injected if more than one module
should be addressed. However, a re-injection of the payload
droplet is a rather difficult process—especially when the
sample in the payload droplet is very sensitive. Therefore,
such re-injections have a big potential of failures, introduce
an additional overhead, and, hence, should be avoided.

In order to address this problem, a multi-node approach is
presented in this section, which can route the payload droplet
into more than one module per injection process and, thus,
reduces the re-injections of the payload droplet. To this end,
e.g., the experiment By = (my, ma, Mg, M1, My, M5, M2) is
split into three sub-experiments, i.e., Ey1 = (mq, ma,mg),
E; 9 = (m1,mq,ms), and Es3 = (mg) when using
the multi-node approach (as already discussed in Exam-
ple 2). In the following, only single sub-experiments are
considered—the overall experiment can be realized by com-
bining the sub-experiments. In such a sub-experiment, the
modules are sorted according to their appearance in the
nodes and only one module per sub-experiment is allowed,
ie, B = (mil s Mgy eens min) with 41,49, ..., 1, € {1, 2, .. N}
and i1 < iy < ... < i,, where n < N is the number of
modules which should be addressed in the sub-experiment.

Furthermore, also for the multi-node approach, the channel
dimensions of each node have to be different in order to
allow to distinctly address each module. Hence, the design of
the ring network is the same as in the single-node approach,
i.e., Egs. (7, (), (I2), and also (T3] are all satisfied.

Having that, all what is left is, again, a proper definition of
the required droplet sequence with proper distances between
payload and header droplets. Since now multiple modules are
addressed, also multiple header droplets have to be injected
along with the payload droplet—as shown in Fig. [6b] where
the payload droplet P (red) is always at the second position
regardless which nodes or how many of them should be
addressed. Each header droplet is then used to trigger the
switching mechanism at the desired node and to route the
payload droplet into the corresponding module, e.g., the header
droplet H; is responsible to route the payload droplet into
module m;,, the header droplet H is responsible to route the
payload droplet into module m;,, and so on.

The addressing process of the desired nodes can then be
described as follows: Similar to the single-node approach, the
first header droplet H; triggers the switching mechanism of

the first node which should be addressed and, thus, routes
the payload droplet into the module path towards the desired
module. Because the module path of a node is much longer
than the non-module path (see Section [II-B)), the header
droplet passes the node much faster than the payload droplet
and, therefore, does not influence the payload droplet anymore.
In other words, this header droplet cannot be used to trigger
the switching mechanism of another node anymore.

Hence, a second header droplet Hs is injected into the
network if the payload droplet should be routed through the
module of a second node. Since the payload droplet needs
more time inside the module path, the second header droplet
is able to catch up the distance dp j1, they had at injection time
(cf. Fig. [6b) because it solely flows through the (faster) non-
module paths of the nodes. Therefore, it is possible that this
header droplet positions itself right in front of the payload
droplet, when both droplets leave the node which was just
addressed. The distance they have after this node determines
now which node is addressed next. In fact, the second header
droplet H, and the payload droplet P have now the same
constellation as the header droplet H; and the payload droplet
at injection time. In the same way, this scheme can be applied
for every additional node which should be addressed and
where an additional header droplet is required.

However, in order to address the right nodes, the distance
between the different droplets at injection time (cf. Fig. [6b)
have to be obtained. Because the two droplets cannot in-
fluence each other anymore after the switching mechanism
is triggered, this allows to determine the droplet distances
at the input channel of the ring network one after another.
To this end, the distance dy, p is computed first, which can
be achieved exactly as for the single-node approach, and is
then considered a fix value. When dy, p is fix, it is possible
to determine the second distance, i.e., dy, p, Which is then
also considered a fix value. By applying this scheme on the
remaining distances, all required droplet distances at the input
channel can be obtained.

However, besides the determination of the distance dy, p,
the computation of all other distances is non-trivial and a broad
variety of aspects have to be taken into consideration, e.g., the
actual channel dimensions of each node as well as which nodes
and how many of them were already addressed. While all
these aspects eventually could be determined with great effort
by utilizing the 1D model described in Section using
simulation engines such as [13], [14]], [L15] is the more suit-
able way (mainly because those simulators for droplet-based
microfluidic networks are rather efficient nowadays and allow
for an easy consideration of all relevant aspects).

Then, the problem to determine a specific droplet distance
can be described as follows: Determine the droplet distanceE]
dy, ,u, with j € {3,..,n} at the input channel of the
network, so that the droplet distance before the 4™ node which
should be addressed matches dl(fr())cess of Eq. (16).

Overall, this leads to the following procedure of determining
the droplet distance dy;_, u; (again, this can also be applied
for the distance dp y,):

4Please note that this description is also valid for the distance dp n,
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1) Form the droplet frame shown in Fig. [6b] but only
consider the droplets Hy, P, Ho, ..., H;.
2) Set the droplet distances, i.e. du,p, dpH,,
du, Has - - - dH]_z,Hj_u accordingly to the already
known values (obtained from previous computations of

the droplet distances). For the desired distance dy;_, u,

approximate a start value, e.g., by dga = T(()jF)F.

3) Simulate the whole ring network assuming the droplet
sequence resulting from the prepared droplet frame.

4) Compare the distance between the payload P and header
droplet H; in front of the j™ node with the required
distance dl(gigcess. If the two distances match, the desired

droplet distance dy;_, u, at the input channel has been

obtained. Otherwise, adapt the distance deflij at the
input channel appropriately, and continue with Step (3).
Repeating this process for all header droplets H; with
j € {3,...,n} eventually yields all distances to execute the
(sub-)experiment.

IV. APPLICATION AND VALIDATION

The methods described above have been implemented in
Java and resulted in a tool which automatically generates
designs of droplet-based microfluidic ring networks incorpo-
rating an arbitrary number of modules as well as corresponding
droplet sequences realizing arbitrary experiments on those net-
works (both, following the single- and multi-node approach).
In this section, we demonstrate the applicability and validity of
the resulting tools by means of case studies. To this end, we
first discuss the generation of the network design, followed
by the determination of the correct droplet sequences for
particular (sub-)experiments. Afterwards, the obtained results
and their validity is discussed. In order to compute the results,
we utilized a PC system with an Intel Core i5-8250 processor
with 1.6 GHz and 8 GB of main memory.

A. Generating the Design

First, the design of the ring network is generated. To this
end, the conditions proposed in Section [[II-B|and Section [[II-D|
are applied. Fig. summarizes the correspondingly needed
steps. The first step is to provide the initial parameters such as
the channel height and width, the viscosity of the continuous
phase, etc., which depend on the respectively used setup. In our
case study, we defined these initial parameters by the following
values: The channel height h = 33pm, the width of the bypass
channel ¢3 we; = 200um, the width of all other channels
w = 100pm, the droplet length lgopler = 150um (inside a
channel width the cross-section A = w - h), the dynamic
viscosity of the continuous phase p. = 1lmPas and, ﬁnall;/,
the volumetric flow rate of the pump Qjppy = 3 - 107112,
Besides these initial parameters, additional values have to be
defined, which are important for the actual design of the ring
network, such as the number of modules N = 6, the length
of the module path [;, = l» + l;s = 25 000um and the length
of the non-module path [, = l¢; + le4 = 15 000pm.

Using these inputs, the lengths of the different channels can
be automatically determined as described in Section [[II-Bfand

Generating the Design:

o Define the initial parameters

— Dynamic viscosity of the continuous phase

Channel width and height
Droplet length
Volumetric flow rate of the pump
Amount of modules
Lengths of module and non-module path

o Determine node dimensions, while considering the
corresponding conditions

— For each node: Egs. (7), @), (12)
— For all nodes at once: Eq. (13)

(a) Generating the design

Generating Droplet Sequences:

o Define desired (sub-)experiments

o Compute the required droplet distances in front of
the corresponding nodes, by using Eq.

o Determine the droplet distances at the input chan-
nel by applying the procedure described in Sec-
tion

(b) Generating droplet sequences

Fig. 7: Steps to be conducted.

TABLE I: Resulting specification of the ring network.

Nodes
Nodeq Nodez Nodes Nodes Nodes; Nodeg
Channel Lengths: all lengths are given in pum

le1 469 743 1021 1300 1580 1862
lea 531 757 979 1200 1420 1638
le3 1200 1700 2200 2700 3200 3700
lea 14531 14257 13979 13700 13420 13138
les 24469 24243 24021 23800 23580 23362

Design Parameters: Ton and Topp are given in pm
TON 881 1456 2025 2591 3158 3725
TOFF 1226 1786 2347 2910 3473 4039
qcl 0.564 0.546 0.535 0.529 0.525 0.521
q 0.436 0.454 0.465 0.471 0.475 0.479
b 2.78 2.78 2.78 2.78 2.78 2.78

Section The respectively obtained channel lengths are
provided in Table [T} a sketch of the actual network is shown in
Fig.[8] where each node has the structure illustrated in Fig. 2b]
In fact, the generated network of Fig. [§] could be directly used
in order to fabricate a physical realization of the ring network.
Moreover, it can be clearly seen in Table [} that the channels
indeed satisfy the conditions for dimensioning defined by
Egs. (7, @), (I2), and (I5). Note that those dimensionings
and, by this, the specification of the ring network has been
determined fully automatically in less than a second, i.e., in
negligible time.

B. Generating Droplet Sequences

Next, the droplet sequences realizing respective experiments
(i.e., the distances between the payload and the header droplets
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Nodey

— H =m ﬁ i i

Nodes Nodes Nodey Nodes Nodeg

Fig. 8: Realization of the ring-network.

TABLE II: Resulting droplet distances (single-node approach).

Modules
mi mo ms3 ma ms me
dyp in pm 881 1341 1905 2469 3034 3599

which have to be employed for this purpose) are generated.
Recall that, a single-node and a multi-node approach is avail-
able for this purpose. In the former approach, a single distance
du,p for each module/node m; to be executed already exists.
Using the methods described in Section[[lI-C|and Section[[II-D]
as well as assuming the design composed of six nodes as
generated above, leads to the respective distances as shown in
Table [l which were simply obtained by computing Eq. (I6).

Following the multi-node approach, droplet sequences have
to be determined for each (sub-)experiment individually. To
this end, the procedure proposed in Section and the
conditions determined in Section [II-C] are applied. Fig. [7b]
again summarizes the correspondingly needed steps. Results
for some selected representative experiments are provided in
Table Here, each line first provides the (sub-)experiment
followed by a line providing the correspondingly needed
droplet distances at injection time (cf. Fig. [6b). All these re-
sults have, again, been generated in negligible time (a typically
droplet sequence generation for the multi-node approach with
6 nodes requires approx. 3 CPU seconds on average).

C. Discussion

Overall, the design of a ring network and the droplet
sequences generated for corresponding (sub-)experiments can
be achieved by following the concepts and procedures from
Section [[TI] and the steps summarized in Fig. [7a] and Fig. [7b]
respectively. In all our evaluations (including a large variety of
considered experiments and corresponding droplet sequences),
this led to the desired results in negligible time. However,
there might be the (although unlikely) possibility that the
proposed procedure (in particular, the one described at the
end of Section [IlI-E)) does not converge. In this case, another
approach would be to discretize the droplet distance between
the payload droplet and the header droplet at the input channel
of the network and, afterwards, test all available values with a

TABLE III: Resulting droplet distances (multi-node approach).

Droplet Distances in pm

dy, p dpH, duyH;  duzn,  dHgHs  dHg Hg
Ei =mj; — ma2 — m3 — mgqg — M5 — Mg
881 41230 41867 41956 42047 42127
E'Q:m1~>m3%m4~>m6
881 40678 42185 41475
E3:m2—>m4—>m5
1341 40380 42264
E4=ms = mg
3034 40195
E5:m4—>m6
2469 39890
E'6:m4~>m5%m6
2469 40446 42165
E7 =m3 — mg
1905 39594
Eg = m3 — ms — mg
1905 40138 42378
E9:m3%m4
1905 40700
E10:m3—>m4—>m5—>m6
1905 40700 42064 42130
E11 = m2 — ms — mg
1341 39828 42568
E12:m2—>m4
1341 40380
E13:m2%m4~>m5~>m6
1341 40380 42264 42162
E14:m2—>m3
1341 40933
Ei5 = mg — m3 — ms
1341 40933 41381
E16:m2~>m3~>m5~>m6
1341 40933 41381 42384
E17:m2%m3~>m4%m6
1341 40933 41964 41464
FE18 = m2 — m3 — myg — ms
1341 40933 41964 42048
E19:m1—>m6
881 38993
E20:m1%m5
881 39556
FEo1 = m1 — ma — mg
881 40126 41926
FEos = mi1 — mg — ms — mg
881 40126 42483 42169
E23:m1—>m3—>m6
881 40678 41072
E24:m1%m3~>m5
881 40678 41615
FEos = m1 — m3 — ma
881 40678 42185
FEog = m1 — m3 — mgq — ms — Mg
881 40678 42185 42063 42122
E27:m1%m2~>m6
881 41230 40181
Egg:m1—>m2—>m5
881 41230 40750
Eog = mi1 — ma2 — ms — mg
881 41230 40750 42568
E30:m1—>m2—>m4—>m6
881 41230 41303 41700
E31:m1%m2—>m4~>m5
881 41230 41303 42278
E32 = mi1 — ma — ma — ms — Mg
881 41230 41303 42278 42149
Es33 =mi1 — ma2 — m3 = ms
881 41230 41867 41375
E‘34=Tn1~>WL2~>1713~>WL4t
881 41230 41867 41956
E35:m1—>m2—>m3—>m4—>m6
881 41230 41867 41956 41463
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corresponding simulator (such as, e.g., provided in [13]], [14],
[L5])). If no test value yields the required distance in front of
the corresponding node (even under a discretization, which
“perfectly” reflects the real world), the method shows that a
corresponding solution is not physically possible. As a result,
the designer has to check the proposed design conditions and
has to consider an alternative configuration.

Moreover, once the design and the droplet sequences for a
network with [N nodes are available, the results can also be
applied for all networks with less than N nodes. For example,
when we assume that a network with 4 nodes is sufficient
enough for our experiments, but we already have the results
for the proposed network with 6 nodes, we can simply omit the
dimensions of the 5" and 6™ node inside Table [I in order to
get a design with 4 nodes. The same method can be applied
to get the droplet sequences for a desired (sub-)experiment.
More precisely, for each occurrence of the 5" and 6™ module
inside a (sub-)experiment, the last droplet distance in Table
can be omitted.

Finally, all results obtained by the proposed approach have
been validated using simulation engines proposed in [13[], [14],
[15]. They confirmed that the resulting design as well as the
obtained droplet sequences indeed realize the desired behavior.

V. CONCLUSION

In this work, we proposed design automation methods for
droplet-based microfluidic ring networks. Since designing such
a ring network is a non-trivial problem, we first derived the
respectively needed design conditions to be satisfied. They
give designers the ability to realize an actual design of a
ring network or directly generate them using the proposed
automatic methods. Moreover, we discussed the addressing
scheme which is needed in order to realize the desired experi-
ments in a correct fashion. Also here, respective conditions to
be satisfied as well as corresponding automatic methods are
provided. Finally, the resulting design automation approaches
have been demonstrated in a case study and validated using
state-of-the-art simulators.

Future work considers the extension of these methods so
that, additionally, fabrication effects are incorporated. This
particularly includes the consideration of possible faults and/or
inaccuracies which, thus far, frequently occur in today’s fabri-
cation processes. The methods proposed in this work allow, in
principle, to incorporated those effects by adjusting the dimen-
sions of the affected channels or the corresponding factor used
in Eq. . To this end, recent solutions can be exploited, which
are able to analyze the robustness of a microfluidic device [24]].
This would allow to design a ring-network in such a way, that
effects of inaccuracies and/or defects are mitigated and, thus,
ensures that the network works as intended, even when such
defects occur during the fabrication process.
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