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Abstract—Two-phase flow microfluidics is a sophisticated and
frequently applied Labs-on-Chip technology as they allow to
automatically conduct medical/biochemical experiments. In this
technology, small volumes of reagents, so-called droplets, flow
in an immiscible continuous flow inside closed channels mak-
ing it particularly biocompatible. In the recent past, this
technology was extended by a concept allowing to passively
navigate droplets through the system — leading to so-called
Networked Labs-on-Chips (NLoCs). After the design of an NLoC
architecture which defines the comprising connectivity between
components and, by this, how the considered medical/biochemical
experiments are supposed to be realized, the question remains
how to properly dimension the used components, i.e. especially
how to dimension the used channels. However, this is a challeng-
ing task which is conducted manually thus far and frequently
leads to specifications that do not work as intended. In this
work, we are addressing this issue by providing the designer
with methods that allow to (1) automatically validate whether a
chosen specification of an NLoC indeed works as intended as well
as (2) automatically dimension NLoCs. Case studies demonstrate
the importance and usefulness of the proposed methods for
determining proper specifications of NLoCs.

Index Terms—Networked Labs-on-Chips, passive droplet rout-
ing, droplet microfluidics, two-phase flow microfluidics, dimen-
sioning, specification.

I. INTRODUCTION

Labs-on-Chips (LoCs) enable the miniaturization, inte-
gration, automation, and parallelization of complex medi-
cal/biochemical experiments [1]. A sophisticated technology
is based on two-phase flow microfluidics where samples e.g. of
DNA, proteins, cells, as well as organisms [2] are injected into
so-called payload droplets (i.e. in volumes in the order of few
micro- to pico-liters). Then, these droplets flow in an immis-
cible continuous flow inside closed channels and are passed
through modules executing operations such as mixing, heating,
and detecting — realizing the desired medical/biochemical
experiment. Furthermore, the use of droplets allows for a
long-term incubation and storage without evaporation [1].
Finally, the extension to passively navigate these droplets
through the system allows for different complex experiments
in the same chip [3] as well as for screening of different
antibiotics and concentrations [4]. This eventually results in a
concept known as Networked Labs-on-Chip (NLoC, [5]) (also
called Hydrodynamic Controlled Microfluidic Network [3]).

Each design of an NLoC starts with a set of medical/bio-
chemical experiments. The first step is to determine an ar-
chitecture by defining the required set of operations and by
connecting them so that all desired experiments can be real-
ized. This results in an architecture with multiple paths through

which the droplets can be navigated and, by this, the different
experiments can be realized. After this, the specification of
the components used in the architecture (i.e. the modules,
channels, and pumps) has to be determined — i.e. the NLoC
needs to be dimensioned.

The specifications of all components and their connections
determine the flow of droplets. Especially, the specification of
channels (i.e. their resistances) can be varied in a broad band-
width and, by this, their dimensioning constitutes a significant
challenge. In fact, improper specifications can cause

« the flow in channels/modules to be in the wrong direction
or

« the time a droplet requires to pass a channel/module to
be too long/short.

However, for dimensioning a channel, a huge number of
constraints and dependencies have to be considered and al-
ready slightly changing e.g. the resistance of a single channel
may change the behavior of the entire NLoC system. Addition-
ally, no dedicated tool support exists yet for completing this
specification. Hence, designers are usually left alone during
this crucial step, which frequently yields specifications that
do not work as intended.

In this work, we are addressing these problems by in-
troducing first automatic methods that aid designers in the
specification of NLoCs! — especially in the dimensioning of
channels. More precisely, we propose methods which auto-
matically allow to (1) validate whether a manually derived
specification indeed works as intended, i.e. fulfills certain
objectives as well as (2) conduct the dimensioning to obtain a
proper specification. Both methods are based on an established
and empirically validated physical model [6], which allows to
describe the flow in NLoCs. This model utilizes an analogy
between microfluidics and electric circuits and is commonly
used for simulating droplet-based microfluidic networks [6]-
[14].

Case studies show that both methods significantly aid the
designer in the process of determining a precise specification
for NLoCs. To this end, we provide a designer having expert
knowledge with these two methods. They enabled him/her to
quickly check and refine initial specifications as well as to
efficiently determine a specification which works as intended.
After a valid specification is obtained, the next step in the
design flow is to derive a physical design.

'Note that the proposed methods are not limited to NLoCs, but are
applicable for other microfluidic circuits and systems as well.
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Fig. 1: Experiments

The remainder of this paper is structured as follows: The
next section reviews how experiments are realized on an
NLoC architecture as well as how to route droplets along
paths through the architecture. Afterwards in Section III, the
general approach for dimensioning an NLoC and the resulting
challenges are pointed out. In Section IV and V, the two
automated methods for validating specifications and automat-
ically determining a proper specification are introduced. They
are afterwards discussed in Section VI before results obtained
using both methods are summarized in Section VII. Finally,
the paper is concluded in Section VIII.

II. NLOC-BACKGROUND:
FROM EXPERIMENTS TO THEIR EXECUTION

In this section, we review the current state-of-the-art how
to get from initially given medical/biochemical experiments
to an NLoC architecture and, finally, how to conceptually
route droplets so that an experiment is executed. The architec-
ture defines the necessary components and their comprising
connectivity. Therefore, it provides the basis on which the
dimensioning of all components considered in this work is
conducted — eventually yielding a full specification of the
microfluidic network.

A. Experiments

The starting point of each NLoC design is a set of med-
ical/biochemical experiments to be realized. An experiment
is a sequence of operations which have to be executed on
samples. These samples are provided in terms of discrete
droplets and are called payload droplets. Possible operations
can e.g. be mixing, splitting, delaying, incubating, detecting,
or heating [15]-[19].

Example 1. Let’s assume that three different experiments have
to be realized which are provided in terms of sequencing
graphs as shown in Figs. la—Ic. In the experiment shown
in Fig. la, two reagents Ry and Ry are fused into a single
payload. Afterwards, a mixing operation (M) followed by a
heating operation (H) and a detecting operation (D) is to be

R Ra

7
7

Waste

Fig. 2: Architecture

executed on the resulting payload. The experiment shown in
Fig. 1b is similar to the one from Fig. la, except that, instead
of the heating, a delaying operation (T) is to be executed.
Finally, in the experiment shown in Fig. Ic, the mixed payload
has to be heated and delayed before the detecting operation
shall be conducted.

B. Determining the Architecture

Having the experiments to be realized, the first design step
covers the determination of an architecture. Therefore, an
automatic method was presented in [20]. This method deter-
mines the required operations and their order for supporting
the execution of the desired experiments. In order to allow
for a cost-effective architecture, operations can be re-used for
different experiments. Formally, an architecture is a directed,
acyclic graph with all edges directed from the input reagents
forming the payloads to the outlets of the NLoC (e.g. the waste
chambers). A node of the architecture represents a module ex-
ecuting an operation. An edge represents a connection between
nodes which is implemented as a microfluidic channel.

Example 2. In order to execute the experiments shown
in Figs. la—Ic, a single mixing-, heating-, delaying-, and
detecting-operation is sufficient. The automatic method of [20]
connects these operations so that sequences realizing all three
considered experiments result — yielding an architecture as
described by the graph shown in Fig. 2.

A node of the architecture can have one, two, or more
outgoing edges. The reachable nodes of those edges represent
possible modules which are executed next on the payload.
Here, a mechanism to decide which module is executed next
is needed. To this end, so-called bifurcations are utilized [5],
[21]. Based on that, it is left to define how payloads actually
navigate through the architecture, which is discussed next.

C. Routing of Droplets

Given an architecture, payloads can take different paths and,
by this, execute different experiments. The paths are realized
by bifurcations, which split a channel into two successor
channels [5], [21]. In the architecture, when a node has
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multiple outgoing edges, a bifurcation is used to split the
channel into two successor channels. These successor channels
have different fluidic resistances which are mainly defined by
their geometries [22], e.g. the longer the channel the higher the
resistance and the smaller the section the higher the resistance.
When a single droplet arrives at a bifurcation, it flows into the
channel with the lower resistance [8] (the so-called default
successor). Hence, the successor channels of bifurcations are
designed in a way that they have different hydraulic resis-
tances — favoring one particular successor channel. In order to
(partially) decouple the resistances of the successor channels
with the rest of the microfluidic network, a bifurcation is
equipped with a so-called bypass channel [23], which cannot
be entered by droplets. Technically, a bypass has a very low
fluidic resistance and, hence, levels out the pressure gradients
between the two successors channels.

Example 3. Fig. 3a shows a bifurcation. The channel c; is the
default successor since its length is shorter than co. A single
droplet therefore flows into the default successor channel.

However, a droplet itself increases the resistance of a
channel when flowing through it [5], [21]. This physical effect
is used at bifurcations in order to route a payload along
a path which is not solely composed of default successors.
More precisely, whenever a non-default successor should be
taken, a so-called header droplet (which does not contain any
biological information and is only used to navigate payloads)
is injected so that it arrives right before the payload at the
bifurcation. Then, the header takes the default successor of
the bifurcation and, by its flow, increases the fluidic resistance
of that channel (it temporary “blocks” the default successor).
Accordingly, the following payload does not take the default
successor but enters the other channel (which now has a lower
fluidic resistance). This routing concept and its design guide-
lines, addressing schemes, validation through simulations, and
initial experimental tests have been presented in [3], [5], [21],
[24]-[26].

Example 4. Fig. 3b shows a bifurcation where a header
droplet flows in the default successor channel c1. As a conse-
quence, the closely following payload will enter channel cs.

This physical effect allows to route payloads through dif-
ferent paths of the architecture and, eventually, allow for the
realization of different experiments. Therefore, a dedicated
sequence of header and payload droplets is injected which
ensures that headers accordingly arrive at bifurcations and
“block” the respective channels at the right time. Moreover,

also the design of the architecture itself is crucial for the
droplet sequence generation, which is addressed in [27] by
employing the discrete model of [28].

III. DIMENSIONING NETWORKED LABS-ON-CHIP

After reviewing the design of an NLoC architecture and how
droplets can be routed along different paths, we now consider
the question how to derive a specification of an NLoC. Here,
the NLoC designer has to determine a specification for all
components used in the architecture, i.e. the designer has to
dimension the respective components. In the following, we
describe how designers accomplish this dimensioning up to
now and particularly discuss the challenges of this process.
Afterwards, we review the flow distribution in NLoCs needed
to understand these challenges.

A. Components and Challenges

For the specification, actual components realizing the given
architecture have to be selected. This includes

o a pump for producing a continuous flow which drives the
droplets through the system,

o droplet generators for injecting payloads and headers,

o modules for executing operations on the payloads,

o bifurcations for allowing the droplets to take different
paths, as well as

e channels for connecting the components (pumps, mod-
ules, bifurcations, and outlets) with each other.

The pump, droplet generators, modules, and bifurcations are
implicitly defined by the experiments to be executed and a
variety of physical realizations exists for this purpose. More
precisely:

The pump is a (usually external) device which produces a
continuous flow through the NLoC.

The droplet generation is realized with droplet-on-demand
components. Here, a second pump produces a force on the
dispersed phase and the droplets are generated with internal
valves [29], external valves [30], or with pressure pulses [31]-
[33]. These components allow to injected droplets at dedicated
times and, hence, allow to generate the required droplet
sequence consisting of the payload and header droplets.

In order to execute operations, a rich collection of mod-
ules is available including e.g. implementations for fus-
ing, mixing, sorting, delaying, incubating, and detecting of
droplets [2], [15]-[19], [34], [35]. These modules are sup-
posed to be applied to payloads only, while headers are
forwarded?.

Finally, in case an operation of the architecture has multiple
successors, a bifurcation is applied to allow for droplets to take
different paths as already reviewed in Section II-C.

Example 5. Consider again the NLoC design represented by
the architecture provided in Fig. 2. Choosing the respective
physical components yields a partial specification of the NLoC
as shown in Fig. 4. Here, a pump is used for producing the
continuous phase, two droplet-on-demand generators are used

’Forwarding headers is conducted using a droplet sorfer, which can
distinguish between payloads and headers by their different volumes [36].
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Fig. 4: Partial specification of the architecture from Fig. 2

to inject payloads and headers. The operations are realized
by the corresponding modules (denoted by mq, mo, ms, and
my) including channels for forwarding headers (denoted by
Ca, Cg, C15, and cyg). Finally, two bifurcations (with successor
channels denoted by cy4, cs, c19, and c11) are applied in order
to realize the different paths.

Having this partial specification, it is left to define the
required connections, i.e. to properly dimension the channels.
This however constitutes a challenge, since their resistances
significantly affect the flow of the droplets. In the currently
applied design flow, the channels are defined based on the
designer’s experience. While doing that, designers have to
take a huge number of constraints and dependencies into
consideration — already slightly changing e.g. the specification
of a single channel may change the behavior of the entire
NLoC system. As a consequence, designers often cannot grasp
all effects and dependencies anymore. More precisely, because
of improper specifications of channels, NLoC realizations may
result in which

o droplets flow against the intended direction or

« droplets pass a channel/module too slowly (critical when

e.g. a payload just passed a heating module and needs
to be analyzed by a following detector module without
cooling down) or too quickly (e.g. when the channel is
used as delay line).

In order to explain why, when, and how these problems
occur, we provide the physical basis describing the flow
distribution in the following. Based on that, we afterwards
propose methods which allow designers to (1) automatically
validate whether their chosen specification indeed works as
intended (i.e. avoid problems as discussed above) as well as
(2) automatically conduct the dimensioning to obtain a proper
specification.

B. Flow Distribution

To understand, why, when, and how problems as discussed
above occur, it is essential to understand how droplets flow
through an NLoC system. Therefore, we review the flow
distribution in NLoCs using an established and empirically

validated model based on an electrical duality (a comprehen-
sive review is given in [6]) in the following. This electrical
duality is commonly used for designing and modeling such
devices, e.g. in [7], [37]-[39].

Briefly, the movement of the droplets depends on the applied
pump, which produces a flow of the continuous phase, as well
as the channels and modules which change the distribution of
that flow depending on their resistances and their arrange-
ment. More precisely, the dimensionless Reynolds number
(Re) defines the ratio of inertial forces to viscous forces
(i.e. Re=puL/u, where p is the density, w is the linear
velocity, L is a characteristic length, and p is the viscosity).
In microfluidics, this number is generally small (Re < 1) [6],
[35] due to the small channel sections and relatively small flow
rates. Hence, the inertial effects (i.e. the gravity, separation,
secondary flow and turbulence) are negligible. This allows to
describe the flow using the following parameters and relations:

o Each channel/module poses a fluidic resistance R./R,,
(in [Pa s/m3)) for the flow.

e The volume of the continuous fluid through the chan-
nel/module per time unit is called volumetric flow rate
Qe/Qn (in [m3/s)).

o The difference of the pressure between the input and the
output of the channel/module is called pressure gradi-
ent AP.JAP,, (in [Pal).

The Hagen-Poiseuille equation [40] describes the relation
between these parameters by AP = R Q. This is similar to
the well-known Ohm’s law V = R I from electronics, where
the fluidic resistance, the volumetric flow, and the pressure
gradient are counterparts of the resistance R of a resistor, the
current I, and the voltage V', respectively. In fact, the interplay
between these flow parameters can directly be represented by
the Ohm’s law and, hence, the same rules as in electrical
circuits can also be employed for NLoCs [6].

Based on that, we can determine the fluidic flow in all
channels/modules, by considering (1) what pump has been
chosen in order to produce the force enabling the droplet flow
as well as (2) how have the channels and modules been defined
and arranged within the NLoC.
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(1) Effect of the Pump: The pump produces the continuous
flow of a fluid with viscosity u (given as dynamic viscosity
in [Pa s]). To this end, designers can choose between two dif-
ferent pump realizations: A syringe pump produces a constant
volumetric flow rate (the electrical counterpart is a current
source) and a peristaltic pump produces a pressure gradient
(the electrical counterpart is a voltage source). This yields a
particular volumetric flow rate );, or a particular pressure
gradient AP,;,, respectively, which is applied to the NLoC
system.

(2) Effect of the Channels/Modules: The resulting flow
applied by the pump is distributed through the NLoC system
depending on the definition and arrangement of all its chan-
nels/modules. Each module and channel poses a resistance to
the flow affecting its distribution. The resistances depend on
the viscosity of the continuous fluid p and the geometrical
specification of the module/channel. For a module m, the
resistance R,, is given in its specification. For a rectangular
channel ¢, its resistance . can be determined by its section,
i.e. its width w, and height h., as well as its length [. (all
in [m]). More precisely [22], the resistance R,. of a rectangular
channel ¢ where the ratio h./w, is less than 1, is accurately
defined by

L (1)

we h3’

where « denotes a dimensionless parameter defined as

-1
T We
h .

Furthermore, the resistance of channels slightly increases
when it contains droplets [22]. This resistance increase allows
the navigation of droplets at bifurcations as reviewed in Sec-
tion II-C. Besides that, the overall NLoC system needs to be
operated at a low Capillary number (C'a) describing the effect
between viscous forces and surface tension (Ca = pu/v,
where p is the viscosity, u is the speed of the flow, and
is the surface tension). A low capillary number minimizes the
droplets’ surface areas and makes the droplets controllable,
i.e. the system has to work in the squeezing regime which
requires C'a < 102 [41]-[43].

The information on the applied pump (providing either
the input volumetric flow rate @Q;, or the input pressure
gradient AP;,,) as well as on the definition and arrangement of
channels/modules, allows to determine the fluidic flow in each
channel/module by applying the Kirchhoff’s laws [6], [44].
More precisely: Each channel/module has a fixed counting
direction of the volumetric flow (usually the direction of
the intended flow). Then, the two Kirchhoff’s laws can be
expressed for NLoCs as follows:

o Kirchhoff’s current law: Each point in the NLoC real-
ization where the volumetric flow splits into multiple
components or merges into one component is called a
node. The sum of flow rates into a node is equal to the
sum of flows rates out of that node.

o Kirchhoff’s voltage law: The sum of pressure gradients
(expressed using AP = R (@) around any closed cycle in

192 he.

5w,

a=12 [1— )

the NLoC is zero. The direction of the volumetric flow
is taken into account in the summands.

These rules allow to define an equation system which can
be used to determine all flow rates QQ./(),, and, therefore, also
all pressure gradients A P,/AP,, of all channels and modules.

Example 6. Consider again the partial NLoC specification
as shown in Fig. 4. Additionally, assume that the counting
direction of the volumetric flows for all channels and modules
follow the intended flow direction from the pump to the waste
chamber (for the channels, this is indicated by the arrows in
Fig. 4). Then, the flow rates can be determined by the following
equation system (note that, only an excerpt representing the
part highlighted by five blue circles in Fig. 4 is shown):

Eq 1: Qin = Qc,

Eq 2: ch = le + ch
Eq 3: le + QC2 = Q03
Eq 4: Qca = QC4 + QC5
Eq 5: QC7 RC? - QC]S RC13 - ch RC11 - QCQ RCQ
- QmQ ng - QCG Rce + QBP1 RBP1 =0

The resulting flow rates can eventually be used to explain
why, when, and how droplets move in the opposite direction
or are too slow/fast. This is covered in the next two sections.

IV. VALIDATING THE SPECIFICATION

Using the descriptions of the physical behavior provided
above as basis, a method is proposed which automatically
checks whether a given specification of an NLoC shows any of
the problems discussed above. To describe the method, recall
that, as discussed in Section III-A, the used pump, droplet
generators, modules, and bifurcations are predefined by the
experiment and the designer is mainly confronted with the
task of properly dimensioning the channels — especially their
resistances.

Example 7. Consider again the NLoC architecture to be
realized as shown in Fig. 2 as well as the resulting partial
specification as shown in Fig. 4. Let’s additionally assume
that the designer uses a syringe pump producing a constant
volumetric flow rate Q;, = 50 - 10712 m3 /s of water having
a viscosity of 1 = 1073 Pa s, a density of p = 1g/ml and a
surface tension of v = 72.75mN/m (at approx. 20°C). This
viscosity in combination with the specification of the selected
modules and bifurcations allows to determine the resistances
of the following entities (given in 1012 Pa s/m?):

R7n,1 bl RMQ bl Rm3 9y Rm4 RC2 9y RCS ) RC15 b Rcls RC4; R(Jlg Rcs b R(111
5.2 5.4 0.8 0.9

Now, let’s assume that the designer (e.g. based on his/her
experience or on a purely trial-and-error basis) dimensions
all remaining channels with the same dimensions, i.e. a width
of w = 50um, a height of h = 50 um, and a length of

3Note that these resistances are chosen in a way so that they are uniform
and suited to discuss the considered problems.
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I = 200 um. This allows to determine the resistance of these
channels using Eq. 1 (given in 10'2 Pa s/m3):

RCl 9 RCS? RCS? RC77 RCQ’ RCIZ ’ RCIS7 RC147 RC167 Rcl77 RCIQ
0.9

Conducting the steps illustrated in the example would usu-
ally complete the specification. However, as discussed above,
the chosen dimensions of the channels may yield a specifica-
tion that does not work as intended. Thus far, designers had
the choice to simulate their mapping and to manually inspect
if any of the problems discussed above occurs. But here, we
provide a method which is capable of automatically validating
the specification.

First let’s consider the problem where droplets flow in the
opposite direction:

e Objective 1 — A droplet flows in the opposite direction:
This is the case when at least one channel/module exists
in which its determined flow rate Q./Q., is negative.

Example 8. Consider again the partial NLoC specification
as shown in Fig. 4. Solving the equation system as derived
in Example 6 together with the choices of the designer as
specified in Example 7, yields, among others, the following
flow rates (given in 10712 m3/s):

ch le QCz QCa QC4 QCg cho Q012
50(31(19(50|23|13|6.8

QC13 QC17Qm2QBP1
36.2|—23.5 50 [ 7.8 | —10

Since the flow rate in channel c13 is negative, a violation of
Objective 1 is observed for this channel®. This clearly shows
that the choices by the designer yield an NLoC specification
which does not work as intended.

Besides that, using a similar scheme, let’s consider the
problem where droplets take a too long/short time:

e Objective 2 — A droplet passes a channel too
slowly/quickly: This is the case when at least one
channel/module exists in which its determined flow
rate Q./Q,, yields a speed resulting in a duration t./t,,
which is larger/smaller than a time limit Ta.

In order to determine the durations, again, the flow rates
can be used. In fact, by dividing the flow rate by the section
of the corresponding channel/module, the speed (in m/s) of
the flow can be determined, i.e. by

Qe

we he

Qm

Wiy hm

Ue = or Uy = 3)
Then, these speeds can be used to approximate® the duration
(in s) a droplet requires in order to pass a channel/module,

ie. by

“4)

4Note that the flow rates in bypass channels are irrelevant as they cannot
be entered by droplets.

5Note that this is an approximation, since droplets increase the resistance in
channels/modules. Exact durations can be afterwards obtained by simulating
the injected droplet sequence.

Example 9. Let’s assume that droplets should move from
the heating module to the detecting module in less than
Th = 15 (e.g. to prevent the droplet from cooling down before
it gets analyzed). As this requires the droplet to flow through
channels cg, c19, C12, 17, the sum of the corresponding du-
rations must be less than that. Since according to Example 8,
Qeo =13, Q¢yy = 6.8, Qry, =36.2, and Q.,, = 50 (given
in 10712 m3/s), the respective durations are t., = 39ms,
te,, = 65ms, t.,, = 14ms, and t.,., = 10ms. This sums up
to 128 ms and, hence, validates that the choice by the designer
vields an NLoC specification fulfilling at least this objective.

Finally, it has to be checked whether the Reynlods number
and the Capillary number fall into the desired ranges (cf. Sec-
tion III-B).

Example 10. The maximal speed of the continuous
phase is determined by dividing the maximal flow rate
(cf. 50 - 10712 m3 /s in Example 8) by the cross section of the
respective channel (50 pm x 50 um) and is equal to 0.02m/s.
In this example, the Reynolds number is equal to Re = 1
and the Capillary number is equal to Ca = 2.75 - 10™% (the
characteristic length L for a squared channel is its width [6]),
i.e. both are within the desired ranges.

Overall, the proposed method is capable of automatically
validating choices by the designer.

V. AUTOMATIC DIMENSIONING

An automatic validation of a specification clearly supports
the designer. Nevertheless, it does not relieve the designer
from the burden to make choices until a proper specification
has been found. Moreover, it may even be possible that,
using the existing set of modules as well as the current
arrangements of channels/modules, no proper specification
is possible, i.e. independent of the choices of the designer,
one of the objectives mentioned above might always fail.
For example, this can easily happen if the flow rate/pressure
gradient produced by the pump is too low so that the timing
objectives cannot be ensured.

Using the physical basis introduced in Section III-B also
allows to aid the designer in these issues. In fact, by leaving
the channels’ resistances free, still a result can be obtained
from the equation system. As this however may again include
values violating one of the objectives from above, the equation
system has to be extended by further equations.

First, we have to ensure reasonable resistances for all un-
specified channels c. Therefore, equations are added enforcing
a minimum R,,;, and a maximum resistance R, ., i.c.

Rmin S Rc S Rmaz- (5)

Example 11. Consider again the partial NLoC specification
as shown in Fig. 4. For all unspecified connections, the
method enforces a minimum and maximum resistance using
the inequality 0.9 < R, < 15.4 (given in 10'2Pa s/m?).

Then, the objectives for obtaining a proper NLoC specifi-
cation are added: For Objective 1, equations for all channels
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and modules enforcing the intended flow direction are added,
i.e.

Q.>0 and Q,, >0. (6)

Note that these constraints are not added for bypass channels
of bifurcations because droplets cannot enter these channels.

For Objective 2, an equation enforcing that droplets will
always pass a channel/module below/above a given timing
threshold (namely 7T'a) is added. To this end, the equation
for determining the time a droplet takes to pass/execute a
channel/module is employed.

For calculating the speed and the time a droplet requires to
pass a channel, the section of the channel (i.e. its width and
height) is needed. This section is usually fixed over the whole
chip in order to minimize the (production) complexity (see
e.g. [39]). This allows to express the length [. of a channel
using its resistance. By inserting this equation transformation
into Eq. 3 and Eq. 4, the required time can be restricted by

214 214
Rewche p oo Bewele o %
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For modules, its geometry specification and the flow rate
allows to determine the required time, i.e. by

Lo, W, e, I Wi oy
mZmTm oy tm Um fm
Qm Qm

Accordingly, if we need an upper/lower bound for a se-
quence of channels/modules, the respective times of the single
components can be summed up and, afterwards, restricted.

>Ta ®)

Example 12. Let’s assume the same objectives as specified in
Example 8 and Example 9 are applied. In order to ensure
these, the method adds for all channels and modules the
inequalities

Qe>0m?/s and Q,, >0m?/s. 9)
The upper time limit Tn = 1 s is ensured by
2 h4
Z Rews he <1s. (10)

ape

ce{co,c10,c12,C17}

Finally, the ranges of the Reynlods number and the Capillary
number have to be restricted (cf. Section III-B). Therefore, the
method adds for all channels and modules the inequalities

L m L
PQL g POmLE 11
MW hc M Wm hm
for the Reynolds number as well as
HQe q0=2 and P9 192 (1)
Y we he Y Win hom,

for the Capillary number.

Successfully solving the resulting equation system yields
values for all variables — including values for the resistances
and flow rates of each channel. From this, the respective
dimensions of the channels can be derived and the specification
is completed. In contrast, if it can be proven that no solution
for this equation system exists, it has been shown that the
partial specification does not allow to fulfill all objectives.

Architecture Validation
_»
1. Apply Kirchhoff’s laws .
Full Spec. . Valid or
— p| 2.Solve fully—specified | g

equation system
3. Check objectives

L Invalid (plus info
Objectives

— which objective

is violated)

(a) Validation

Architecture Dimensioning
_»
. 1. Apply Kirchhoff’s laws
Partial Spec. L Full Spec. or
— p| 2.Addobjectivesasnew | g

o (in)—equalities Proof that not
Objectives . . o
— | 3.Solve partially—specified|  all objectives

can be fulfilled

equation system

(b) Automated Dimensioning

Fig. 5: Overview of the proposed methods

Example 13. Recall that the designer originally dimen-
sioned all remaining channels with the same resistance of
0.9 -10'*2 Pas/m3 (cf Example 7). Solving the equation
system resulting from the steps above yields slightly different
resistances, namely (given in 102 Pa s/m?):

Rcl RCS RCG RC7 RCQ RC]2 RCIS Rcl4 RClG Rcl7 RC]'E)
0.9/0.9/0.9(13.90.9/4.4|0.9/0.9]0.9(0.9 0.9

In contrast to the original specification by the designer, these
resistances fulfill the first objective, i.e. no droplet flows in the
opposite direction. In fact, the assigned resistances lead to a
flow rate Q.,, = 12.5 (in 10712 m?3/s) which is now positive.
At the same time, this also ensures the timing objective from
the heating to the detecting module. Overall, this yields a
complete specification of the NLoC which is the basis for the
physical design (i.e. the layout) of the chip.

VI. APPLICATION AND INTEGRATION

In this section, we briefly discuss how the two methods
proposed above can be applied in practice and how the
resulting methods fit into the existing design flow of NLoCs.

A. Application

The inputs, conducted steps, as well as the output for
both methods are summarized in Fig. 5. Their inputs are
similar: Both take an architecture as input, which is then
used to automatically determine an equation system using
the Kirchhoff’s laws. For the validation method (cf. Fig. 5a),
the NLoC designer additionally provides a full specification
of e.g. the pump, modules, and channels. For the automatic
dimensioning method (cf. Fig. 5b), the NLoC designer only
provides a partial specification, i.e. the resistances of channels
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are left unspecified. Finally, the NLoC designer formulates the
objectives which have to be fulfilled.

The validation method solves a fully-specified equation
system and afterwards checks all objectives. On the other hand,
the automatic dimensioning method additionally adds the
objectives in form of new (in)-equations and, then, determines
a possible solution of an underdetermined system of equations
(cf. the unspecified channels are free variables). If here an
assignment to all variables is determined, it represents one
possible specification.

Additionally, application-specific optimization criteria can
be implemented by formulating optimization functions. Fur-
thermore, both methods are open for new, application-specific
objectives, e.g. for checking Young-Laplace pressures.

B. Integration into the Design Flow

The proposed methods perfectly advance the steps of the
NLoC design between the initial determination of an architec-
ture (cf. [20] and Section II-B) and the physical realization
of an NLoC. While, thus far, the dimensioning has to be
conducted manually (without any means to check whether
the chosen values are somehow valid), automatic methods for
validation and even generation are available now.

After completing the dimensioning of all components, the
next step in the design flow of NLoCs (or generally for all
microfluidic devices) is the physical design. In this step, the
actual layout, i.e. the placement of all modules and the routing
of the channels with the desired resistances, is created. The
output of the physical design is usually a vector graphic, which
can then be used for production (i.e. for a mask production
using a soft-lithography process, for 3D-printing, or for laser-
engraving).

However, during this process it may happen that the vali-
dated or generated resistances cannot be realized in an actual
physical design (e.g. because the specified resistance of a
channel results in a channel length which is too short to
be properly routed). In this case, corresponding adjustments
are directly conducted on the physical design. Then, the
specification is re-validated using the methods proposed above.
If again changes in the specification are necessary to fulfill all
objectives, another iteration has to be conducted. This process
of switching back to the specification and forth to the physical
design is repeated as long as all objectives are fulfilled.

Note that the methods proposed in this work significantly
help here as e.g. necessary changes can directly be conducted
and validated immediately until the desired physical design
results.

VII. CASE STUDIES AND OBTAINED RESULTS

In order to demonstrate how the proposed methods improve
the dimensioning of NLoCs, we conducted several case studies
whose obtained results are summarized in this section. In the
conducted case studies, we considered the dimensioning of
five architectures which have been produced using the method
proposed in [20]. The architectures are composed of § to 17
operations and 34 to 118 channels (entries in Table I provide

TABLE I: Case Studies

Setting #Objective 1~ #Objective 2 Time [ms]
Architecture with 8 modules and 34 channels
Random 5 3 48
Val.{ Equal 0 0 47
Designer (1 min) 0 0 1 x 51
Dim.{ Automatic 0 0 68
Architecture with 10 modules and 67 channels
Random 4 1 48
Val.{ Equal 4 0 49
Designer (14 min) 0 0 16 x 69
Dim. { Automatic 0 0 105
Architecture with 12 modules and 82 channels
Random 9 5 59
Val.{ Equal 12 1 60
Designer (30 min) 2 0 19 x 60
Dim.{ Automatic 0 0 164
Architecture with 15 modules and 101 channels
Random 15 7 61
Val.{ Equal 15 1 60
Designer (30 min) 1 0 23 x 75
Dim. { Automatic 0 0 734
Architecture with 17 modules and 118 channels
Random 7 1 70
Val.{ Equal 17 2 70
Designer (30 min) 5 1 22 x 77
Dim.{ Automatic 0 0 330

detailed values). For these architectures, specifications were
supposed to be determined.

Recall that, the specification of the pump, droplet genera-
tors, modules, and bifurcations is defined by the experiments
to be executed — the actual challenges come with the speci-
fication of the channels. For a comprehensive evaluation, we
considered four possible scenarios how these challenges are
tackled:

e Random: All channels are dimensioned in a random
fashion using values within reasonable intervals — hoping
to determine a working solution by chance.

e Equal: All channels are dimensioned in the same (equal)
fashion®.

o Explicit Design: All channels are dimensioned by giving
a designer with expert knowledge at most 30 minutes
per architecture to derive a proper specification in a
trial-and-error fashion (having the opportunity to con-
stantly check the results using the method of Section IV).

o Automatic Dimensioning: All channels are dimensioned
by the automatic method proposed in Section V.

In order to evaluate these scenarios, we implemented the two
methods proposed above using Java. Afterwards, these meth-
ods have been used to validate and to automatically dimension
the specification with respect to the two objectives, namely
whether droplets flow in the opposite direction (this is con-
sidered the case when the flow rate Q./Q),,, becomes negative
in any channel/module) and whether droplets are too slow (in
this evaluation, we required a droplet to pass all channels and
modules in at most 7o = 1 s). Furthermore, the dimensionless
Reynolds number and Capillary numbers are checked whether

OThis is similar to the strategy illustrated in Example 7, where the channels
are dimensioned with the same resistances.
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they fall into the desired ranges (cf. Section III-B). These
validations have been conducted on a 3.8 GHz Intel Core i7
machine with 32GB of memory running 64-bit Ubuntu 16.04.

Table I summarizes the obtained results. In the first three
scenarios, the validation method described in Section IV (de-
noted “Val.” in Table I) and in the last scenario the automatic
dimensioning method described in Section V (denoted “Dim.”
in Table I) are applied. For each setting (i.e. NLoC design to
be realized as well as scenario), the number of violations of the
two objectives are listed. Besides that, we provide the total run-
time needed to conduct a validation/automatic dimensioning.
For the third scenario, we additionally provide the time spent
by the designer (denoted in the column “Setting”) as well
as the total number of times the validation method has been
applied (denoted by the multiplier in the column “Time”).

As can be seen, dimensioning channel sizes is indeed a chal-
lenging task. Relying on random decisions, always improper
specifications result which violate at least one objective. Also
using equal channel resistances yields improper specifications
for all NLoC designs except for the simplest one. Exploiting
the expert knowledge performs better here. Although, the
designer has to take a huge number of constraints and depen-
dencies into consideration, the validation method significantly
helps to quickly validate the choices. Overall, the designer
managed to derive a proper specification for two architectures.
However, for the three larger designs, the huge amount of
constraints and dependencies made it impossible to manually
derive a proper specification within 30 minutes.

The fourth considered scenario eventually solves this prob-
lem by automatically determining specifications fulfilling the
required objectives. The results demonstrate that this method is
capable of deriving a proper specification for all architectures
within negligible runtimes.

Moreover, results obtained by the proposed methods have
been tested using a simulator based on the model presented
in Section III-B. These simulations confirmed that the full
specifications (validated or obtained by the proposed methods)
indeed allow to execute the considered experiments.

VIII. CONCLUSION

In this work, we considered how to get from a Networked
Labs-on-Chips (NLoCs) architecture to a full specification of
all components. We demonstrated that this is a challenging
task as an improper dimensioning of channels will likely lead
to NLoC specifications which are not working as intended. In
order to support the NLoC designer in this task, we proposed
methods for automatically (1) validating whether a given
NLoC specification works as intended and (2) conducting the
dimensioning to obtain a proper specification. Case studies
confirmed that the proposed methods significantly aid the
designer in the process: While a random or simple dimen-
sioning hardly yielded an NLoC specification which works
as intended, the validation method enabled the designer at
least to quickly check and refine initial choices. The automatic
dimensioning method eventually enabled him/her to efficiently
obtain the desired specification in a push-button fashion.
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