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Microfluidic devices have found many great applications in medicine, (bio-)chemistry, pharmacology, etc.
Unfortunately, their design process is still in its infancy, and frequently results in a costly and time-consuming
“trial-and-error” approach, where designs are derived by hand. In order to prevent this, design automation
methods and simulation tools can be utilized that aid designers during the whole design phase. In this article,

we present such a simulation tool that allows to simulate the behavior of droplet-based microfluidic devices
and, by this, allows to validate the functionality of the device, even before the first prototype is fabricated.
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1. Introduction

Microfluidics is an emerging field which aims to shrink bulky and
expensive lab equipment onto a single microfluidic chip. These chips
are therefore often called Lab-on-a-Chip (LoC) and found many great ap-
plications in domains such as medicine, (bio-)chemistry, biology, phar-
macology, etc. [1-3]. This miniaturization and integration into a single
chip allows to automate and parallelize lab operations/experiments
and comes with many benefits, such as reduced volumes of sam-
ples/reagents (which are often times costly or rare), higher throughput,
shorter reaction times, reduced costs, etc.

Especially droplet-based microfluidic devices (which are a special
kind of LoCs) are a promising technology. Here, droplets which con-
tain certain samples/reagents are transported through closed micro-
channels by a second immiscible fluid, the so-called continuous phase.

By routing these droplets through different modules on the LoC, dif-
ferent operations can be conducted, such as heating, mixing, incu-
bating etc., which allows to process a broad range of (bio-)chemical
experiments [4-6].

Despite these promises, the design process of microfluidic devices is
still in its infancy and mostly conducted manually, which is especially
critical, since designing such LoCs is a rather complex task where a
huge number of physical parameters need to be considered. Unfor-
tunately, this often results in a “trial-and-error” approach, where a
design gets fabricated and then tested whether it satisfies the desired
functionality. If it does not show the intended behavior, the design
is revised and the fabrication/testing is conducted again — resulting
in a time-consuming and costly debugging loop. To overcome this,
simulation methods and design automation tools such as [7-9] can be
utilized to aid designers during the design phase, before even the first
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prototype is manufactured. This allows to break these costly debugging
loops and reduce time-to-market.

In this article, we present such a simulation tool for droplet-based
microfluidic devices that allows to simulate the paths of droplets inside
a LoC and, by this, capture the behavior of the device. Hence, this
droplet simulator is able to verify whether a design works as intended,
without the need of an actual fabricated device. Moreover, the setup
time as well as the total computation time for a simulation is very
short, so different designs can be tested in negligible run-time. This
becomes handy when it comes to quick design explorations in earlier
design stages. In the next section we discuss the functionality of the
simulator in more detail.

2. Description and features

In order to describe the behavior of a microfluidic device, a proper
physical model is required. Here often Computational Fluid Dynamics
(CFD) simulations are used, which are very accurate but, unfortunately,
also computational expensive [10]. Hence, CFD simulations are only
suited for evaluating smaller designs, or designs that are already in
later stages of the design phase, where the additional overhead of CFD
simulations is acceptable.

In contrast, we are using the one-dimensional (1D) analysis model
(or short 1D-model) [11], which is a more abstract model and, thus,
needs less resources in terms of computational power and setup time,
but is also not as precise as CFD simulations. Hence, it is perfectly suited
for early design explorations and rough verification tests of existing
designs, where efficiency is more important than accuracy.

2.1. 1D analysis model

The 1D-model itself can be applied in scenarios with a fully de-
veloped, laminar, viscous and incompressible flow, which is often
the case in microfluidic devices. In such conditions, the relationship
between the pressure drop AP, the volumetric flow rate Q and the
hydrodynamic resistance R inside a microfluidic channel can be de-
scribed by Hagen—Poiseuille’s law [11,12], as AP = Q R. For rectangular
channels with a certain width w, height # and length /, the value of the
hydrodynamic resistance can be computed by (assuming A/w < 1)

-1
R(1)=12[1—192htanh(”“’)] el D
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where . is the viscosity of the continuous phase. Additionally, a
droplet with the length /4 inside a channel increases its resistance by
Ry = b R(ly), where b is a factor between 2 and 5 according to [13].

Furthermore, Hagen-Poiseuille’s law is the equivalent to Ohm’s
law in the electrical domain, which allows to convert hydrodynamic
components into electrical ones, i.e., channels are converted to elec-
trical resistances and syringe/pressure pumps are converted to cur-
rent/voltage sources. This eventually allows to construct an equivalent
electrical network, which has the benefit that well-known algorithms
and methods from the electrical domain can be applied in order to
compute the flow rates and pressure drops of each channel inside the
microfluidic device. Hence, this equivalent electrical network is crucial
for simulating the behavior of such devices and acts as the basis for the
droplet simulator reviewed next.

2.2. Simulator workflow

With the equivalent electrical network on hand, the whole flow state
of the device (i.e., the pressure drops and flow rates of the channels)
can be computed at any given time, which is necessary to predict the
behavior of droplets inside the device. Basically, the proposed simulator
does this in an event-based approach, i.e., the flow state is assumed to
be constant until and event gets triggered. Hence, the movement of the
droplets can then be predicted between these events. More precisely,
the workflow of the simulator can be described in the following six
steps:
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1. Initialization: The first step is to initialize the simulator by cap-
turing all user inputs (i.e., structure of the microfluidic device,
dimensions of channels, fluid properties, droplet injections, etc.)
in order to generate a proper starting point for the simulation.
After that, the following steps are performed in a loop.

2. Current flow state: With the help of the equivalent electrical
network, the simulator computes the current flow state (i.e., the
pressure drops and flow rates of each channel) of the device.
This flow state is important in the next steps, since it is required
to compute events as well as to determine the movement of
droplets.

3. Next event: In this step, the simulator computes all events that
could possible be triggered next. An event itself is basically an
incident that changes the current flow state and can be triggered,
e.g., by injecting a droplet, when a droplet switches channels,
or when a droplet leaves the network. With all these events on
hand, the simulator now selects the event which will happen
next in time as the next event.

4. Move droplets: Since the time the next even will happen is known,
the simulator is able to move all droplets accordingly in time by
utilizing the (in this moment) constant flow state from Step 2.

5. Perform Event: After moving the droplets, the simulator now
performs the corresponding event, e.g., injecting a new droplet
at a given location. However, this also means that the current
flow state is now invalid, since (in general) an event changes the
underlying equivalent electrical network. Hence, the flow state
must be updated again during the next iteration at Step 2.

6. Termination condition: If a termination criterion is reached (e.g.,
all droplets left the network), the simulator stops, otherwise it
continues with Step 2 again.

Overall this allows to efficiently capture the behavior of a droplet-based
microfluidic device and allows to easily obtain the paths of the droplets,
since each system state (droplet positions, flow state, etc.) is stored at
every time step.

2.3. Example

To showcase the usage of the simulator, a small device as illustrated
in Fig. 1 is considered. It consists of 6 channels (indicated by ¢;), 5
nodes that connect the channels (indicated by n;), as well as a syringe
pump and a sink (where the droplets leave the device). Additionally, a
droplet (marked in red) should be injected into the channel c,.

In order to create and simulate the device the following steps have
to be conducted, which are also listed in the corresponding code sample
shown in Fig. 2:

1. Instantiate the simulator.

2. Add one or more pumps. Here, the start and end node as well
as the pressure/flow rate have to be specified. Please note, that
the nodes are implicitly defined and do not have to be created
by the user.

3. Add channels with their start and end node as well as their
dimensions (height, width, length).

4. Define nodes as sinks (where droplets leave the device) and
define a ground node, which acts as a reference node for the
pressure values in all nodes.

5. Add fluids with certain viscosities and densities.

. Define the fluid which acts as the continuous phase.

7. Add droplets that should be injected into the device. Here the
fluid and the volume of the droplet must be specified. Addition-
ally, the time and position (i.e., in which channel at which rela-
tive position inside this channel) the droplet should be injected
also have to be declared.

8. Run the simulation and print the results.
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Fig. 1. Microfluidic device example.

Overall, the effort to setup the initial simulation is very low and
changing certain values to simulate a different design/version is a
matter of seconds — a huge advantage during the design phase of such
devices.

3. Impact overview

The droplet simulator first started out with a Java implementa-
tion [14] and was then re-implemented in C++ into its current state.
During the years, it has served as backbone for many works, where the
most prominent ones are listed in the following.

» A demonstration for the benefits of the droplet simulator is the
design improvement of the device proposed in [6], which is able
to screen drug compounds that inhibit the tau-peptide aggrega-
tion. Here, the original design was created by a “trial-and-error”
approach, which took about 30 days, required six different pro-
totypes, and resulted in costs of about $1200. By utilizing the
proposed simulator, it was shown that the final design could be
derived within a single day and, thus, only a single prototype
would be needed, which eventually would reduce the costs to
$200 [15].

The simulator was crucial during several design tasks regard-
ing different architectures for microfluidic networks®, such as a
ring network [16], two-dimensional network [17], as well as a
pressure-controlled network [18].

The simulator was also used for evaluating [19] and improv-
ing [20] the robustness of microfluidic devices, i.e., how robust a
design is against defects that occur due to imperfections in the
manufacturing processes or due to swelling of the used mate-
rials. Here, especially the fast computational time was of great
advantage.

4. Conclusion

In this article, we presented an easy-to-use droplet simulator, which
allows to efficiently simulate and validate the behavior of droplet-based
microfluidic devices and, by this, aid designers during the whole design
phase of such devices. As a result, the functionality of corresponding
designs can already be verified, even before a first prototype is fabri-
cated — reducing costs and saving time. The simulator is available at
https://github.com/cda-tum/mmft-droplet-simulator.git and is part of
the Munich MicroFluidics Toolkit (MMFT) developed at the Technical
University of Munich.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
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1 Microfluidic networks in this context refers to droplet-based devices,
where the paths of droplets are not predefined, but can be controlled by
different mechanisms.
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#include <iostream>
#include "droplet-simulator/Results.h"
#include "droplet-simulator/Simulator.h"

int main(int argc, char const* argv[]) {
auto n®@ =0, n1 =1, n2 =2, n3 =3, nd =4, n5 =5;
// 1. Instantiate the simulator
droplet::Simulator sim;
// 2. Add pumps
auto flowRate = 3e-11;
auto pump = sim.addFlowRatePump(n0, n1, flowRate);
// 3. Add channels
auto cWidth = 100e-6, cHeight = 30e-6, clLength = 1000e-6;

auto c1 = sim.addChannel(ni, n2, cHeight, cwidth, cLength);
auto c2 = sim.addChannel(n2, n3, cHeight, cWidth, cLength);
auto c3 = sim.addChannel(n2, n4, cHeight, cwidth, 0.5 * cLength);
auto c4 = sim.addChannel(n4, n5, cHeight, cwidth, cLength);
auto c¢5 = sim.addChannel(n5, n3, cHeight, cwidth, 0.5 * cLength);
auto c6 = sim.addChannel(n3, n@, cHeight, cwWidth, cLength);

// 4. Define sinks & ground node

sim.addSink(ne);

sim.addGround(no);

// 5. Add fluids

auto fluide® = sim.addFluid(le-3, 1e3);

auto fluidl = sim.addFluid(3e-3, 1e3);

// 6. Define the continuous phase
sim.setContinuousPhase(fluide);

// 7. Add droplets

auto dropletVolume = 1.5 * cWidth * cwWidth * cHeight;
auto droplet® = sim.addDroplet(fluidl, dropletVolume, 0.0, c1, 0.5);
// 8. Run the simulation & print results

auto result = sim.simulate();

std::cout << result.toJson(4) << std::endl;

Fig. 2. Code example.
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