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Abstract—Microfluidic devices manipulate fluids at the nano-
liter scale for applications such as Lab-on-Chip, Organ-on-Chip,
and microreactors. The design cycles can be accelerated using
simulation available at different levels of abstraction. These
simulation methods can be coupled into a multi-abstraction-level
simulation approach that is both fast and accurate where
necessary. Currently, this simulation approach relies on a naive,
globally defined update scheme for coupling abstraction levels.
This approach requires case-specific tuning and is often unstable,
limiting its applicability for large-scale microfluidic devices. In
this work, we propose a local dynamic update scheme that
improves stability and can be used for large-scale microfluidic
devices. We evaluate this scheme using a benchmark suite
designed to represent the complexity of large-scale microfluidic
devices. The proposed scheme reduces the divergence rate from
21.7% to 3.3% across the test cases compared to the naive
approach, demonstrating significantly improved stability and
enabling more robust large-scale multi-abstraction-level microflu-
idic simulations.

Index Terms—Microfluidics, Simulation, Scaling

I. INTRODUCTION

Microfluidic  devices, also known as biochips or
Labs-on-Chip (Loc), manipulate fluids at the nanoliter
scale to perform, e.g., (bio-)chemical operations on the
microscale [1]. At this scale, fluids behave differently than
at the macroscale: channel-based flow is highly laminar, and
surface effects such as surface tension dominate over body
forces like gravity [2]. These properties enable a wide range of
applications, including cell culture research [3], Point-of-Care
(PoC, [4]) diagnostics, Organ-on-Chip (OoC, [5]) devices,
geology [6], and microfluidic fuel cells [7], [8].

Designing microfluidic devices, however, often requires
labor-intensive, time-consuming, and expensive iterative fab-
rication cycles. Integrating simulation into the design process
reduces effort and accelerates development [9]. Simulation
methods for microfluidics can be categorized based on their
level of abstraction, i.e. the degree to which the underlying
physical phenomena are simplified. Low-abstraction methods,
such as Computational Fluid Dynamics (CFD, [10]-[12]),
provide high fidelity and broad versatility but are computation-
ally expensive, with simulations of large or complex devices
sometimes requiring days or even weeks [13]. In contrast,
high-abstraction methods allow rapid evaluation but are limited

in the types of devices and physical phenomena they can
accurately model [14]. For example, in channel-based flow,
high-abstraction methods often reduce channels to hydraulic
resistances and analyze the network using techniques analo-
gous to electrical circuits [15], [16].

Multi-abstraction-level simulation approaches combine the
advantages of both. Regions requiring high fidelity are mod-
eled with low-abstraction methods like CFD, while less critical
regions use higher-level abstractions, reducing computational
cost. The hybrid method described in [17] exemplifies this
strategy by coupling detailed CFD models for key regions with
simplified representations elsewhere.

Current multi-abstraction-level methods, however, are typ-
ically demonstrated only for small, low-complexity devices.
Their application to large-scale microfluidic devices, also
referred to as microfluidic Very Large Scale Integration
(mVLSI, [18]) devices, remains limited. These large-scale
systems preserve microscale fluid behavior while enabling
applications such as microreactors for high-throughput pro-
cesses [19], with strong potential for practical relevance. A
key limitation of existing approaches is the use of a naive,
globally defined coupling schemes that require case-specific
tuning and often exhibit instability, particularly in large-scale
devices.

In this work, we propose a local dynamic update scheme for
multi-abstraction-level simulation of large-scale microfluidic
devices. The scheme eliminates casse-specific tuning and
improves robustness in large, complex networks. A benchmark
suite representing the complexity of large-scale microfluidic
networks is introduced to evaluate performance. The proposed
scheme decreases the divergence rate from 21.7% to 3.3%
compared to the naive approach across the test suite, demon-
strating its improved stability

The remainder of the paper is organized as follows: Sec-
tion II reviews the state of the art in hybrid simulation and the
naive update scheme, after which the proposed dynamic update
scheme is introduced in Section III. Section IV describes
the benchmark test suite used to evaluate performance, and
Section V presents the results. Finally, Section VI concludes
this work and discusses potential extensions.



II. STATE OF THE ART: MULTI-ABSTRACTION-LEVEL
SIMULATION OF MICROFLUIDIC DEVICES

Multi-abstraction-level simulation combines methods at dif-
ferent levels of abstraction, allowing the representation of
underlying physics to be tailored to each component of a
microfluidic device [17]. In this section, we review this
simulation approach, detailing domain partitioning, interface
coupling, and the iterative solution procedure. We then discuss
limitations of existing methods, particularly regarding the
update scheme to couple different abstraction levels.

A. Simulation of a Microfluidic Device

To simulate a microfluidic device, a computational model
must represent its physical geometry (e.g., channels, junctions,
and obstacles) and the relevant physical phenomena (e.g.,
single-phase, continuous flow). Simulation methods differ in
their level of abstraction, reflecting a system-level trade-off
between accuracy and computational cost [14]. The state
of the art for simulating channel-based microfluidic devices
distinguishes between the following two extremes:

o High-abstraction methods: Channels are reduced to
one-dimensional edges and intersections to nodes. Flow
through each channel is approximated analytically, en-
abling fast computation of pressure and flow rates
across large networks. The Modified Nodal Analysis
(MNA, [20]) extends this by employing Ohm’s law
analogies [15], [16] to efficiently compute the network
solution. The accuracy of this approach is limited in
regions with complex flow [14].

o Low-abstraction methods: CFD methods resolve full ve-
locity and pressure fields on a mesh. Examples include
the Finite Volume Method (FVM, [10]), the Finite Ele-
ment Method (FEM, [11]), and Lattice Boltzmann Method
(LBM, [12]). These methods are typically high-fidelity,
but computationally expensive [13], [14].

Multi-abstraction-level simulation couples these approaches,

applying high-abstraction where efficiency suffices and
low-abstraction where accuracy is required, effectively real-
izing a simulation trade-off at component level. An example
is the hybrid simulation approach, originally described in [17],
which uses MNA and LBM. Consistent solutions are achieved
through domain partitioning, interface coupling, and iterative
updates, which are briefly discussed next, followed by the
considered problem.

B. Domain Partitioning and Interface Coupling

The computational domain €2 is partitioned into
high-abstraction ({2ign) and low-abstraction ({joy) regions.
In channel-based devices, (2o typically covers areas with
complex flows (e.g., obstacles) or regions of particular
interest, while pjgn includes simple channels. An example
of this partitioning is illustrated in Fig. 1. The interface I'
between regions is placed sufficiently far from complex flow
areas, so that quantities like pressure can be treated as point
values along the channel.

To ensure continuity across I', quantities are iteratively
exchanged between (g and €24y, Coupling generally follows
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Fig. 1. A schematic representation of a simplified microfluidic device, whose
computational domain €2 is partitioned into 2p;gn, Which is solved using MNA,
and )4y, Which is solved using LBM. A region of particular interest motivates
the local simulation a low-abstraction level.

the same pattern — pressure is exchanged from Qo t0 Qpign
and flow rate from gy to €y — avoiding the need to
reconstruct velocity profiles. However, to propagate absolute
pressures correctly, at least one node in a {pien-region that
is disconnected from an in- or outlet must be coupled in the
opposite direction. This ensures a consistent solution across
the interface. More detailed information on the partitioning
and coupling are provided in [17].

C. Multi-Abstraction-Level Simulation Algorithm

To achieve a consistent solution across the coupled §y;g, and
Qow domains, an iterative procedure is employed, as sketched
in Fig. 2. Let « denote the vector of unknowns — pressure
and flow rates at the nodes in the MNA system — and x"” the
approximate solution at iteration n. Starting from an initial
guess x, the hybrid simulation proceeds as follows:

(a) Set boundary conditions: The current approximation x"
is forwarded to the LBM solver to define boundary con-
ditions at the interface. Depending on the communication
scheme, either pressure or flow rate is transferred.

(b) Solve LBM: The LBM solver computes the flow field in
Qiow for 6 internal sub-iterations.

(¢) Return interface values: The interface values computed
by the LBM solver are returned to the MNA solver.
Following the communication scheme, these values cor-
respond either to pressure or flow rate at the interface.

(d) Construct vector z": The MNA solver incorporates the
returned quantities (pressure in Fig. 2) as known contri-
butions, equivalent to pump values, forming the vector
z" for the current iteration.

(e) Solve MNA: Using z™, the MNA solver solves the linear
system

% n
A-x*=2", with * = (z*) , 2= (1{71) ; (D
e J

where A is constructed based on the channels and pumps
on the device, and the interface with Qoy, v™ and j"
contain known pressures and flow rates from pumps and
Qiow, and ¢* and e* are the unknown pressures and flow
rates in Qpigp.
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Fig. 2. Schematic of the iterative hybrid simulation procedure. Steps (a)—(i) illustrate the exchange of information between the high- and low-abstraction
solvers, the update of interface quantities, and the convergence check to obtain the final coupled solution.
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Fig. 3. Progression of x1, 2, and 3 using o = 1.0. The interface solution
oscillates and diverges, illustrating instability in the naive update scheme.

(f) Update: The interface solution is updated using an iter-
ative update scheme, typically with a relaxation coeffi-
cient o

2" = f(a",@%) = az” + (1 a)a".

2

Check Convergence: The residual ||z" 1 — x"|| is eval-
uated against a specified tolerance e.
Iterate: If the convergence criterion is not satisfied,z" 1!
is used as the starting point for the next iteration, and the
procedure returns to step (a).

(1) Finish: Once the criterion is satisfied, the iterative process

terminates, and the final coupled solution is obtained.

Upon successful completion of this iterative procedure, illus-
trated in Fig. 2, the coupled simulation yields solutions for
Qjow and Qpign, Whose interface quantities are consistent within
the specified tolerance e.

(@
(h)

D. Considered Problem: Update Coefficient Selection

The global update coefficient « in Eq. (2) plays a crucial
role in the iterative procedure described in Section II-C, as it
directly affects the stability of the partitioned simulation. Gen-
erally, o acts as a constant relaxation factor that must be cho-
sen carefully for each case. For simple geometries, manual tun-
ing of « is often sufficient to achieve convergence. However,
in large-scale microfluidic networks with many coupled points
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Fig. 4. Progression of x1, x2, and x3 using o = 0.1. The interface solution
converges, showing stable behavior under the naive update scheme.

in I', determining a suitable value for o becomes impractical.
Furthermore, extending the multi-abstraction-level approach to
transient simulations — where the solution evolves at each
timestep — is particularly challenging. Example 1 highlights
key considerations in selecting « for this naive update scheme.

Example 1. For a simulation case with three points in T, the
progression of the interface solution is illustrated in Figs. 3
and 4 for two constant values of «. A large relaxation factor
(e.g., a = 1.0) leads to oscillations and divergence of the
interface solution, as shown in Fig. 3, whereas a smaller value
(e.g., o = 0.1) results in stable convergence, as shown in
Fig. 4. Overly small values, however, can significantly increase
the number of iterations required to reach the convergence
tolerance, making manual tuning tedious.

A global relaxation factor is effective for simple geome-
tries and steady-state problems but becomes impractical for
large-scale networks or transient simulations. These limita-
tions motivate a local, dynamic update scheme that improves
stability in large-scale networks. Such an update scheme
is presented next and may also be beneficial for transient
simulations.
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Fig. 5. A graph showing the progression of x1, z2 and x3 for the same
example in Figs. 3 and 4, using the dynamic update scheme and local adaptive
relaxation with ¢ = 10. The simulation converges smoothly.

III. IDEA: A DYNAMIC UPDATE SCHEME

To overcome the limitations of the naive update scheme, we
introduce a local, dynamic relaxation factor v that evolves dur-
ing the iterative process. Unlike the constant scalar relaxation
factor, v is defined per interface element, resulting in a vector
of relaxation factors for the interface solution vector x.

The dynamic relaxation factor is motivated by classical
Aitken relaxation, a widely used technique to accelerate con-
vergence in multiphysics simulations [21], [22]. To this end,
the Aitken relaxation is briefly introduced, followed by the
proposed dynamic update scheme for cx.

A. Aitken’s Relaxation as a Motivating Principle

For a global interface vector x, the Aitken iteration is
expressed as
" = 2" + a"Ax", 3)

where Az = "1 —z" is the residual between the unrelaxed
update 71! and the current solution ™. The scalar relaxation
factor o™ is given by
T
. (Azm—1)" (Az™ — Azm) @
a = — .
(Az? — Azn—1)T (Azn — Agn—1)

This results is an update scheme that dynamically dampens the
progression of interface values based on their recent evolution.
However, classical Aitken produces a single scalar o, for
the entire interface, which may be insufficient when different
interface nodes converge at different rates.

B. Dynamic Update Scheme

To account for local differences in convergence at each
interface node, we extend the classical Aitken approach to a
per-node formulation, acting directly on the solution vector x.
To mirror the logic of Aitken’s method it is based on the
local “acceleration” of the iterative solution, approximated by
a discrete second derivative

#" = x* — 2" T ZCn_l, (5)

where x* is the unrelaxed, intermediate solution from the
MNA in Eq. (1), and £~ !, 2™ are the interface values from
the two previous iterations. This discrete second derivative
plays a role analogous to the residual differences used in
classical Aitken relaxation: it measures the local evolution of
interface values.

channel CFD node

Inlets K Grid / Outlets

@—@\LEI—IEID- -0 O

O DD@— . @—@
B ee o —E
O oooo---0 O

. :i\_g

\

node

o oood-

l

Fig. 6. A schematic representation of the model networks used for the test
suite. The available positions for nodes, CFD nodes, inlets and outlets are
randomly filled. A special algorithm connects the nodes with channels.

The dynamic update scheme is then formed with

an = ©)
1+cxm

as an adaptive relaxation factor, where c is a constant feedback
damping parameter. The operation is applied element-wise.
Large local accelerations indicate potential divergence, reduc-
ing o™ to damp updates, while small accelerations allow
a ~ 1 to maintain fast convergence. Here o is the i
element of vector a”. The scheme was found to be particularly
stable for values of ¢ within a narrow range related to the
lattice scaling of the system, suggesting that c is influenced
by the underlying discretization and flow scale.

Example 2. To demonstrate the effect of the local, dynamic
update scheme, we revisit the interface progression shown in
Figs. 3 and 4. Applying the proposed scheme to the same
problem produces the progression of x illustrated in Fig. 5.
Compared to the naive update scheme, the oscillatory behavior
is reduced and all interface variables converge smoothly
toward the equilibrium state, illustrating the stabilizing effect
of the dynamic, per-node relaxation factors.

IV. TEST SUITE FOR SIMULATION OF
LARGE-SCALE MICROFLUIDIC DEVICES

In order to evaluate and compare the performance of the
dynamic update scheme against the naive update scheme, a
dedicated test suite is required. To the best of our knowledge,
no such comprehensive test suite exists. The following section
describes the test suite devised for this purpose. The naive
and dynamic update schemes are evaluated using the test suite
presented here and the results are presented in Section V.

A. Model Network

The model network shown in Fig. 6 consists of an [ x [ grid
of positions, with on the left an array of positions for inlets,
and on the right an array of positions for outlets, both of size [.
Positions can be occupied by either a node or a CFD node on
the grid, an inlet on the inlet array, and an outlet on the outlet



array. Here, a node represents the classical node in MNA, and
a CFD node represents the geometry of the corresponding
LBM solver instance. Let

e 1 be the number of nodes,

o m the number of CFD nodes,
e ¢ the number of inlets, and

e 0 the number of outlets.

To obtain a suitable network, we “fill” the available po-
sitions at random with the corresponding element, until the
desired number of each of the elements is placed. Channels
are placed at random between any two adjacent elements on
the grid, with a chance of 0 < s < 1, where s is the sparsity
of the network. A dedicated algorithm subsequently removes
dangling nodes and connects inlets and outlets, resulting in a
network of complexity (n,m).

The manhattan type networks for the test suite are devised
as such, to allow for prepared CFD meshes, that are either a
T-junction or a four-way intersection, reducing the chance for
errors in mesh generation. Besides that, these networks are still
suitable to be solved using solely the high-abstraction method.
However, it should be pointed out that, even though it works
here stand-alone, it is generally insufficient for complex, real
world microfluidic devices.

B. Simulation Test Suite

The test suite should cover a proper set of complexities
(n,m), such that it is representative of a large-scale mi-
crofluidic device. Microfluidic Large Scale Integration (mLSI)
and mVLSI are described to contain in the order of magni-
tudes of a thousand and a million PDMS valves per cm?,
respectively [18]. This is provides some information on the
scale that should be considered for large-scale microfluidic
devices. However, to test multi-abstraction-level simulation, it
should be considered what large scale would look like for
versatile microfluidic devices. So far, the hybrid simulation
has only been tested on networks with up to 4 separate CFD
regions [17]. It is realistic that large-scale microfluidic have
more regions of interest that require CFD simulation.

To this end, we have devised the test suite, based on the
model network from Section IV-A, with complexities (n,m),
where

o n € {64,128,256,512,1024}, and
« m e {4,8,16,32,64}

The grid size [ was chosen such that is would fit all the nodes,
and the number of inlets ¢ or outlets o is roughly half of [.
Here, we have made sure that for any combination of (n,m),
m < n to reflect the nature of the regions of interest, which
are generally a small portion of the entire microfliudic device.
For each combination of (n,m), 10 unique networks were
generated, in order to evaluate a general trend in performance
based on averaged values.

The test suite networks have been made public and are
available at (retracted for double-blind review).

V. RESULTS

In this section, we present the results of naive and dynamic
update schemes tested on the test suite described in Section IV,
followed by a discussion.

A. Test Suite Results

All tests were performed on an AMD Ryzen™ 7 3700X
8-Core Processor, without parallelization. Due to the large
number of tests, the compute time was limited to 2 hours per
test case, and the convergence criterion for all cases was set
to e =0.1.

The average compute time (2t) of the 10 instances of all
tested complexities are listed in Table I for the naive update
scheme with o = 0.1, and in Table II for the dynamic update
scheme with ¢ = 10. In addition to compute times, Tables I
and II report

« the number of test instances exceeding the 2-hour limit
(>2 hr), and
« the number of test instances that diverged (div.).

Some entries in Table I state None, indicating that all ten test
instances either exceeded 2 hours or diverged.

B. Discussion

The results from Tables I and II demonstrate that the pro-
posed dynamic update scheme significantly improves stability
compared to the naive approach. While the naive scheme
fails to converge for 39 test instances (21.7%), the dynamic
scheme diverges in only 6 cases (3.3%). This improvement is
most pronounced for networks with m > 32, where the naive
scheme often becomes unstable.

Computational cost increases with the number of CFD
regions m, as expected. Increasing n further impacts perfor-
mance due to the cost of solving the MNA system. Owing
to the Manhattan-type network structure, each node has at
most four connections, resulting in a sparse system matrix
A in Eq. (1). For very large networks, iterative solvers with
near-linear scaling are likely required.

In contrast to the mnaive approach, which requires
case-by-case tuning of the relaxation parameter, the proposed
scheme relies on a single feedback parameter c that appears
to be linked to the underlying lattice scaling. This allows ¢
to be calibrated on small-scale problems and transferred to
larger systems, significantly improving the practicality and
robustness of the simulation workflow. This improvement is
enabled by the local, adaptive relaxation mechanism, which
adjusts the update at each interface node based on its recent
evolution, thereby damping oscillatory behavior and enhancing
overall convergence.

Overall, the dynamic update scheme demonstrates superior
scalability and stability compared to the naive approach, mak-
ing it a practical and robust choice for multi-abstraction-level
simulations of large-scale microfluidic networks. While the
present study focuses on steady-state configurations, the results
suggest that the approach may also be beneficial for transient
simulations, which remain subject to future investigation.



TABLE I
COMPUTE TIMES FOR TESTS, USING NAIVE UPDATE SCHEME WITH v = 0.1

m

4 8 16 32 64
n Zt [s] >2 hr div. 7t [s] >2 hr div. Zt [s] >2 hr div. Zt [s] >2 hr div. 2t [s] >2 hr div.
64 25.6 0 0 45.3 0o 3 - - - - - - - - -
128 31.7 0 0 42.7 0o 2 - - - - - - - - -
256 39.6 0 0 55.6 0 1 110.3 0 0 252.4 1 6 - - -
512 90.9 0 0 103.0 0 0 180.4 0 0 372.4 0 4 None 0 10
1024 2151.1 0 0 1700.6 0 0 3640.8 0 0 3987.9 1 3 None 0 10

TABLE II
COMPUTE TIMES FOR TESTS, USING THE DYNAMIC UPDATE SCHEME WITH ¢ = 10
m

4 8 16 32 64
n Zt [s] >2 hr div. 2t [s] >2 hr div. Zt [s] >2 hr div. Zt [s] >2 hr div. Zt [s] >2 hr div.
64 23.4 0 0 58.3 0o 2 - - - - - - - - -
128 27.4 0 0 54.2 0o 2 - - - - - - - - -
256 29.6 1 0 65.7 0 0 136.9 1 0 411.0 0 0 - - -
512 53.8 0 0 90.0 0 0 185.0 0 0 429.5 1 0 1177.6 3 1
1024 1979.1 0 0 600.0 0 0 3846.2 0 0 4086.2 4 0 None 9 1

VI. CONCLUSION

In this work, we presented a dynamic update scheme for
multi-abstraction-level simulation of large-scale microfluidic
devices, improving upon the naive approach that requires
case-specific tuning. The proposed scheme adapts locally at
each interface node during the iterative solution process,
enhancing stability while preserving computational efficiency.
Evaluations using a dedicated test suite demonstrated that the
method consistently reduces divergence for large and complex
networks. Overall, the proposed approach provides a robust
and scalable solution for multi-abstraction-level simulation of
large-scale microfluidic devices.
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