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Paper-based microfluidics has emerged as a promising field with diverse applications ranging from medical
diagnostics to environmental monitoring. Despite significant progress in research and development, the trans-
lation of paper-based prototypes into practical end-user devices remains limited. This limitation stems from
challenges related to devices not being sufficiently portable and autonomous, which paper-based microfluidics is
expected to overcome. Yet for this purpose, we note the lack of comprehensive numerical modeling tools capable
of simulating the intricate physicochemical phenomena involved in order to optimize the development process;
hence, in this study, we introduce porousMicroTransport, a novel simulation package integrated with the open-
source platform OpenFOAM®, designed to address these challenges. porousMicroTransport offers efficient
solvers for fluid flow and transport phenomena in microfluidic porous media, including capillarity models and
(bio)chemical reactions. Moreover, under horizontal flow conditions, porousMicroTransport application field can
be extended to any porous media. We demonstrate the software’s effectiveness in two example cases, showcasing
its ability to accurately reproduce complex phenomena involved in paper-based devices. By virtue of being an
easy-to-use and computationally efficient tool, porousMicroTransport facilitates the design and optimization of
devices, potentially enabling more devices to meet the WHO’s REASSURED criteria for point-of-care testing. We
anticipate that this tool will accelerate the development and deployment of robust and portable diagnostic de-
vices, bridging the gap between research and practical applications.

1. Introduction simultaneously fulfill all REASSURED criteria mainly due to a high level

of dependency on extra equipment for specific and complementary tasks

Paper-based microfluidics is nowadays a well-established R&D field;
however, the number of end-user applications is still certainly limited
[1]. The success of lateral flow assays (LFA), initially developed for
pregnancy tests, and more recently widely spread with the rapid test for
SARS-CoV-2 detection [2], could not be replicated by any other micro-
fluidic paper-based analytical device (uPAD) [3]. Despite the huge ef-
forts made by the scientific community to develop #PADs to comply with
the REASSURED criteria proposed by the World Health Organization
(WHO) [4], at present, only a few examples are available for end users as
real point-of-need testing devices [5]. Many approaches have failed to
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such as heating, driving fluids, actuating valves, incubation, and re-
actions, among others [6]. Including these tasks within the functionality
of uPADs requires increasing the complexity of devices with the conse-
quent challenges on design and fabrication processes.

Nevertheless, the perspective is optimistic as many researchers both
in academia and companies are currently working on improving
different aspects of yPADs in medical diagnosis, environmental moni-
toring, and food quality control—among other fields—, to perform more
complex tasks while being more robust, portable, and efficient [7]. For
example, in order to improve robustness and portability, there are new
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Table 1

Summary of different characteristics of the currently available software for solving fluid flow and/or reactive transport in porous media.
Software Open Unsaturated Multi-scalar Mechanical Retardation Reaction Ref.

source flow transport dispersion coefficient support

COMSOL x V() v x x v [32]
Ansys x v (b) v x x v [33]
PFLOTRAN v v v v v V() [23]
porousMultiphaseFoam v v v v v x [34]
SECUReFOAM v x v 4 x x [35]
DuMuX v v v v x v/ [36]
OPM v 4 x x x x [37]
PorePy v v v x x x [38]
RichardsFoam v v(d) x x x x [39]
porousMicroTransport v v v v v v This work

(a) Only Van Genuchten and Brooks and Corey models available.

(b) Solved using multiphase flow with Volume of Fluid method.

(c) Multiple continuum for Reactive Transport is under development.
(d) Only Van Genuchten model available.

developments in terms of fabrication techniques and the integration
with mobile telephony [5,8]. Simultaneously, in order to improve
sensitivity and specificity, new detection techniques coupled with the
classic colorimetric and electrochemical ones are being tested [9,10].
Moreover, by improving transport and reaction mechanisms, the limits
of detection of the analytes of interest can be significantly increased
[11].

The aforementioned process of optimizing fluid and solute transport,
as well as reaction rates, involves the systematic characterization of
different substrates [12], as well as the analytical and numerical
modeling of the different phenomena involved [13]. The success of these
tasks will enable innovative designs that overcome the current limita-
tions of uPADs. Unfortunately, the amount, complexity, and strong
interdependence of the different physicochemical phenomena that
determine the performance of a particular yPAD, turns the production of
uPAD models with accurate prediction capabilities into an extremely
challenging task [14]. The phenomena involved include unsaturated
fluid flow governed by capillary forces; transport of multiple solute
species, including unsaturated advection, anisotropic dispersion,
adsorption; and (bio)chemical reactions; all of them strongly coupled
and highly non-linear [15]. Remarkably, under very basic operation
conditions and for simple geometries, some analytical and numerical
models can help designers determine imbibition times or reactant vol-
umes demanded [16-18]. However, accurate and computationally
efficient numerical prototypes are mandatory for the design and opti-
mization of more sophisticated applications involving 2D complex ge-
ometries, multi-step procedures, multiple fluid inlets as well as several
reacting species, automatic sequential fluid delivery, or different porous
materials [19].

However, at present yPAD developers do not have any software tool
available able to simulate all of the aforementioned phenomena and
their interactions, particularly involving complex chemical reactions
[20]. In contrast, soil, as an archetypical instance of porous media, has
been simultaneously studied and modeled with a set of equations similar
to that needed to model yPADs [21]. Nonetheless, soil transport prop-
erties and capillary flow models differ significantly and are not fully
valid for paper [22]. One of the most powerful tools in this scenario is
PFLOTRAN [23], which is open-source and highly efficient for parallel
computing, but it is not yet fully adapted for paper-based microfluidics
[24]. Moreover, few attempts of numerical modeling yPADs with
COMSOL Multiphysics were performed, yet significant discrepancies
with experimental results for unsaturated flow and scalar transport were
reported. Furthermore, chemical reactions were not reported within the
models solved with this proprietary software [25]. A more detailed
comparison of different numerical tools available for modeling 4PADs or
transport in porous media is presented in Table 1.

In this work, we propose the use of porousMicroTransport, a novel
package that integrates with the open-source platform OpenFOAM®.

Particularly, porousMicroTransport offers highly efficient solvers for
saturated and unsaturated fluid flow, including the classical capillarity
models (i.e. Brooks and Corey [26] and Van Genuchten [27]) as well as
some alternative ones such as those from the LET family of flow func-
tions [22,28-30]; including the possibility for users to define their own
models. Regarding the scalar transport in porous media, several mech-
anisms are modeled such as (un)saturated advection, Brownian diffu-
sion, mechanical dispersion, and adsorption, as well as a general
arbitrary-order chemical reaction library that enables to the modeling
of different types of (bio)chemical reactions. porousMicroTransport is
also easy to set up, either on top of an OpenFOAM® installation or via
Docker [31], and several fully functional tutorials are available within
its installation. Moreover, due to the integration of porousMicroTran-
sport to OpenFOAM®, all the advantages of the latter platform are
available for users such as native support for arbitrary 3D domains,
automatic compatibility with parallel computation (which can scale up
to supercomputing), and the availability of source code under a GNU
GPL license. Although porousMicroTransport is targeted and optimized
to numerically model yPADs, the set of equations used for modeling the
fluid flow and scalar transport are based on a homogenized material
paradigm (e.g. Darcy-based approach for fluid flow), consequently, the
presented package, can also be useful on modelling other length-scale
problems based on porous materials. Only a single restriction, or
consideration must be taken into account in this sense, and is that the
effects of "non-horizontal” flow, i.e. the hydrostatic or another pressure
based fluid, flow cannot be adequately represented. If such conditions
can be fulfilled by the studied system, porousMicroTransport will reach
valid results independently of the length scale of the porous medium.

Along this work, mathematical models for all phenomena involved
are reported as well as the minimal computational details for enabling
users to install porousMicroTransport and run the available tutorials.
Two of such tutorials are presented here, while the comparison of the
numerical results with experimental data is reported and discussed.
Such tutorials include all the fluid flow, transport and chemical re-
actions mechanisms available in porousMicroTransport for accurate and
efficient numerically prototyping of yPADs. porousMicroTransport is a
powerful open-source tool for improving devices and boost the launch of
devices that finally can fulfill the REASSURED criteria.

2. Mathematical modeling
2.1. Fluid flow modeling

Accurate modeling of passive capillary-based pumping in paper-
based microfluidics, from simple lateral flow tests to more complex
analytical devices, requires considering the flow in the unsaturated
regime—i.e., solving for a scalar saturation or moisture content field
that varies in space and time. Using a Darcy-based approach, unsatu-
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rated capillarity-driven flow in a porous medium can be deemed gov-
erned by the moisture diffusivity equation [15]:

@ _ V-[D(O)VE)] =0 @
ot

This is a nonlinear diffusion equation in which 6 represents the moisture
content and D(0) is a moisture content-dependent diffusivity defined by
an unsaturated capillary flow model. It constitutes a special case of the
Richards equation of flow in porous media when gravity effects are
neglected, as is the case in yPADs [16]. For the case of the LETd capillary
flow model [22], the diffusivity function has the expression:

S

D(0) = Dy—— 22—
Sk, +E(1—Sy)"

(2)

with S, = (60 — 65)/(0s — 6;), where 6; is the material’s effective
porosity and 0, is the residual moisture content, while L, E, T and 6, are
fitting parameters that characterize the solid-liquid system.

2.1.1. Exhaustible-reservoir boundary condition

A special boundary condition can be used when solving Eq. (1) to
represent an inlet reservoir with a finite volume of liquid (typically a
drop) that can be exhausted. These kinds of reservoirs are used to
orchestrate the temporal progression necessary for automatic sequential
delivery. The boundary condition behaves as follows.

Under normal flow conditions—i.e., while the reservoir has enough
remaining liquid that the inflow is limited solely by Eq. (1)—, the
boundary condition behaves like a Dirichlet-type condition that pre-
scribes the value of 0; exactly as would be used to model a reservoir with
infinite capacity. However, once the remaining capacity falls below the
inflow predicted by the flow equation, the boundary condition switches
to the Neumann type with the following expression:

-Q

on—=— <
VOn = Sg)sat

3

where Q is the remaining volume of liquid in the reservoir, n is the
boundary’s normal unit vector, St is the boundary’s surface area, and At
is the current timestep.

Under this Neumann-type condition, the flow through the boundary
is prescribed to be equal to the remaining capacity, in order to allow the
modeled reservoir to be fully exhausted while making sure that mass is
conserved.

2.2. Solute transport

The transport of every diluted chemical species in a porous medium

is modeled through the mass conservation equation as follows [15]:
OR0C
o

V:[0Det VC] — V-[UC] + 6F 4

where C is the species concentration (in terms of either mass or molar
units), U is the Darcy velocity (U = — DV#), Ry is a retardation factor,
D is an effective diffusivity, and F is a reaction term (c.f. Section 2.3).
In this conservation equation, the left hand side represents the temporal
variation rate of C, while the right hand side represents the fluxes and
the generation/exhaustion.

In the temporal term, the retardation factor R; quantifies the resis-
tance to the movement of the dissolved species due to reversible partial
adsorption onto the porous matrix, which in paper is explained by
chromatographic effects [40]. It is defined as:
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Ri=1 +Px(1 —Hftot)Kd

5)
where p; is the density of the solid material, e is the total porosity’ and
K, is a species-dependent partitioning coefficient for adsorption. When
K, is zero, Ry = 1 and the coefficient has no effect; while the retardation
effect increases as Ky grows.

When considering the diffusive flow, the effective diffusivity Deg
accounts for the effects of Brownian molecular diffusion and mechanical
dispersion in a porous material. Its expression is [15,34]:

D Vv
Det = <7M+ar|w)1+ (@ —az) ©)

v

where [ is the identity tensor and V is the true velocity of the fluid (V =
U/6). Dy is the species’ molecular diffusion coefficient, while 7 is the
diffusive tortuosity, which measures the medium’s resistance to diffu-
sion. Finally, ar and o, are, respectively, scalar transverse and longitu-
dinal dispersion coefficients of the medium.

2.3. Reaction terms

porousMicroTransport bundles an implementation of a reaction li-
brary. The library supports arbitrary order reactions, following a general
expression of the form:

N, Ry 4 ng, Ry + ... <=> [ky] [k Jnp, P + g, P52 + ... )

where ks and k, are the forward and reverse rate constants, R; are the
reactant species, P; the product species, ng, and np, represent the stoi-
chiometric coefficients, and pg, and pp, the reaction exponents for re-
actants and products respectively. Each Eq. (7) implies a net reaction
rate F given by:

ke([Ri]™™ + [RoJP™2 + ...) — k([P + [Po)P2 + ...) ®

which is added to the reaction term in Eq. (4) for each product species P;,
but also to each reactant species R; with opposite sign; in both cases
multiplied by the species’ stoichiometric coefficient np, or ng,.

3. Materials and methods
3.1. Software

porousMicroTransport has been developed as an add-on for Open-
FOAM®, an open-source multiphysics platform for solving partial dif-
ferential problems [41,42]. porousMicroTransport can either be
compiled from its source code or downloaded in precompiled form as a
Docker image. For compilation from source, porousMicroTransport’s
only requirement is a development installation of OpenFOAM® v2112
or later as distributed by OpenCFD Ltd. (Bracknell, UK). As Open-
FOAM®, porousMicroTransport is open-source software available under
the GNU General Public License (GPL) v3.0.

Notably, the software includes an automated test suite that can verify
the correct functioning of the different solvers. The test suite is written in
Python and uses asynchronous APIs in order to run separate test cases in
parallel, taking maximum advantage of the available computing re-
sources in order to achieve very reasonable execution times of less than a
minute for the entire suite using common hardware. This test suite also
runs automatically online within the source code repository in order to
ensure that any proposed changes do not negatively impact existing
functionality. This continuous integration stage also tests for compati-
bility with all supported OpenFOAM versions, and uploads new Docker

1 The total porosity may differ from the effective porosity due to the exis-
tence of non-connected void structures.
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images if necessary.

For its part, the user-facing definition of porousMicroTransport cases
is deliberately inspired by porousMultiphaseFoam [34], another toolbox
for OpenFOAM® dedicated to multiphase flow and transport (without
reactions) in soil.

For more information on the installation and operation of porous-
MicroTransport, please refer to the online README file and/or in the
supplementary material that accompanies this work.

Other software utilized for this work was ParaView (Kitware Inc.,
Clifton Park, N. Y., United States) for data visualization, and Open-
FOAM.app [43] for running OpenFOAM® natively on macOS.

3.2. Numerical details

All solvers use the finite-volume method for discretization of the
equations as implemented in OpenFOAM®. What follows is a descrip-
tion of certain implementation details.

3.2.1. Flow equation

Within porousMicroTransport, linearization of Eq. (1)—which,
depending on the conditions and the model used for D, can be highly
nonlinear—is attained via Picard’s method; i.e., repeated solving of a
linear form of the equation that uses the previous known value for the
nonlinear variables until a known tolerance is achieved. From a previous
work [22] it was demonstrated that for Whatman #1 paper, the most
suitable model for unsaturated flow in terms of accuracy and compu-
tational cost is LETd model that was presented in Eq. (2). However,
porousMicroTransport offers the possibility to the users to choose be-
tween several models including those classical in hydrology such as Van
Genuchten, Brooks and Corey, or the complete LET model, among
others. Moreover, users can also implement and test new models by
defining the diffusivity functions accordingly. By default, all models
include the parameters adjusted for Whatman #1 paper in [22],
enabling users to directly test different preset models for such substrate.

3.2.2. Exhaustible-reservoir boundary condition

The exhaustible boundary condition is implemented as a subtype of a
mixed-type boundary condition, while in practice only behaving as
Dirichlet type or Neumann type at a time as described in Section 2.1.1.

For the numerical implementation of this boundary condition, one
must take into account that the volume of liquid that flows into the
domain in a timestep can be a very small fraction of the total volume in
the reservoir (especially when small timesteps are taken). In order to
avoid potential excessive error caused by floating-point arithmetic, the
boundary condition keeps track of the initial volume and the “used”
volume of liquid in memory as independent counts instead of using a
single counter for the remaining volume.

3.2.3. Reactive transport equation

The reaction model uses an explicit numerical scheme in order to
support segregated solving—i.e., the concentration of each species is
solved separately. This segregated approach is conventional in Open-
FOAM® and allows for more scalability than a fully-coupled solver. The
segregated approach also generally forces the use of explicit numerical
schemes for the reaction terms if one wishes to ensure mass conserva-
tion; although a segregated mixed implicit-explicit approach—consist-
ing of an initial (semi-)implicit solve followed by a final explicit
correction pass for mass conservation—was also tested but discarded
due to performance considerations.

We note that we make no provision for iterative linearization (e.g.
via Picard’s or Netwon’s method) of the reactive transport equation in
porousMicroTransport. This is done in order to improve performance;
although, compounded with the use of the explicit, segregated
approach, it can be detrimental for stability in practice. For this reason,
it requires careful management of the timestepping—including the
rewinding of timesteps where necessary—in order to preserve accuracy,
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with the user being required to be mindful of the adaptive timestepping
configuration for each case.

While these choices are reasonable as far as our target scenarios are
concerned, we can see different implementation of the reactive transport
model that includes a linearization loop, or even delegates solving for
the reactions to an external stiff chemistry solver through built-in sup-
port for arbitrary reaction models.

3.2.4. Automatic timestep management

porousMicroTransport includes a modular timestep control library
that can support the needs of the different solvers for the possibly con-
current phenomena of flow and reactive transport. When enabled, it
automatically adjusts the timestep in order to improve performance
while preserving a certain level of accuracy that can be configured
independently for each phenomenon. For fluid flow, it uses the required
number of Picard iterations as a proxy for the difficulty in solving Eq. (1)
(where the tolerance for the Picard linearization can be set by the user);
increasing, maintaining, or decreasing the timestep taken according to
whether the number of iterations falls below, within, or above a target
range of three to seven iterations per timestep. For the reactive trans-
port, the user can configure a maximum bound for the concentration
change in a single timestep in a single finite-volume cell (as global ab-
solute, per-species absolute, or relative tolerance), which will be used to
adjust the steps taken. In all cases, a maximum step can also be
configured and will—expectedly—take precedence.

Notably, and given that the nonlinearity of the phenomena at play
works against an accurate prediction of the expected change in the
variables being solved for in a single timestep, the timestep control li-
brary has the ability to rewind a timestep and solve again (with a smaller
step, and repeatedly if necessary) if the changes in a solved timestep
would violate the configured timestepping constraints. This is different
from the standard OpenFOAM solvers (e.g. those using a PIMPLE loop)
which simply target a Courant number with no rewind capabilities. This
means that any timestepping restrictions set by the user are always
enforced; it also means that an appropriate initial timestep need not be
configured by the user and can instead be left to be found automatically
by the solvers.

In the code, the adaptive timestepping is implemented in the form of
a class hierarchy where each phenomenon (e.g. fluid flow, reactive
transport) provides its own derived class that tracks and enforces its
relevant constraints.

3.2.5. Parallelism

The solvers in porousMicroTransport are compatible with parallel
solving through domain decomposition and the MPI standard, a method
which offers impressive scalability for complex problems.

3.3. Meshing

porousMicroTransport is compatible with any finite-volume mesh
supported by OpenFOAM®. For the first validation case(Section 4.1),
the mesh used is made up of 16000 prisms in a simple rectangular
configuration. For the reactive mixing device discussed in Section 4.2,
the mesh consisted of 80000 prisms; both were made with a natural
scripting mesher included in OpenFOAM®—i.e. blockMesh. This scrip-
ted mesh enables users to easily modify the geometry (including the gap,
which is particularly important in the mixer case—although any change
in the layout can be applied this way) by just modifying a single line of
code in the blockMeshDict configuration file. For the third case (Section
4.3), a mesh of 87325 hexahedra was generated with Simcenter STAR-
CCM+ (Siemens Industry Software Inc, Plano, Texas, USA).

3.4. Numerical schemes

For the dispersion test and sequential delivery application cases
(Section ), the numerical schemes selected were Gauss upwind phi
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Table 2
Flow parameters for Whatman No. 1 paper
Description Symbol Value Ref.
Effecti it; 6, 0.7
ective porosity s [22]
Initial moisture content 0; 0.025
[22]
Residual moisture content 0, 1.985x 1072 [22]
LETd L coefficient L 4.569 x 10~3
[22]
LETd E coefficient E 12930
[22]
LETd T coefficient T 1.505
[22]
LETd D, coefficient Dy 4.660 x 10~4m?2s~! [22]
Table 3
Transport parameters for Whatman No. 1 paper
Description Symbol Value Ref.
Diffusive tortuosity T 5.29
[44]
Mechanical dispersivity ar, ar 30x 10°°m [45]
Total i 0.7
otal porosity Etot [22]
Solid matrix densit 3
olid matrix density Ps 1611kg/m [22,46]

uncorrected (fluid flow), Gauss vanLeer (species advection), and Gauss
linear corrected (species dispersion—diffusion). For the reacting mixer
case (Section 4.2) the numerical schemes chosen were Gauss linear
limited 0.5 (fluid flow), Gauss Minmod (species advection), and Gauss
linear corrected (species dispersion—diffusion). In all cases, the linear
solvers were PCG (fluid flow) and PBiCG (species transport).

3.5. Hardware

The hardware used with porousMicroTransport for this paper was as
follows. The mechanical dispersion test and reacting mixer cases (Sec-
tion ) were run on a MacBook Air (Apple Inc., Cupertino, Calif., USA)
with an M1 chip with 8 GB of system RAM, using a single process for
each case. For the sequential delivery application case (Section 4.3),
each case ran on a single supercomputing node equipped with two Xeon
Gold 6226R (Intel Corporation, Santa Clara, Calif., USA) CPUs (for a
total of 32 computing cores) and 192 GB of RAM.

4. Results and discussion

Three tutorial cases included in porousMicroTransport are pre-
sented, discussed, and compared with experimental results with the aim
of demonstrating its capabilities for the numerical prototyping of com-
plex devices. The selected examples include multiple inlets for unsatu-
rated flow, sequential delivery—class automation using exhaustible
reservoirs, multiple solutes as reactants and products—including pre-
adsorbed species—, and also two different reaction mechanisms. The
results obtained are compared with the experimental results present in
literature to show porousMicroTransport accuracy, while its robustness
is shown through the complexity of the devices and its operation. In both
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cases, Whatman No. 1 filter paper was used as substrate. Fluid flow and
transport properties of this filter paper are listed in Tables 2 and 3,
respectively.

4.1. Test case for mechanical dispersion

The first tutorial example is a showcase for mechanical dispersion
with a configuration similar to the experimental setup of [45]. The
rectangular device has a split inlet port. Water with a dissolved species
enters from half of the inlet, while pure water enters from the other half.
The purpose of this case is to introduce users to the full capabilities of
porousMicroTransport through a simple, straightforward case.

A simpler variant of this case is used to automatically test the pre-
dictions of mechanical dispersion against the equations in [45] as part of
the continuous integration workflow.

4.1.1. Physical properties and boundary conditions

The simulation data for reproducing this tutorial case can be found at
https://github.com/gerlero/porousMicroTransport/tree/main/tutorial
s/moistureDiffusivityTransportFoam/dispersionTest Physical properties
for the case are as shown in Tables 2 and 3, with the molecular diffu-
sivity of the species set at 1.4476 x 10~° m2s~!. The case as presented
uses Dirichlet boundary conditions for both concentrations (for trans-
port) and moisture content (for fluid flow) at the inlet port on the left.
For the other boundaries of the domain, the conditions for transport and
flow are of Neumann type.

4.1.2. Results

The results from this case are shown in Fig. 1, which displays the
concentration field after 600 s of simulated time; where flow is from left
to right. The effect of mechanical dispersion can be clearly observed as
the fluid moves.

Besides mechanical dispersion, the one-dimensional flow in this case
serves to showcase the capabilities of porousMicroTransport for solving
the nonlinear flow equation (Eq. (1)): it does so in 899 timesteps for an
average of 3.17 Picard linearization iterations per timestep, with 6
timestep rewinds and adaptive steps ranging from 6.91 x 10 ®sto 2.5s.
As for computational costs, the case runs to completion in 100s of real
time.

4.2. Reactive flow in a passive mixing device

This second tutorial example discusses the numerical prototyping of
a passive reactive mixer presented by Hamidon et al. [11]. In that work,
the authors present a patterned hourglass structure for the coflow and
mixing of two reactant species: Fe>* from FeClz, and SCN~ from KSCN in
solution. Each diluted compound enters the flow domain through res-
ervoirs located at the bottom of the device. Due to imbibition, both so-
lutions flow upward while generating a parallel reactive interface where
the following reaction develops:

Fe*" +SCN~  <=> [ky|[k]JFeSCN**.

The product of the strong covalent reaction FeSCN?* has a particular
red color that can be measured with high-precision by using standard
image processing tools.

One may add a brief perspective on the foundations and evolution of

concentration

000400 02 0.3 0.4 05 O
[ -

607 08 10e+00

Fig. 1. Mechanical dispersion test case results as concentration field over the domain.
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Fig. 2. (a) Experimental results from Hamidon et al. [11]; upper panel, images
of the four tested devices; lower panel, distribution of the reaction product at
the mixing zone. Adapted under the Creative Commons Attribution 3.0
Unported License. (b) Numerical results obtained in this work; upper panel,
images of the four geometries; lower panel, distribution of the reaction product
at the mixing zone (horizontal line). The grey field indicates fluid saturation.

this problem: the transverse dispersion of analytes under capillary-
driven flow in paper substrates was first evaluated by Urteaga et al.
[45]. Mechanical dispersion was assessed by theory and experiments,
introducing a change of paradigm for the design of mixers, diluters, and
concentration gradient generators on yPADs. On these foundations, the
same group employed computer simulations to investigate the optimal
design of paper geometries for these operations [47], where the
sequence of constriction plus diffuser emerged as the best concept for
mixing on paper. Later on, Verpoorte’s group nicely implemented the
concept to speed up reactions on paper substrates [11]. Here, we are
presenting a numerical model that reproduces the entire problem for the
first time, accounting for spontaneous liquid imbibition, species trans-
port with both Brownian and mechanical dispersion, and chemical re-
actions. Hamidon et al. proposed the hourglass geometry with a gap of
variable width in order to empirically study the mixing efficiency of the
design (Fig. 2(a)). This tutorial reproduces the behavior of all of the
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Table 4

Parameters for the reactive mixer tutorial case.
Description Symbol Value Ref.
Inlet Fe concentration [Fe], 50mM (1]
Inlet SCN concentration [SCN], 50 mM (1]
Molecular diffusivity Fe D, 1.45x 107° m?s7! (48]
Molecular diffusivity SCN Do 1.77 x 1072 m2s~! (48]
Forward reaction rate constant ks 89M 151 (4]
Reverse reaction rate constant kr 0.72s7! [49]

devices manufactured by the authors to make the comparison of mixing
performance. Such performance is evaluated through the color profiles
determined at the gap cross section.

4.2.1. Physical properties and boundary conditions

In Table 4 the transport and reaction properties of reactants are re-
ported, as well as the concentration of every reactant at its particular
inlet reservoir. All of the simulation data for reproducing this tutorial
case can be found at https://github.com/gerlero/porousMicroTranspor
t/tree/main/tutorials/moistureDiffusivityTransportFoam/reactingMi
xer At the reservoirs, the reported concentration is imposed as a
Dirichlet boundary condition as well as the full saturation condition for
the imbibition flow solver. For the other boundaries of the domain, the
condition for transport and flow is a natural Neumann condition, i.e. no
fluid nor solute flow in the normal direction to the boundary.

4.2.2. Results

Fig. 2 gathers the experimental (a) and numerical (b) results for the
mixing/reactive transport process developed in the prototype proposed
by Hamidon et al. [11]. In this figure, the effect of different gap widths is
shown. The experimental results produced two kinds of colors. First, the
grey field indicates the saturation field, and how the imbibition process
developed upwards. The numerical results of the saturation field, solved
through Egs. (1) and (2), can be directly compared, showing similar
results in terms of velocity of the fluid front, but also in terms of fluid
front curvature. This result emphasizes the capability of porousMicro-
Transport to solve 2D imbibition flow in 4PADs with non-trivial layout.
It is noteworthy that our calculations take advantage of previous works
devoted to the characterization of fluid flow and solute transport in
Whatman No. 1 filter paper [22,44,45].

On the other hand, red is used to represent the concentration of the
FeSCN product. When comparing the red-color profiles across all four
devices, the similitude between the experimental and numerical fields
for the same physical time is again remarkable. In this sense, it is
important to highlight both the capability of porousMicroTransport to
correctly reproduce all transport phenomena, and the fact that the
transport properties and the reaction rate constants correctly charac-
terize the experiments (Table 4).

Moreover, when focusing the analysis on the concentration profiles
shown in Fig. 2 for all layouts with the aim of evaluating the mixing
efficiency of each design, it can be seen that identical shapes are ob-
tained for all cases. As it was already mentioned for the fluid flow and
transport, it is clear that porousMicroTransport is able to reproduce the
reaction mechanisms, but also the reaction rate constants extracted from
literature. It is pertinent to emphasize here, that no arbitrary data or
correction coefficient was used in the calculations: geometrical di-
mensions, and physicochemical parameters were directly obtained from
the literature.

Regarding the numerical costs, the four cases ran simultaneously to
completion in less than three hours on our hardware, which consisted of
a lightweight consumer-grade laptop (c.f. Section 3.5). The analysis of
results is straightforward in ParaView. It is important to compare this
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)

(d)

Fig. 3. Automatic delivery sequence. (a) Start of the sequence, with locations of the test (TL) and control (CL) lines highlighted. (b) First solute passes the test and
control lines. (c) Second solute arrives at the test and control lines. (c¢) Final solute arrives.

cost with that of the experiments of the original work, upon developing
every device and corresponding test. The latter costs include the
manufacturing, operation, and analysis of the results, together with
relatively high costs in materials and supplies, as well as qualified
personnel-hours. In contrast, by using porousMicroTransport all the
experimental tests can be run concurrently by a single person, on a
consumer-grade computer. Furthermore, once the design and the oper-
ational sequence is optimized, a single experiment can be performed to
corroborate the results, with the consequent decrease in resources and
time invested in the development process.

4.3. Sequential delivery application

In this third tutorial, a paradigmatic #PAD is numerically prototyped.
It is a device proposed by Fu et al. for detection of the malaria antigen
PfHRP2. In order to detect the aforementioned antigen, the authors
proposed a kind of immunoassay known as Enzyme-Linked Immuno-
sorbent Assay (ELISA) technique which involves several sequential steps
illustrated in Fig. 3: (i) the antigen solution (green) flows over the test
line (Fig. 3 (a-b)); (ii) the labeled antibody solution (pink) flows over the
analyte attached to the test antibody and the control line (Fig. 3 (c)); and
finally, the gold enhancement reagent flows over the two lines turning

Table 5
Reaction rate constants for the sequential delivery application case, as obtained
from Liang et al. [51].

Reaction Forward rate constant Dissociation rate constant
M1s71] [s7']

Eq. (9) 5x 107 1.3x 104

Eq. (10) 1x 10° 7.1x 1074

Eq. (11) 3.4x 10° 7.1x 1074

Eq. (12) 1.6 x 10° 22x 1073

Eq. (13) 3.4 x 10° 7.1x 1074

Eq. (14) 3.4 x 10* 7.1x 1074
3.4 x 10° 7.1x107*

Eq. (14)

the test and control lines more visible (Fig. 3 (d)).

To highlight our contributions on this problem, it is appropriate to
mention that the sequential delivery of fluids for a multistep reaction
had been early proposed by Fu et al. [50], who demonstrated the
controlled reagent transport in disposable 2D paper networks. Then, the
same group used the platform to implement heterogeneous immuno-
assay reactions with the format of lateral flow assays [51], where the
entire process was optimized on a purely experimental basis. More
recently, Rath and Toley [52] successfully implemented a computa-
tional model to describe the entire device, including relevant aspects,
such as the flow through assemblies of multiple paper, species transport,
and the feature of fluid reservoir with limited-volume. The numerical
model we are presenting here improves on two critical aspects: (i) the
prediction of the device readout in terms of test and control line product
concentrations, by including the chemical reactions that take place, and
(ii) the full description of species transport, by including mechanical
dispersion, which is a dominant mechanism in paper substrates. Addi-
tionally, we have also tested the sequential assay concept of Liang et al.
[51] in a sequential delivery format with the purpose of enhancing the
output signal.

The several reactions that develop in the yPAD were modeled as
follows:

PfHRP2 + 1A <=> PfHRP2LA 9)
PfHRP2 + TLA <=> PfHRP2TLA (10)
PfHRP2LA + TLA <=> PfHRP2LATLA 1)
PfHRP2TLA + LA <=> PfHRP2LATLA (12)
PfHRP2LATLA + GER <=> PfHRP2LATLAGER (13)
LA+ CLA <=>LACLA a4
LACLA + GER <=> LACLAGER (15)

where LA corresponds to the labeled antibody, TLA and CLA to the test-
and control-line antibodies respectively, and GER refers to the gold
enhancement reagent. We note that in the premix case—as opposed to
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Fig. 4. (a) and (c) Visualization of unamplified and amplified (respectively) results for an analyte concentration of 200 ngm~'L. Upper panels, experimental results
from Fu et al. (Reprinted with permission from [53]. Copyright 2012 American Chemical Society). Lower panels, numerical results obtained in this work, along with a
focus on the test and control lines. (b) Comparison of test line signals and concentrations between experimental results from Fu et al. (optical signals) and this work
(product concentrations), with an additional series showing a simulated sequential format based on the work of Liang et al. [51] using this geometry.

the sequential format of Liang et al.[51]—, the reaction Eq. () do not
apply.

4.3.1. Physical properties and boundary conditions

All of the simulation data for reproducing this tutorial case can be
found at https://github.com/gerlero/porousMicroTransport/tree/mai
n/tutorials/moistureDiffusivityTransportFoam/sequentialDelivery The
transport properties of the antigen, antibody, and other molecules were
taken from [53]. In a similar fashion to the previous case, the inlet
concentrations are imposed as a Dirichlet boundary condition at the
reservoirs. Regarding imbibition flow, exhaustible-reservoir boundary
conditions are imposed to automatically develop the delivery sequence.
Similarly, for the other boundaries of the domain, the condition for
transport and fluid flow is natural Neumann condition; i.e. no fluid nor
solvent flow in the normal direction to the boundary. The reaction rates
are reported in Table 5.

4.3.2. Results

Fig. 4 gathers several important results of the two numerical pro-
totypes developed in this tutorial example. The results show qualitative
agreement between the unamplified and amplified products of Fig. 4(a)
and (c), and simulations lie within the error bars in (b). The sequential
configuration, although not experimentally tested in the sequential de-
livery format by Fu et al. [53], is shown to yield higher concentrations of
the amplified product than the premix configuration. Each simulation
case runs to completion in approximately 45 minutes using 32 concur-
rent processes.

5. Conclusions

In this work, we have introduced a novel open-source tool for the
comprehensive numerical prototyping of yPADs named porousMicro-
Transport. The software is distributed as an extension for the the well-
known OpenFOAM® finite volume-based multiphysics platform,
inheriting all of its advantages such as arbitrary 3D mesh compatibility,
parallel and supercomputing support, compatibility with high-
performance data visualization, and one of the most active developer
communities for open-source simulation software. It is important to
stress that porousMicroTransport as it is integrated to OpenFOAM®, can
be easily modified or extended in order to model another important

phenomena such as heat transfer, pressure-driven flow or electro-
chemical detection, as well as more general length scales for the studied
domains. It will also be possible in the near future to integrate porous-
MicroTransport with related packages aimed to electroosmotic and
electrophoretic flow and transport [13].

Particularly, porousMicroTransport offers numerical capabilities for
the simulation of any arbitrary ¢PAD layout and its different operating
conditions. The numerical prototypes include saturated and unsaturated
fluid flow regimes, with a collection of boundary conditions, such as
fixed saturation or, exhaustible reservoir. Moreover, it includes a
transport solver that includes all the known important mechanisms
present in pPADs, i.e. fluid advection, Brownian diffusion, and aniso-
tropic dispersion. Finally, it bundles a general reaction library with
arbitrary order and stoichiometric coefficients. It is also continuously
validated by means of an automated test suite. Finally, it should be
mentioned that porousMicroTransport is also able to run seamlessly on
any major operating system due to its availability as a pre-compiled
Docker image.

All the aforementioned features of porousMicroTransport were
demonstrated along the paper by correctly and precisely reproducing all
of the phenomena involved in the tutorial examples. These tutorials
were selected due to their complexity and significance for the yPAD
developer community. The success of porousMicroTransport in numer-
ically prototyping pPADs is more significant when considering the
computational costs reported, that are considerably lower than the
experimental time demanded for obtaining similar analyses.

With this contribution, we offer yPAD developers a very competitive
numerical tool for design and optimization, to be used before and
coupled to experiments in the classical iterative path from concept to
product. We expect that in the near future, with the aid of porousMi-
croTransport, more yPADs can finally fulfill the WHO’s REASSURED
criteria for end users.
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